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Foreword 

This publication, Fretting Fatigue: Advances in Basic Understanding and Applications, 
contains papers presented at the symposium of the same name held in Nagaoka, Japan, on 
15-18 May 2001. The symposium was sponsored by ASTM Committee E08 on Fatigue and 
Fracture. The symposium co-chairpersons were Yoshiharu Mutoh, Nagaoka University of 
Technology, David Hoeppner, The University of Utah, Leo Vincent, Ecole Centrale de Lyon, 
Toshio Hattori, Hitachi LTD., Trevor Lindley, Imperial College of Science, and Helmi Attia, 
McMaster University. 
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Overview 

The Third International Symposium on Fretting Fatigue was held in Nagaoka, Japan on 
May 15-18, 2001. This symposium is a follow-up to the First International Symposium on 
Fretting Fatigue held at the University of Sheffield in April 1993 (see Fretting Fatigue, ESIS 
Publication 18, edited by Waterhouse and Lindley, 1994) and the Second International Sym- 
posium on Fretting Fatigue held at the University of Utah on August 31, 1998 (see Fretting 
Fatigue: Current Technology and Practices, ASTM STP 1367, edited by Hoeppner, Chan- 
drasekaran and Elliott, 2000). Fretting is well known to degrade fatigue strength significantly. 
Fretting fatigue failure has been increasingly disclosed in service components because those 
components have suffered more severe loading conditions than before due to the demands 
of save-energy and environment-preservation. One of major magic behaviors in fretting fa- 
tigue problems will be that a micro-slip between two combined components occurs under 
service loading, while such a slip is never expected at the designing stage. Great efforts have 
been devoted for understanding the fretting fatigue phenomenon and for developing the 
fretting fatigue design. This symposium was organized to focus on the progress in basic 
understanding and application and to continue the extensive interchange of ideas that has 
recently occurred. 

Fifty-seven delegates from seven countries attended the symposium to present papers and 
participate in lively discussions on the subject of fretting fatigue. Dr. Waterhouse, who did 
pioneering research since the 1960s and is well known as a father of fretting research, was 
invited to this symposium. Technical leaders in the area of fretting fatigue were in attendance 
from most of the leading countries that are currently involved in fretting fatigue research, 
development, and engineering design related matters, as well as failure analysis and main- 
tenance engineering issues. ASTM International Committee E8 provided the ASTM Inter- 
national organizational support for the symposium. The collection of papers contained in 
this volume will provide as an update to a great deal of information on fretting fatigue. This 
volume surely serves engineers that have a need to develop an understanding of fretting 
fatigue and also serves the fretting fatigue community including both newcomers and those 
that have been involved for some time. 

The Symposium was sponsored by the following organizations as well as ASTM Inter- 
national: 1) Materials and Processing Division of JSME, 2) MTS Systems Corporation, 3) 
SHIMADZU Corporation, 4) HITACHI Ltd., and 5) JEOL Ltd. 

All of the above organizations provided valuable technical assistance as well as financial 
support. The Symposium was held at Nagaoka Grand Hotel in the center of Nagaoka city, 
which is famous for fireworks and excellent rice and related products, such as Japanese sake 
and snacks. Many of the delegates would enjoy them. 

The organizing committee members were: Dr. Yoshiharu Mutoh, Chair (Japan), Dr. David 
Hoeppner (USA), Dr. Leo Vincent (France), Dr. Toshio Hattori (Japan), Dr. Trevor Lindley 
(UK), and Dr. Helmi Attia (Canada). At the conclusion of the symposium, the organizing 
committee announced that the next symposium would be held a few years after this sym- 
posium in France with Dr. Vincent as coordinator and chair. 

Editing and review coordination of the symposium was done with the outstanding coor- 
dination of Ms. Maria Langiewicz of ASTM International. The editors are very grateful to 
her for her extensive effort in assisting in concluding the paper reviews and issuing this 
volume in a timely manner. 

ix 



X FRETTING FATIGUE: ADVANCES 

The symposium opened with remarks by the symposium chair. Subsequently, Dr. Robert 
Waterhouse gave the distinguished invited lecture on Fretting in Steel Ropes and cables. Six 
keynote lectures were given in the following sessions, which were "Fretting wear and crack 
initiation", "Fretting fatigue crack and damage", "Life prediction", Fretting fatigue param- 
eter effects", Loading condition and environment", Titanium alloys", "Surface treatment", 
and "Case studies and applications". Forty-three papers were presented and this volume 
contains twenty-nine of those papers. 

The new knowledge about the process of fretting crack nucleation under fretting wear was 
provided through both detailed in-situ observations and mechanical models, which included 
not only fracture mechanics but also interface mechanics. Fretting fatigue crack propagation 
under mixed mode was discussed based on fracture mechanics approach. However, small 
crack problems, especially those related to threshold and under mixed mode, are still re- 
mained for future efforts. Fretting fatigue life estimations were attempted based on various 
approaches including fracture mechanics, notch fatigue analysis and multiaxial fatigue par- 
ameters. A number of factors are well known to influence on fretting fatigue,behavior and 
strength. Effects of those parameters, which included contact pressure, friction coefficient, 
contact pad geometry, mating material and so on, were discussed. Effect of loading condi- 
tions including block loading, high frequency and service loading was also presented. The 
knowledge about loading wave effect has been limited until now. Improvements of fretting 
fatigue strength by using coating techniques were presented. Titanium alloys have been 
typically used for structural components suffering fretting fatigue, such as turbine compo- 
nents and bio-joints, due to their lightweight as well as excellent corrosion resistance. A lot 
of works on this material including a review paper were presented to understand fretting 
fatigue behavior in various conditions. Case studies on electrical cables, dovetail joints, pin 
joints and rollers were introduced. Methods for bridging between specimen-based research 
works and case studies are required, when a fretting fatigue test method would be standard- 
ized. These topics will be also important future work. 

This publication is only one aspect of the symposium. The sessions and discussions con- 
tribute greatly to the mission of the symposium. The effort of the co-chairmen of the sessions 
is acknowledged and appreciated. The editors are thankful to the attendees of the symposium 
for interesting points and useful comments they made during the discussions that followed 
the paper presentations. Their enthusiasm to follow up this symposium with the next sym- 
posium in France is appreciated and well taken. The editors hope that those concerned with 
the subject of fretting fatigue will find this publication useful and stimulating. 

Y. Mutoh 
Nagaoka University of Technology 

Nagaoka, Japan 
Symposium co-chairman and editor 

D. W. Hoeppner 
University of Utah 

Salt Lake City, UT 
Symposium co-chairman and editor 

S. E. Kinyon 
MTS Systems Co. 

Eden Prairie, MN 
Editor 



INVITED PAPER 



Robert B.Waterhouse i 

Fretting in Steel Ropes and Cables - A Review 

REFERENCE: Waterhouse, R. B., "Fretting in Steel Ropes and Cables--A Review," Fretting 
Fatigue: Advances in Basic Understanding and Applications, STP 1425, Y. Mutoh, S. E. Kinyon, 
D. W. Hoeppner, and, Eds., ASTM International, West Conshohoeken, PA, 2003. 

Abstract: The numerous inter-wire contacts in ropes and cables are potential sites for 
nucleation of fatigue cracks by fretting. At larger amplitudes of movement excessive 
wear can occur leading to decreased cross-section of a wire and increased stress, or if 
debris accumulates, forcing apart of the wires. In locked coil ropes this can cause local 
stiffness and ingress of eorrodants. The wires themselves have.an asymmetric residual 
stress distribution circumferentially resulting from the drawing process. The position of 
an inter-wire contact relative to this greatly influences the fretting fatigue strength. Hot 
dip galvanising reduces these stresses as well as giving cathodic protection. Local 
friction is reduced by incorporating a lubricant in locked coil ropes. Conventional 
grease-based lubricants with high shear strength are most effective in reducing friction 
but recent experiments with a lower viscosity oil containing graphite show promise 

Keywords: fretting fatigue, fretting wear, wire ropes 

Introduction 

The great virtue of ropes and cables fabricated from steel or other metal wires, is their 
flexibility which allows them to be wound on drums or passed over pulleys and sheaves, 
combined with their great strength, which under tension, often approaches that of the 
individual wires. They are therefore widely used in the construction industry as the 
support in suspension and cable-stayed bridges and also in the roofs of some buildings. 
The lifting ropes of cranes and elevators are a further application. In marine engineering 
they are used as hawsers, rigging and as anchor and mooring ropes. The involvement of 
the author with the latter has been with the mooring of the off-shore oil rigs, which are 
tethered with four ropes the size of tree thinks at each comer. In mountainous countries 
ski-lifts and cable cars which cater for the recreational and tourist trades are entirely 
dependent on steel cables. In some instances they provide the compressive stress in post- 
tensioned concrete beams [1]. A further use, which has developed in more recent years, 
is as strengthening in the bead, belt and carcass areas &pneumatic automobile radial 
tyres. These are very different from the traditional steel rope in that they consist of two 
or three wires of diameter 0.t 5 to 0.38mm of strength 2300 to 3000MPa which are brass 
plated to bond with the rubber [2]. The optimum design for a two-filament cord with 
superior fatigue resistance is for one to be maintained straight and the other to be wound 
around it [3]. 

Department of Materials Engineering, University of Nottingham, Nottingham NG7 
2RD, UK. 
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In all these applications there are obviously an astronomically high number of inter- 
wire contacts and therefore the possibility of fretting under operating conditions is 
absolutely certain. The question is to what extent does fretting prejudice the function of 
a particular rope? Some evidence is available from the examination of ropes taken from 
a motorway bridge over the Norderelbe, which had been in service for 25 years. They 
were tested in static and dynamic loading and showed remarkable remaining fatigue life 
and carrying capacity [4]. However it was stated that fretting had a dominating influence 
on damage extension. As failure is initiated by the fracture of an individual wire, the 
total failure of a rope is usually apparent before it actually occurs particularly if there is 
some system in force to detect individual wire failures. For this reason catastrophic 
failures are relatively rare. 

(b) (a) 

20 m m  
i �9 

Figure 1 - Types of locked coil ropes: (a) half lock 1�89 (b) full lock 2x 

Design of ropes 

Ropes are divided into two categories, single strand and stranded. The simplest rope 
is where six wires of circular diameter are wound around a central (king) wire. In a 
stranded rope such strands are further wound together in combinations of increasing 
complexity. The author's experience has been entirely with single strand ropes 
consisting of a much larger number of wires. In the case of the mooring ropes for the 
off-shore oil rigs the wires were 5mm dia. wound in close packed layers with succeeding 
layers being obliquely inclined to each other. This results in the inter-wire contact in the 
same layer being a line contact whereas the contact between wires in adjacent layers 
being a so-called "trellis" contact. The rope consisted of several hundred wires and was 
filled with bitumen and encased in a thick polymer coating so that its overall diameter 
was some 24cm, like a tree-trunk. Since they were operating in seawater with the 
possibility of outward damage and penetration of seawater, the wires were hot-dipped 
galvanised. In other ropes particularly lift ropes and those for cable cars, they were of 
the locked coil type where the wires in the external layers were shaped to fit together to 
form almost solid sheets. Figure 1 shows some examples. With such ropes a lubricant 
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can be incorporated within the rope and this is an important factor in the prevention of 
fretting. Power cables consist of a central steel strand surrounded by three layers of 
aluminium wires (Figure 2). In some cases the central strand may also be of aluminium. 
Another design of rope which is favoured in Japan, is the parallel wire strand rope which 
consists of a bundle of parallel wires which is given a certain amount of twist. This has 
the advantage of avoiding trellis inter-wire contacts (Figure 3). 

~ LAYE~ 3 

~ LAyI~ 2 

Figure 2 - Power line conductor 

Figure 3 - Parallel wire rope 

Although fretting on line contacts will have an effect on the fatigue behaviour of a 
rope, the effect of  trellis contacts is much greater because they are localised and the 
contact stresses are consequently much higher than on line contacts. Hobbs and Raoof 
[5] and Raoof [6] separately have conducted detailed analyses into the conditions at such 
contacts when the rope is subjected to tensile, torsional and bending stresses. Applying 
this to a single strand mooring rope, the theory indicates that internal wire fractures occur 
prior to external fractures and that they are located at trellis point contacts between an 
outermost wire and the layer immediately below. This has been found to be the case in 
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locked coil ropes [7,8]. Figure 4 shows fretting marks on a wire from a single strand 
rope and Fig 5 shows fatigue cracks generated at such marks in a laboratory test. Since 
the amplitude of the fretting movement is extremely small the situation is that of partial 
slip with the cracks developing at or towards the edge of the contact spot as in his 
example, If however the movement becomes larger, fretting wear may occur and failure 
may result from increased stresses at the reduced cross-section, Fig 7. Fatigue tests on 
ropes confirm that fractures occur at trellis points [9]. 

Figure 4 - Wire from rope with fretting marks from a trellis contact 

Figure 5 - Fretting marks with cracks 

One of the problems in fatigue testing ropes and individual wires is gripping the ends 
of the specimen in such a way as to prevent fretting failure in the anchorage or grips. 
Related to this factis the observation that failures in power cables are usually located in 
the vicinity of clamps near pylons [10]. Anchorages are obviously important in the 
construction of suspension bridges and the topic has been dear with in detail by Chaplin 
[11]. The development of zero-loss anchorages in which either the relative 
Displacements or atmospheric oxygen is eliminated such that fretting corrosion is 
reduced to an insignificant level results in the fatigue strength not being diminished [12]. 
The design of a rope also influences the fatigue behavior in service. In locked coil ropes 
the 2x arrangement attains 80% higher service life than the 1 1/2x (Fig 1). This is 
attributed to the larger contact areas in the former [7]. 
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Figure 6 - Fretting marks on second layer of  locked coil rope 

Figure 7 - Wire failure due to wear 

The Wires 

In the construction of a rope or cable the wires themselves are the vital component. 
In steel ropes the wires are high strength eutectoid or hypereutectoid steel which is 
drawn down through twelve or thirteen dies. Solid lubricants are applied during the 
drawing process. The original steel rod is passed through a zinc phosphate bath which 
deposits an iron-zinc conversion coating and then through a 20% sodium tetraborate bath 
to neutralize the acid from the phosphate bath and also acts as a sealant and finally 
powdered sodium stearate is applied as a solid lubricant. Remnants of this treatment on 
the surface of  the wire have some effect in the eventual fretting contacts. The wire is 
drawn at an angle to the final die so that the wire forms a coil, It is the residual stress 



8 FRETTING FATIGUE: ADVANCES 

thus introduced that has a major influence on the properties of the wire. The level of the 
residual stress is also governed by the degree of reduction in the final die. A further 
metallurgical complication which may occur is decarburization often traceable back to 
the original billet. 

B 

C . . - ' " O I A  
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! k'.  

2oo~ / X~..c ~ 
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-135 -90 ~' / 

Figure 8 - Stress distribution around circumference of  wire 
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Figure 9 - Effect of reduction in final die on residual stress 

Figure 8 shows the residual stress pattern round the circumference of a 5 mm alia 
wire. The residual stress has a maximum tensile value at the ends of a diameter 
perpendicular to the plane of the coil of the wire (B position). On the convex surface the 
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stress is compressive (A position) and a lower tensile stress on the concave surface. On 
straightening the wire the latter two stresses both increase as indicated in Figure 8. The 
level of these stresses also depends on the degree of reduction in the final die, which is 
shown in Figure 9 for the B position. Hot dip galvanizing greatly reduces the stresses 
and this is included in Figure 9 where the wire has been given a heat treatment 
comparable with the galvanizing process. 

The fretting fatigue behavior of individual wires depends on the location of interwire 
contact points in relation to the residual stress pattern, which is shown in Figure 10. The 
higher tensile stress at position B is where a crack will initiate leading to a lower fatigue 
strength. The level of stress also has its expected effect Figure 11. The beneficial effect 
of the galvanizing heat treatment should be noted. 

400 
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Figure 10 - Fretting fatigue curves in seawater for  B and A,C contact 

Environment 

Most ropes are operating in a corrosive atmosphere particularly those in marine 
conditions such as the moorings of ships and off-shore oil rigs as well as cranes and 
haulage ropes in coastal dockyards. Although every effort is made to protect the rope in 
the case of moorings by filling the cable with bitumen and surrounding it with a polymer 
coat, there is the possibility of this becoming damaged and seawater getting into the 
rope. Figure 12 shows the further reduction in fatigue strength caused by fretting in 
seawater. Zinc galvanizing is applied as further protection as illustrated. The cathodic 
protection conferred by the zinc coating results in a reduction in the crack growth rate as 
shown in Figure 13 [14]. 
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Figure 11 - Effect of  residual stress on fretting fatigue curves 

Lubricants for locked coil ropes 

One of the dangers of fretting in ropes besides that of initiating fatigue cracks, is that 
fretting wear may occur producing oxide debris which is of greater volume than the 
metal consumed in its creation. This can cause the wires to be forced apart so that 
ingress of the environment is more likely and the increase in coefficient of friction 
between the wires leads to local stiffness in the rope which becomes apparent if  it is 
passing over a pulley or sheave. Lubricants are incorporated to ensure inter-wire friction 
remains low. Those in use are proprietary products whose composition is not divulged. 
However, a study by the author of five of these materials allowed them to be ranked in 
their ability to improve resistance to fretting fatigue failure. The increase in the fretting 
fatigue strength of the wires by their application ranged from 7.5 to 32%. The properties 
of the best lubricant were a high drop point, low unworked penetration and a high shear 
strength and resistance to shear i.e. a low increase in penetration on working, and a high 
value of shear strength in an extrusion test. Zhou et al have investigated the effect of a 
proprietary reversible protective grease on the fretting behaviour of an electrical 
conductor in cyclic bending and found a decrease in contact wear and particle oxidation 
together with shorter fretting cracks and a higher service life [15]. 
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Figure 12 -Effect of galvanising of fretting fatigue curves 

Since the main purpose of lubrication is to reduce the coefficient of friction, it was 
decided to measure friction in fretting wear tests rather than fatigue testing. Tests on the 
as received 2.8 mm dia wire, so-called "bright wire" with the remnants of the drawing 
lubricant on the surface showed that the latter resulted in low friction of 0.15 for the 
initial 3000 to 5000 cycles after which it rose to 0.65. When the wire was abraded the 
friction was 0.65 from the start. After 100 000 cycles the friction rose steadily to 0.9, 
Figure 14. Contact resistance measurements indicated that this was due to the 
accumulation of debris, A suspension of graphite in a low viscosity paraffinic oil 
smeared on to the wire surfaces maintained a friction of 0.15 for the duration of the test, 
300 000 cycles, Figure 15 [16]. Further experiments with chopped carbon fibre and 
Kevlar in a paraffinic oil were less successful. The Kevlar actually produced surface 
damage by indenting the hard steel surface. 

Surface Treatment 

The standard and most effective method of dealing with fretting problems is to apply 
some form of surface treatment such as shot-peening, ion implantation or coatings. To 
employ such methods in the case of wire ropes is difficult practically and not viable 
economically. However the problem has been tackled by a group in Australia with a 
proposal to apply coatings using contact resistance heating between a roller and the wire 
and feeding in a powder of the coating material [18]. Tests have shown that a promising 
coating is molybdenum which when applied by PVD provided useful wear resistance 
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although the friction remained high at 0.7. Whether this would have any beneficial 
effect on fatigue has yet to be demonstrated. 
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Conclusion 

In a survey of the future development of cables and ropes particularly for bridges 
Gourmelon has suggested that materials which are insensitive to fretting should be 
explored [18]. Aramid fibre cables have the required tensile strength comparable with 
steel i.e. 2000 MPa, with the advantage of low density and resistance to corrosion but 
nevertheless steel still~has the competitive advantage. One of the disturbing features of 
steel wire is the residual tensile stress which exists in 75% of the circumference of the 
wire which is not ideal from the fatigue point of view. The way forward would seem to 
be exploring new coatings, including improvements in galvanising and the search for 
more efficient lubricants. 
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ABSTRACT: Fretting wear and fretting fatigue are commonly associated with damage 
of quasistatic loaded assemblies and with decrease in lifetime. Depending on the sliding 
condition, wear induced by fretting or cracking induced by fretting can be observed. To 
quantify such competitive damage phenomena, a fretting map approach has been 
extensively applied describing the sliding conditions and the damage evolution as a 
function of the normal force and the displacement amplitude. This approach, considered 
as a useful methodology to analyze tribo-systems, nevertheless presents the limitation of 
not allowing a direct comparison between tribo-systems. To rationalize this experimental 
approach and facilitate the comparison between tribo-systems, normalized sliding 
condition and crack nucleation fretting maps are introduced. Based on contact mechanics, 
the sliding transition is quantified using a fretting sliding criterion, and a specific 
formulatiofl is provided to identify the local friction coefficient under partial slip 
condition. Cracking, which is mainly observed under stabilized partial slip condition, is 
analyzed by applying multiaxial criteria and taking into account the size effect. Wear, 
which is favored under gross slip condition, is quantified through an energy approach. 
Finally a global methodology is developed by which the sliding condition, the crack 
nucleation under partial slip condition and the wear kinetics under gross slip regime may 
be quantified. 

KEYWORDS: Fretting, Fretting map, sliding condition, crack nucleation, size effect, 
wear, dissipated energy. 

Introduction 

Fretting is a small amplitude oscillatory movement, which may occurs between 
contacting surfaces wllich are subjected to vibration or cyclic stress. Considered to be a 
plague for modem industry, fretting is encountered in all quasi-static loadings submitted 
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to vibration and thus concerns many industrial branches (helicopters, aircraft, trains, 
ships, trucks, electrical connectors) [1-3] (Figure la). Fretting is a very complex problem 
involving numerous aspects such as tribology, contact mechanics, fatigue mechanics and 
material science, but also corrosion science. To reproduce such phenomena different 
fretting tests have been developed which permit the control of the normal loading and 
displacement amplitudes [4-5]. The relative displacement induces tangential loading, 
which can be described by the fretting loop: Q(t)=f(~(t)) (Figure lb). 

Figure I - (a) Illustration of fretting damage in an industrial component, (b) Illustration 
of the fretting sliding conditions. 

Two fretting conditions are identified : partial slip, which is characterized by a closed 
elliptical fretting loop, associated with a composite contact of the sliding and sticking 
zone. The gross slip condition which is identified by a quadratic dissipative fretting loop, 
is related to full sliding occurring over the entire interface. 
The friction coefficient changes during loading and this can lead to a change of sliding 
condition. It is then possible to define various fretting regimes : Partial slip Regime 
(P.S.R) : when the partial slip condition is maintained during the test; Mixed Fretting 
Regime (MFR) : when there is a transition from one condition to another; Gross Slip 
Fretting Regime (GSR): when the gross slip condition is maintained. Waterhouse et al [1] 
first indicated a correlation between the sliding regime and damage evolution (Figure 2). 
Cracking is mainly encountered in partial slip regimes and mixed fretting regimes 
stabilized under partial slip condition, whereas wear is observed for larger amplitudes in 
gross slip regimes. The experimental mapping of the material response (MRFM : 
Material response fretting mapping) was originally introduced by P. Blanchard et al [6]. 
A major defect of such a mapping approach is the use of mechanical variables like 
normal force and displacement amplitude which, depending on the geometry and 
mechanical properties studied, cannot permit a direct correlation between fretting 
situations. This paper will develop a quantitative approach defining pertinent variables, 
which allow the damage evolution to be quantified (Figure 3). 
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It consists in quantifying the sliding transition, transposing multiaxial fatigue approaches 
to better predict the crack nucleation under stabilized partial slip conditions and analyzing 
the wear extent through an energy approach. 

Figure 2 - (a) Damage evolution as a function of the fretting loading condition 
(sphere~plane contacO. (b) Representation of the fretting chart which combines the 

fretting regime analysis (RCFM) with the material response (MRFM). 

Normalized criterion to determine the sliding transition 

Figure 3 - Illustration of the methodology for the fretting damage analysis (after [6]). 
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Quantification of the sliding transition 

The present sliding analysis is developed from the Mindlin formulation of a 
sphere/plane configuration [7]. The experimental system is a fretting wear test already 
described elsewhere [5, 6]. During a test, the normal force (P), tangential force (Q) and 
displacement (5) are recorded. The magnitude of the tangential force versus the 
displacement is recorded for each fretting cycle (Figure 4). The surface displacement 8. is 
deduced from the measured value 8m taking into account the tangential apparatus 

compliance Cs. This permits an estimation of the contact displacement through relation 
[6]: 

~(t) = ~ m (t)-  C S" Q(t) (1) 

As mentioned before, the sliding transition is classically defined from the fretting loop 
shape. One major difficulty of such an analysis is the subjectivity of the observation, 
particularly close to the transition between partial and gross slip. 

Figure 4 - Fretting test and quantitative analysis of  the fretting loop. 

To overcome this difficulty, several sliding criteria have been introduced to quantify the 
sliding analysis (Figure 4) [10, 12]. An energy sliding criterion has been introduced 
which corresponds to the ratio between the dissipated energy (i.e. area of the hysteresis 
loop) and an equivalent total energy which could be defined as the total energy dissipated 
by the contact system if it presents infinite tangential compliance. 

A -  Ed - Ed 
E t 4. Q . - ~ ,  (2) 

It has been demonstrated for the elastic sphere/plane configuration that this variable 
presents a constant value (A = 0.2) at the sliding transition (Figure 5) [6]. 
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This value is independent of the contact dimension and the elastic properties of the 
tribosystems. Therefore, the experimental sliding analysis can be quantified and the 
sliding regime formalized. Finally, the running condition fretting map is more easily 
established. Figure 6a clearly illustrates that the sliding transition (St) is mainly 

controlled by the friction coefficient. The Mindlin analysis confirms this proportional 
relation. 

8t - KI '~ t 'P  , with K 1 = + (3) 
a G2 

with 
vl, v 2 : Poisson coefficients of the plane (1) and the sphere (2), 
G t, G2: Shear elastic moduli of the plane (1) and the sphere (2), 

a : Hertzian contact radius. 

Regarding the Mindlin formulation, the transition amplitude can also be expressed as a 
function of the maximum Hertzian pressure (P0) (or shear stress q0) and the contact 

Hertzian radius "a" (Figure 6b) [8]. 
rc Ix.P0 _ q0 _ St 
8 G* (8. G*/r t )  a 

and G (MPa): Equivalent shear modulus expressed by 

(4) 

1 _ 2 - V l  + 2-v_____Z (5) 

G* G1 G2 

Figure 5 - Variation o f  the sliding criteria "A" versus the displacement amplitude 
SC652/100C6 (R=12. 7mm) : Cs=0.0075 ~am/N; �9 : P = 250 N []: P = 450 N .  

A similar analysis has been introduced by Chateauminois et al. [9] where the transition 
amplitude is normalized by the friction value and the contact radius and plotted versus the 
mean pressure. The advantage of the present representation is that each part of the 
equation is non dimensional, which permits a normalized fretting chart to be defined 
(Figure 6b) with a constant slope equal to one. 
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loading); (a) Conventional Running Condition Fretting Map (RCFM) ; (b) Normalized 
Sliding Fretting Map (NSFM) [8]. 

The results obtained from different contact dimensions and various pairs of materials are 
directly compared. 
A comparison of the different tfibosystems and loading situations confirms the good 
prediction obtained by the Mindlin formalism as long as the loading remains elastic. For 
softer materials and higher loading situations, a shift of the transition towards larger 
amplitudes can be observed. The threshold loading marking the transition toward a plastic 
accommodation through the contact is currently being studied, with both yield stress and 
the cyclic hardening behavior of the materials being considered. 

Figure 7 - Evolution of the mixed regime deduced from the analysis of the ".4" and "[" 
variables. (SC652/52100, R=12. 7mm, Cs=O. 006 tzm/N; P = 300 N; 8* = 4.2 I~m). 

As well as analyzing the sliding condition, it is fundamental to correctly identify the local 
friction coefficient operating through the sliding domain. This latter variable is essential 
to estimate properly the stress. While determination of the local friction coefficient under 
gross slip is obvious, it is more complex under partial slip. Indeed, the friction coefficient 
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is not equal to the ratio between the tangential force amplitude and the normal force, 
depending on whether part of the tangential loading is related to the elastic 
accommodation through the sticking domain. 
Nevertheless, considering elastic condition and applying the Mindlin formalism, the local 
friction coefficient can be estimated by combining the two measured variables which are 
the energy ratio A and the force ratio f (Figure 7) [10]. 

Quantification of the crack nucleation 

The stress loading path can correctly be evaluated and the crack nucleation predicted 
by transposing a multiaxial fatigue analysis [11-15], provided there is a precise 
description of the sliding condition and a precise definition of the friction coefficient 
operating through the sliding domain. Note that the crack nucleation analysis developed 
here is related to the first observed very small cracks (usually inferior to 30 ~tm length). It 
corresponds to the incipient crack nucleation condition and at this stage it can not be 
extrapolated if it will propagate or not. 
In opposition to classical fatigue analysis, where the maximum stress field concerns a 
rather large volume of matter, contact loading is characterized by a very sharp stress 
gradient on and below the surface. Indeed, the maximum stress field concerns volume 
dimensions which can be inferior to the grain size. To estimate the contact failure from a 
macroscopic fatigue approach, a size effect must be taken into account [11, 15]. 

Figure 8 - Influence of size effect on the cracking risk (30NiMo, c/a=0.5, ~=0.8 ). 

The local fatigue approach based on a point stress analysis (point M) must be replaced by 
a non local fatigue description which considers a mean loading state ~(M, t)averaged on 
a micro-volume V(M) surrounding the point on which the fatigue analysis is performed 
(Figure 8). Such a micro volume is obviously highly dependent on the microstructure. A 
tempered low alloyed steel (30NCD16) was studied under a fretting wear situation. 
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When a Dang Van fatigue description was considered, good prediction of the crack 
nucleation through the contact was found if the contact stress loading path was averaged 
through a 5-6 rtm cubic edge representative micro-volume [11]. 
This dimension appears sm~ller than the original austenitic grain size. Therefore, the 
intrinsic length scale (~) required to conduct an optimized fatigue analysis is very small, 
grain and even subgrain dimensions need to be considered. This leads to the practical 
consequence that to predict fretting crack nucleation using FEM modeling, very fine 
meshing of the fretted surface must be defined. The grain size appears to be a relevant 
dimension.This multiaxial fatigue description leads us to conclude that the cracking risk 
under fretting wear can be described through five fundamental variables which are : 

- the Hertzian pressure P0 (normalized by the Hertzian yield pressure under pure 

indentation P0y = 1.6 CYy0.2), 

- the fretting sliding condition here expressed by the ratio between the tangential force 
amplitude and the amplitude at the transition (Qt = IX- P ), 

the friction coefficient operating through the sliding domain under partial slip 
condition, 
the conventional fatigue properties associated to the shear and bending fatigue limits, 
the intrinsic length scale parameter (~) associated to the studied material. 
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Figure 9 -Crack nucleation response of the 30NCD16/I OOC6 (R=50 mm) under partial 
slip condition. (a) Material Response Fretting Map (MRFM) ; (b) Corresponding 

Normalized Crack nucleation Fretting Map OVCFM) ; - -  : Dang Van crack nucleation 
limits of the 30NCD16 alloy (d(E=5lxm)=l) as a function of the friction coefficient : 

P0Y = 1.6'~ Q*/Qt =Q*/(I-tL "P) (tzL(1) =0"66' Itz(2)=0"6'/tL(3)=0"56' txL(4)=0"53) 

By defining the admitted Hertzian pressure as a function of these parameters, the 
provided approach allows to define a normalized crack nucleation fretting charts (Figure 
9). Defining the Dang Van boundary with d=l, it became possible to distinguish contact 

�9 . . J .  , 

loading situations reducing crack nucleation. This approach has been extended to 
different fretting fatigue and fretting on pre-stressed specimen conditions. The 
comparison between similar tempered low alloyed steels confirms the stability of this 
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approach indicating that for such material the critical length scale parameter (0 defining 
the present size effect approach is constant e= 5- 6 gm. Then, considering the Dang Van 
diagram, a normalized representation can be introduced by dividing the critical stress 

couple ('~, 13 ) respectively by (~d and "cA - "cd od/3 ). 
o~ "c d - (Yd/2 

With : oa (MPa) :Altemating bending fatigue limit ( 10  6 cycles). 
x d (MPa) : Alternating shear fatigue l im i t  (10 6 cycles). 

Thanks to this normalized representation (Figure 10), all the experiments could be 
compared. The classical result, that crack nucleation is a function of the shear stress 
amplitude and the mean tensile state, can also be inferred from it. 
This size effect approach appears to be a powerful means for the designer to optimize 
contact geometry and surface treatments, but also to define relevant FEM meshing to 
compute loading paths and establish cracking risks. This approach has been extended to 
different materials like aluminium and titanium alloys. The analysis of 2618A aluminium 
concludes that a significantly longer scale parameter (t>40gm) should be used, 
confirming the influence of the microstructure on the crack nucleation mechanisms. 
Current physical EBSD analyses, allowing the local identification of grain orientations, 
tend to confirm that this length scale parameter is related to the crack arrest phenomenon 
(i.e. the incipient crack are stopped at the interface of the grain boundary). The calculated 
length (~ =5 ~tm for the low alloy studied), defined through an average stress approach, 
can be associated with the maximum size that an incipient crack nucleating through the 
grain can reach before being stopped by the strongest barrier : the grain boundary. 
It verifies the K.J. Miller assumption that "the fatigue limit can be seen to be a function of 
the maximum non-propagating crack length associated with a particular stress level" [16]. 

Figure 10 - Normalized representation o f  the crack nucleation phenomenon in fretting. 
(Stress averaging considering intrinsic length parameter : g =511m) 
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Quantification of the wear induced by fretting 

Archard approach 

The most common wear model proposed in tribology is the Archard model which 
relates the wear volume to the product of the sliding distance with the normal force. A 
wear coefficient (K) is usually extrapolated from the following relationships [17]: 

V 
K = (6) 

P.S 
with : 
K : Archard wear coefficient, 
V : Volume of the fretting scar defined by surface profiles, 
P : normal force, 
S : sliding distance. 

Confirming previous studies, the wear response under gross slip condition shows that for 
the same material, the K factor strongly depends on the wear mode, the displacement 
amplitude, the contact geometry and the friction coefficient (Figure 11). 
To interpret the various wear behaviors it is fundamental to consider the elasto-plastic 
response of a metallic material. An elastic-plastic structure such as a fretted contact can 
respond to cyclic loading in three identifiable ways [18, 19]. Under sufficiently small 
loads, such that no element of the structure reaches the yield points, the response is 
perfectly elastic and reversible. For higher loading conditions plastic flow can take place 
during the first few cycles, but plastic deformation, residual stresses and strain hardening 
may enable the structure to reach a perfectly cyclic elastic response commonly called 
"elastic shakedown". The maximum loading for which this evolution is possible is known 
as the elastic shakedown limit. Above this limit, plastic deformation takes place with each 
loading cycle. 

Figure 11 - Tribological and wear behavior o f  a sintered steel DC1 displaying a surface 
porosity containing lubricant (20000 cycles): a - Evolution o f  the friction coefficient 

(first and last fretting cycles); b - Wear coefficients versus mean friction values. 
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Two behaviors are then observed : 
- When a stabilized and closed cycle of plastic strain is reached; this condition is referred 
to as "plastic shakedown", 
- If repetitive accumulation of incremental unidirectional plastic strains is observed, this 
condition is referred to as "ratchetting". 

These different plastic evolutions have been thoroughly analyzed by K.L Johnson and 
D.A Hills for points [20] and linear contacts [18] under repeated unidirectional sliding 
and rolling conditions, and by K. Dang Van and co authors for alternating sliding 
conditions [21]. The elastic shakedown limit is expressed as a function of the maximum 
Hertzian pressure (P0) and the friction coefficient ~t. From this mechanical point of view, 
tow wear regimes will correspond to the elastic and elastic shakedown domains, whereas 
the high wear regime will be associated with the repeated plastic flow condition. The 
wear kinetics significantly increase when the shakedown limit is exceeded (Figure 12). 
The transition from mild to severe wear kinetics is then related to the elastic shakedown 
boundary. The analysis of fi'etting wear under low friction coefficient tends to confirm 
this tendency [22]. The shakedown boundary highly depends on the friction coefficient. 
Therefore it can be understood the large dispersion induced by the Archard formalism, 
which does not take into account such a variable through its formulation. 

Figure 12 - Wear map taking into account the shakedown behavior (repeated 
sphere~plane sliding contact): - -  elastic limit (Von Mises), m elastic shakedown limit 

(kinematical hardening, A.D. Hearle et al.), DC1 wear kinetics (Figure 11) reported as a 
function o f  the loading parameters �9 : high wear regime 16000<K(l~m3/N.m) < 38000, [] : 

low wear regime, K(llm3/N.m) <3000. 

Energy wear approach 

The relation between a high wear regime and a plastic shakedown or a ratchetting 
condition demonstrates that plastic dissipation is probably one of the most relevant 
parameters to quantify the wear kinetics of metals. An exact determination of the plastic 
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work requires long and fastidious finite element computation which must be generalized 
for any test situation. An alternative solution consists in assuming a relationship between 
the plastic dissipation and the total dissipated energy introduced through the contact. The 
dissipated energy which is measured from the Q*-~* fretting loop activates numerous 
damage mechanisms such oxidation, debris formation and ejection, as well as material 
transformation. If the controlling parameter of wear is assumed to be the material's 
plastic transformation, then a linear relationship between the accumulated dissipated 
energy and the wear volume could be considered [6,23]. This correlation has been 
previously observed on high speed and low carbon steels but also for ceramics [23]. For 
ceramic materials, the low energy wear factors which are identified can be related to the 
activation of abrasion and oxidation mechanics. 
Accordingly, Figure 13 displays the wear volume versus the corresponding accumulated 
dissipated energy. A linear evolution is observed and an energy wear coefficient ~v  

(56500 ~tm3/J) can be extrapolated. This expresses the wear volume created by each joule 
dissipated. The linear approximation is justified by a high regression coefficient (R2>0.9). 
Comparison with the Archard's analysis (Figure 13) confirms that such a shear work 
approach is much more relevant to identify the intrinsic wear resistance of a 
microstrncture. The energy approach, which is more stable, can be considered as an 
extension of the Archard description, which better integrates the influence of the friction 
coefficient. 
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Figure 13- Wear kinetics of  the DCI alloy (ef Figure 12) (a) Archard approximation, (b) 
Energy wear quantification. 

It also permits a more physical description of the damage processes. It can be noted that 
the linear approximation does not cross the origin but presents a smooth shift along the 
energy axis (Figure 13b). This was previously observed mainly for steel or metal alloys 
rather than for ceramics. This energy, called the threshold energy of wear activation 
(Edtla) can be associated with the incipient plastic work first required to transform the 

material's surface. A layer formed of TTS (tribologically transformed structure) is 
generated. Hard and fragile, it is continually fractured by the contact loading leading to 
debris formation [24]. 
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This transient period can also be interpreted with regard to the rachetting phenomenon 
induced by the contact loading. Indeed, as mentioned by Kapoor, before reaching a 
stabilized wear evolution, the first layer of the material has to endure a given plastic 
strain deformation or plastic dissipation [25]. Therefore an initial dissipated energy has to 
be introduced (Edth) through the contact to transform the material before wear initiates 

(Figure 14). Therefore the wear extent can be formulated through the following relation : 

If  ZE d < Edt h then V = 0 

If ZE d > Edt h then V = c~ v �9 (]~E d - Edt h ) (7) 

Figure 14 - Wear process of metallic structure through the energy approach. 

Though it is more stable, and allows more in depth investigations of  wear phenomenon, 
the application of  the energy approach nevertheless has to be considered carefully. The 
wear evolution depends on the third body flowing through the interface. It is a function of  
the sliding amplitude or the sliding condition (i.e. repeated sliding - like pin on disk - or 
alternating sliding like fretting). 

Figure 15 - Wear energy analysis of hard coating; (a) P VD TiN~hard coating behavior 
(P=50-200N, ~, = +/- 25 - 2001tm, R=12. 7mm); (b) Comparison for similar loading 

conditions between metal and hard coatings [23]. 
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Moreover, the accumulated plastic deformation differs, according to whether it is 
repeated sliding (pin on disk) or alternating (fretting). Both the determination and the 
application of the energy wear coefficient are consequently restricted to the studied 
loading domain (i.e. pressure and sliding condition). Now for given loading range, 
different materials and coatings can be compared like PVD TiN (Fig. 15a) and modulated 
TiC-VC multilayer structures. Figure 15b compares the different wear energy 
coefficients, outlining a significantly higher wear resistance of hard coatings compared to 
metals [23]. 

S y n t h e s i s  a n d  c o n c l u s i o n  

The methodology developed here to attempt to quantify fretting damage brings out the 
following aspects: 
- A simple mechanical analysis of the contact loading as a function of the sliding 
amplitudes shows that cracking will be favored under stabilized partial slip conditions 
(partial and mixed fretting regimes) whereas wear by debris formation is predominant 
under gross slip regime. Nevertheless the classical Normal force - Displacement fretting 
map approach displays the limitation that it is restricted to a given contact geometry ; 
therefore to extend and formalize this approach, normalized representations have been 
introduced (Figure 16). 

Figure 16 - Formalization of the fretting responses: Development of the classical fretting 
map and quantification of the sliding condition and crack nucleation based on 

normalized representations. 

- To quantify the sliding condition, an energy sliding ratio was introduced. As an online 
indicator it allows the fretting regime evolution to be controlled. Using a simple 
formulation it can also be used to identify the local friction coefficient operating under 
partial slip conditions. A normalized sliding fretting map was introduced to consider 
plastic accommodation under severe loading conditions. 
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- Cracking was investigated using a multiaxial approach. It was shown that to correctly 
predict the crack nucleation risk, fatigue analysis has to consider the size effect related to 
the very.sharp stress gradient imposed by the contact loading [26]. A critical length scale 
parameter was considered that seems to be related to the microstructure. Recent 
investigations tend to associate such a "crack nucleation length variable" to a crack arrest 
condition. By contrast, the propagation analyses [27,28] assume that the crack extension 
is more affected by the contact size and the stress field distribution below the contact. 
-Wear quantification is less advanced and formalized. It was nevertheless shown that to 
identify correctly the wear kinetics under fretting it is essential to consider the 
elastoplastic response of the material. The shakedown limit is highly dependent on the 
friction coefficient, and the Archard law, which doesn't integrate this variable, cannot 
properly quantify the wear kinetics under large friction fluctuations. 
An energy approach is introduced allowing better wear quantification and permitting an 
easier comparison between surface treatments. 

This methodology can provide a global description of the influence of surface 
treatments, and defines coating performance charts which take into account damage 
evolution as a function of the sliding condition. Future developments will consist in 
quantifying the effect of plasticity [29], the competitive damage evolutions of cracking 
and wear, and extending the approach to more complex contact geometry like flat punch 
with rounded comers [30]. 
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Abstract: L-1-sltu observatmn of the relative slip along the contact surface was conducted on a 

servo-hydrauhc fatigue machine with scanning electron rmcroscope. It was found that the relative 

slip observed by this method was much smaller than that obtained by a conventional small 

extensometer. It was also found that the relative shp depended on the rigidity of the contact pad. The 

higher the rigidity of the pad was, the larger the relative shp became. Numerical analysis with the 

use of the fimte element method (FEM) program ABAQUS was also camed out. The relative slip 

estimated by the FEM agreed well with the observed one. Therefore, it was proved that the in-sltu 

observation method introduced m this study was effective enough for measunng relative slip at the 

contact edge. 

Keywords: fretting fatigue, relatwe slip, m-situ observation, FEM analysis 

Introduction 

Fretting fatigue is well known to occur at contact of combmed components, such as joints 

and bearings. The relative shp along the contact interface between the two components as one of the 

most Important factors to significantly influence the fretting fatigue behavior [1-4]. Fretting fatigue 

strength is generally degraded with increasing relative slip amplitude. In experiments, the relatwe 

slap amplitude has been measured by using specially developed small extensometers [4-7] and a laser 

extensometer [8]. However, most of the measurements gave only the apparent and macroscopic 

values. It is also known that pamal slip is typical in fretting, which Implies that the relative shp 

amplitude is not uniform along the contact interface. The local relative slip amplitude 
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especially at contact edge should be important to determine the stick and the micro-sliding regions in 

the contact area during the fretting fatigue loading. 

In the present study, the relative slip amplitude along the contact interface was measured by 

the in-situ observation using a servo--hydraulic fatigue machine with a scanning electron microscope 

(SEM). FEM analysis was also carried out to evaluate the relative slip amplitude along the contact 

interface. From combining the results by experiments and FEM analysis, effect of rigidity of contact 

pad on relative slip amplitude was discussed in detail. The crack initiation behavior was also 

discussed based on the stress range distribution along the contact interface. 

Experimental procedures 

The material used for the fretting fatigue specimens was an aluminum alloy JIS 6063-T6, 

while both the aluminum alloy JIS 6063-T6 and a Cr-Mo steel JIS SCM420 were used for the 

contact pads. Chemical composition and mechanical properties of the materials used are shown in 

Table 1 and 2, respectively. The shape and dimensions of the specimen and the contact pad are 

shown in Fig. 1. The four different contact pads with pad foot heights L of 0.15, 0.5~1.0 and 2.0 mm 

with the aligned contact surface were prepared. Fretting was induced by pressing a pair of contact 

pads onto the specimen gage part using a proving ring. The fretting fatigue tests were performed 

under a load-controlled tension-compression condition with a stress ratio of R=--l, sinusoidal 

wave-form and frequencies of 10 to 20 Hz. The tests were carried out at a stress amplitude of 120 

MPa with a constant contact pressure of 60 MPa. ln-situ observation and measurement of relative 

slip were conducted using a servo-hydraulic fatigue machine with a scanning electron microscope. 

The proving ring was tilted against the loading axis, as shown in Fig. 2, so that whole contact region 

between the specimen and the contact pad can be observed. When measuring the relative slip, 

loading frequency was reduced to 0.05Hz. The relative slip amplitude was defined as half of the 

measured relative slip range. After the measurement, the test was stopped, and the fretting scars were 

observed. It is found that the fretting damages corresponding to four fools are almost the same. 

Finite element model 

Finite element (FEM) analysis was carried out to estimate the stress distribution near the 

contact region and the relative slip between the specimen and the contact pad. FEM analysis 

program ABAQUS [9] was used. As shown in Fig. 3, FEM model with quadrilateral elements was a 

quarter of the specimen with the contact pad. Boundary conditions were applied along two 

symmetrical axes, and loading conditions were given as the same as the l?etting fatigue tests 

conducted in the present study. Analysis was carried out assuming a linear elastic body under the 
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Table 1-Chemical composition of  the material used (wt~ 

.$44 Fe C u  Mn Mg Cr Zn Ti 
6063-T5 0.20 0.03 0.02 0.53 0.01 0.01 0.02 

C .$2 Mn P S 0.C73 Ni 1.COll M~ 
SCM420 0.21 0 3 0.70 0.016 0.014 0.07 0.15 

Table 2-Mechanical properties of the material used. 

Tensile s~ength Elongation Young's modulus Hardness 
aB(MPa) r E(GPa) Hv(MPa) 

6063-T5 230 21 65 770 
SCM420 940 16 206 2850 

--'~~ t o  

Section A-A . . . .  

(a)Fretting fatigue specimen (b)Contact pad 

Figure 1"Geometries and dimensions of the fretting tbtigue specimen and the contact pad. 

I 

Clamping bolt -" [ Contact pad 

r 

Figure 2- Schematics of fretting fatigue test. Figure 3-FEM analysis model 
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plane strain condition. Based on the FEM analysis results, it is found that only a very small region 

near the contact edge would be yielded, i.e., it could be considered to be under the small scale 

yielding condition. Therefore, the linear elastic analysis result is useful for characterizing the fretting 

fatigue behavior under the present condition. The contact elements located at the sliding interface 

must fulfd the Coulomb s friction law. Sliding occurs in the contact element when shear stress( r ) on 

the interface becomes equal to the critical shear stress (T = ~ q ), where a ,  is the normal stress and 

/z is the coefficient of friction. Based on the experimental result for the gross sliding case, the 

coefficient of friction of 0.7 was used in the present analysis. 

Results and Discussion 

Measurement of relative slip amplitude 

Figure 4 shows an example of measurement of relative slip at the contact edge for the 

aluminum specimen with SCM420 steel contact pad, where the height of pad foot is 0.15 mm. 

Figure 4(a) and (b) indicate micrographs at the maximum stress and at the minimum stress, 

respectively. The measurement procedure was as follows: (1) looking for some clear feature marks 

on both the specimen surface and the contact pad surface, (2) making a base line for measuring 

relative slip, as shown in Fig. 4(a), and (3) measuring the relative slip as the distance between two 

base lines on the specimen surface and the contact pad surface, as shown in Fig. 4(b). The relative 

slip amplitude was given as half of the measured relative slip range. 

Three typical points along the contact interface were selected for measuring the relative slip 

amplitude: at the internal edge, center and external edge. Relationship between relative slip 

amplitude and number of cycles for the SCM 420 steel contact pad with pad foot height of 0.5 mm is 

shown in Fig. 5. It has been commonly observed [10, 11] that the relative slip behaves unstable at the 

initial stage of fretting fatigue. Figure 5 shows that the relative slip amplitude becomes stable after 

1• cycles. The average value after lx l02 cycles was therefore defined as the relative slip 

amplitude for the cases. 

The relative slip amplitude measured for the aluminum alloy specimen with the SCM 420 

steel contact pad (foot height of 0.5 mm) is shown in Fig. 6. In the horizontal axis, the origin is at the 

center of contact region and the external edge is in the positive side. In the figure, the relative slip 

amplitudes estimated by FEM analysis, where the relative slip is determined as the difference of the 

relative displacements in the horizontal direction of contact points between the pad and the specimen, 

are shown together with those estimated by assuming the elastic specimen and the rigid contact pad, 

which is given as [3] 



NISHIDA ET AL. ON ANALYSIS OF RELATIVE SLIP 37 

a) At the maximum stress 

b) At the mlmnaum stress 

Figure 4- Measurement of relative slip at the contact edge for the aluminum alloy 

specimen with the steel contact pad (L=O.15mm, ~r ~ =120MPa). 
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cx,~l 
s = (1) 

2E 

where s is the relative slip amplitude, aa is the amplitude of the cyclic load, l is the span 

length of contact pad and E is Young s modulus. As can be seen from the figure, the relative slip 

amplitude at the external edge is the largest, while that at internal edge is the smallest and almost 

zero. It is obvious that the relative slip amplitude estimated by Eq. (1) with assumption of rigid 

contact pad is significantly high compared to the measured one. It is also evident that the relative slip 

amplitude estimated by the FEM analysis agrees with that measured by in--situ SEM obs6rvation. 

The relative slip amplitudes measured by in-situ observation and by FEM analysis for the aluminum 

alloy specimen with the aluminum alloy contact pad (foot height of 0.5 ram) are shown in Fig.7. The 

similar behavior to the case of the aluminum alloy specimen with the steel contact pad was observed. 

To discuss the difference of relative slip amplitude between the measurements by in-situ 

SEM observation and the calculation by assuming the rigid contact pad, deformation of the contact 

pad was estimated by the FEM analysis. The results are shown in Fig. 8. As can be seen from the 

figure, both the aluminum alloy and the steel contact pads are elastically deformed. It can be easily 

understood that the difference of the displacements on the top corner and the contact edge of the pad, 

which is in the order of relative slip amplitude, is not considered in Eq. (1). Because that the relative 

slip amplitude estimated by assuming the rigid contact pad includes this difference of the 

displacements, Eq. (1) almost gave the slip amplitude two times of that measured by in-situ SEM 

observation, which is in reasonable agreement with the result of FEM analysis; The relative slip 

amplitude has been often measured by using a small extensometer [3,4]. [t is obvious that the 

measured value depends on the position of the measure point at the end surface of the contact pad, 

the lower the measure point is, the smaller the measured slip value becomes, because the difference 

of the displacements between the measure point and the contact edge becomes smaller. This also 

means that the relative slip amplitude measured using a small extensometer will be in between those 

estimated by assuming the rigid contact pad and measured by the in-situ SEM observation. 

Therefore, improvement or development of a new method for measuring relative slip amplitude at 

contact edge in fretting fatigue test is requested. 

Effect of contact pad rigidity on relative slip amplitude 

The slip amplitude distributions for the aluminum alloy specimen with the steel contact pad 

with various foot heights are shown in Fig. 9. As can be seen from the figure, the relative slip 

amplitude at internal edge increases with increasing pad foot height. Relationship between the 

maximum relative slip amplitude at external edge and pad foot height is shown in Fig. 10. It is found 

that the maximum relative slip amplitude decreases with increasing pad foot height for both the steel 
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and the aluminum alloy contact pads. It is also obvious that the maximum relative slip amplitude for 

the aluminum alloy contact pad is smaller than that for the steel contact pad. Therefore, it is 

concluded that the more rigid contact pad results in the larger relative slip amplitude. The estimated 

relative slip amplitudes by FEM are also shown in Figs.9 and 10, which indicate that the estimation 

agrees the experimental results. 

The deformation of end surface of the steel contact pad with various pad foot heights is 

shown in Fig. 11. The contact pad with large foot height is significantly deformed compared to that 

with small foot height. This behavior is in accord with that the contact pad with larger foot height 

indicates smaller relative slip amplitude. Therefore, it should be noted that the rigidity of contact pad 

is an important factor in fretting fatigue. 
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Fretting fatigue crack initiation 

From the in-situ SEM observations, fretting fatigue cracks were found to initiate near the 

external edge of contact region in the very early stage (less than three percent) of fatigue life [12,13]. 

A fretting fatigue crack observed during a fretting fatigue test of the aluminum alloy specimen with 

the steel contact pad is shown in Fig. 12. Cracks (with different lengths) were observed for all four 

external edges. From careful observations, a crack initiated at a very shallow angle to the contact 

surface and then turned to a higher angle: the former is supposed as the crack initiation stage and the 

latter is known as the mixed-mode crack propagation stage under the influence of fretting [14]. 
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The FEM analysis mentioned above also can give the stress distribution near the contact 

interface. Fatigue crack initiation and propagation behavior is known to be controlled by not a 

maximum stress but a stress range. Figure 13 shows the stress range distributions along the contact 

interface of the aluminum alloy specimen with the steel contact pad. As can be seen from the figure, 

the maximum stress range is found at the external edge of contact region for any kind of stresses, 

where the relative slip amplitude is also the largest. 

From the foregoing results, it is concluded that a fretting fatigue crack initiates at the contact 

edge, where the relative slip amplitude and the stress range are the largest. About the fretting fatigue 

crack initiation and propagation, we will report in another paper [15]. 

Figure  12Observation os fretting fatigue crack 

in the specimen with the steel contact pad. 
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Conclusions 

[n--situ measurements and FEM analysis with contact-frictional elements of relative slip 

amplitude between the specimen and the contact pad were carried out. Effect of rigidity of contact 

pad was discussed in detail. The main results obtained are summarized as follows: 

(1) Relative slip amplitude measured by using an SEM in-situ observation technique was 

significantly smaller than that measured by using a conventional extensometer. 

(2) Relative slip amplitude measured by using an SEM in-situ observation technique agreed well 

with that estimated by the FEM analysis. 

(3) Relative slip at the contact edge increased with increasing rigidity of contact pad. 

(4) From the FEM analysis, the relative slip and stress ranges were the largest at the external 

contact edge, at which fretting fatigue cracks are supposed to initiate. This is in good 

agreement with the observations of crack initiation in fretting fatigue test. 
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Abstract: Interrupted fretting fatigue experiments were performed to 
demonstrate the capabilities of  a confocal microscope related to characterizing 
fretting damage and to correlate that damage with cycles to failure. Fretting 
damage was established at stepped down levels of  100% (baseline), 80%, 60%, 
40%, 20%, and 10%. The damage levels were calculated as a percentage of the 
total cycles to fracture for the baseline fretting fatigue specimen. The baseline 
or 100% specimen was subjected to axial fatigue forces and normal forces to 
induce a fretting situation for 100% of  its life or total cycles to fracture. The 
baseline specimen was cycled to fracture without interruption and experienced 
fretting due to normal forces throughout the experiment. Other specimens were 
subjected to cyclic forces for their respective percentage cycles under fretting 
fatigue conditions (i.e. with the applied normal force). After the prescribed 
number of  cycles was attained each specimen was removed and inspected for 
fretting damage and characterized utilizing a confocal microscope and a 
scanning electron microscope. Each specimen was then cycled to fracture or 
run-out without the applied normal force. A damage threshold was 
demonstrated for fretting damage at 60% or less for these experimental 
conditions. Fretting was characterized as depth of  damage (wear and/orpitting) 
and surface cracking. A key factor was the location of the fretting damage, not 
necessarily the magnitude of that damage. Fretting damage located near the 
edge of  the fretting pad contact area was more detrimental than damage near 
the center of  the fretted area. 

Keywords: Fretting fatigue, damage, metrics, confocal microscopy, damage threshold, 
fretting damage to crack transition 
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Introduction: 

Fretting is an insidious type of damage that is the result of the interactions between 
wear and corrosion [1]. This phenomenon is most commonly witnessed between 
contacting surfaces that experience small amplitude oscillatory loads. These loads can be 
induced via vibrations or nearly any variety of mechanical force(s). The strain associated 
with cyclic fatigue forces creates ideal circumstances in which fretting can occur. 
Fretting fatigue is a particularly vexing issue as the damage caused by fretting is often 
responsible for the early nucleation of fatigue cracks. This damage is often created 
through the process of adhesive contact of the asperities on opposing contact surfaces. 
The contact surfaces then experience the production of debris or the removal/disturbance 
of oxide layers. This accelerates and compounds the effects of wear and corrosion. 
Fretting damage varies with particular circumstance. The rate and measure of damage 
can vary with material, strain or slip amplitude, environment, state of stress, surface 
finish of contact materials, manufacturing processes and maintenance practices [1-8]. 
Eden, Rose and Cunningham, who noted a production of oxide between grips and 
specimens with an accompanied reduction in the fatigue life of their grips, first 
documented fretting in 1911 [2]. In 1939, Tomlinson published a paper documenting 
some the first scheduled and controlled experiments on fretting. He noted the small 
amplitudes of motion could cause surface damage and that corrosion was a 
compounding effect of fretting [3]. Warlow-Davies was one of the first to suggest that 
fretting has a deleterious effect on fatigue life. He performed some of the earliest work 
(circa 1941) examining the effects of fretting on fatigue [4]. Since, then many have 
contributed to the technical communities knowledge base. The contributors include, 
among others, Fenner, Wright and Mann, Waterhouse, Nishioka and Hirakawa, 
Hoeppner and Goss [5-8]. 

The technical community still lacks the ability to predict the fretting fatigue life of 
components. A large reason for this is the lack of understanding and characterization of 
fretting damage. This tack of understanding has made the development of mathematical 
and mechanical models challenging. A key to understanding fretting fatigue and its 
implications with regard to reliability and structural integrity is to adequately 
characterize the fretting damage. This understanding will lead to a more robust 
understanding of the mechanical phenomenon of fretting, fretting fatigue and damage 
related to fretting. Fretting can produce, but is not limited to, the following types of 
damage [9]: 

�9 Pitting corrosion 
�9 Oxides and debris (third body) 
�9 Disturbance of protective oxide layers 
�9 Scratches 
�9 Fretting and/or wear tracks 
�9 Material transfer 
�9 Surface plasticity 
�9 Subsurface cracking and/or voids 
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�9 Fretting craters 
�9 Cracks at various angles to the surface(s) 

Frequently, this fretting damage will lead to early formation of fatigue cracking and 
will result in an often times dramatic reduction of fatigue life. 

A confocal microscope and scanning electron microscope (SEM) can be utilized to 
carefully characterize the scope of fretting damage. A Zeiss confocal microscope and 
Hitachi SEM were used for this study. A SEM provides detailed examination of fretting 
damage at magnifications as high as 100,000 and a confocal microscope provides 
detailed images and can characterize damage by measuring and recording depth, 
cracking and topographical information. This information can lead to significant 
indications related to the cause of specimen fracture. 

Through careful characterization of induced fretting damage and prudent control of 
experiments, understanding of fretting fatigue damage as a threshold concept or as a 
threat to structural integrity can begin to be understood. The concept of a fretting fatigue 
damage threshold has been addressed previously [ 1 O-11 ]. 

This paper demonstrates fretting damage characterization using a confocal 
microscope and a scanning electron microscope, followed by tracking the fatigue life of 
the fretting damaged specimens once the induced fretting damage had been 
characterized. 

Experimental  Details 

Fretting fatigue tests were performed using a closed loop electro-hydraulic servo- 
controlled testing system. MTS controllers were used to control specimen mechanical 
forces. Figure 1 depicts the fretting fatigue experimental apparatus. The actuator visible 
onthe top of the apparatus applied the normal force. Axial forces were applied parallel 
with the tabletop. 

Strain experienced by the fatigue specimen produced a small amplitude oscillatory 
motion between the fatigue specimen and the fretting pad. This resulted in fretting 
damage on both the pad and fatigue specimen. 

The dog-bone and fretting pad specimens were made from 2024-T3 aluminum 
0.063" sheet and 0.250" plate respectively. The dog-bone specimens were manufactured 
lengthwise in the longitudinal direction. The fretting pad specimens were designed with 
a flat contact surface. Dog-bone specimens were lap polished to a 0.3gin finish and 
fretting pads were polished to a 600-grit finish. Specimens were cleaned in acetone for 
15 minutes after polishing. 

Axial forces were applied in the longitudinal direction while normal load was 
applied via the fretting pad perpendicular to the dog-bone fatigue specimen. The normal 
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force was applied at a net stress of 3.0ksi. Constant amplitude cyclic forces were 
controlled at a maximum net stress of 30.0ksi, R=0.1 and f=10Hz. The net stress was 
calculated based upon the applicable loading divided by the minimum cross sectional 
area of the dog-bone specimen or maximum contact area between the fretting pad and 
the faying surface of the dog-bone. Experiments were conducted in laboratory air with 
no lubrication in the contact area. 

Figure 1: Fretting Fatigue Apparatus. 

Specimens had fretting damage induced at 100%, 80%, 60%, 40%, 20% and 10% of 
the maximum fretting fatigue cycles to fracture. 100% was defined as the total cycles to 
fracture for specimen A. The remaining specimens were subsequently subjected to the 
applicabIe number of fretting fatigue cycles that corresponded to the appropriate 
percentage of approximately 187,020 cycles (e.g: 80% of 187,020 - 150,000). The 
specimens were then microscopically analyzed. This analysis sought damage on the dog- 
bone specimens in the form of cracking, depth of scarring or pitting, and other 
significant indicators. The fretting fatigue damaged dog-bone specimens were then 
loaded to either fracture or run-out under cyclic mechanical forces without fretting (no 
normal force). Failed specimens were subjected to fractography to identify fatigue 
cracking and crack origins. This process aided in understanding and characterizing the 
amount of fretting damage that is sufficient to demonstrate a marked reduction of fatigue 
life. 
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Experimental Results 

The results for this set of experiments are presented in Table 1. Fretting fatigue 
cycles and fatigue cycles (post-fretting) were tracked and reported. A graph of the cycles 
versus percent fretting fatigue life is presented in Figure 2. It is important to note that 4 
of the 6 specimens did not fracture. Specimens C, D, E and F were cycled from 
1,000,000 to 3,000,000 cycles and did not fracture. This indicates a fretting fatigue 
damage threshold for these conditions. 

Figures 3 and 4 show fretting damage on specimen A (100%FF). Note the detail in 
the depth record from the confocal microscope. Figure 5 shows the fracture surface and 
crack origin for specimen A. The left image depicts specimen A at an angle such that 
the fretting damage on the faying surface and the crack propagation evidence on the 
fracture surface can be seen concurrently. Th'e fight image is a close-up micrograph of 
the crack origin. The crack origin corresponds with the most severe fretting damage. The 
damage progression on the fracture surface of specimen A can be seen in Figure 5. The 
fatigue crack propagated through the specimen. Evidence on the fracture surface 
indicates the crack originated at the heaviest portion of the fretting damage and 
propagated to the edge of the specimen. Once the crack grew to the edge of the 
specimen, it appeared to propagate through the remained of the specimen as a comer 
crack until a critical crack length was reached and final fracture was eminent. 

Figures 6-8 show fretting damage and cracks originating from that damage on 
specimen B-80%FF. This specimen was analyzed for fretting fatigue damage after 
150,000 cycles. There were three fatigue cracks growing from the fretting damage 
shown in Figure 6. The largest of the three cracks is visible in Figure 6. The largest crack 
can be seen near the fight end of the fretting damage propagating perpendicularly to the 
applied loading. This crack, measured at approximately 650pm, was the most substantial 
damage noted during damage analysis and ultimately led to the fracture of specimen B. 
The other two cracks were measured at 142~tm and 34~tm from the edge of the fretting 
damage. The maximum fretting damage on the laying surface was approximately 10/,tin 
deep. However, the damage area from which the fatigue cracks originated experienced a 
maximum damage depth of approximately 4.5~tm. Note that the fatigue cracking area 
was near the edge of the fretting pad contact area, whereas the fretted area that 
experienced the heavier damage (~10grn) was offset from the contact edge. This is 
significant due to the complex stresses induced by the fretting contact and the normal 
force. Cracks will typically nucleate near the contact edge, although this does not occur 
exclusively. 

Figures 9-12 Demonstrate the maximum fretting damage on specimens C-60%FF, D- 
40%FF, E-20%FF and F-10%FF. Note that the most extensive fretting damage on any 
of these (C, D, E or F) specimens was on specimen D. Fretting damage as deep as 20~tm 
is shown for specimen D in Figure 10. It is suspected that some form of debris became 
trapped between the fretting pad and specimen s,urface creating a plowing situation and 
creating a more extensive yet localized area of damage on specimen D. 
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Table 1: Test Results 

Specimen 

A 

D 

Percent of 
Induced 
Fretting 
Fatigue 

100% 

80% 

60% 

40% 

20% 

10% 

Fretting 
Fatigue 
Cycles 

187,020 

150,000 

112,500 

75,000 

37,500 

18,750 

Fatigue 
Cycles 

n . a .  

74,249 

1,000,000 

1,200,000 

3,000,000 

3,000,000 

Cycles to 
Fracture 

187,020 

224,249 

Did not 
fracture 

Did not 
fracture 

Did not 
fracture 

Did not 
fracture 

Comments from 
Post Fretting 

Analysis 

Heavy fretting 
damage. 

Deepest damage 
~35gm. 

Moderate fretting 
damage. 

Deepest damage 
~ 10gm. 

Moderate fretting. 

Deepest damage 
~Sgm. 

Some deep 
fretting damage 
near center of pad 
contact area. 

Deepest damage 
-20gm. 

Light fretting 
damage. Most 
damage 
concentrated at 
contact edge. 

Deepest damage 
~4gm. 

Moderate fretting 
damage. Most 
severe damage on 
edge of specimen. 

Deepest damage 
~9gm. 
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Figure 2." Percent Fretting Fatigue Life vs. Cycle Count. 

Figure 3: Fretting Damage to Failed Specimen A-IOO%FF (IOOX). 
Note: Fracture visible on right side of image. 



CLARK AND HOEPPNER ON DAMAGE/CRACKING STATES 51 

Figure 4: Fretting Damage to Failed Specimen A-IOO%FF (200X). 
Note: Confocal depth image is a mirror reflection of surface image. (d.~x~3511m). 

Figure 5." Specimen A-IOO%FF, Fracture Surface and Crack Origin. 
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Figure 6: Characterization of Fretting Damage on Specimen B-80%FF (50X). 
Note: Crack growing from fretting damage. Crack ~6501,tm long. 

Figure 7." Most Severe Fretting Damage on Specimen B-80%FF (200X magnification). 
Note: Confocal depth image is a mirror reflection of surface image. (dm~x-lOI-tm). 
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Figure 8: Close up of cracking damage seen in Figure 6, specimen B. 
Note: Confocal depth image is a mirror reflection of surface image. (d,~x~4.51.tm). 

Figure 9: Maximum Fretting Damage on Specimen C-60%FF (200X magnification) 
Note: Confocal depth image is a mirror reflection of surface image. (d,,~x-7.5#m). 
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Figure 10: Maximum Fretting Damage on Specimen D-40%FF ( I OOX magnification), 
Note: Confocal depth image is a mirror reflection of surface image. (d~x~2OI.tm). 

Figure I1: Maximum Fretting Damage on Specimen E-20%FF (200X magnification). 
Note: Confocal depth image is a mirror reflection of surface image. (d~ax-lOpm). 
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Figure 12: Maximum Fretting Damage on Specimen F-IO%FF (400X magnification). 
Note: Confocal depth image is a mirror reflection of surface image. (dmo~~9t.tm). 

Discussion 

There exists a fretting fatigue damage threshold for these experimental conditions. 
This fretting fatigue damage threshold is dependent upon the arrest of further fretting 
damage. Upon the arrest of further fretting damage, specimens exhibited dramatically 
increased fatigue life. The baseline test (specimen A-100%FF) and specimen B-80%FF 
tests were very similar when comparing total cycles to fracture. Characterizing the 
fretting damage of specimens A and B was dramatically different, however, the location 
of the fracture origins were similar. The fatigue cracking responsible for fracture 
originated near the edge of the fretting pad contact area. This is a relatively common 
phenomenon. Specimens C-F that experienced 60% or less fretting fatigue cycles 
displayed increased fatigue life upon the arrest of fretting damage. None of the four 
specimens fractured after at least an additional 1,000,000 cycles. Specimens E and F 
were cycled for 3,000,000 cycles and did not fracture. 

Specimen B, shown in Figures 6-8, was the only specimen where cracking damage 
was discovered prior to fracture. Note the depth of the fretting damage near the surface 
cracking was approximately 4.5lam versus the nearly 35~tm fretting damage depth on 
specimen A. This may indicate a few different findings. One, it may be unlikely to be 
able to correlate the depth of fretting damage with the state of fatigue life of a specimen. 
Two, the fretting damage on specimen A may be largely due to the increase in 
displacement (slip amplitude) late in the fatigue life of the specimen due to crack 
opening displacement. The normal force was applied under load control conditions not 
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displacement control. Therefore, there was no load relief as the fretting pad scarred 
deeper into the faying surface of the dog-bone specimen. 

It is interesting to note that the level of damage for specimen D was relatively 
extensive. However, the damage was remote from the contact edges and did not 
nucleate observable fatigue cracking. Although the specimen was cyclically loaded, 
without fretting, for 1,200,000 cycles, it still showed no evidence of cracking. This is 
likely due to the lower maximum stress level away from the contact edges. It is believed 
that some debris became trapped between the fretting pad and faying surface of the dog- 
bone coupon. Prior to experimentation there was no suggestion of scarring or damage to 
explain the greater fretting damage experience by specimen D. Although specimen D 
did experience more pronounced fretting damage than specimens C, E or F, no cracking 
was discovered within or near the fretting damage region. This result bolsters the 
suggestion of a fretting fatigue damage threshold. 

Specimens C, E and F revealed fretting damage levels from 4-10gm deep and 
specimen D a maximum fretting damage depth of approximately 20gm, yet none of the 
specimens revealed fatigue cracking on the surface. Further all four of these specimens 
were cyclically loaded for more than 1,000,000 cycles, some as many as 3,000,000 
cycles, and none fractured. These results indicate that the damage induced by fretting 
fatigue has a threshold. They suggest the possibility that fretting and fretting fatigue can 
be managed through prediction, inspection and maintenance techniques. Through 
understanding the need to arrest fretting and fretting fatigue damage prior to exceeding 
the damage threshold, components can be maintained and remain in service for 
prolonged periods versus those where fretting and fretting fatigue damage is disregarded. 
This is a significant discovery within the scope of these experimental conditions. 
However, a thorough statistically based experimental program would be necessary to 
verify these results and develop a model to aid in the prediction and management of 
fretting, fretting fatigue and related concerns. 

It is important to document the threshold that has been demonstrated in this study 
through adequately designed experiments. This contributes to the technical communities 
overall understanding of fretting fatigue and the intricate variability of this complex 
phenomenon. 

Conclusions 

1. A fretting fatigue damage threshold appears to exist. However, under these 
experimental conditions the threshold would be dependent upon the arrest of 
continued fretting damage. 

2. At this point no correlation can be made between the depth of fretting damage and 
the fatigue life of a specimen. 

3. Relatively heavy fretting damage that occurs remote from the edge of the contact 
area has dramatically less impact on the fatigue life of the specimen then damage 
near the edge of the contact area. 
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4. Interrupted fretting fatigue experiments are a valuable method for increased 
understanding of this complex phenomenon. 

5. A statistically planned set of experiments is necessary to bolster the results of this 
study. 

Summary 

The knowledge that can be gained through interrupted fretting fatigue experiments 
using confocal and scanning electron microscopy can provide insight into the 
understanding of this phenomenon. Through interrupted experiments a snap shot in time 
of damage progression can be achieved. This progression of damage and analysis of that 
damage can lend significant discovery to aid in the understanding of complex issues. 
Confocal microscopy and scanning electron microscopy can be utilized to characterize 
other insidious forms of damage. Studies on pit growth rate, characterizing pitting depth 
and topography and the transition of pitting to fatigue cracking have been performed at 
the University of Utah [9,12-14]. These studies have provided knowledge of how 
corrosion induced damage has affected the fatigue life, including time or cycles to first 
detectable surface crack and crack growth rates for a variety of aluminum alloys. 
Interrupted experimentation can lead to an increased knowledge of the transition 
materials experience from a pristine condition through failure. 
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Abstract: Many factors, such as the amplitude of the cyclic load, the relative rigidity 

of components and the frictional condition, play important roles in the fretting fatigue 

process. This study has focused on the local singular stress field at the fatigue crack 

tip or at the contact edge where the initial crack occurs, based on the numerical 

analysis results with the use of finite element method (FEM) program ABAQUS. It is 

proposed that all the effect of test conditions can be contained by the local stress field, 

which would dominate the fatigue crack initiation and propagation. By comparing 

with the experimental results, it was found that the initial fatigue crack should occur 

at the point of maximum shear stress range near the contact edge, and would 

propagate in the direction of maximum tangential stress range. An analytical 

simulation of fretting fatigue crack propagation has been carried out. It was found that 

a fatigue crack was always under the mixed mode conditions, the fracture path could 

be estimated by the maximum tangential stress theory (AtTomax), and the propagation 

curve could be characterized by the stress intensity factor range in this direction 

( Z~r~o-O max ). 

Keywords: fretting fahgue, crack imtiation, propagation, simulation, fatigue life 

Introduction 

From the phenomenological viewpoint, fretting fatigue life depends on factors 

such as the amphtude of the cychc load, contact pressure, relative rigidity of the 

components, frictional condition, the size and geometrical effect, etc. Many studies 

[1-5] have been reported on the parametric investigations of the effect of these factors 

on the fretting fatigue life. However, due to the complicated interaction of these 

factors, it is difficult to grasp the intrinsic features of fretting fatigue by such 

parametric studies. Therefore, some subsequent parameters [6, 7], such as the relative 
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slip at the contact edge, which partially contains the combined effects of all the 

phenomenological factors, have also been proposed to characterize the fretting fatigue 

process. On the other hand, fracture mechanics is expected to assist strongly in the 

evaluation of fretting fatigue crack initiation and propagation. 

The most popular consideration [8-12] for applying fracture mechanics is to 

introduce a vertical crack to the contact interface, though such a crack can not 

represent the fretting fatigue fracture path. Giannakopoulos et al [13] considered the 
kinking of an interface crack on the contact interface, to take the curve path of fretting 

fatigue into account. Some three dimensional investigations [14,15] on surface 
cracking due to fretting fatigue are also available. Skeikh et al [16] had analyzed the 

stress intensity factors of an inclined crack from the contact edge by the finite element 

method based on the pre-determined surface traction. This study focused on the effect 

of the local stress field at the contact edge and the fretting fatigue crack tip. 
Considering that fretting fatigue crack initiation and propagation are dominated by the 

local stress field, and the interaction effects of the phenomenological factors can be 

considered as being included in such a local stress field, observations, analyses and 
evaluations of the fretting fatigue crack have been carried out from the viewpoint of 

the local stress field. From experimental observations and analysis results, it is found 

that the direction of the crack initiation agrees well with the maximum shear stress 

range direction at the contact edge, where the stress range results in singular behavior, 

and the direction of the crack propagation correlates well with the effective maximum 

tangential stress range direction. It is also found that the fracture path can be 

simulated well by the At r0~  theory, and the fretting fatigue life can be estimated by 

the effective stress intensity factor range AKe~  at the fatigue crack tip. 

Singular Stress Field around the Contact Edge 

The stress range at the contact edge is singular due to the singular stress 

distribution corresponding to the maximum and minimum loads during one cycle. The 
singular stress range depends on the deformation type of the contact edge. The 

deformation of the contact edge (point A) when the specimen subjected to a tension or 

compression force can be distinguished as following three types, a) gapping, b) 

sticking and c) slipping, as shown in Fig. 1. Therefore, during one cycle of loading, 
nine types of deformation exist as shown in Table 1. It is obvious that if the contact 
edge is under gapping deformation, no singular stress will appear. We denote such a 

\ 
A A A 

a) Gapping b) Sticking c) Slipping 
Figure 1 - Deformation types of the contact edge 
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Table 1 - Basic types o f  the deformation and stress range field. 
No. Under maxi. 

Load 
Gapping 

Under mini. 
Load 
Slipping 

Stress range field around the contact 
edge 

1-,l~ 
Aa, I =ago(Pmax)-avs(r  ,Prom) 

Gapping Sticking zx~r,j = (rgo (Pmax) - o'yb ( r  I-2b , Prom) 

Acr,j = O'go (Pmax) - O'vo (Prom) Gapping 
Slipping 

Gapping 
Sticking A o" v = o'z]b ( r  1-'~ , Pmax ) - o'vs ( r l -Z~,  Prom) 

Sticking Sticking Aa~ = a,jb (r 1-zb , Pmax ) - r (r 1-zb , Prom) 

Similar to No. 2 Gapping 
Slipping 

Sticking 
Gapping 

Sticking 
Slipping 

Slipping 
Slipping 

Aa~: = avs (r t-a,, Pmax ) - ~rz:s ( fl-Z, ,Pmm) 

Similar to No.4 
Similar to No. 1 

non-singular stress field by a,jo(P), here e is the corresponding load. If the contact 

edge is under sticking deformation, the singular stress field for a V-notch or bonded 

edge will appear [17-20], as in the form o f  avb(rl-'tb,P), where 1-;t b denotes the 

corresponding singular order. If it is under slipping deformation, the slipping singular 

stress field cr,,(r 1-z',P) shall appear, where 1-,t, denotes the singular order. The 

details of the singular stress field will be given next. It can be easily understood that 
there are six independent basic types of stress range field as shown in the table. 
Therefore, it is necessary to evaluate the fretting fatigue behavior according to these 
basic types. Because there is no stress singularity when the contact edge is under the 
gapping deformation, we only need to consider the singular stress field for the cases 
of sticking and slipping. For the purpose of generalization, we consider the fretting 
contact model with an arbitrary contact pad as shown in Fig. 2. The material "1" is the 
contact pad, its shear modulus and Poisson's ratio are denoted by GI and v~. The 

material "2" is the fretting fatigue specimen whose elastic constants are denoted by 
G 2 and v2. 

Figure 2 - Analysis model 

The Case of  Sticking 

The theoretical solution of the stress field can be found in literature [17,18] for 

this case. The general form of the stress field can be expressed as 

K! Fld(O) + K2F20 (0) 
o',j = rl_, ~ rl_~ 2 (1) 

Here, K, presents the stress intensity coefficient corresponding to the singular order 
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2~, F is the angula r  funct ion .  The  s ingular  orders  can  be  d e t e r m i n e d  f rom the 

e igen - equa t i on  [17-20], and  usua l ly  mul t ip le  s ingular i t ies  w e a k e r  than  1 / ~rr appea r  
for  such  a geometry .  I f  the mater ia l  o f  the  con tac t  p a d  is  the  same o f  the  s p e c i m e n ,  the 
s ingular  o rde r  can  be  d e t e r m i n e d  m o r e  s i m p l y  [17] f r o m  

( -  2 s in  0o + s in 2 ( z  + 00)X 2 s in 0o - s in  2 ( z  + 00))  = 0 .  (2) 

The  angula r  func t ion  in Eq. (1)  can  b e  g i v e n  as  

Flo = (1 + 21) cos(1 - 21)rp + Pl  cos(1 + 21)q~ 

F2o = (1 + 22)  sin(1 - 22)(o + ,02 sin(1 + 22)~o 
, (3) 

F l r o =  (1 - 21 ) sin(1 - 21)~o + Pl  sin(1 + 21 )~o 

F2ro = - (1  - ,~2 ) cos(1 - 22)(0 + P2 cos(1 + 22 )(P 

7 r - 0 o  + 0 ,  rpo 7 r - 0 o  ( 1 - 2 1 ) s i n ( 1 - 2 1 ) ( o o  
rp = 2 = - - - - - ~ ,  P l  sin(1 + 21)fPo 

(4) 
(1 + 22)  sin(1 - 42)(00 

P2 = 
sin(1 + 42 )tj0 0 

The  Case  o f  S l ipp ing  

The  s t ress  f ie ld  fo r  this  case  can  b e  e x p r e s s e d  as  [21] 

= Kr~_l ~ (3' + 1)(F + 3' - cos 23'7r) F(3' + cos 23'~r) + 3. 2 - 1 cos(.~ + 1)0 �9 - -  .cos(2-1)0+ O'02 
L (F  + 3' - 1) sin 222 (F  + 2 - 1) sm 23'~r 

3'+1 s l n ( 3 ' - l ) 0 - F + F  } - F + 3' -------~ - 1 s i n ( ) .  + 1)0 

= KrX_l ~_ (3" - 1)(F + 3' - cos 23'1r) sin(3' - 1)O -I F(3' + cos 23'~r) + 3'z _ 1 sin(3' + 1)0 
"gr02 

L (F  + 2 - 1)sin 23'1r (F  + 3' - 1) sin 23'rc 
(5) 

3' 1 F 1 

cos(3' - 1)0 + eos(~, + 1)0 l 
+ F + 3 ' - I  F + 3 ' - I  

The  e igen -equa t i on  de t e rmin ing  the  s ingular  o rde r  is  

p ,u (2  / - 1) - ( / a (2  + 1) + ( 2  - 1 + F ) ( 2  s in20o  + s in 2 2 0 o )  
(6) 

+ ~',(2 cos20o + cos220o)-  p~(2 + 1)(2 oos20o - cos220o) :  0 

wh6re  

2 sin 227r 1 + Aa + (1 - 2) f l  + F(ct  - f l)  
F = - 2 - 1  

/.t (cos 22~r - 1) - sin 22,~r ' p - 1 - a ' 

( F [ 1 - 2 a  + ( 2 - 1 ) f l l - ( ~ , - 1 ) [ ( Z + l ) a - ( , ~ - 1 ) f l ]  (7) 
1 - a  

Here  /~ is the coef f i c i en t  o f  f r ic t ion  at  the interface.  The  D u n d e r s '  pa rame te r s  [22] a 
and  f l  are de f i ned  as  fo l lows:  
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G 1 (x z + 1) - G z (x 1 + 1) fl GI (~r - 1) - G 2 ( K "  1 - -  1) 
a = G1 (xz + 1) + G 2 (tq + 1)' G l (x 2 + 1) + G 2 (to 1 + 1)" (8) 

I f  the material of  the contact pad is the same as the specimen and the shape 

angle is 00 = z / 2  (the most popular geometry in fretting fatigue tests), the 

eigen-equation can then be simplified as 

2/zZ(A + 1)sin2z - (1 - 222) cosAz + cos22z  = 0 (9) 

It can be found that the singular order is dependent on the coefficient of  friction. The 
solution of Eq.(9) is shown in Fig.3. It shall be pointed out that when the contact edge 

is under slipping deformation, the stress singularity can be stronger than t / f T ,  which 
corresponds to the energy dissipation due to the friction. Figure 4 shows the 
dependence of stress singularity on the pad shape for the case that the material of the 
pad and the specimen are the same. From Figs.3 and 4, it can be found that the higher 
the frictional coefficient is, the stronger the edge singularity becomes. Therefore, 
decreasing the coefficient of friction can be expected as an efficient method to 
improve the fretting fatigue life. It is very interesting that when the frictional 
coefficient is higher, for example, for the case that /1 = 1.0, the pad angle Oo = z / 2  

presents the strongest stress singularity, which means that O0 = Jr/2 is the severest 
shape leading to fretting fatigue, even worse than the case of  larger angle. 

0.8 

~0.~ 

0 . ~ .  I I ~ [ t I ~ I 
0.0 0.2 0.4 0.6 0.8 

Frictional Coefficmnt u 
1.0 

Figure 3 - Stress singularity for 
various frictional coefficients 
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Figure 4 - Dependence of stress 
singularity on the pad angle 

Numerical Analysis 

The analysis model and the element division for its one-fourth region are shown 

in Fig.5. The FEM code ABAQUS was adopted. Frictional contact elements were 

introduced along the interface. The materials of  the pad and the specimen are the 

same. The material constants were E = 210GPa and v = 0.3. The force P was 

applied to attain the average contact pressure of  60MPa on the pad foot. The 
frictional coefficient is assumed as ,u = 0.8. The cyclic load was ao = 180sin cot MPa. 

Figure 6 shows the deformation of  the pad and the specimen under maximum tension 
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and compression. It can be found that the contact edge of the outside deformed as 
gapping under tension, and as slipping under compression. Therefore, this analysis 
example corresponds to the type 1 in Table 1. The maximum relative slip range 
occurring at the edge was about 2.11/am. Figure 7 shows the stress distribution 

along the interface. It can be found that there are three regions under the tension load, 
i.e., the sticking region at the inside, the slip region at the middle part, and the gap 
region at the outside of the interface. On the contrary, there are only two regions 
under compression. It shall be pointed out that the size and existence of such regions 
are dependent on the shapes of the specimen and the pad, the loading condition and the 
frictional coefficient. It can be found that in the sticking region, the friction shear 
stress is much smaller than that calculated by the Newton-Columb's friction law. This 
fact means that the frictional coefficient cannot be calculated directly from the 

12rnm 
+ 
! 8mn~ 

I 

~ P  
20 mm 

! 

i 

�9 40 mm / I 
a) Analysis model 

b) FEM element division 
Figure 5 - Analysis model and element divia'ion 
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I_  
a) Deformation under tension b) deformation under compression 

Figure 6 - Deformation of the pad and the specimen 
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Figure 7 - Stress distribution along the contact interface 
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observed shear force in the experiment. Figure 8 shows the logarithmic stress 

distribution near the edge under the compression. It is found that the singular order 

obtained numerically agrees with the theoretical result very well. 

Fretting Fatigue Test and Its Observations 

Fretting fatigue test was carried out for the observation of fretting fatigue crack 

initiation and propagation. Both the specimen and the contact pad are cut out from a 

SM430A plate, their geometry sizes are shown in Fig.9. The schematic diagram of the 

fatigue test is shown in Fig.10. The fatigue test was carried out by an electro- 

hydraulic servo-controlled fatigue test machine with a capacity of 98 kN under the 

stress ratio, R, o f -1  at frequency of 20 Hz. The average contact pressure is 60 MPa, 
The coefficient of friction is measured as /z = 0.8 by a completely moving wear test. 

To observe the fatigue crack initiation and propagation, the fatigue test was stopped at 

160 

< 90 1 ,< >i 
, r _  45 _, i ~510 

F,~ 3 ,  F . o . , o ~ . , , , o o  ~po0,m~o. /~ 

II II ~ 
4: 

Figure 9 - Geometry of  specimen 
and pad 

~ ~ Specimen 

I r - ~  Extension meter 

~ Co~tact Pad 

I "Strain gage 

~3._) 

Figure 10 - Schematic diagram o f  
fretting fatigue test 

certain cycles under the cyclic loading of 180MPa. The cross section was observed by 
SEM. One ,example of the cross section is shown in Fig. l l .  It can be seen that the 
initial crack occurs in a very small angle from the contact interface at the outside 
contact edge, and then kinks into the direction about 60 degree from the interface at 
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its primary stage, and gradually propagates into the vertical direction to the contact 

interface. The fracture path was measured by the SEM from multiple specimens 

which are stopped at different loading cycles, as shown in Fig.12. The crack growth 

rate was calculated from the well-fitted curve of the fracture path, i.e., the crack 

growth rate in the tangential direction along the fracture path, not in the vertical 
direction, is considered in this study. It is noted here that Figs. 11 and 12 were drawn 

under the coordinate system shown in Fig.2. 

Figure 12 - Measured fracture path 

Evaluation of the Fretting Fatigue Crack Initiation 

In fatigue problems, the important factor is the stress variation range. Due to the 

edge singularity, the stress variation during one cycle is very complicated. Figure 13 
shows the stress range along the interface, obtained by the FEM analysis. It is found 

that all the range of stress components becomes the maximum at the outside edge. 
Therefore, it can be estimated that fatigue fracture will occur at the outside edge, 
which coincides with the experimental observations. Considering that at the outside 

edge the stress range is singular, the stress range in the polar coordinate is drawn as 
Fig.14 (note the difference of the coordinate systems in Figs. 2 and 14). It is found 
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that the maximum shear stress direction located in a very small angle near the 

interface, and the maximum tangential stress occurs at the direction about 0 =-120", 

i.e., about 60" from the interface. Comparing with thd observed results shown in 
Fig.11, it is possible to propose that the initial fretting fatigue crack may occur at the 

direction where the shear stress range is maximum, and it will kink into the direction 

where the tangential stress range is maximum (Acr0m~xtheory) immediately after 

initiation. This fact means that the fretting fatigue crack initiation can be evaluated by 

the singular stress range field. However, because the initial crack occurs in the 

direction very near to the contact interface, due to the severe wearing and plastic 

deformation of the contact interface, it is difficult to affirm when it occurs 

and how long it is. It shall be pointed out that the life before crack init iat ion in 

~" 6O0 
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o~ -400 
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Figure 13 - Stress range along the contact interface 
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Figure 14 - Stress range in the polar coordinate 

fretting fatigue only occupies several percent of the total fatigue life. Therefore, it is 

reasonable to neglect it in the fatigue life evaluation of fretting fatigue. Because the 

initial crack orientation has a strong effect on the subsequent crack propagation 

behavior (such as kinking angle, growth rate, etc.), determining the crack orientation 

has impact on evaluation of fretting fatigue. 
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Simulation of the Fretting Fatigue Propagation 

By neglecting the life before the crack initiation, we can introduce an initial 

crack to evaluate the fretting fatigue life as mainly dominated by the crack 

propagation, in the direction where the shear stress range around the contact edge is 
the maximum. The initial crack length is considered as the critical smallest crack 

length [23] for which the linear fracture mechanics can be applied, i.e., 

a0 = (AK,h/Acr~ )2/zc (10) 

Here, AKth is the threshold stress intensity factor range, and Acra is the fatigue 

limit of the material under plain fatigue condition. For SM430A, it can be calculated 
as a o ~ 80pro. It is easily understood that this initial crack is generally under mixed 

mode condition, therefore, it should kink continuously until the crack tip loading is 

mode I dominated. In plain mixed mode fatigue problems, it is well known that the 
crack shall kink into the maximum tangential stress range direction (Ao'emax theory 

[23], or in other words, into the direction where AKII = 0), and the fatigue properties 

can be characterized by the stress intensity factor range ( A K o ~ )  in this direction. 

Based on the Acrom= theory, the numerical simulation analysis by using FEM 

program ABAQUS is carried out. 
The crack is assumed as propagating 85pro for every step. The stress range 

around the crack tip is calculated as the effective stress range, i.e., no overlapping of 

the crack face is permitted. When the specimen is under compression load, the crack 

face near the crack tip is dealt with using contact elements. The true contact regions 

are determined by numerical procedures, assuming the coefficient of friction between 

two crack faces as zero. Figure 15 shows the simulated crack propagation path. It is 

obvious that this path coincides well with the fracture path by comparing with Fig.12. 
Figure 16 shows the fatigue crack growth curve by using the parameter AKomax. 

The plain fatigue test results under mode I are also shown in the figure. It is 

noted here that AKom~x = AKI for single mode I test. It can be found that the fretting 

fatigue curve agrees well with the plain fatigue curve except for the first step. This 

means that the fretting fatigue crack propagation can be evaluated as the same as the 

mixed mode crack propagation (i.e., using AKomax instead of AKr) in plain fatigue 

except for the first step. The first step results correspond to crack initiation and its 
first kinking step. Many reasons could be considered for its difference from plain 

fatigue, such as the effects of small crack and the constant term in the stress range 

field, the error of measured crack length and growth rate, etc. It can be considered that 
this first step crack propagation has only a minimal effect on ~e  total fatigue life, 

therefore, we can neglect it in the total fretting fatigue life evaluation. 
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Evaluation of the Fatigue Life 

Neglecting the first step of the crack propagation, the crack growth curve in 
Fig.16 (i.e., the plain fatigue curve) can be expressed as 

d a  = 1.26 • 10 -`2 (/~Omax)3 65 ( l  l )  
dN 
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Figure 17 - S-N curve of the fretting fatigue and the predicted life 
If we assume that the unstable crack propagation starts at the crack length of 

a f = B/4 (B is the width of the specimen. Strictly, a: shall be determined by K1c, 

here we use this relatively large value just for the convenience), then the fatigue life 
can be predicted simply as 

N= ~: da 
1.26 x l0  -12 (A, K0max )365 - 1.17 x 10 6 cyc les  (12) 
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Figure 17 shows the comparison of the experimental results and the predicted result. 
It can be found that the fretting fatigue life can be well predicted by the ACrOrna x 

theory. 

Conclusions 

The fretting fatigue crack initiation and propagation are analyzed and observed. 
The main results can be concluded as follows: 
1) There are six basic types of stress variation range with different singularities for 
different deformations at the contact edge of nine types. 
2) The stress variation range becomes the maximum at the outside edge, where a 
fretting fatigue crack should initiate. 
3) A fretting fatigue crack initiates at the direction where the shear stress range is the 
maximum. 
4) Immediately after crack initiation, the crack kinks into the direction where the 
tangential stress range is the maximum. 
5) The fatigue crack is under a mixed mode condition, and should propagate in the 
direction where the tangential stress range is maximum. 
6) The fretting fatigue properties can be well described by using the parameter 
M~o~, and the fatigue life can be evaluated by substituting AK~ with AKo~ in 
the crack growth rule of the plain mode I fatigue. 
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Abstract: In this paper the formulas for calculating KI and K~I of an oblique crack under 
fretting fatigue loading conditions have been derived. The scheme of the formulation is 
based on a method using Green's functions and the principle of superposition, i.e. the 
Green's functions have been obtained through boundary element analysis for normal and 
tangential localized forces on oblique crack faces and superimposed their results to 
calculate two components of mode I and H. The formulas for K1 and KH were expressed 
as functions of crack angle, crack length and applied loading conditions, such as bulk 
fatigue stress, contact pressure distribution and friction stress distribution. A user- 
friendly program based on these formulas, then, has been developed to compute the 
values of stress intensity factors K1 and KII under arbitrary fretting fatigue conditions. The 
values of stress intensity factors for both normal and oblique cracks have been illustrated 
as examples to understand the effects of crack angle and pad load distribution. 

Keywords: fretting fatigue, stress intensity factor, boundary element method, Green's 
function, principle of superposition 

Introduction 

It has been well known that fatigue strength of machines and structures is markedly 
decreased due to fretting fatigue. Fretting fatigue is a form of fatigue where micro-slip 
wear takes place at the contact interface of structural components subjected to contact 
pressure, friction stress and cyclic fatigue stress. The fretting fatigue crack in the early 
stage propagates in the direction oblique to the contact surface due to the effects of the 
above pressure and stresses combined. 

In order to estimate fretting fatigue lives, the stress intensity factors of cracks have 
to be known. Evaluations of the stress intensity factors of fretting fatigue cracks KI and 
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K~, however, are rather difficult because of the combined stress fields and crack features. 
Since it is a conventional but complicated way to determine the stress intensity factors 
using finite element method or boundary element method, the formulas proposed by 
Rooke and Jones [1] have been used assuming that fretting fatigue crack is normal to the 
contact surface. However, because of simplification and complexity of determining mode 
II stress intensity factor KIt the mode I stress intensity factor KI has been only adopted in 
the conventional analysis for fretting fatigue problems. In order to evaluate the oblique 
cracks in fretting fatigue, it is important to consider the effect of mode II stress intensity 
factor as well. 

In this paper, therefore, the authors have expanded the method of Rooke and Jones 
to determine stress intensity factors KI and KII for oblique fretting fatigue cracks. The 
Green's functions for oblique cracks [2] to adopt the principle of superposition were 
obtained through boundary element analysis. The general equations for K~ and Kn have 
been expressed as multi-term equations including parameters of crack angle, crack length, 
plate width, contact pressure, friction stress and fatigue stress. 

Formulation of stress intensity factors 

Modeling of fretting fatigue 

In this paper, a rectangular plate subjected to contact pressure, friction stress and 
fatigue stress was used for a fretting fatigue model as shown in Figure 1. A single straight 
crack at the contact edge was modeled according to the analysis model of Edwards [3]. In 
order to evaluate the stress intensity factor, the principle of superposition was used 
assuming the stress-free crack, as shown in Figure 2. In Figure 2, case (a) refers to a 
normal load acting on the edge and is equivalent to the sum of case (b), with the same 
load acting on the edge of the plate without a crack, and case (c), with the distributed 
stresses induced by case (b) and acting on the line corresponding to the crack site of case 
(a). Because the value of the stress intensity factor of case (b) is zero, cases (a) and (c) 
have the same value as the stress intensity factor. By using this principle, case (a), the 
stress intensity factor due to external load, can be replaced by case (c), the stress intensity 
factor due to the internal stress distribution along the crack surface. 

Friction stress [ 
ct pressure 

Frettin~ pad I " Crack 

4~ 

Fatigue stress 

Figure i - Fretting fatigue analysis model. 
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+ 

(a) (b) (c) 

Figure 2 -principle of superposition. 

Boundary element analysis 

The magnitude of the normal force per unit thickness, p, which acts on the crack 
surface, on the stress intensity factor was analyzed by the boundary element model shown 
in Figure 3. The magnitude of the tangential force per unit thickness, q, was also analyzed 
by the model. In the model, w and h are width and height of the plate respectively, b is the 
loading point on the crack surface, a and 0 are length and angle of the edge crack 
respectively. To evaluate the effect of unit force, the values o fp  and q were taken to be 
1 N per unit thickness. In this paper the stress intensity factors due to unit forcesp and q 
are called the differential stress intensity factors dki and dku, for modes I and II 
respectively. They were analyzed for various ratios of a/w and b/a under several values of 
crack angle 0. 

/ 

P 

W W 

i 

h 

\ 

Figure 3 - Boundary element analysis for the oblique crack model subjected to 
localized forces p and q acting on the crack surface. 
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Derivation of Green's Functions 

The values of the differential stress intensity factor obtained from the boundary 
element analysis were summarized as Equations (1) and (2) by interpolation: 

__P F~o(a,b,o)+----~'Fsq~/~ra ( a ' b ' 0 )  (1) dkl - a ~ a  

P dkss- %/~ Fs/p(a,b-,0)+----~-'Fslqx/zra ( ~ , b , 0 )  , (2) 

where F~,, Fsq, F1~ and Fsiq are functions formulated as multi-terms. 

Stress intensity factors due to Iocalized forces on the edge of the plate 

Equations (1) and (2) can be used as Green's functions to obtain the stress intensity 
factors ks and kss due to normal and tangential stresses distributions, a(b) and r(b) 
respectively, acting along the oblique crack surface. Since the differential normal and 
tangential forces per unit thickness, acting on the differential region db at the location b 
are expressed as a(b)db and r(b)db respectively, the stress intensity factors due to the 
whole distribution of a(b) and r(b) are given by integration of Equations (1) and (2) with 
respect to b: 

ks = ~ a ( b ) ' F @  db + 1-1-1-1-~T(b)'Fh db (3) 
4,~a Jo 1r a J O 

kls= 1--l~a(b)'Fslp db + l--1--~r(b).Faqdb (4) 
4~a dO V~ra~ 

where F~, Fxq, Fs~ and Fiiq are functions of a/w, b/a and 0. 

0 

Yo 

crye, a 

. ~ ' ~  Crxp, Q 

~ o  

(a) 0 

~y 

b 

(b) 

Figure 4 - The stresses in an uncracked semi-infinite plate subjected to localized forces 
P and Q acting on the boundary. 
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The values of a(b) and r(b) are calculated according to Timoshenko and Goodier [4] in 
the following manner. The internal normal stresses c~xe, dyp and tangential stress rxye due 
to external normal force per unit thickness, P, in Figure 4(a), are calculated by Equations 
(5) to (7) given below, where the origin of the coordinate is set at the applied point of the 
force P: 

2P Xo 3 (5) 
d x e -  ~ (x0 2+yo2)  2 

2 
2 P  xoY o (6) 

dYe = 7L" (x02 +yo2) 2 

2P x02y0 
rxYe = rC (X02 + y02) 2 (7) 

The internal normal stress de and tangential stress re are on the assumed crack line, 
inclined at the angle 0 to the normal to the boundary. The coordinate b is set along the 
assumed crack line from the origin O' ,  as shown in Figure 4(b). By substituting the 
following relations, 

x0 = b cos 0 (8) 

y o = b s i n 0 - y  , (9) 

into Equations (5) to (7), and using Equations (10) and (11), 

d e = dxe sin 2 0 + dyp COS 2 0 -- 2 % e  sin 0 cos 0 

r e = (dy e - dxe)  sin 0 cos 0 + r~y e (cos 2 0 - sin 2 0) , 

(10) 

(11) 

then stresses de and re are given by the following functions of b, 0 and y: 

- 2 P b y  2 cos 3 0 
ere = P"  f e o (  b 'O'  Y) = zc(b 2 + y2 _ 2by sin 0) 2 (12) 

2 P b y  cos 20(b - y sin 0) (13) 
re = P" fez (b, 0, y) , rc(b 2 4 y 2 _ 2by sin 0) 2 

In a similar way, the internal stresses due to external tangential force per unit thickness, Q, 
are given by 

2Q Xo2y0 (14) 
dxQ = ~ (X02  + y 0 2 )  2 

3 
2Q Yo (15) 

ay O = ~ (x02+y02) 2 
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2 
2Q xoY o (16) Txy Q = 
a" (Xo 2 + y02) 2 

Finally the stresses uo and r o are given as follows: 

2Qy 2 cos 20(y -bsin O) (17) 
ao =Q" foo (b'O'y) - rc(b 2 +y2 _ 2bysinO)2 

Qy cosO{by(-3 + cos 20) + 2sin O(b 2 + y2)} 
(18) "(Q = Q'fQ~ (b, 0, y) = n.(b 2 + y 2 -- 2by sin 0)  2 

Stresses u(b) and fib) in Equations (3) and (4) are replaced by ap and rp of Equations (12) 
and (13), then the differential stress intensity facDrs due to normal localized force P 
acting on the boundary of the plate, dKIP and dKiIP are given by 

P 
dRIP = ~ o 0  (fFv "FIp + fPr " Flq)db 

P 
dKiIP = ~a~a foo (f,, ~ " Ft, p + f p~ " Fiiq)db 

(19) 

(20) 

The differential stress intensity factors due to tangential localized force Q acting on the 
edge of the plate, dKtQ and dKnQ are also given using stresses aQ and rQ of Equations (17) 
and (18) as stresses a(b) and fib) in Equations (3) and (4) respectively, 

dKIQ =~a~a~oo(fQa'Flp + fQr'FIq) db 

dKIIQ "~a~a~Oo(fQa "FIlp + fQr "Fllq)db 

(21) 

(22) 

Stress intensity factors due to contact pressure and fi'iction stress on the boundary of the 
plate 

Therefore, the stress intensity factors due to distributed contact pressure and 
friction stress in the contact surface can be obtained using Equations (19) through (22). 
By integrating Equations (19) to (22) with respect to y assuming that contact pressure 
between yl and Y2 is represented as a(y) in Figure 5, the stress intensity factors subjected 
to contact pressure, KI~ and Kn~, are obtained: 

1 2 )dbdy g]a=fdgip - ~yl"~OCX(y)~ ' F i p +  fPr "Flq 

KH~ = f dKiip 1 = ~ a f y ~ ; a ( Y ) ( f p o ' F n p  + fez Fnq)dbdy 

(23) 

(24) 
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dy .~ ~ _ ( Y )  

Y 1 ~Crack 

Figure 5 - Stress distribution in the contact region. 

Similarly, by adopting friction stress z'(y) in Figure 5, stress intensity factors due to 
friction stress, KI~ and Kin, are given by the following expressions: 

1 2 
Kit = f dK]Q = -~a~a ~ fOo r(y)'(fQo " Fip + for " FTq )dbdy 

1 
K.r= f dKnQ = ~aza ~'~o r(y) ' ( fQ.  "F l ip+  for "Fllq)dbdy 

(25) 

(26) 

Stress intensity factors due to fatigue stress 

The stress intensity factors, Ku and Krg, due to fatigue stress applied at the end of 
the plate, are obtained from boundary element analysis separately, and they are 
formulated as the following relations: 

Kly = ~r y r~ .Fi f  ( a ,  O) (27) 
W 
a 

K,V = a f 4~a " V,g ( - - ,0)  . (28) 
W 

The functions Fir and Fllf were formulated as multi-term expressions. 

Total stress intensity factors due to fretting fatigue loading 

The total stress intensity factors, K~ and Kix, are obtained by the sum of three 
components for each mode. They are given by 

KI = KI~ + Kit + KIf 
Kn = KIIa + Kilt +Kllf 

(29) 
(3O) 
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Detailed expressions 

Results of  boundary element analysis 

The boundary element analysis was carried out to obtain Equations (1) and (2) for 
the following conditions: at the constant of h = 4w, the ratio a/w of 0.005, 0.010, 0.016, 
0.025, 0.040, 0.0625, 0.10, 0.16 and 0.25, crack angle 0 of 0, 15, 30 and 45 degrees, and 
the twenty sets of b/a ranging from 0.025 to 0.975 were assumed. For determining the 
exact values of stress intensity factors by boundary element method, the proportional 
stress method proposed by Yuki et al. [5] was adopted. Figure 6 shows an example of the 
relations between the functions F~p, F~q, Fnp and Fnq in Equations (1) and (2) and loading 
point on crack surface, b/a, changing with 0 at the constant a/w = 0.005. 

Expression of Green's functions by interpolation 

The differential stress intensity factors, dk~ and dk~, obtained from the boundary 
element analysis were summarized by interpolation using a numerical software 
Mathematica. The multi-terms interpolation with a/w, b/a and 0 for four factors of Fxp, 
F~q, F~q, and Fup in Equations (1) and (2) was determined by the least-squares method. 
The expressions are given by the following power series functions: 
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Figure 6 - Functions of  differential stress intensity factors obtained from boundary 
element analysis. 
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t 

Fip, i lq (a ,b ,o)= 1 ~Clp,llq~jk(w) (b)Jo  k (31) 

Ftq, i ip(a,b,o)= ~Clq,np,jk(a]'(b]Jo k , (32) 
i,j,k \ w ]  ka]  

where the indices i , j  and k are integer values of 0 to 3, 0 to 8, and 0 to 3, respectively, 
and c~,~k, ct~qk, C~qqk and c~qk are constants. 

Finally, the Green's functions to obtain stress intensity factors subjected to contact 
pressure and friction stress are given by the following expressions with the term of 
y/(y+a): 

L k 

dK~,, Iw = r ~  ,,j,x \ w ] ~ y + a ] 

(i dKIf2, IIQ ~ , , j ,k 

(33) 

(34) 

where i, j and k are integer values of 0 to 4, 0 to 3, and 0 to 10, respectively. Figure 7 
shows curves for the case of a/w=O.O05, for Equations (33) and (34). 
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Figure 7 - Stress intensity factors due to localized forces. 
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The functions Fu and FHf for the fatigue stress in Equations (27) and (28) are given as 

(a/' a , 0 j , ( 3 5 )  F.r, .,f (7  , 0) = y d, .,, 7 
z,J 

where i andj are integers assuming values 0 to 4, and dl,j and dit,j are constants. 

Introducing contact pressure and friction stress 

In the present paper, the distribution of contact pressure was assumed by the 
following fourth order polynomial: 

~(Y) = Po + PlY + p2Y 2 + p3Y 3 + P4Y 4 (36) 

where po, pl, p2, p3 and p4 are constants. The friction stress is simply expressed using 
coefficient of friction ,u, that is, 

r(y) = y. or(y) . (37) 

By introducing Equations (36) and (37) into Equations (23) to (26), adopting Equations 
(33) and (34) as dKlp, dKw~, dKIQ and dKiio, and then executing the integration between 
yl and y2, fretting pad area, and adding the components of fatigue stress, given by 
Equation (35), the total values of stress intensity factors, Kl and KII, by Equations (29) 
and (30) can be obtained. 

Back ' ~  

Front~Crack / 
Plate / [-.._____J 

Line loads along 
front (LLF) or back (LLB) 

of pad foot 

Uniform (U) 

Triangular 1 (T1) Parabolic 1 (P1) 

Triangular 2 (T2) Parabolic 2 (P2) 

Figure 8 -Assumed distribution of frictional and normal pad loads. 



86 FRETTING FATIGUE: ADVANCES 

Calculation of stress intensity factors in fretting fatigue 

In order to compute the stress intensity factors from the above general expressions 
a computer program has been developed by using Visual Fortran (vet. 6.5). The stress 
intensity factors/s and KIt obtained from this program have been compared with the 
results in reference [3]. Figure 8 shows the assumed pad load distributions in reference 
[3], and Figure 9 shows the relations between mode I stress intensity factors, KI~ and KiT, 
and crack length a under assumed distributions of normal and frictional pad load 
respectively. The values of these stress intensity factors were obtained using the 
parameters of plate width of 25 mm, pad width of 1.27 mm and thickness of 8ram, 
assuming in each case a load of 1 N, and the results agreed with those of reference [3]. 
Figures 10 and 11 show the cases of oblique crack under the same loading condition. 
Figure 10 shows the mode I stress intensity factors for crack angle of 30 degrees, and a 
comparison with Figure 9 shows that the absolute values of stress intensity factors for 30 
degrees crack are higher than those for normal crack. Figure 11 is the case of mode II, 
and the different curves for each distribution are represented. 

Figures 12 (a) and (b) show the total stress intensity factor of mode I for crack 
angles of 0 degrees and 30 degrees under normal pad load of 1250 N, frictional pad load 
of 700 N, and bulk fatigue stress of 35 MN/m 2. Each of the curves represents the stress 
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Figure 9 - Mode I stress intensity factors of normal crack for different distributions. 
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Figure 10 - Mode I stress intensity factors of oblique crack for different distributions. 
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Figure 11 - Mode H stress intensity factors of oblique crack for different distributions. 
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Figure 13 - Total stress intensity factors Kzz. 

intensity factor for assumed pad load distributions and also for plain fatigue without 
fretting. It was found that the stress intensity factor K1 in fretting fatigue, except for 
assumed line load at the front of the pad foot (LLF), has greater value in the short crack 
region than that without fretting, but in the long crack region their relation is reversed, 
and the reversing points vary with crack inclination angle. In Figure 12 (b), the values of 
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Kj initially increase then decrease markedly with increasing crack length, due to the 
greater negative values of stress intensity factor KI~ in normal pad load in Figure 10. This 
may change the crack propagation direction or form the non-propagating crack. Figures 
13 (a) and (b) show the total stress intensity factor of mode II, Ka. As can be seen, the 
value of KII changes markedly depending on the assumed pad load distributions and crack 
angles. As the results, the combination of K~ and KH affects the crack initiation and 
propagation morphologies in fretting fatigue. 

The above calculations show that the values of stress intensity factors are 
significantly affected by crack angle and also pad load distribution. That is, in Figures 12 
and 13, the two extreme pad load distributions, LLF and LLB, at 30 degrees give the 
maximum and the minimum values of stress intensity factors of mode I and mode II, and 
other pad load distributions give the values in the range. It is noted that the studies on 
fretting fatigue crack growth must be carried out by using the actual pad load 
distributions. The program developed in this paper can very easily obtain the values of 
stress intensity factors for normal and oblique cracks by inputting the pad load 
distribution as a function of a fourth order polynomial. Unfortunately, a finite or 
boundary element stress analysis for determining pad load distribution is required before 
using this program separately. Therefore, the authors are now trying to develop the 
advanced program which can determine the actual pad load distributions automatically in 
a program execution. 

Conclusions 

In order to obtain stress intensity factors, KI and Kn, in fretting fatigue conditions 
easily, the authors have derived the general expressions formulated through determining 
Green's functions and boundary element analysis, and executing their integrals. By using 
the general expressions, stress intensity factors can be calculated by inputting the values 
of crack length, crack angle, magnitude and distribution of contact pressure and friction 
stress, coefficient of friction, fatigue stress and plate size. The general expressions are 
applicable to the study of fretting fatigue crack propagation mechanism. 
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ABSTRACT: Fretting fatigue damage is characterized by the nucleation of cracks very 
early in the life of  a component along a critical plane at an oblique angle to the contact 
surface. The number of  cycles to fretting fatigue crack nucleation as well as the 
orientation of the initial crack critical plane is strongly influenced by the large stress and 
strain gradients that occur within a small volume near the fretting contact. Therefore, it is 
necessary to average the stresses and strains along a critical plane within a fretting fatigue 
process volume (FFPV) to obtain more reliable crack nucleation predictions. An 
approach for computing damage in a FFPV using finite element analysis is presented. 
The life and crack angle prediction is consistent with experimental observations of  
fretting fatigue tests on PH 13-8 Mo stainless steel. This averaging method allows for the 
introduction of a length scale for crack nucleation prediction. 

KEYWORDS: fretting fatigue, crack nucleation, finite element anaIysis, critical plane 
approaches 

Introduction 

Many different methods have been employed to predict damage and initial fretting 
fatigue crack location and/or orientation. Empirical approaches based on continuum field 
variables correlate the combination of relevant macroscopic variables such as stress, 
strain, and slip range with observed crack nucleation sites. An example is the fretting 
fatigue damage parameter (FFDP) developed by Ruiz et al. [1] in the mid 1980s in which 
the site of crack nucleation was determined based on a combination of the tangential 
stress component, CYT, the shear stress, ~, and the relative slip anaplitude, 8, in the form 
FFDP = ~ 8 .  The FFDP reliably predicts the location of the crack nucleus along the 
fretting interface; however, no relevance is given to the orientation of the nucleated 
crack. 

Cracks have been found to form very early in the life of  a component due to fretting 
fatigue loading. These cracks tend to nucleate and grow along particular planes 
dependent upon the cyclic state of  stress and the material's microstructure [2,3]. A 
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micrograph of a PH 13-8 Mo stainless steel fretting fatigue specimen interrupted during 
testing at 200 cycles is shown in Figure 1 [4]. The experimental conditions represented a 
nominally cylindrical-on-fiat contact with normal force, P = 343.4 N, remote fatigue 
stress amplitude, 6a = 217 MPa, and stress ratio, R = 0.1. In Figure 1, the fretting fatigue 
crack extends to a depth of approximately 10 ~m into the specimen, with a total length 
equal to about 30 I.tm at an angle of about 65 ~ + 5 ~ as measured counter-clockwise from a 
line perpendicular to the surface. 

Figure 1- Subsurface cracking observed after 200 cycles. 

A fretting fatigue crack tends to change direction as it grows further into the specimen 
[3,5], as observed in Figure 2 [8]. In general, the fretting fatigue process can be divided 
into three regimes. The nucleation regime is located within a depth of approximately 50 
~tm from the surface. Once the crack has grown to a depth of about 50 ~m, the crack 
angle changes from about 65 ~ +_ 5 ~ (see Figure l) to about 55 ~ + 5 ~ The next regime is 
an intermediate region, which is still strongly influenced by the frictional force. It is 
located between 50 l~m and 200 Ixm from the surface and the crack angle is near 25 ~ + 5 ~ 
The third regime is a crack growth region located greater than 200 ~ from the surface, 
with diminishing frictional force influence. The crack gradually reduces to 0 ~ which is 
the direction normal to the fatigue loading. Once the crack is beyond about 50 pxn in this 
high strength steel, the growth rate can be characterized by fracture mechanics [6]. 
Additional experimental tests (not shown here) show that the observed changes in crack 
angle with increasing depth are nearly identical for different stress ratios when the normal 
pad force and contact geometry are the same [7,8]. These observations point to the 
existence of a critical volume of material near the contact that is highly influenced by the 
fretting loads, as evidenced by the change in crack angle as it grows further into a fretting 
fatigue specimen. This critical volume is referred to as the Fretting Fatigue Process 
Volume (FFPV). 

Figure 2 - Micrograph of primary fretting fatigue cracks in PH 13-8 Mo stainless steel 
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Critical plane approaches for describing multiaxial fatigue have been used to predict 
fretting fatigue damage, initial crack location and orientation [8,9,10]. A wide variety of 
multiaxial fatigue models exist in the literature, differing mainly in the selection of stress 
and/or strain component combinations based on whether the fatigued material falls in a 
shear or tensile manner [11,12,13,14]. Usually some fitting factor is applied in order to 
correlate these stresses and/or strains with the number of cycles necessary to nucleate a 
fatigue crack based on stress-strain life curves from either cyclic uniaxial or torsional 
experimental tests. It can be quite difficult to choose an appropriate prediction model 
because of the range of required assumptions related to issues that most directly affect the 
integrity of fretting fatigue analyses. Some of these issues involve (a) the properties of 
the interface between the two components (i.e., the coefficient of friction), (b) the 
material model (i.e., elastic or elastic-plastic and homogeneous vs. heterogeneous), and 
(c) the appropriate scale of the fretting fatigue process volume and crack length. 

In recognition of these problems, the analyses presented in this paper emphasize 
comparison of individual stress/strain components to more easily elucidate how the 
combination of these components making up some common multiaxlal fatigue models 
differ with changing FFPV depth. Two multiaxial fatigue models studied in this research 
are the Fatemi-Socie-Kurath (FSK) [11,12] and Smith-Watson-Topper (SWT) [15] 
models. The FSK model is often used for materials that tend to fall predominantly by 
shear-cracking. In this model, fatigue life is dependent on the maximum eyelie shear 
strain amplitude (AT/2) on a particular plane modified by the maximum normal stress 
(t~n,,~x) to this plane. 

_~_( z: f f Co I+kCr"'r~]= ": (2N,) b~ +y/ (2N,) (I) 

The loading parameters defined on the plane experiencing the largest range of cyclic 
shear strain are represented on the left-hand side of the equation. The trn,,,~ is normalized 
by cry, the cyclic yield strength, to preserve the dimensionless features of strain, and k is a 
material dependent parameter. The ratio try/k is often replaced by the fatigue strength 
coefficient (trf), which has been found to be nearly equal. The strain-life curve generated 
from fully-reversed torsional fatigue tests is represented by the right-hand side, where ry' 
is the shear fatigue strength coefficient, yy'is the shear fatigue ductility coefficient, bo is 
the shear fatigue strength exponent, co is the fatigue ductility exponent, G is the shear 
modulus, and 2N~ is the number of reversals to the formation of a surface crack of a 
certain length. 

Alternatively, the SWT model is used for materials that fall predominantly by tensile 
cracking and is defined as follows: 

A6 = --~-tr..mx tr':2 (2N,) 2b +tr': (2N,) b+c (2) 
E ~ 

where Ae./2 is the maximum principal strain amplitude on a plane and c~n,max the 
maximum normal stress during the cycle on this plane. The fight-hand side of the 
equation is similar in form to the Fatemi-Socie-Kurath model (Eq. I), but is correlated 
with strain-life data generated from uniaxial testing. 

Both models were developed for fatigue prediction of cracks about I mm in length. 
In this case, one could argue that an arbitrary length scale has already been applied (e.g. 
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crack length equal to 1 mm). However, fretting fatigue crack nucleation occurs at a much 
smaller scale approaching the grain size for a given material. Microstructural approaches 
that are currently being investigated hold much promise to predict damage at this scale, 
but are not sufficiently well-developed at this time [16]. 

In the past, most fretting fatigue damage prediction methods relied on calculation of 
stress and strain results obtained at a point along the fretting fatigue contact surface. 
However, the mechanisms that drive crack nucleation under fretting fatigue conditions 
are well understood to be dependent upon a volume of material near the contact, not just 
the stresses and strains at a point [17,18,19,20]. An engineering level analysis using 
macroscopic material properties is still just an approximation of fretting fatigue 
mechanisms occurring at a microstructural scale. For that reason, a number of averaging 
methods, such as "line" averaging, critical distance, surface averaging, and volume 
averaging, have been developed in an attempt to "smear" the effect of high stress/strain 
gradients over some finite damage area/volume [21,22]. These methods allow for the 
introduction of a length scale to engineering level analysis, albeit in a simplistic way. 
The use of"line" averaging of stresses and strains in a 2-D analysis or plane averaging in 
3-D analyses seems to be more relevant when evaluating multiaxial fatigue parameters to 
predict maximum fretting fatigue damage, initial crack location, and crack orientation 
along a particular critical plane. 

Emphasis is placed on prediction of the fretting fatigue crack orientation because it is 
desirable to be able to predict the fretting fatigue crack orientation from both a model 
validation standpoint as well as from an actual physical standpoint. First, when 
conducting analysis of any kind it is necessary to correlate as many results as possible 
with experimental test observations in order to validate the model. The ability to predict 
both the location of crack nucleation and orientation gives one faith that the model 
captures the "right" mechanisms. Second, depending on the geometry in actual 
components, the direction of crack growth may mean the difference between cracking 
that results in catastrophic failure or alternatively, a crack that may eventually stop 
propagating. 

In this paper, the stress and strain results of an elastic finite element analysis (FEA) 
are averaged along a potential critical plane for a range of depths into the specimen, 
representing a FFPV. This volume averaging approach is used to determine the relative 
influence of individual stress/strain components on crack angle prediction at various 
depths and will be discussed in detail. Specifically, critical values of maximum average 

shear strain amplitude (hy  c/2 ), maximum average normal strain amplitude (Arn/2 ), 

and average maximum normal stress (~N.m~), as well as the FSK and SWT multiaxiai 
fatigue parameters are calculated. These results are then compared to interrupted fretting 
fatigue experimental results to show how the individual stress/strain components that 
make up each parameter affect the crack angle and subsequent life prediction values 
within a certain volume. Finally, the stress amplitude, stress ratio, and material model 
(elastic vs. elastic/plastic) are varied in the FEA to determine their influence on life and 
crack angle prediction within a FFPV using a volume averaging approach. It will be 
shown that the initial crack angle prediction is dependent upon the size of the FFPV 
under consideration and the dominant stress or strain component calculated within this 
volume. 
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Finite element model and experimental configuration 

Finite element modeling was used to simulate a fatigue specimen clamped between 
two bridge-type fretting pads and loaded using a calibrated proving ring. The finite 
element model shown in Figure 3(a) represents a symmetric section of this fretting 
fatigue assembly. Experimental test details and specimen dimensions are listed elsewhere 
[7,23]. The fretting pad is cylindrical with a radius of curvature equal to 15 mm. A 
mapped mesh with element width of 10 ~trn was used near the area of contact in a region 
1 mm (length) x 0.5 mm (depth), and a free mesh was used elsewhere. A close-up of the 
mesh near the contact is shown in Figure 3(b) along with the angle convention used in the 
analyses. The positive angle direction is counter-clockwise. The 0 ~ referenge is 
perpendicular to the bulk fatigue loading (or) direction. 

The ABAQUS users manual states that a body initially in contact at one point, which 
is the ease for a cylindrical contact, must be grounded with soft springs or dashpots to 
eliminate rigid body motion in the early steps of the analysis [24]. A springy layer of 
reduced stiffness elements has been added above the pad to perform this function, as well 
as to model the compliance of the proving ring assembly in the experimental 
configuration [25]. The elements along the top of the springy layer are fixed in the x- and 
y-directions. The pad and specimen are fixed in the x- and y-directions along lines of 
symmetry. ABAQUS CPE8R elements, which are 8-noded biquadratic quadrilateral 2-D 
solid plane strain reduced integration elements, were used. Conditions of plane strain 
were considered appropriate because the area of contact is much smaller than the width of 
the specimen. Contact pair elements with small sliding assumption are used for the 
contact elements between the fretting pad and the specimen. The specimen is defined as 
the master surface and the fretting pad is defined as the slave surface. A Lagrange 
multiplier formulation is used to enforce the sticking constraints along the interface 
between the two contacting surfaces. 

Figure 3 - Finite element model showing (a) overall geometry and boundary conditions, 
and (b) mesh near contact area. 
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The material properties of the pad and specimen are representative of PH 13-8 Mo 
stainless steel. All material constants (fatigue, kinematic hardening, and elastic constants) 
were obtained through experimental tests on the same heat of material used in the fretting 
fatigue experimental tests [23]. The elastic constants are E = 192 GPa and v = 0.3. The 
modulus of the springy layer was set to 0.001 * E, which was determined by trial-and- 
error to match the ideal elastic Hertzian contact solution before addition of the bulk 
fatigue loading. The theoretical Hertzian contact width (2a) is equal to 0.26 mm for these 
loading conditions (2a/R = 0.017). There are approximately 30 eight-noded elements 
encompassing the theoretical Hertzian contact width. A mesh density of this order has 
been proven to capture the qualitative behavior of plastic strain evolution [26]. 

The elastic solution before addition of the bulk fatigue loading was verified via 
Hertzian contact theory [27,28]. The error in the stresses along the interface was less 
than 1.0%. For our exact experimental configuration and boundary conditions, there are 
no analytical solutions that are presently available to perform further direct validation. 
The classic Mindlin solution used by others performing similar analyses [25,29,30] does 
not exactly apply because of the presence of the bulk fatigue loading, which cannot be 
uncoupled from the sheafing (or frictional) force in our model. Furthermore, when the 
bulk stress is included in the analytical analysis, it is assumed to be uniform in the fatigue 
specimen [30]. In bridge-type apparatus the bulk stress varies along the length of the 
contact. We chose to more closely represent our experimental conditions in order to 
make closer links to experimental and model response; therefore, the mesh refinement 
method was used to assure convergence for the elastic and elastic-plastic solution after 
addition of the bulk loading. 

The plastic behavior for selected analyses is described using a nonlinear kinematic 
hardening model available in ABAQUS [24] with the evolution equation having the 
form: 

= c (* - - ( 3 )  

The constants are obtained using the cyclic stress-strain curve. For PH13-8 Mo stainless 
steel, C = 157.3 GPa, y = 381.8 MPa, and 6 ~ = 909 MPa. The 0.2% offset monotonic 
yield strength is 1286 MPa [23]. 

Stress and strain averaging methodology within a FFPV 

The averaging approach is illustrated in Figure 4. Mathematically, this line averaging 
method is similar to that used by Lamacq et al. [19] except that the stress/strain field in 
the specimen is obtained via FEA in this case. 

A potential critical plane is represented by a line with a particular length (L), starting 
at a point on the surface. The number of interpolation points (N) is then selected, making 
sure that the minimum resolution is at least equal to the FEA mesh density. The stress 
and strain values are extracted from the FEA at the centroid of the elements for every 
increment in a cycle, and then extrapolated to equally distributed points on the line. 
Increasing the number of these points to a resolution that is much denser than the mesh 
size in the FEA does not result in greater accuracy because the stress/strain data can only 
be obtained at discrete points (such as element centroids) in the FEA. However, steps 
were taken to insure that changing the number of points would not change the averaging 
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results. For example, doubling the number of points beyond the minimum resolution 
resulted in a percent difference of no more than 0.6% for line lengths up to 400 tan and 
up to 100 points. 
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Figure 4 - Line averaging method. 

The stress/strain values at the points are then transformed at a particular angle and 
averaged along the "plane" for every increment in the cycle. This sequence is repeated 
for angles corresponding to -90 ~ to 90 ~ in increments of 2 ~ to encompass a FFPV of 
depth equal to radial length L. Finally, the predicted critical plane orientation is the 
angle at which the average stress/strain, or combination thereof (depending on the chosen 
multiaxial fatigue parameter), is a maximum along a plane of length L. Results shown in 
subsequent sections are presented in terms of the FFPV radial length L, which 
corresponds directly with the FFPV depth into the specimen. By varying the radial 
length in the analyses, the influence of individual stress/strain components on the 
accuracy of different multiaxial fatigue parameters used in fretting fatigue damage 
prediction for a given crack length scale can be evaluated. 

Both the FSK and SWT models were used to determine the critical plane using the 
line averaging method just presented. In this case, the stress and strain components in 
either model are replaced by their respective averaged values. 

Exercises and Discussion 

Critical plane and life prediction 

For the results in this section, the stress/strain response was obtained using an FEA 
with an elastic material model and prescribed loading conditions matching the 
experimental fretting fatigue conditions described earlier (see Figs. 1 and 2). The normal 
force (P) equal to 343.4 N, was first imposed and then three full cycles were modeled by 
incrementing ten load steps during the analysis. Three complete load cycles are 
considered sufficient to capture steady-state response [26,31]. The remote fatigue stress 
amplitude was 217 MPa with stress ratio, R = 0.1, which corresponds to maximum and 
minimum fatigue loads of 34.9 kN and 3.49 kN, respectively. The prescribed coefficient 
of friction is 1.5; previous analyses have shown that this value gives results that correlate 
well with the observed experimental deformation field [32]. 
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As a baseline, the stress/strain response at discrete poims along the interface is 
evaluated in order to subsequently illustrate the importance of considering a volume of 
material near the contact. The values of the maximum shear strain amplitude (A~t/2max), 
FSK, and SWT parameter, along different planes at the point of maximum damage along 
the interface are shown in Figure 4. The angle convention is shown in Figure 3(b). 
Previous research [8] showed that the Ay/2max, FSK, and SWT parameters predict the 
point of maximum damage at x/a = -0.72 + 0.10. 

The orientation of the predicted critical plane is located by determining where the 
maximum damage value for a given parameter (y-axis) coincides with a particular angle 
(x-axis). For instance, the (A?/2ma~) predicts two planes having damage that are nearly 
equal when calculated at a point. The orientation of these critical planes are 65 ~ and - 
30 ~ The SWT parameter predicts a critical angle of 15 ~ which is much steeper than 
what is indicated by experiments (see Figs. 1 and 2). The FSK parameter predicts 
maximum damage at an angle of-25 ~ , which also is not observed experimentally for this 
case. 
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Figure 4 - Values of  AF/2,~, FSK, and SWT parameters on different planes at the point of  
maximum damage on the interface (x/a = -0. 72 _+0.10). 

The full-field Al'/2m~ calculated at the eentroid of th~ FEM elements is ~hown in 
Figure 5. Near the fretting interface, the gradient in strain amplitude is quite large. The 
calculation of stress/strain at a point on the surface does not capture the physical 
significance of the effect that this steep gradient has on fretting fatigue damage within a 
critical volume near the contact. The results shown in Figures 4 and 5 illustrate why 
using cyclic stresses and strains at a point do not lead to accurate initial angle predictions 
and also brings into question whether using stress/strain response at a point can be 
successfully used for life prediction as well. The remainder of this section is devoted to 

showing how critical values of maximum average shear strain amplitude ( A y c / 2 ) ,  

maximum average normal strain amplitude (z~N/2 ), average maximum normal stress 

(o'u.~,=), as well as the FSK and SWT multiaxial fatigue parameters influence initial 



SWALLA AND NEU ON FATIGUE PROCESS VOLUME 97 

crack angle and life prediction using the volume averaging approach outlined in the 
previous section. 

2a = 0.26 mm 

~" - 2 . 0 - 1 . 6 - 1 . 2 - 0 . 8 - 0 . 4  0.0 0.4 0.8 1.2 1.6 2.0 
x/a 

Figure 5 - Full-field Ay/2,~ (x 10-3) near fretting fatigue contact. 

The Aye/2 and AeN/2 , calculated for a FFPV radii equal to L = 20, 40, 100, and 

400 ~m, are shown in Figure 6, along with the critical angle predictions. Note that the 

lines describing the AYe/2 and AgN/2 magnitudes have similar slope and drop 

significantly with depth into the specimen. At any length, the magnitude of Aye/2 is 

nearly double that of A6 N/2 . Furthermore, the values of either "A7'c/2 or A6 N/2 at L 

= 20 jam are double their respective values when L = 400 ~tm. The critical angle is the 
angle at which the peak damage is predicted (similar to Figure 4). The number of points 
averaged on a given plane are 5, 10, 15, and 50 points, respectively, for each of these line 
lengths. The starting point on the interface is located at x/a = -0.72, which was earlier 
calculated as the point of maximum damage. The angle prediction at L < 40 tan is 70 ~ 

using Ayc/2 , which corresponds well to experimental observations of  fretting cracks of 

this length (see Figs. 1 and 2). Recall that two critical planes are predicted, as shown 
earlier in Figure 4, when Ay/2m~x is calculated at a point. However, when using 

hyc/2 at any given depth, only one critical value is predicted. 

As the radius is increased beyond 100 ~m, the predicted critical angle approaches 90 ~ 

for Ayc/2 , which indicates that the severity of the shear strain gradient into the 

specimen has diminished significantly. For AeN/2 , the predicted critical angle stays 

relatively constant (between 20 ~ and 30 ~ for any L < 400 txm and correctly predicts the 
crack angle once it has grown to L > 100 ~tm. It is not predictive when L < 100 ~tm. 

The cr N.,~x along with the critical angle prediction for FFPV radii ranging in length 

from 20 ~tm < L < 400 lain is shown in Figure 7. The value of cru.m~x at L = 20 ~tm is 
nearly double the value at L = 400 i.tm, which is similar to the trend in shear and normal 

strains (see Figure 6). However, much of the reduction (about 60%) in tru,,~x occurs 
within L < 100 kurt, unlike the strains, which exhibit a more gradual change in slope. 
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Figure 6 - The influence of the size of the process volume on the values of zXT, /2 and 

As~ /2 and the associated angle of the critical plane. 
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Figure 7 - The influence of the size of the process volume on the value of ~r ~,m~ and the 
angle of the critical plane. 

The predicted critical plane angle is equal to 10 ~ for L ___ 40 pan, changing to 5 ~ when 

L = 100 ~aa, and finally to 0 ~ at L = 400 Jam. The critical angle calculated using ~ , . =  is 
not predictive for crack lengths less than 400 ~trn, but does correspond to the 0 ~ angle 
observed in experiments once the crack has grown to a length that is well outside the 
FFPV. 
The critical plane angle predictions obtained using the FSK and SWT models are shown 
in Figure 8 (a) and (b) for L = 20 I~m to L = 400 pal. For comparison, the critical plane 

predictions using AyJ2 , ~-~'6~/2 , and ~ . m ~  are also shown. The schematics Figure 

8 (b)) illustrate how the predicted critical angle changes with radius length. Note that the 
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predicted critical angle is negative for L _< 40 pm using the FSK parameter, but switches 

to 65 ~ at 50 pm. When L=100 pan and greater, the FSK and Agc/2 critical angle 

predictions tend to converge. Although the FSK parameter is primarily a shear-strain 

based parameter, it is also influenced by the t r~ ,~ .  
The critical angle predicted using the SWT parameter is 15 ~ when L _< 40 larn, jumps 

up to 25 ~ when L = 50 Hm, then back down to 10 ~ or 15 ~ for 100 ~tm _< L < 400 lain. 

From this plot, it is not clear whether the Ar or ~N,mx has a stronger influence on 

the SWT parameter critical angle prediction. The crack angle prediction using either 
parameter corresponds with the experimentally observed crack angle when 100 ~m < L < 
400 tam. 
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Figure 8 - (a) Predicted critical planes using different critical plane parameters (1o) 
Schematic illustrating the angle of the critical plane with radius length. 

The trend in predicted life for different parameters is shown in Figure 9. The fatigue 
constants were obtained from uniaxial fatigue tests on smooth specimens conducted on 
the same heat of material at Georgia Institute of Technology (constants given in Table 1). 
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Table 1- Fatigue constants for PH 13-8 Mo stainless steel. 

~( 1997MPa 
e( 0.525 
b -0.074 
c -0.737 

To approximate the shear-based fatigue constants from the uniaxial constants given in 
Table 1, the von Mises assumption is used. The relationships between the shear and 
normal components are: 

t r f  i 

43 (3) 

yi '= xf38y' (4) 

where trf' is the fatigue strength coefficient, ~y' is the fatigue ductility coefficient, bo = 
b, and co = c. 

The damage and crack lengths studied here are much smaller than the crack scale in 
standard low cycle fatigue (LCF) testing. For that reason, it is more relevant to discuss 
the relative differences between the various models rather than focus exclusively on the 
life values on individual data points. As an example, interrupted fretting fatigue 
experiments indicate that cracks nucleate and grow to a length of about 30 ixm in as few 
as 200 cycles. Cracks considered long enough to indicate crack "initiation" in LCF tests 
are often on the order of 1 mm in length. 

There is a strong correlation between the Aye//2 and the FSK parameter and the 

predicted life using As~r or SWT parameters are nearly identical when 20 Ixm -< L < 

400 I~m. The latter suggests that A6 N//2 is the predominate component influencing life 

prediction when using the SWT parameter. 

Both A?" c//2 and FSK are shear stress/strain dominated parameters, and both 

A6~//2 and SWT are normal stress/strain dominated parameters. When L < 40 ~m and 

at L = 400 ~m, all of the parameters predict similar lives. However, there is a certain 
volume (around 100 Ixm in depth) in which the shear stress/strain and normal stress/strain 
parameters diverge. 

Given these results, it is clear that the most physically realistic damage parameter is 

dependent on the size of the FFPV considered. First, it is clear that the A y J2  is the 

primary component influencing the initial crack angle prediction and therefore it seems 
likely that it would be a logical parameter for correlating cycles to nucleation for this 
material when L< 40 Ixm. When L = 40 to 100 Ixm, a transitional region exists in which 

the normal stresses/strains, such as ~N.m~ and Ao~ N//2 , become increasingly dominant, 

as evidenced by the crack angle predictions. This is also the region in which the trend in 
life prediction using a shear stress/strain or normal stress/strain parameter diverges 
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significantly. At this scale, use of  a multiaxial fatigue model that incorporates both the 
shear stress/strain and normal stress/strain, such as the FSK parameter, seems desirable. 
When L > 100 ~tm, the normal stresses resulting from the bulk fatigue load are clearly 
dominant. In this region, a tensile cracking multiaxial fatigue model similar to the SWT 
model seems to be more appropriate. At this length a much greater proportion of the 
crack length is oriented in a normal direction. Therefore, the optimal multiaxial fatigue 
model depends on the length scale of  the initial fretting fatigue crack in question, or in 
other words, the size of  the FFPV. 
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Figure 9 - Predicted life using different critical plane parameters. 

Parametric Study 

The influence of stress amplitude, stress ratio, and material model (elastic vs. 
elastic/plastic) on life and crack angle prediction within a FFPV using a volume 
averaging approach is now considered. Unless explicitly stated otherwise, all 
stress/strain results were obtained using elastic material properties. 

Using a constant stress amplitude ((ra) of  100 MPa, the influence of  stress ratio (-1.0 < 
R -< 0.5) was considered with results shown in Figure 10. Both the critical angle 
prediction and magnitude are rather insensitive (+ 5 ~ to the stress ratio. On the other 
hand, when the stress amplitude is varied for a constant R= 0.1 (Figure 11), the 

difference in magnitude of Ay c/2 is quite noticeable, with increasing stress amplitude 

leading to larger values of  Ayc/2 . However, the difference in critical angle prediction is 

not significant when L > 20 lain. Even when L = 20 lam, the difference between the angle 
prediction when 100 MPa < oa< 250 MPa is only about 10 ~ 
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The influence o f  using an elastic-plastic material  model  versus an elastic model  on 

A y e / 2  and corresponding predicted crack angle is shown in Figure 12(a). The life 

predict ion using constants given in Table 1 is shown in Figure 12(b). The difference in 

AYe/2 between the two material models  correlates with a difference in life ranging from 

about 5000 cycles when L = 20 tam to about 10000 cycles when L = 100 Ixm. Similarly,  
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the influence of the material model on ~-6"~-6~/2 and the corresponding predicted angle is 

shown in Figure 13. The AcN/2 is less sensitive than A7c/2 to the choice of material 

modelThe FSK parameter follows similar trends as Aye/2 and the SWT follows the 

~-~r trends, suggesting that FSK parameter is more sensitive to an elastic-plastic 

material model. As shown here and in earlier figures, the use of an elastic material model 
may result in non-conservative life prediction. However, even though the difference in 
strain magnitude is somewhat significant in this case, the angle prediction is relatively 
insensitive to the choice of material model using any parameter. 
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Figure 12 - Influence of  material model (elastic vs. elastic-plastic) using AYc/2 on (a) 

critical plane angle and (b) life prediction. 
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Conclusions 

Determination of the extent of the FFPV by averaging the stresses/strains along a 
critical plane and examining their influence on predicted critical angle orientation and life 
prediction for a given radial length allows for the introduction of a length scale in 
engineering level fretting fatigue analyses. Use of this approach results in an initial crack 
angle orientation prediction that correlates well with experimental observations of PH 13- 
8 Mo stainless steel within a certain FFPV, provided the appropriate damage parameter is 
used, unlike calculations using stresses/strains at a point. The angle predictions are 
relatively insensitive to stress ratio and stress amplitude using a homogeneous elastic or 
elastic/plastic material model. 

The Ayc/2 is the primary component affecting the initial crack angle prediction and 

cycles to nucleation for the stainless steel studied when L< 40 I~m. At this scale, either 

the A~-y~/2 or FSK parameters do a better job of predicting the crack orientation than the 

As s / 2  or SWT parameters. When the FFPV encompasses a depth between L = 40 to 

100 prn, a transitional region exists in which the normal stresses/strains become 
increasingly dominant, as evidenced by the crack angle predictions. At this scale, the use 
of a multiaxial fatigue model that incorporates both the shear stress/strain and normal 
stress/strain seems desirable. When L > 100 ~tm, the normal stresses resulting from the 
bulk fatigue load are dominant. In this region, a tensile cracking multiaxial fatigue model 
similar to the SWT model appears to be more appropriate. Based on these results, the 
most appropriate multiaxial fatigue models for fretting fatigue damage prediction from a 
physical point of view is dependent on the size of the FFPV considered in the analysis. 
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ABSTRACT. Fretting Fatigue (FF) has been considered as fatigue in a region of stress 
concentration due to the contact accelerated by mechanical erosion (possibly enhanced by metal 
transfolmatlons and/or chemical reactions in an aggressive envtronment). Whether the effect of 
erosion is significant or not is not clear. However, recently a more precise quantification of the 
effect of stress concentration has been attempted (some authors have used the terminology 
"crack analogue" and "notch analogue"). Most.practical cases are concerned with finite stress 
concentration, so that a "notch analogue" criterion seems more appropriate, like for example in 
the Hertzlan FF set of experiments hke those on Alumlnium alloy (A1/4%Cu, HE15-TF) by 
Nowell in the late '80s, and (A12024) by Farris in late 90s. Application of the "notch analogue" 
with a simple stress concentration criterion is usually overconservative for a notch (and indeed it 
is for the experiments considered, although it may not in general because of mechanical erosion 
effect in the FF case), so that "averaging" methodologies have been proposed where 
unfortunately the best-fitting averaging constant turns to be not just a material constant. In fact, 
in the present paper the "best fitting distance" is shown to be much smaller than what expected 
from existing Kf criteria. 

KEYWORDS: Fretting fatigue, fatigue, gas turbine engines, HCF, LCF, surface damage, stress 
concentration, SCF 

Introduction 

As generally defined, Fretting Fatigue (FF) is a phenomenon caused by the synergy 
between mechanical  erosive surface damage and initiation o f  cracks due to the stress field 
(although this synergetic effect has never been precisely quantified). Attention has been 
for long t ime focused on minute surface tangential mot ion arising between components 
pressed together by normal forces and subjected to oscillatory loads or vibratory mot ion 
(one o f  the sites o f  greatest concern with FF is in the compressor stages o f  gas turbine 
engines, and particularly blade-disk dovetail joints). 

FF is responsible to many in service "mishaps" in gas turbine engines, for which HCF 
(High Cycle Fatigue) is i tself  the largest single cause o f  failure. Despite the remarkable 
progress, FF is still one o f  the most  "inexact" areas o f  fatigue, where effort is now being 
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focused. Inparticular, it is not clear, to date, i fFF is (i) a surface damage phenomenon, or 
(ii) it is simply fatigue from a stress raiser feature. Even though surface damage 
parameters can be computed analytically or quasi-analytically in a wide range of  contact 
FF conditions [1-6], attempts to use method (i) have so far remained very empirical and, 
as it will be shown in the present paper, only a vague qualitative correlation with fatigue 
life is obtained; moreover, a precise and quantitative correlation is hardly possible in the 
future as connection to the standard fatigue law understanding is not foreseeable. 
Attempts to use method (ii) have surprisingly been very limited until recently (crack and 
notch "analogues" have been proposed by the MIT group in [7,8]), but the use of  notch 
analogues seems to be the most promising. We discuss aspects of  both approaches in the 
following paragraphs. 

Surface Damage Parameters 
One of the very first parameters used to identify FF has been slip amplitude ~max: it 

appeared that FF was most detrimental for 6max around 15 ~m (Nishioka et al. [9,10]). A 
second choice was then the frictional energy dissipation parameter, D=Fj =(t6) . . . .  which 
being an energy dissipation may well be correlated to the damage mechanisms on the 
fretted surface, and indeed has the merit of  being significant also in the gross slip regime 
as Archard's wear law parameter. Finally, it has been also shown to give a measure of  the 
cumulated shear strain according to the Bower-Johnson's ratchetting mechanism (see 
Nowell & Hills [11]). Further, the Oxford group (Ruiz et al. 1984, 1986 [12,13] ) 
suggested a "Ruiz's composite surface damage parameter," R=F2=(~tS)~a• which takes 
empirically into account the evidence that cracks are more likely to develop in a region of 
tension rather than compression, therefore accounting also for the early stages of  
propagation. Nowell & Hills [11] obtained a value of R 4N2/mm 3 as the lower bound for 

7 o initiation and failure within I0 cycles for the particular material examined (the 4Yo Cu- 
A1 alloy known as HE 15-TF) and for a Hertzian 2D plane fretting contact. 
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In the present paper, we computed these parameters for the Hertzian experiments in 
(Farris & Szolwinski, 1998, [14]) and (Nowell & Hills, 1988, [1514). The original stress 
analysis in [14, 15] has also been improved to consider finite thickness of  the specimen, 5 
with a minor correction for [14], but quite large for [15] in terms of  increase of  the 
surface tensile stresses. Also, in [15] there was no surface damage parameter calculation. 
Results are synthetically shown in Fig. 1 for the Ruiz' parameter, F2, showing a power- 
law correlation similar to fatigue S-N curves (the scales are different and [14] have much 
lower fatigue life and concentrated in the range 200-900 x 103 cycles, whereas [15] span 
a wider range with run-out in several cases (smaller contact areas) >107 cycles. 

Fretting as a Fatigue Phenomenon 

Pape et al. and Neu et al. (1999) [17,18] review different fatigue criteria, Szolwinski 
et al. (1998) [14] propose a Kt (Stress Concentration Factor) initiation criterion based on 
the multiaxial Smith-Watson-Topper equation (being limited on surface uniaxial, the 
SWT is used in a rather simplified form). 

4 Farris' specimens material is AI2024-T351 aluminium alloy and Nowell's one is HE15-TF aluminium alloy. 
5 This was made by applying the Kelly's theory (based on Fourier transform functions) for elastic layer resting on 
a rigid substrate [16] that allows to obtain the corrected solution simply by separating the semi-plane hertzian 
solution and the corrective one from the total internal stress field. 
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Despite a quite large scatter, the data seem to fit the simple model proposed in [14]. 
However, this is surprising if we consider that a Kt criterion is usually largely over- 
conservative when the gradient of  the stress field is high as in the contact region. Using 
this simple stress criterion for the full set of  the Nowell and Hills' data [15] would be 
reasonable for the large contact area sizes, but extremely conservative for the set of  
smaller contact areas where much higher fatigue life is found. A simple SWT approach is 
then inadequate to predict the size effect fretting fatigue life. This is clearly pointed out in 
Fig. 2 where, by comparing the maximum tensile stress with the SWT~tr= , (see Eq. (3) 

written below), the difference between the real maximum stresses and SWTx,~e = is larger 

for the "run-out" experiments (small contact areas) than for the finite life ones (large 
contact area) failing at small number of  cycles. This effect can be qualitatively explained 
with the stress gradient increment of  the internal tensile stress associated with the 
decrement of  the contact area shown in Fig. 3. 

One possibility to consider a less over-conservative prediction and take size effect 
into account is based on an empirical averaging of  the stress field [19,20]. However, 
Refs. [19,20] havefound that there is no unique "material constant" distance over which 
the results fit the data in Nowell and Hills [ 15] reasonably well. 

Various criteria exist for the fatigue knock down factor Kf, which is by definition 
l<Ke<Kt, where Kt is the stress concentration factor. An alternative to Kf is often defined 
via a notch sensitivity, 0<q<l: 

(K s - 1) 
q= (K,-1) (1) 
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Recent work by Taylor [21,22] has shown that Neuber and Peterson's notch 
sensitivity factors belong to the averaging techniques. In particular, in order to make 
them consistent with fracture mechanics, the averaging distance needs to be connected to 
the intrinsic material defect constant (also knows as "Topper" constant), depending on 
fatigue limit A~I and threshold AKt~, as: 

1 (~v,h)  2 
a0 = ~- ~,~7-Gx ) 

(2) 

Specifically, the simplest method is to use the stress at distance ao/2 from the trailing 
edge of the contact, which is sometimes called the "hot spot" stress (ahot-,pot). Either ways, 
the stress has to be compared with the predicted SWTst ..... [14]: 

1 = ( 2 N ) 2 b  , ,  +~ E VL ' / ] l - v 2  
(3) 

where NU is the failure life and E, v, or/ ' ,  er a, and b are material constants that could 

be extracted from a uniaxial fatigue experiment and indeed are known for A12024-T351 
and HE15-TF to present values shown in Tablel. The results are plotted in Fig. 4. 

Tablel--A12024-T351 and HE15-TF aluminium alloys material constants used in 
[14,152. 

Material Constant's value 
constant Constant's description 

AI2024-T351 HE 15-TF 

af' Fatigue strength coefficient 741 [MPa] 1015 [MPa] 
b Fatigue strength exponent -0. 078 -0. l 1 
ef' Fatigue ductility coefficient 0 166 O. 2 l 
c Fatigue ductility exponent -0.538 -0.52 

E Young's modulus 74 1 [GPa] 68. 9 [GPa] 
v Poisson "s ratio 0.33 0.33 
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The hot spot results obtained using the "Topper" constant (we used ao = 91 l~m for 
Nowell's material, see [20] and ao = 129 Itm for Szolwinski's data, see [22]) are still very 
under-conservative, as the best fit would only occur for much smaller hot spot constants 
(around 15/zm). 

This result does not necessarily imply that a prediction based purely on fatigue is 
incorrect: it is possible, for example, that this averaging constant is not just a material 
constant, but depends on geometrical features. Therefore, there is not enough evidence to 
suggest that the difference is due to fretting per  se, returning to the well-known concept 
that FF is a combination of both surface damage and fatigue. 

Similar conclusion is drawn from Fig. 5 where only the best-fit hot spot constants (15 
lzm) is used to fit correctly the size effect experimental results. 
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Conclusions 

Surface damage parameters have been found to be qualitatively correlated to FF life 
for both sets of experiments [14,15], particularly F1 and F2. Obviously, these parameters 
are of empirical nature and suffer from the drawback of being uarelated to any other 
fatigue parameter. Further, they would depend on surface conditions, particularly friction 
coefficient of the pair of contacting materials, as typical in tribology. On the other hand, 
"pure fatigue" lifing methodology also requires some caution. In [15] it was apparently 
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found that a simple Kt approach would make conservative results. However, we have 
shown that this may be just a coincidence of fretting effect nearly cancelling the notch 
sensitivity effect, which we expect because of high stress gradient. Therefore, there is no 
reason to believe that the "additional" fretting effect on fatigue life would be always so 
simply taken into account. In other words, a Kt approach neglecting the additional 
fretting damage contribution may result in underconservative prediction under 
appropriate circumstances: in particular, when the notch sensitivity of the material is not 
so high and the fretting damage is large. 

A specific FF-related notch sensitivity, or alternative additional parameters, 
depending again on surface conditions, friction and materials in contact, may be required. 

Fatigue criteria are more likely to be successful in the future, but if a methodology is 
to be expected to be conservative, fundamentally solid and amenable to standardisation, a 
lot better understanding of the "notch sensitivity" effect is needed. Use of stress 
concentration alone, as suggested in some existing "notch analogues" criteria (Farris, 
[15], Giannakopoulos et al., 2000 [8]), is not necessarily a conservative approach, and 
could be made arbitrarily over-conservative when the Kt factor becomes large. 
Introducing a Kt factor design limit would probably render inadequate the majority or 
existing designs! On the other hand, using existing "best-fitting" averaging 
methodologies (Nowell & Arafijo, 2000 [19], Arafijo, 2000 [20]) has proved to be 
questionable and empirical. In fact, the "best-fitting" distance turns out to be very much 
dependent not just on material constants but also on loading conditions, and it is to be 
expected that other dependencies (particularly on geometry), not emerged in existing 
experimental validation, could be also found. 
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Abstract: This paper proposes a method for estimating the total fatigue life in fretting 
fatigue. It compares the fatigue life of  some specimens obtained in various series of  
fretting fatigue tests wath the estimates of  total fatigue life using a model that separately 
takes into account the initiation and propagation of the crack, The experimental tests used 
a spherical contact and were conducted on an aluminum alloy (A1 7075-T6). The 
initiation of the crack is considered using the multiaxial fatigue criterion of McDiarmid 
together with the theoretical distribution of stresses for the given loads applied in each 
test. The propagation of the crack is considered using two different laws of propagation, 
Paris law and a curve given by Lankford that would represent the upper limit for the crack 
propagation velocity (lower limit for fatigue life) when the crack is short. These two 
estimates are an upper and lower bound respectively of  the fatigue life of  the specimen; 
the actual life lies in between. 

Keywords: fretting fatigue, life estimation. 

Introduction 

Fretting fatigue is a phenomenon that can be observed everyday in service in many 
mechanical systems elements such as riveted and bolted joints, shrink-fitted couplings, 
metal ropes and cables, etc. [1]. It appears in systems where service loads cause relative 
displacement of  very small amplitude between contact surfaces. This displacement 
generates friction forces associated to the load normal to the contact surface. These local 
stresses add to the bulk load of the system producing a similar effect to the stress 
concentrators. When these forces vary cyclically, cracks initiate by fatigue mechanisms. 
This initiation process is faster compared to the case when there is no contact between the 
surfaces. These cracks may stop or eventually propagate until final fracture of  the 
component. 

An important issue in the design of mechanical systems that suffer fretting fatigue is 
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the prediction of the endurance under the design loads and many efforts and resources are 
dedicated to it. This is a difficult problem and there are different approaches that are 
aimed at solving it [2,3]. 

There is a general agreement that the fretting fatigue process has two different phases: 
the fatigue crack initiation and crack propagation, which are due to different mechanisms. 
Some methods to estimate the fretting fatigue life are based on the initiation mechanism, 
and use the data obtained in tests with smooth specimens under completely reversed 
loading, combined with various multiaxial fatigue criteria. These methods are more 
frequently used when the initiation phase dominates over propagation. Another approach 
consists in the use of  linear elastic fracture mechanics. In this case the initiation life is 
assumed to be small compared to propagation [4]. Another method is to combine 
initiation with propagation using a fixed crack initiation length [3]. This length tries to 
determine the separation of  the process of  initiation and propagation. The total life would 
be the sum of the number of  cycles required to initiate a crack and the number of  cycles to 
propagate a crack of this length until final fracture [5]. A step forward in this study is, as 
in the latter case, to combine initiation and propagation, but instead of  previously 
choosing a fixed initiation length, it will come out as a result of  the calculations. There 
are different ways to make these calculations developed by several authors [6, 7,8] for 
notched specimens, although they have not been applied to fretting fatigue. 

This paper presents a similar method to the one proposed by Socie [8], which 
combines initiation and propagation defining a non-arbitrary crack initiation length, to 
estimate the life obtained in a series of  fretting fatigue tests with spherical contact. 

Initiation-Propagation Model 

The method used in this paper is a modification of Socie, Morrow and Chen [8] for 
fatigue life analysis of  notched members. This modification takes into account the 
multiaxial stress field developed in fretting fatigue with spherical contact. The authors 
calculated two curves as a function of crack depth, i.e., along the hypothetical crack path: 
(a) a crack growth rate caused by crack initiation mechanisms from low cycle fatigue 
concepts and (b) the damage rate during the crack propagation phase from linear elastic 
fracture mechanics (LEFM) concepts. The first one is obtained estimating, for every point 
along that path, the number of  cycles needed to initiate a crack and then calculating the 
derivative. Hence, something that could be considered as a crack propagation rate due to 
initiation is obtained. This function decreases with depth, and for points close to the 
surface it is higher than the classical crack propagation rate due to fracture mechanics, 
which increases with depth. Therefore, a hypothetical crack close to the surface would 
grow faster by initiation than by propagation. At a certain depth, the two curves cross, and 
from then on the crack grows faster by propagation. According to their proposal, this 
point sets what they call the crack initiation length. The crack initiation life, Ni, would be 
the one corresponding to this point and the crack propagation life, Np, would be the 
number of  cycles needed to propagate a crack from that point until final fracture. 

Instead of calculating the growth rates as explained, a similar but numerically 
equivalent method is used [9]. Along the hypothetical crack path, the fatigue life at each 
point based on low cycle fatigue is calculated, Ni. This would be the number of  cycles 
needed to initiate a crack at that point. Also, for each point, the number of  cycles needed 
to grow a crack from that point to the final crack length, Np, are calculated using LEFM. 
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The sum of N, and Np gives the total life associated to each point, considered as the point 
where the growth law changes from initiation to crack propagation. Therefore, the life of  
the specimen would be the minimum of  that curve, (Figure 1). The point at which the 
minimum is produced also defines the crack initiation length, which coincides exactly 
with the one calculated using the procedure explained in the former paragraph [8]. 
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Figure 1 - Initiation, propagation and total life estimates. 

Application to Fretting Fatigue with Spherical Contact 

The modification of the method formerly explained consists in applying it to fretting 
fatigue with spherical contact, considering a three-dimensional stress field. The stresses 
produced by spherical contact are calculated analytically using the explicit expressions 
obtained by Hamilton [10]. Additionally, the eccentricity of  the stick zone due to the bulk 
stress is taken into account as shown in [11]. 

The first step in order to apply this method is to localize the site of  the initiation of the 
crack. Experimentally, it has been observed that cracks initiate at points located very 
close to the edge of the contact zone [5]. Figure 2 shows the scar produced in a specimen 
in a fretting fatigue test with spherical contact. It is also shown the crack path on the 
surface where it can be seen that it appears close to the limit of  the contact zone. Different 
multiaxial stress criteria (Von Mises, McDiarmid, Smith-Topper-Watson) applied at the 
surface and along the axis of  symmetry of the contact zone show that the critical point is 
the edge of the contact zone. Applying these criteria at a small depth, the most critical 
point is not the limit of  the contact zone but close to it. 

The cracks start to grow at a small angle to the surface, but close to the surface they 
rotate to an angle of  70~ ~ (Figure 3). This angle is not very different from 90 ~ hence, 
for simplicity, in the application of this method the crack will be supposed to grow 
perpendicular to the surface. The application of  this method to cracks growing 
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perpendicular to the surface and from points close to the edge of  the contact zone give 
initiation curves that are similar but give higher values of  the initiation life when 
compared to the crack located exactly on the edge. This implies that, supposing the crack 
grows perpendicular to the surface, the most critical crack seems to initiate at the edge of  
the contact zone, therefore this location will be chosen for all the calculations. 

Figure 2 - Fretting scar. 

Figure 3 - Cross section of  cracks. 

In order to calculate the initiation curve, McDiarmid multiaxial fatigue criterion will 
be applied [12] 
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A rmo ~ t 
+ o'.o~ -- o-q (1) 

2 2O'rs 

where Arm~ is the maximum increment of  tangential stresses, tYmo~ is the maximum 
normal stress in the direction perpendicular to the plane where Ar is maximum (Armax), t 
is the fatigue limit in torsion and errs is the ultimate stress. This criterion is used together 
with the strain-life relationship 

Ag _ or} (2N)b + , (2N,) ~ (2) 
2 E ~I 

where Ae is the normal strain obtained in tests with smooth specimens under completely 
reversed loading, E is the Young modulus, N, is the number o f  cycles to the initiation of  a 
crack and the remaining parameters are constants that depend on the material and are 
determined experimentally. The values for the constants are taken from [9] for the 
material A1 7075-T6, cQ= 1917 MPa, b = -0.176, e ) =  0.8, c = -0.839. In order to 
combine both equations, (1) and (2), McDiarmid criterion is applied to a fatigue test of  a 
smooth specimen under completely reversed loading, • a. The plane where the maximum 
shear stress can be found is at 45 ~ from the loading direction. In this plane, the amplitude 
of  shear stresses is a/2 and the maximum normal stress in the direction perpendicular to 
such plane is a/2. The value of  the equivalent stress is 

o- t o- 
O'eq = - - +  - -  = cr . f  (3) 

2 2~rrs 2 

where 

f =  1+ (4) 

Writing (2) in terms of  stress instead of  deformation and multiplying both terms by (4) 
yields 

~eq = f . (2N,)b + ~  (2N,)C 
E 

(5) 

The latter equation gives the number of  cycles to initiation given the equivalent stress 
calculated with eqn. (1). 

As it was said earlier, the crack initiates at a small angle and rapidly rotates to an angle 
of  700-80 ~ In order to calculate the stress intensity factor (SIF), the crack is presumed to 
be perpendicular to the surface below that point. The fact that the first part of  the kinked 
crack, a (Figure 4), is very different from 90 ~ will not affect the calculation of  the SIF in 
the second part, b (Figure 4), even for high values o fa /b  (10 ~ a/b) [13]. 
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Figure 4 - Kinked crack. 

There is mixed mode loading at the crack tip, but only K~ is going to be used because 
the crack is nearly perpendicular to the surface, and in this case mode II stress intensity 
factors are small compared to mode I. Therefore the crack growth will not be significantly 
changed [4]. In order to calculate the SIF in mode I for a crack perpendicular to the 
surface, the following weight function calculated for an edge through crack in a two- 
dimensional problem proposed by Bueckner [14] has been used. 

w(t )=~( l+m,  t'a+mz �9 ( t / 2 )  (6) 

where a, t and W are shown in Figure 5 and ml and m2 are functions which depend on the 
ratio a/W. Using this weight function, the stress intensity factor can be obtained from the 
expression 

Kt = ~2 fow(t).crx(t) dt (7) 

where ~ is the normal stress in the direction perpendicular to the crack plane. This stress 
intensity factor calculated has to be corrected to take into account the shape of the crack 
and that it is a three-dimensional problem. The aspect ratio of  the crack is approximately 
0.5 and this gives a correction factor of  0.78, [15]. 

W t 

Figure 5 - Cross section of the specimen 
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At this point different propagation laws can be used. The data for crack growth in 
NASA/FLAGRO program [16] for A1 7075-T6 was chosen. This data coincides with 
other sources for long cracks [i 7,18] but not for short cracks where there is crack growth 
below the long crack threshold. The function used in the NASA/FLAGRO program, eqn. 
(8), includes the effect of  the stress ratio, R, the critical stress intensity factor, Kc, and the 
threshold stress intensity factor range for long cracks, AKth. 

da 5.3465(1 - R)-284 AK 2836 (AK - (1-  R)AKth) ~ 

d N  ((1- R ) K  - A K )  ~ 
(8) 

This threshold can be corrected to include the small crack effect multiplying by a 
factor which depends on the crack length eqns. (9) and (10), [19]. 

r a 

A K  'h = A K  'h~ " ~ [ + (9) 

d=;r~ Aa; ) (1o) 

where a is the crack length, AKa,~ is the threshold stress intensity factor range for long 
cracks and a stress ratio of R = 0 and A ~  is the fatigue limit. But this correction can be 
still insufficient as will be seen in the results. Figure 6 shows the propagation rate versus 
the stress intensity factor range for four different models. The first one is directly the eqn. 
8 with the data from the program NASA/FLAGRO (long crack), and the second is the 
same one but modified for short cracks using eqns. (9) and (10), (modified long crack). 
The third is simply the Paris law for this material for R = -1 and the data from [16], 

da 4.2151.10 -12 z~kK 3517 (11) 
d N  

The fourth is taken from Lankford [20] where different curves for A1 7075-T6 from 
different sources for short cracks are presented. From these curves, different points lying 
in the limit for short cracks with high stress levels were chosen. The curve shown in 
Figure 6 is the result of  doing a best fit of  the points extracted from [20]. The 
mathematical expression of  this curve is 

da 3.2706.10 -9 - 1.8416-10 -7 
- -  -- 1.8416.10 -7 + (12) 
dj~f  &K-I 5 267 

1 q- e 203103 

With lower stresses this curve would present a local minimum in the short crack region 
and the depth of  it will depend, among other factors, on the stress level. Therefore, using 
this data to calculate the crack growth would give shorter lives. The four curves coincide 
for AK> 8 MPa m ~/z, that is long cracks, but below that value they are very different. 
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Figure 6 - Different crack growth laws 

Experimental Data 

The experimental data were obtained from Wittkowsky et al [21]. The material used in 
the tests was A1 7075-T6 and its principal mechanical properties are listed below, (Table 
1). The spherical surfaces and plane specimens were machined from extruded bars with a 
diameter of  25.4 and 12.7 ram, respectively. Specimens were flat-sided plates with a 
rectangular gage section and the radius of  the spherical pads was 25.4 ram. The grain size 
perpendicular to the surface was approximately 35 gin, measured according to ASTM 
Standard Test Methods for Determining Average Grain Size (E 112-88). 

Table 1 - Mechanieal properties of the AI 7075-T6 extruded bars 

AKth (R= 0) 
UTS (MPa) ayO.~ (MPa) E (GPa) 

MPa m "1/2 

572 503 72 2.2 

The loads applied in each test are listed in Table 2 and a schematic of  the test setup is 
shown in Figure 7, where the load Q and P, which gives rise to the bulk stress or, are 
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cyclic loads that vary in phase, while N is a constant load. This test setup for fretting 
fatigue is further explained in [22]. 

Q 

B 

I N 

Figure 7 - Fretting test loads 

P 

Table 2 - Loads in the fretting tests 

Test N ~ 

T1 
N (N) 

30 
Q (N) 

• 
a (Mpa) 

• 
Nf(cycles) 

480000 
T2 20.8 • • 449500 
T3 15.6 • • 395000 
T4 12.5 • • 361000 
T5 18.5 • • 551000 
T6 16 • • 530000 
T7 13.9 • • 803000 
T8 10.3 • • 2940000 
T9 8.33 • • 616500 

T10 20 • • 549000 
• T l l  +70 20 516000 

Results 

The lives of  these tests have been calculated using the Paris law, eqn. (11), and the 
curve obtained from Lankford, eqn. (12). The other two laws give an infinite life and the 
reason is that these laws are useful for long cracks, eqn. (8), and physically small cracks, 
eqn. (8) modified with eqns. (9) and (10), but they do not describe the behavior of  
microstructurally short cracks. The results obtained with the Paris law and with the curve 
obtained from Lankford are summarized in Table 3. This table shows the crack initiation 
length, a, the initiation life, N,, the propagation life, Np, and the total estimated life using 
the Paris law, Nrp. The next column shows the experimental life, Nfand last one shows 
the total life using the law obtained [r0m Lankford, NrL. Just one value of  life is given 
because in this case the initiation life iszero. 
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Table 3 - Estimated lives and crack initiation lengths using Paris. 

Test ai (~tm) 

T1 26.6 

T2 27.9 

T3 33.1 

T4 38 

T5 26.8 

T6 25.5 

T7 26.2 

T8 23.7 

T9 26.9 

TI0 29.6 

T l l  27.5 

Ni Np NTp Nf NrL 
133649 1806984 1940633 480000 323795 

98269 1634839 1733109 449500 319309 

88536 1 3 1 9 8 7 1  1408407 395000 307052 

86386 1209737 1296123 361000 304908 

123927 2088149 2212076 551000 347254 

125118 1970793 2095911 530000 328957 

177453 2205340 2382793 803000 332302 

237248 2711965 2949213 2940000 354296 

194659 2270958 2465617 616500 321603 

105917 1593345 1699262 549000 321584 

128692 2353014 2481705 516000 371971 
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Figure 8 - Estimated lives. 
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McDiarmid multiaxial fatigue criterion was used in this paper, but any other could be 
used. As can be seen in Table 3, the life spent in initiation is considerably smaller than in 
propagation, so at this stage of  the model and with these stress levels, other multiaxial 
fatigue criteria would have given similar results in the total estimated life. This means that 
for those stress levels more attention has to be paid to the propagation process. The crack 
initiation length calculated, 25-38 gm long, is longer than the depth at which the crack 
turns (about 20 p.m), this means that stage I of  the crack, where it grows at small angles, is 
included in the initiation process. When the curve obtained from Lankford (Figure 5) is 
used to estimate the fatigue lives of  the specimens the results show that the initiation 
length is null and everything is propagation. This law underestimates the fatigue life of  
the specimens. The total estimated lives using these two laws are shown in Figure 8. Real 
lives lie in the middle and this is because the crack growth rates shown in Figure 5 do not 
represent the behavior for short cracks correctly. The Paris law does not show the 
behavior of  short cracks and give too low crack growth rates, on the other side, the curve 
obtained from Lankford [20] shows what seems to be the limit for short cracks and give 
too high rates. The latter would be closer to reality for higher stresses (shorter lives), as 
can be seen in Figure 8. 

Conclusions 

An estimated life for a specimen subjected to fretting fatigue with spherical contact 
has been obtained considering the crack initiation and propagation, together with a non- 
arbitrary crack initiation length. It has been shown that for the cases analyzed the 
initiation of the crack takes place very soon compared to the total life and that it includes 
the early stage of  the crack where it grows at small angles. 

The comparison of  these estimates with the results of  a series of  tests shows that life is 
overestimated by a factor around 4 in the range of stresses studied when Paris crack 
growth law is considered. This law gives better results for long lives. The law obtained 
from the results of  Lankford is an upper bound for crack growth rate (lower bound for life 
estimate), therefore the lives obtained are underestimated and it gives better results for 
shorter lives (higher stresses). 

More attention has to be paid to the growth of short cracks in order to obtain better 
results for the fatigue life. In future analysis the model will be expanded including mixed 
mode crack growth and the inclination of the crack in stage II and the exact point of  
initiation. 
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Abstract: Many practical fretting contacts give rise to high stress concentrations or 
singularities that cause high stress gradients. Straightforward application of initiation- 
based life prediction methods can result in conservative life predictions as the high stress 
levels are not sustained over a critical volume. This paper uses experimental results that 
show a size effect with the Hertzian contact geometry to investigate the application of 
Smith, Watson, Topper, and Fatemi-Socie multiaxial initiation parameters to fretting 
fatigue. It is concluded that, for cases where a high stress gradient exists, an averaging 
procedure is required in order to produce an acceptable prediction of initiation life. This 
approach is compared to an alternative procedure based on short crack arrest and the 
similarities and differences are discussed. 

Keywords: fretting fatigue, initiation, multiaxial parameters 

Introduction 

The prediction of fretting fatigue life is particularly important in safety-critical 
applications such as occur in the aerospace or nuclear industries. The designer needs to 
know how well the interface will perform under the imposed loading conditions and, in 
particular, whether either of the contacting components is likely to fail during the 
operating lifetime or inspection interval. This is a complex problem, since there are a 
number of coupled phenomena present. The imposed load may, itself, depend on the 
interface response, in particular the level of frictional damping present. Friction 
coefficients may vary with position and with time, and wear may lead to changes in 
geometry and contact tractions as well as removing initiated cracks. The range of 
situations in which fretting occurs is quite wide [ 1 ] and it is generally accepted that 
fretting can play a part in accelerating crack initiation, short crack growth, and long 
crack growth. The most significant effect may well depend on the relative magnitudes 
of a number of length scales [2]. Since the mid 1970s a significant amount of effort has 

1 Department of Engineering Science, University of Oxford, Parks Road, Oxford, OX1 
3P J, UK. 
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gone into the analysis of the long crack problem using fracture mechanics based 
techniques e.g. [3, 4]. It is clear that this aspect of the problem may be solved with the 
available tools, viz. Fracture mechanics and the Paris Law [5], although it should be 
recognized that the loading is mixed-mode, non-proportional and there may be a 
significant amount of crack closure. 

Unfortunately, solution of the long crack problem does not seem to have brought us 
much closer to a practical life prediction method for the majority of fretting situations 
and component'failures are still a practical concern [6]. The reason for this is, of course, 
that in many cases most of the life is consumed in crack initiation and propagation. 
Attempts have been made to extend a propagation-based analysis into this regime [7] by 
using an "effective initial flaw size" methodology. Such methods are in common use for 
critical parts (e.g. gas turbine disks) under plain fatigue, but have met with limited 
success in the fretting situation. The reason for this is not entirely clear, but is likely to 
be associated with the treatment of initiation as Paris Law propagation from an effective 
initial flaw. In the case of high stress gradients this assumption will give different 
weight to the initiation phase than in the case of more modest gradients. In recent years, 
attention has therefore turned to the initiation and short crack phases of crack 
development. Several attempts [8, 9] have been made to predict fretting fatigue 
thresholds using short crack methods based on the Kitagawa-Takahashi diagram [10]. 
These show some promise, but can be lengthy and time-consuming to implement. Others 
[11, 12, 13] have concentrated on the initiation approach and have attempted to apply 
widely accepted initiation parameters to the fretting problem. This approach seems to 
work reasonably well for large contacts of Hertzian-type geometry, where stress 
gradients are not excessively high. However, these are not necessarily typical of actual 
component geometries, where complete or nearly-complete contacts are frequently used 
and stress gradients can be very high in the neighbourhood of stress concentrations or 
singularities. 

Even with the Hertzian geometry (where there is no stress singularity), the high stress 
gradients present in small contacts can lead to anomalous results. Fouvry et al [13] 
found that, applying the Dang Van criterion [14] to Hertzian contact of a sphere on a fiat 
produced an under-estimate of specimen life unless the Dang Van parameter was 
averaged over a characteristic volume. The need for this averaging process was ascribed 
to the high stress gradients present. The difficulty is illustrated particularly well 
experimentally in experiments first carried out by Bramhall [15], and repeated by 
Nowell [16, 17]. Here a Hertzian geometry of a cylinder on flat was used and the 
contact geometry and loading were varied in such a way as to produce a constant 
maximum stress across a range of contacts, but to vary the size of contact and therefore 
the size of subsurface region affected. It was found that large contacts produced low 
lives, whereas for small contacts the life appeared very long (greater than 10 7 cycles). 
The experiments in [15-17] were carried out with an aluminium alloy, but similar results 
have been obtained with other materials. 

In practical design situations, the designer is often interested in the fatigue threshold 
under fretting. He or she must design the contact so that fretting fatigue is unlikely to be 
a life-limiting phenomenon for the components. We believe that experiments of the type 
described above provide an important input for this type of safe-life design. Transition 
to the long-life regime in the Hertzian experiments might enable us to determine the 
critical volume which must be subjected to high stresses in order to initiate cracks in the 
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material. Further, they provide a demanding, but well-controlled, test of the 
applicability of various life prediction methods in fretting fatigue. In this paper we 
intend to describe the application of multiaxial initiation parameters (together with Paris 
Law propagation) to the prediction of total fretting fatigue life for these type of 
experiments. The methods developed should provide a means of analysing other 
contacts where high stress gradients are present. There are parallels, of  course with our 
earlier work on short crack growth, and we shall return to this point in the discussion. 

Experiments 

The main features of the experiment have been described elsewhere (e.g. [15-17]), 
but a brief overview will be given here for readers unfamiliar with the configuration. A 
schematic diagram of the experimental geometry is shown in Figure 1. Cylindrical 
fretting pads are brought into contact with a plane specimen under the influence of a 
constant normal force, P, and a cyclic tensile stress, cr0sin(c0t), is then applied to the 
specimen. This causes extension of the specimen, so that the contact point moves. The 
pads are restrained by springs and these cause the development of a tangential fretting 
force, Q, as the contact displaces. Hertzian contact takes place between the pads and the 
specimen and it can be shown [19] that the peak contact pressure, p0, is proportional to P 
and to the pad radius, R, as follows 

Po o~ ~f~ (1) 

Similarly, the semi-width of contact, a, also varies with P and R, but in a different 
combination: 

Hence by varying P and IL so that their ratio remains constant it is possible to carry 
out a series of experiments where the peak contact pressure remains constant, but the 
size of the contact varies. This was done for a number of different values of the salient 
parameters (Po, o0 and Q/P). In each case small contacts produced a life greater than 107 
cycles, 2 whereas larger contacts produced lives in the region of 105 to 106 cycles. 
Typical results are shown in Figure 2 for HE15-TF, and AI-4%Cu alloy. The transition 
between long and short life regimes may readily be seen. It should be noted that all tests 
were carried out in partial slip at a constant frequency of 20Hz. 

Analysis 

In developing an analysis method, the first decision to be made is which initiation 
parameter or parameters are to be used. A wide variety of empiricaUy based parameters 
have been used in practice. Some [20] have been specifically developed for fretting 

2 Tests were stopped at 107 cycles if no failure had occurred. 
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situations, but more recent approaches have attempted to use parameters which have 
been more widely adopted in other fatigue situations. A full discussion of suitable 

r,b 

Q 

Q 

Figure 1 - Schematic of experimental fretting fatigue configuration 

parameters is given in [18] and will not be repeated here. However we should note that, 
in principle, cracks may initiate at any point beneath the contact and a multiaxial stress 
state may therefore exist. Further, critical plane parameters are attractive, since they 
provide information regarding the location of crack initiation and the initial direction of 
growth. Several of these have been used in fretting situations by others. In particular 
the Smith Watson Topper (SWT) parameter [21] has been used by Farris [11] and Neu 
[12]. This parameter is appropriate for tensile crack initation. The value of the 
parameter, FswT on a particular plane may be related to the strain range, At, experienced 
normal to the plane and the maximum tensile stress, Aom,x across the plane by 

The value of this parameter may be related empirically to the fatigue life, Nf, by a 
relationship of the form 

l~sgrf O".12- 2b = -~-(2Nf)  + o - j i ( 2 N c )  b+" (4) 

where E is Young's Modulus and of, of, b and c are material constants, which may be 
derived from the S-N curve in plain fatigue. The above parameter is not, however, 
appropriate for materials which exhibit shear mode initiation and a similar parameter, 
suggested by Fatemi and Socie [22] is an appropriate alternative in this case. The 
Fatemi-Socie parameter Frs is related to the range of shear strain, A?, as well as AOm~x 
and is given by 
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h - ~  O'max (5) 

where Oy is the tensile yield stress of the material and ~ a constant which approaches 
unity for long lives. Again the parameter may be related empirically to fatigue life using 
the empirical equation 

r /  d (2Ny)" rus = ~ - ( 2 N / )  + y f  (6) 

where G is the shear modulus and xf, yf, d, and e are material parameters, again derived 
from the plain fatigue curve. This parameter has been used by Neu et al. [12] to predict 
fretting fatigue life. 
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Figure 2 - Comparison of  experimental life and predicted total life as a function of  
contact size - SWT and FS parameters 

In a given fretting situation one does not necessarily know a priori whether initiation 
will take place in tensile or shear mode, so an appropriate design philosophy might be to 
predict the initiation lives by both methods and take the lowest prediction. In order to 
analyse our experimental configuration it is necessary to determine the stresses and 
strains in the neighbourhood of  the contact. The contact pressure is essentially Hertzian 
and in partial slip the shear tractions are similar to those described by Mindlin [23], with 
a modification (essentially a shift of  the stick zone) for the presence of  tension in the 
specimen [24]. By treating the experiment as a half plane, it is possible to use 
Muskhelishvili potentials to determine the stress components [25]. Some caution is 
needed in the use of half-plane methods and a modification to the stress component 
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parallel with the surface is required in some cases [26, 27]. Once the stresses have been 
obtained, values of  the initiation parameters may be determined by evaluating the stress 
history for a complete cycle at a grid of  points underneath the contact. It should be 
noted that a full range of  candidate critical planes needs to be examined at each point so 
that the number of  calculations required is quite large. Figure 3 shows contours of  the 
two initiation parameters beneath the contact for Series 1 experiments (p0 = 157 MPa, ~0 
= 93 MPa, Q/P = 0.45). It will be seen that in both cases there is a concentration of the 
parameter towards the trailing edge of contact where experimental failures are observed. 

(a) 

-0.05 

-0.1 
Y/a 

-0.15 

-0.2 

-0.25 

(b) 

-0.05 

-0.1 
Y/a 

-0.15 

-0.2 

-0.25 

X J a  

-1.5 -1 -0.5 0 0.5 1 oj TM 

I 

-1.5 -1 

I f 

-0.5 

, /  

X/a 

0 

1 
0.3 

1.5 

0.5 1 1.5 

/ / \ o.12 

Figure 3 - Contours of  (a) l"sgprE/po 2 and (b) FFsG/pofor AI 4%Cu Series 1 experiments 
(po = 157 MPa, Cro = 93 MPa, Q/P = 0.45) 

The experiments were run to 107 cycles or to failure (whichever was earlier) so that 
information is obtained on total life. In order to compare the experimental total life with 
predicted values, materials data for equations (4) and (6) was obtained from plain fatigue 
tests reported in the literature. 3 This gave initiation life to a crack size of  lmm. In order 
to obtain total life, the propagation life from a lmm crack to failure was estimated using 

3 For details, please see reference [18]. 
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the Pads Law [5] and added to the predicted initiation life. 4 In general it was found that 
the predicted initiation life was much less than the propagation life. Figure 2 shows the 
predictions of  total life according to the SWT and FS parameters together with the 
experimental results. It can be seen that the predicted lives are similar for both 
parameters, and that both approaches give rise to reasonable predictions of  life for large 
contacts. The transition to long lives at small contacts is, however, not predicted by 
either approach. The reason for this is clear; the magnitude of the stresses has remained 
unchanged between the different experiments, whereas the extent of  the stress field has 
changed. Since the parameters and the predictions of  life are based only on the most 
severe stress state, there will be no difference in predicted life. It is clear that, in order to 
predict the size effect properly, it will be necessary to develop a method which 
introduces a length scale into the problem. 

Averaging procedures 

From a physical basis it might be argued that a high value of  an initiation parameter 
at a single point is insufficient to cause crack initiation. Cracks will not propagate by 
LEFM until they have reached a sufficient size for the stress intensity factor range to 
equal the long crack threshold. Thus, one might argue that for a crack to initiate and 
propagate to this 'onset size', high values of  stresses must be sustained over a sufficient 
distance for the crack to become established. In terms of  the multiaxial initiation 
parameters discussed here, we may propose that the average value of  the parameter over 
a critical length or volume is a better measure of  the likelihood of  crack initiation. 
Accordingly two averaging methods were investigated: 

Method 1: averaging along the critical plane - Here we first found the most highly 
stressed point (i.e. the maximum of  the parameter) and established the critical plane. It 
was argued that the crack would initiate on this plane and values of  the parameter were 
therefore averaged over a distance dc along the direction of the critical plane. Several 
values ofdc were chosen in order to see which would provide the best fit to the 
experimental results. 

Method2: averaging over a volume - In this case we chose to define a critical 
volume (Vo = do 3 ).5 Averaging of the stress components was carried out over the 
volume before calculation of the initiation parameters. Different volumes were chosen 
around the most heavily loaded point in order to establish the one which gave the largest 
value of  averaged parameter. This was used to predict the initiation life. Once again 
different values of  do were used. 

Figures 4 and 5 show the results obtained for each method for different values of  do 
using the SWT parameter. Once again total life was calculated as the sum of  initiation 
life (to lmm) and propagation life. Results were also calculated for the F-S parameter, 
but were rather similar. A full presentation of  the results, including those for different 
series of  experiments and for another material (Ti-6/4) is given in [28]. It can be seen 

4 Stress intensity factors were calculated for a two-dimensional geometry (i.e. assuming 
a through-thickness crack) under contact loading using the dislocation density method 
(see [16, 28]). 

5 In practice the stress analysis used here is two-dimensional, so the actual averaging 
was carried out over an area in this case. 
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from the figure that there is little difference between the results from the two averaging 
procedures. Choice of  do in the region of 50 txm seems to give a reasonable fit to the 
experimental results over the full range of contact sizes The value must, of  course, be 
chosen by reference to a series of  tests like these before it can be used in a design 
situation and it remains to be seen whether it may be regarded as a material constant. 
However it is worth noting that the value of the parameter is o f  the same order as the 
grain size of  the material (about 100 txm in the alloy used, which has a highly elongated 
grain structure in the extrusion direction (along the specimen axis)). A similar effect 
was noted with later experiments using Ti6/4 [29], where the best fit value for do was 
about 10 Ixm, compared with a grain size of  5 gm. 

Total life (cycles) 

~ ~ \  O Experimental data ] 
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'- \ l - - e - - S W 1 - -  do = 50 microns / 
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Figure 4 - Experimental and predicted total life for series 1 experiments using 
averaging method I 

Discussion and Conclusions 

The work carried out here has shown that simple application of multiaxial initiation 
parameters can lead to under-prediction of fatigue life in cases where there are high 
stress gradients. Averaging the parameters over a volume gives a much better estimate 
of  the fatigue life and can be used to explain the size effect noted in the Hertzian contact 
geometry. A number of  different techniques for averaging are available, but the results 
do not seem to be very sensitive to the method used. The size of  the averaging volume 
appears to be of  the same order as the grain size for the two materials which have been 
investigated so far, but more work needs to be done to establish whether this is the case 
for other materials. Other workers have, however, found similar effects; Fouvry et al 
[13] have carried out fretting fatigue tests on a low alloy stainless steel using the Dang 
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Van initiation parameter [14]. The found that averaging of the parameter over a cube of 
side 5gm was necessary in order to predict the fatigue life correctly. This dimension 
was of the same order as the grain size, As part &the current program of work [28] we 
have also employed the Dang Van parameter, but as noted by Fouvry, the results are 
rather similar to the Fatemi-Socie predictions, but the computations are more lengthy. 
We have not, therefore, carried out the averaging procedure for the Dang Van parameter 
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Figure 5 - Experimental and predicted total life fo r  series 1 experiments using 
averaging method 2 

There are a number of implications for life prediction of fretted components. First, 
some form of averaging procedure is likely to be necessary in cases of high stress 
gradients. In particular, applications such as dovetail blade roots and spline joints in gas 
turbine engines give rise to very localised stress concentrations and life prediction on the 
basis of peak stress values will almost certainly produce underestimates of fatigue lives. 
At present it is not clear how to choose the averaging dimension, but Hertzian tests in 
which the normal load and contact radius are varied so that the P/R ratio remains 
constant provide a potentially useful means of establishing the appropriate value. 
Secondly, although multiaxial parameters were used in the current study, it should be 
noted that failures actually took place on the surface close to the edge of contact, where 
the shear component of loading is small. Direct stress amplitude in a direction parallel 
to the surface may therefore provide a simpler procedure yielding satisfactory results. In 
order for the proposed method to gain widespread acceptance it will be necessary to 
validate the procedure using more practical contact geometries. We are currently 
undertaking an experimental program of work on the dovetail and spline geometries in 
order to provide the necessary information on fatigue life. 

It should be noted that averaged initiation parameters are not the only means of 
accounting for the size effect discussed here. Our earlier work has proposed that short 
crack arrest methods based on the Kitagawa-Takahashi diagram could be used to similar 
effect [8]. In a general sense there is not much fundamental difference between the two 
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approaches in that they both require a high level of stress to be sustained over a 
sufficient distance so that crack initiation and early growth can take place. The method 
described here approaches the problem from an initiation standpoint, whereas the short 
crack work uses a growth threshold. Neither approach is likely to be completely correct, 
since initiation and short crack growth are both required in order for failure to take place. 
Further, the mechanics of these processes are not well understood and the use of 
empirical initiation parameters, stress range, or AK to characterise the 'crack driving 
force' is questionable. More fundamental research into the mechanics of initiation and 
short crack work is clearly required. Nevertheless, designers still require improved 
methods of life prediction in fretting fatigue, and the method described above provides a 
possible solution, at least in the short to medium term. 
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Abstract: An asymptotic approach to the complete fretting contact problem is 
presented, with a wew to elucidating the crack nucleation process. It is suggested that 
the characteristic stress state at the edge of the prototyplcal contact can be matched to a 
test having the same local contact angle and coefficient of friction. A generalized stress 
lntenmty factor is then defined, to scale both fields, hence matching the magnitudes of 
the stress state. Experimental investigations of this approach has prompted the need for 
some modifications to our original test apparatus, in order to accommodate complete 
contacts, and these are briefly outhned. Last, the limitations of this approach are 
discussed 

Keywords: fretting fatigue, crack nucleation, complete contacts, asymptotic 
analysis 

Introduction 

Much of the experimental work in fretting fatigue earned out recently at Oxford 
has been aimed at understanding the basic mechan]cs of the fretting fatigue problem, 
using a two-actuator test apparatus, and employing Hertzian contacts [1] and [2]. This 
approach has been taken because it is possible to separate out the contact problem 
from the crack initiation and propagation problems easily. Furthermore, the contact 
problem itself is amenable to a solution in closed form, both for the contact pressure 
distribution and the effects of complex shearing tractions with attendant stink and slip 
zone regimes. It has therefore proved possible to elucidate a great deal about the nature 
of the partial slip contact problem and the crack propagation problem, in a compelling 
way, but, at the same time, there are still some unanswered questions. The principal 
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. Internal spline " ~ - ~ ' ~  

Complete contacts 

Figure 1 - Schematic diagram of the cross-section of a spline tooth pair, looking in the 
axial direction 

one concerning the results of  Hertzian tests is the "size effect," whereby we find that, 
for two identical tests sustaining the same stress state, the one involving a small contact 
will exhibit an infinite life, while the one involving a large contact will show a finite 
life. This has never been fully resolved, although various tentative explanations have 
been presented. For example, it has been suggested that a critical volume of material at 
the initiation point needs to experience a critical plane parameter before nucleation can 
proceed. A second problem concerns the development of  a life-prediction approach 
when the contact pressure is singular. Practical examples of this abound: the conformal 
contact between involute spline teeth (Figure 1), various types of bolted and clamped 
joints, and certain designs of  dovetail fixings at fan-blade roots. In all these cases, 
because the pressure at the edge of the contact as implied by an elasticity solution is 
singular, any method involving the simulation of the stress state using a Hertzian type 
specimen would obviously be inappropriate. 

An alternative approach to this problem is to use ideas borrowed from fracture 
mechanics (and sharp notch mechanics), VlZ. to attempt to simulate the process zone 
in which the crack initiates, at the contact edge. The strategy to be developed is as 
follows: first, the state of stress near the edge of a slipping contact has been studied 
in the literature. It is known that there is a power order singularity (usually less than 
square root in strength), related to both the local contact angle and coefficient of 
friction. In the experimental apparatus, a tensile test specimen with contacting pads 
pressed onto the surface is utilized [1,3]. However, in contrast to the Hertzian contacts 
employed in previous experiments, the pads have fiat faces with edges inclined at 
the same contact angles as those present in the prototypical problem. Thus, with the 
coefficient of  friction matched in both problems, the spatial distribution of stresses is 
the same and hence, providing small scale yielding conditions exist, so is the nature 
of  the strain history of  material present in the process zone. There is a strong analogy 
between this problem and that of two cracks, each suffering say, mode I loading. In 
the case of the crack, to make the stress fields equal in magnitude as well as spatial 
variation, it would be necessary to match the stress intensity factors. The same is true 
of  the two fretting problems; we define generalized stress intensity factors to scale the 
asymptotic fields in the two problems and arrange for these to be matched so that the 
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Figure 2 - A wedge sliding on an elastic half-plane 

stress states are, identical in every respect. To ensure that the test truly represents the 
prototypical conditions further matching is needed, in the form of ensuring that the 
two components have the same surface finish characteristics, and also, that the same 
slip displacement is employed. It is then proposed that the nucleation/no nucleation 
conditions, and the number of cycles to nucleate a crack in the former case, will be the 
same for the two problems. 

Asymptotic Analysis 

The fundamental asymptotic solution required is that of the stress state adjacent 
to the comer of a component sliding on a half-plane (Figure 2). Although a fall 
understanding of the macroscopm contact of (Figure 1) would require formulation in a 
different domain, in an asymptotic solution we focus m on a very small process zone 
at the contact comer. In these circumstances the remote shape of the contact domain is 
unimportant. This problem has been studied in detail before [4] and [5], and here, only 
the salient points will be presented. The stress state in the neighborhood of the wedge 
comer is of the form 

c r ~ 3 = K * r ~ - l g ~ ( O ; f , r  i , j = r , O  f o r A r e a l a n d 0 < A < l ,  (1) 

where (r, 0) are polar coordinates centered on the contact comer, A and gi~ (0; f, r are, 
respectively, the eigenvalue and eigenfunctions of the solution, f ,  the coefficient of  
friction, r the contact angle, and K*, the generalized stress intensity factor defined 
as 

K *  = ~roer 1-~ L t  r --~ 0 on 0 = 0. (2) 

It is not possible, here, to provide a complete description of the method of solution, 
and we simply show, in Figure 3, the eigenvalue, A, as a function o f f  and r It will be 
noted that, when A - 1 > 0 the state of stress at the apex is bounded, and the procedure 
being developed does not apply; the figure therefore focuses on the singular region. 
Note that the curves are annotated with the coefficient of friction, which is gwen a 
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Figure 3 - Plot of the order of singularity, (A - 1 ), against the frictional wedge angle, 
c~, for various coefficients of friction, f 

sxgn. A positive slgu indmates that the frictional force is directed away from the wedge 
comer, and gives rise to the weaker singularity, for a given wedge angle, and vice versa. 
This figure displays the strongest singularity which can he found and, in contrast to the 
monolithic wedge problem (Figure 4), which is conveniently split into a symmetric and 
antisymmetric solution, the corresponding eigenfunctions here, 9~3 (0; f, r contains 
neither inherent symmetry nor anti-symmetry. The order of singularity associated with 
these solutions (symmetric and antisymmetrxc loading) is also included in (Figure 3) 
where r = 2c~ - 7r. The majority of the region depicts a singularity which is weaker 
than square root singular, although, there is a range of parameters for which the 
order of the singularity is greater than -1 /2 .  This rather surprising result is, in fact, 
physically correct, and represents conditions when the coefficient of friction in the 
wedge problem is greater than the "naturally occurring" traction ratio, Tro/aoo, in a 
monolithic wedge of the same geometry i.e. r = 2a - 7r. 

Calibration 

The multiplicative factor scaling the magnitude of the solutions, K*, has, in 
general, to be found by a purely numerical procedure, such as the finite element 
method. This is not without difficulty, as the asymptotic form of the stress field ought 
to be imposed on the general behavior of the stress state around the contact corner, 
in order to accelerate convergence of the solution, and this is not easy to achieve. 
However, it wall be noted from Figure 3 that for a contact angle of r = 90 ~ if the 
coefficient of friction is equal to 2/3, a square root singularity exists (for the shearing 
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Figure 4 - A notch of  internal angle 2 c~ 
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-a  a x 

Figure 5 - Representation of a square-ended rigid punch on an elastic half plane 

force directed towards the wedge comer, negative f), This permits standard crack-tip 
elements to be used adjacent to the contact comer [6]. 

A problem that admits an analytical solution is that of a rigid, square-ended pad, 
of half width a, subject to a normal load, P, and sliding against an elastically dissimilar 
half-plane (Figure 5). For this case the normal traction distribution, p(x), is given by 
[z] 

ap(z) _ sinA17r(1 - x/a)a~-l(1 + z/a)  -~1 (3) 
P 1r 

where 

1 2 ( l - v )  0<A1 < 1 .  (4) 
tanAllr  = f--fi = f (1 - 2v) 

Dundurs' parameter, fl, varies such that 0 < fl < 0.5 which, from equation (4) above, 
corresponds to 0.5 > v > 0. Here we define the generalized stress intensity factor, K~, 
as  

K; = ! p(rlr (5) 

where r is a polar coordinate measured from the pad comer. Making the substitution 
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Figure 6 - Schematic of the carriage showing the D-shaped bronze holders journalled 
between two rails 

r = z + a in equation (3), we take the limit x ~ -a,  i.e. for the left hand comer of the 
pad, (Figure 5). This leads to a solution for the normalized generalized stress intensity 
factor 

a 1-~ K{ sin A17r 
p 7r21-x-, " 

(6) 

Experimental 

A modified form of the fretting apparatus used in the past to conduct Hertzian 
type tests has been developed to enable the new type of test pad geometry to be 
employed. Clearly, the essential difference between a flat-ended pad and a Hertzian 
cylindrically faced pad is that the alignment of the pad front face against the test 
specimen face is absolutely critical. Any imperfection here will materially change the 
form of the stress state at the pad comer, and so, a self-aligning arrangement is highly 
desirable. At the same time, the shearing force must be applied strictly along the plane 
of the contact, rather than above it, so that no rocking moment is developed. These 
stringent and, to some extent, opposing requirements have been achieved by means of 
the pad holding assembly shown schematically in Figure 6. The essential feature of the 
fixture is the use of D-shaped bronze holders for the specimens, having an included 
angle of about 190 ~ and arranged so that the front faces of the pads lie exactly along 
the diameter of the D. The holders are permitted to rotate freely, and so the pads, 



MUGADU ET AL. ON STRENGTH OF COMPLETE CONTACTS 151 

loaded by a centrally applied contact force, are free to take up a natural orientation 
such that the pad face is pressed uniformly along the test piece face. At the same time, 
the sheafing force is guaranteed to be transmitted along the correct line of action. 

It is clear that, if the arrangement is geometrically correct and the generalized 
stress intensity factors for the two problems are matched, the state of stress in the 
neighborhood of the initiation zones will be identical. For complete fidelity between 
the prototype and the experiment the surface finish and slip displacement must also be 
matched. 

Over 150 tests on super CMV shaft steel have been conducted on this apparatus 
for Rolls Royce plc. The results obtained are internally consistent and support the 
methodology described in this paper, but we cannot report the data for reasons of 
commercial confidentiality. 

Nucleation Conditions 

It is argued that, if the process zone where crack initiation occurs is sufficiently 
small for the local strains to be completely dominated by a surrounding zone in 
which the asymptotic singular field applies, the nucleation conditions are properly 
represented in the experiment. This is completely analogous to the concept of "small 
scale yielding" in fracture mechanics terms. For the particular problem of a rigid, 
square-ended block sliding along an elastic half-plane described above, it is possible 
to deduce the complete contact stress field, as well as to determine the eigenfunctions 
corresponding to the singular (dominant) term. Explicitly, for this problem, the singular 
field associated with f = 2/3 in the half plane, (-Tr < 0 < 0), is given by 

a ~  K * r  ~-1 -1.743sin(0.440 + 0.794) -1.050sin(1.560 + 0.589) O'00 

7-~o -0.492 sin(0.440 - 0.777) -1.050 sin(1.560 - 0.982) 
(7) 

where K* is defined in equation (2). The complete stress field is found from the 
Muskhelishvili potential for this problem, which is given by 

P 1 
(z) = (z + f)  2azr (z - 1) 1-~' (z + 1) ~1 (8) 

where z = x + i y ,  a n d  z = x / ~ - l .  When once the potential is known, the interior s~ess 
field may easily be found from standard results, by differentiation alone. 

We can therefore find the discrepancy between the two solutions. This could 
be done by using any stress component, but, it would seem most appropriate to 
use a composite stress parameter such as the von Mises' yield parameter, Jz. 
Contours of the percentage difference between the full field solution and the 
singular term only solution are given in Figures 7(a and b). The quantity plotted is 
[(v/-~y~,u - V/~a~,~,~,)/v/-~2y,,u] for f = +2/3. Further, the extent of the process 
or plasticity zone may be estimated by employing the elasticity solution, and noting 
the size of the region in which the yield condition is exceeded. This is analogous 
to the standard Irwin type procedure for estimating the plastic zone size in fracture 
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Figure 8(a) - Plot of the normalized punch load, Pa/k, for f = 2/3 

mechanics Figures 8(a and b) show the extent of the implied plasticity zone for a 
given normal load, P Here a is the half-width of the pad, and k is the yield stress in 
pure shear Just as in fracture mechanics, judging the size of the acceptable plasticity 
zone so that it might reasonably be assumed to exist under conditions of small scale 
yielding is not something which has an exact outcome If, for example, a maximum of 
3% difference between the full-field and singular solution is deemed acceptable, the 
largest load which may be tolerated, and still come within the scope of small scale 
yielding is about 08 for f = 2/3 (Figure 8(a)), and 06 for f = - 2 / 3  (Figure 8(b)). 

A further aspect of the initiation process which warrants attention is the effect of 
reversing the direction of the shearing force which, by definition, is a feature present 
in all fretting problems It should be noted that this does not imply that the slip 
displacement need be the same in each direction, although, if this were not so, creep 
would result: and it should also be noted that, in a shpping region, the shear tractions 
can only be of magnitude :kfp(x), and not lower We have already shown that, for 
some values of the contact angle, ~b, the state of stress will be singular, regardless 
of whether the shearing tractions are directed towards or away from the pad comer 
These problems present a particular challenge, as both the exponent in the asymptotic 
solution, and the multiplicative factor, the generalized stress intensity factor, will vary 
from one half cycle to the other It is therefore not immediately clear whether it is the 
half cycle which generates the larger stress intensity factor, or the one which generates 
the stronger singularity, if  different, or a combination of the two, which controls crack 
nucleation conditions These cases will require further analysis, and the behavior will, 
to some extent, be controlled by the extent of the process (plasticity) zone However, 
there is a significant range of geometries and coefficients of friction where the stress 
state is bounded when the shearing tractions act away from the comer, and is singular 
when the shearing tractions act towards it. In these cases, providing small scale 
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yielding obtains, it is reasonable to assume that it is the characteristics of the solution 
(strength of singularity and generalized stress intensity factor), which will govern the 
nucleation conditions. They will control both the nucleation/no nucleation conditions, 
and the number of cycles taken to nucleate in the former case. 

Conclusion 

The procedure outlined in this paper provides a self-contained procedure for 
design against fretting fatigue crack initiation in cases where the prototypical contact 
is "complete" in nature. Arguments for its rigorous application can be made when 
the interfacial contact characteristics (surface finish and slip displacement) can be 
reproduced in the experiment, and where the stress state induced is singular when the 
shearing force acts towards the contact corner, but bounded when acting away from it. 
A modified form of the fretting apparatus which permits fiat-faced pads to be employed 
has been developed and described. 
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ABSTRACT A new estimation method for fatigue crack initiation criteria using plain 

fatigue limit, threshold stress intensity factor range, and specific depth is proposed. 

Using this, new design method for improving fretting fatigue strength have been 

developed by using stress-release slits on the pads near the contact edges. This design 

has analyzed on the basis of stress singularity parameters at the contact edges, and the 

analysis results were used to optimize the slit shapes, such as slit depth and slit position. 

This optimization takes into account the fretting fatigue crack initiation strength at the 

contact edge and the fatigue strength at the slit root. We confirmed that the fretting 

fatigue crack initiation strength of the optimized design is about twice that of a 

conventional (i.e., slitless) design. 

KEYWORDS: crack initiation, stress singularity parameters, stress-release slit, knuding, 

Introduction 

Fretting can occur when a pair of structural elements are in contact under a normal load, 

while cyclic stress and micro-slippage are forced along the contact surface. This 

condition can be seen in bolted or riveted joints [1,2], in shrink-fitted shafts [3,4], and in 

the blade dovetail region of turbo machinery [5,6], among others. When fretting occurs 

the fatigue strength decreases to less than one-third of that without fretting [7,8]. The 

strength is reduced because of the concentration of contact stresses such as contact 
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160 FRETTING FATIGUE: ADVANCES 

pressure and tangential stress at the contact edge, where cracks from fretting fatigue form 

and propagate. 

Previously, the authors presented new fretting fatigue strength estimation methods 

using fracture mechanics for the fretting fatigue limit [7,9] and stress singularity 

parameters for the fretting fatigue crack initiation strength [10]. Using these methods, 

many fretting fatigue improvement designs such as grooving or knurling the contact 

surface [11], placing a low stiffness spacer on a contact interface, and reducing the wedge 

angle [10] were introduced. In this paper the authors introduce another fretting fatigue 

strength improvement method using stress-release slits on the pads near the contact edges. 

This design was analyzed on the basis of stress singularity parameters at the contact edges, 

and the analysis results were used to optimize the slit shapes, such as slit depth and slit 

position. This optimization takes into account the fretting fatigue crack initiation strength 

at the contact edge and fatigue strength at the slit root. It was confirmed that the fretting 

fatigue crack initiation strength of the optimized design is about twice that of a 

conventional (i.e., slitless) design. 

Traditional fretting fatigue strength improvement methods 

The authors have already presented many fretting fatigue strength improvement 

Figure I-Fretting fatigue strength improvement method using grooving or knurling. 
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design methods. Firstly, design methods involving grooving or knurling a contact surface 

were introduced as shown in Fig. 1.By using stress analysis, fracture mechanics analysis, 

and fretting fatigue tests, the improvement of fretting fatigue limit about 70-80% have 

been confirmed as shown in Fig. 2. Then designs having a low stiffness spacer on a 

contact interface and a reduction of the wedge angle were introduced, and by using the 

stress and stress singularity parameter analyses, the improvement of fretting fatigue crack 

initiation strength was estimated as shown in Figs. 3 and 4. But these designs created 

many problems, such as complicating the manufacturing process and reducing safety. In 

this paper therefore another fretting fatigue strength improvement design using stress- 

release slits on the pads near the contact edges was presented. 
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Figure 2-Fretting fatigue test results for grooving or knurling type specimens. 
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Contact model  with stress-release slits 

The stress-release slit type contact model is shown in Fig. 5. In this model, the 

uniform contact pressure P0 is applied to the outermost edge of the pad and uniform 

nominal stress cr 0 is applied to the specimen. The stress-release slits are formed on the 

pads near the contact edges. By using these slits, the concentration of contact pressures 

and tangential stresses at the contact edges are decreased and fretting fatigue crack 

initiation strength can be increased. The validity of this fretting fatigue crack initiation 

strength improvement method is confirmed by the stress and stress singularity parameters 

analyses that follow. 
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Figure 5-Stress-release slit type contact model. 
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Fig. 6-Boundary element mesh of stress-release slit type model. 

Stress and stress singularity parameters analyses 

To analyze the stress and stress singularity parameters of the stress-release slit 

contact model as shown in Fig. 5, the boundary element method for contact problems was 

used. The boundary element mesh for analyzing the stress and stress singularity 

parameters is shown in Fig. 6. This is a quarter section of the analytical model shown in 

Fig. 5. The frictional coefficient /1 on the contact surface was set at 0.7 by assessing the 

damage to the contact surface by repeated micro slippage [3]. 

To evaluate the fretting fatigue crack initiation strength of this model we used the 

stress singularity parameters as follows. The stress fields near the contact edges show 

singularity behavior as shown in Fig. 7. These stress distributions near the contact edges 

can be expressed using the two stress singularity parameters, H and ,~, as follows, 

(~(r)=H/r x (1) 

where a is the stress (MPa), r is the distance from the singularity point (mm), H is the 

intensity of the stress singularity, and 2 is the order of the stress singularity. 

Parameters" ~ and H are calculated as follows. The order of the stress singularity ( ~ ) 

for the contact edge can be calculated analytically [12] using wedge angles 0 1 and 0 

2 , Young's moduli E1 and E2, Poisson's ratios v 1 and v 2 the frictional coefficient /~ 

(Fig. 8). However, in this paper ~ is calculated by finding the best fit of Eq.(1) to the 

stress distribution near the contact edge. The stress distribution can be calculated by 

numerical stress analysis methods, such as the finite element or boundary element 

methods. The intensity of the stress singularity (H) is calculated by the best fit of Eq.(1) 



164 FRETTING FATIGUE: ADVANCES 

to the numerically analyzed stress distribution. By comparing these calculated 

parameters (H and 2 ) with the crack initiation criterion Hc, fretting crack initiation 

conditions can be estimated for each wedge angle and pad stiffness. 

Intensity of stress emgu[anty H 
Order of stress singularity ~. 

Otstanee frern the adherent edge r 

~ ' ~  Contact edge Contact surface[ / 
VA///A/ 

C o n t a c t  e d g e  

Fig. 7-Stress distributions near a contact edge and stress singularity parameters,. 

~? tional coefficient  # 

Fig. 8-Geometry o f  contact edge. 

Fatigue strength analysis 

In this paper three points (A: contact edge, B: inner - contact interface, and C: 

root of stress-release slit) were selected as the targets for the fatigue strength evaluation of 

this stress-release slit model (Fig. 9). The fatigue strength of these points was evaluated by 

using the stress at a certain depth from the surface or singular point. For instance, in the 

case of stress singular points, the fretting fatigue crack initiation criterion Hc was derived 

from the plain fatigue limit (~o) and the threshold stress intensity factor range (A Kth) of 

the specimen material Ni-Mo-V steel. On both critical conditions the stress distributions 

cross at a point 0.012 mm in depth from the singular point as shown in Fig. 10. We expect 

that for the critical conditions for each stress concentration case, the stress distributions 

cross at this specific depth point rc = 0.012 mm. From this assumption we can estimate 

the critical intensity value of stress singularity Hc for each order of stress singularity A 
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Fig. 9-Fatigue strength evaluation targets on stress-release slit type model. 

Fig. 10-Stress distributions near singular point on crack initiation conditions 

and speeiEe length. 
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as shown in Fig. 11. First, the fretting fatigue crack initiation limits at contact  edge A and 

contact interface B can be estimated as follows. The stress distributions near points A and 

B with slit depth d -- 3.8 mm, slit root radius R = 0.5 ram, and slit position t -- 3 ram, and 

on the loading conditions of  nominal contact pressure P0 = 196 MPa and nominal  axial 

repeated stress a a = -+98 MPa are shown in Fig. 12. From these calculated results the 

order of  stress singularity can be calculated as 2 = 0.281 and intensity o f  stress 

singularity Ha = AH/2 = 100 M P a . m m a f o r  contact edge A, and ,~ = 0.0 and Ha = 230 

M P a ' m m  ~ for contact interface B. By comparing these calculated results o f  stress 

singularity parameters Ha with the critical intensity value of  stress singularity Hc, the 

fretting fatigue crack initiation limits at contact edge A and contact interface B can be 

estimated, Then the fatigue crack initiation limit at slit root C can be estimated by the 

assumption that the fatigue cracks initiate when the stress at 'the specific depth point rc = 

0.012 mm reaches the plain fatigue limit o f  ~ w0 = 360 MPa as shown in Fig. 13. Using 

these comparisons of  analyzed stress at specific depth rc = 0.012 mm near each point with 

the plain fatigue limit a w0 = 360 MPa the fatigue crack initiation limit for each point can 

15e estimated as Fig. 14. From these estimated results we can see that the fretting fatigue 

crack initiation limit at contact edge A increases in accordance with the increase o f  slit 

depth, but on the contrary the fatigue crack initiation limit at slit root C and on contact 

interface B decrease in accordance with the increase of  slit depth. And finally the relation 

between slit position and fatigue crack initiation strength for each optimized slit shape can 

be obtained as Fig. 15. From these results we can see that the fatigue crack initiation limit 

with stress-release slits o f  the optimum design can be increased to about 100 MPa, which 

is more than twice that of  a conventional (i.e., slitless) design. 
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Conclusions 

1. A new estimation method for fatigue crack initiation criteria using plain fatigue limit, 

threshold stress intensity factor range, and specific depth is proposed. 

2. Using these fatigue crack initiation criteria, the stress-release slit design is optimized. 

3. By optimizing the slit depth and slit position, the fretting fatigue crack initiation 

strength can be increased to about 100 MPa, which is about twice that of a conventional 

(i.e., slitless) design. 
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Abstract: The effect of  contact pressure on fretting fatigue in solution-treated austenitic 
stainless steel was studied under load control at a stress amplitude of 180 MPa and a 
stress ratio of  0.1. With an increase in contact pressure, fretting fatigue life was almost 
unchanged at contact pressures between 15 and 45 MPa, but it decreased drastically at 
contact pressures beyond 60 MPa. Frictional stress amplitude at the fretted area increased 
smoothly with contact pressure. It was impossible to explain the contact pressure 
dependence of  life by the change in frictional stress amplitude. At low contact pressures, 
stress concentration due to fretting damage occurred at the middle portion of  fretted area 
and the main crack responsible for failure was initiated there. At high contact pressures, 
deep concavity associated with plastic deformation of the specimen under the contact of 
fretting pad was formed without accompanying heavy wear. The main crack was initiated 
at the outer edge comer of  the concavity which probably acted as a notch. It was 
suggested that the stress concentration at the concavity edge corner played an important 
role in fretting fatigue at high contact pressures. 

Keywords: fretting fatigue, contact pressure, concavity, notch effect, austenitic stainless 
steel 

Introduction 

In fretting fatigue, contact pressure is one of  the most important factors. The effect 
of  contact pressure has been studied by many researchers. Most of  the researchers found 
that fretting fatigue life or strength decreased with an increase in contact pressure [1-9]. 
A few researchers found that the fretting fatigue life showed a minimum at a certain 
contact pressure [10-14]. The present authors found a singular phenomenon in high 
strength steel that under a certain test conditions, the fretting fatigue life exhibited a 
minimum and a maximum with an increase in contact pressure [15, 16]. Waterhouse 
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reported the effect of normal load on fretting fatigue life under the test of cylinder pad on 
flat specimen and a fixed breadth of contact using alpha brass and aluminum alloy [10]. 
A minimum in life was observed at a certain normal load in aluminum alloy, but not in 
alpha brass. The contact pressure dependence of life depended on materials used even if 
the test conditions were the same. It is necessary to obtain a fundamental and consistent 
understanding of the phenomenon as to the effect of contact pressure on fretting fatigue. 
In the present study, the contact pressure dependence of life in type 316L austenitic 
stainless steel was studied. It was found that contact pressure dependence 9f life was 
different from that observed so far and that at high contact pressures, deep concavity was 
formed at the fretted surface without accompanying heavy wear. This concavity was 
suggested to significantly affect fretting fatigue judging from fracture behavior and 
contact pressure dependence of life. This paper aims to make clear the effects of contact 
pressure and the concavity on fretting fatigue life in type 316L steel. 

Experimental Procedures 

The material used was a type 316L austenitic stainless steel bar 25 mm in diameter. 
Table 1 shows the chemical composition of the steel. The steel was solution-treated at 
1323K for 10 min then water quenched. Its austenitic grain size was about 15 ~tm. 
Mechanical properties of the steel are shown in Table 2. The yield strength and the 
ultimate tensile strength of the steel are about 330 and 600 MPa, respectively. 
Dimensions of the fatigue specimen and the fretting pad are shown in Fig. 1. Bridge-type 
fretting pads of the same material as the fatigue specimen were used. The gage parts of 
the fatigue specimens and the fretting pads were polished with 0-grade (#600) emery 
paper and then degreased with acetone. 

The fretting fatigue tests were performed on a 100 kN capacity dosed loop 
electro-hydraulic fatigue testing machine. A constant normal pad load was applied by a 
small hydraulic actuator. The contact pressure, calculated by dividing a normal load by 
the apparent contact area for one foot of the fretting pad (2x6=12 ram2), was maintained 

Table 1 - Chemical composition of 316L stainless steel (mass%). 

C Si Mn P S Ni Cr Mo 

0.019 0.48 1.18 0.038 0.013 12.10 16.72 2.05 

Table 2 - Mechanical properties of 316L stainless steel used. 

0.2% P.S. U.T.S. El. R.A. Viekers H. 

(MPa) (MPa) (%) (%) 

328 602 69 83 159 
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Fretting Fatigue Specimen 
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, / o  , /  

Fretting Pad 

2 2 

Figure 1 - Shape and dimensions (mm) of the fretting fatigue specimen and the pad. 

~L/- Fatigue Specimen 

Fretting Pad 
~~i[ ~ Normal Load 

~ Cyclic Load 
Figure 2 - Exaggerated representation of fretting damage. 

at a given contact pressure of 15 to 120 MPa. The tests were carried out using a 
sinusoidal wave form at a frequency of 20 H_z, under load control at a stress ratio of 0.1 
in laboratory air of 40 to 70% relative humidity at room temperature. The contact 
pressure dependence of fretting fatigue life was studied at an axial stress amplitude of 
180 MPa. This stress amplitude is equivalent to a maximum stress of 400 MPa. 
Tangential friction force between the fatigue specimen and the pad was measured using 
strain gauges bonded to the side of the central part of the pad. Frictional stress amplitude 
was calculated by dividing a tangential friction force amplitude by apparent contact area 
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(2x6 = 12 mm 2) per one foot of the pad. 
When the fretting fatigue test was done at high contact pressures, deep concavity 

was formed at the fretted surface of the specimen due to the contact of fretting pad. No 
heavy wear was observed macroscopically by naked eyes. The maximum stress applied 
was higher than the yield strength of the steel. The formation of the concavity is closely 
related to plastic deformation of the specimen during early stage of fretting fatigue test as 
described later in discussion. An exaggerated representation of fretting damage is shown 
in Fig. 2. This concavity was suggested to affect fretting fatigue life judging from 
fracture behavior and contact pressure dependence of life as described later. So, another 
set of fretting fatigue test was carried out, where special pre-treatment prior to fretting 
fatigue test was given to the fatigue specimens to reduce the depth of the concavity. 
Firstly, the fatigue specimens were subjected to fatigue for 104 cycles without using the 
fretting pads under the same test conditions as the fretting fatigue tests. Then, fretting 
fatigue test were continued using the fretting pads at a given contact pressure until 
specimen failure. In this fretting fatigue test, the number of fatigue cycles, 104 , is not 
included in the number of cycles to failure. This set of fretting fatigue test is hereafter 
termed F&FF (Fatigue & Fretting Fatigue) test. The conventional fretting fatigue test is 
hereafter termed FF (Fretting Fatigue) test. The profile of concavity along cyclic load 
axis was measured at the central portion of the contact surface of the specimen with a 
surface roughness analyzer. The depth of concavity, D was defined as an averaged value 
of two height differences between the bottom surface of fretted area and the upper 
surfaces that were 1 mm apart from both bottom corners as shown in Fig. 3. The plain 
fatigue life data were obtained with round bar fatigue specimens whose diameter and 
length of the gauge section were 8 and 20 ram, respectively. 

Results 

Fretting fatigue 

DI 

Normal Load 

Specimen 

Cyclic Load 

D = (D1 + D2) / 2 

Figure 3 -Definition of the depth of concavity. 
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The S-N curves of fatigue and fretting fatigue at contact pressures of 30 and 60 
MPa are shown in Fig. 4. Plain fatigue strength at 107 cycles is approximately 200 MPa. 
At stress amplitudes of more than 150 MPa, fretting fatigue life at a contact pressure of 
60 MPa is less than one third of that at a contact pressure of 30MPa. However, fretting 
fatigue strength at 107 cycles at a contact pressure of 60 MPa is almost equal to that at a 
contact pressure of 30 MPa. Relations between axial stress amplitude and frictional stress 
amplitude for contact pressures of 30 and 60 MPa are shown in Fig. 5. The frictional 
stress amplitude at a contact pressure of 60 MPa is larger than that at a contact pressure 
of 30 MPa. 

The effect of contact pressure on fretting fatigue lives of FF and F&FF tests are 
shown in Fig. 6. The number of cycles to failure at a contact pressure of 0 means plain 

7 fatigue life and is beyond lx l0  'cycles. In the specimens of FF test, the fretting fatigue 
life decreases sharply to 2x105 cycles at a contact pressure of 15 MPa. With an increase 
in contact pressure, the life remains (2-3)x10 a cycles until at a contact pressure of 45 
MPa, then decreases drastically at contact P4.ressures of more than 60 MPa. At contact 
pressures of 90 to 120 MPa, the life is 5x10 cycles. In the specimens of F&FF test, the 
fretting fatigue life decreases sharply at a contact pressure of 15 MPa just like in the 
specimens of FF test. The life remains ~2-3)x105 cycles at contact pressures of 15 to 90 
MPa and then decreases to about lx l0  ~ cycles at a contact pressure of 120 MPa. At a 
contact pressure of 15 to 45 MPa, the fretting fatigue lives in the specimens of both FF 
and F&FF tests are almost the same, but the former is shorter than the latter at contact 
pressures of more than 60 MPa. Relations between contact pressure and frictional stress 
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Figure 7 - Relations between contact pressure and frictional stress amplitude around 
104 cycles for FF and F&FF tests. 

amplitude for FF and F&FF tests are shown in Fig. 7. Frictional stress amplitudes of both 
tests increase smoothly with an increase in contact pressure. There is almost no 
difference between the frictional stress amplitudes for both tests. 

Fretting damage 

The initiation sites of the main cracks responsible for failure depend on the contact 
pressure. Figure 8 shows fretted surfaces near the initiation sites of the main cracks in the 
fractured specimens of both FF and F&FF tests for contact pressures of 30 and 120 MPa. 
At a contact pressure of 30 MPa, the main cracks are initiated at a middle portion of the 
fretted area for both specimens of FF and F&FF tests. At a contact pressure range of 15 
to 45 MPa, the main cracks occurred similarly. At a contact pressure of 120 MPa, 
however, the main cracks are initiated at the outer edge of the fretted area for the 
specimens of both tests. At contact pressures beyond 60 MPa, the main cracks occurred 
almost at the outer edge of fretted area for both tests. Especially in the specimens of FF 
test, deep concavity is formed at the fretted area and the main crack occurs just at the 
outer edge comer of the concavity as shown in Fig. 8(b). 

Relations between depth of fretted area, D and stress amplitude at contact pressures 
of 30 and 60 MPa in the specimens of FF test shown in Fig. 4 are shown in Fig. 9. The 
depth of fretted area increases with an increase in stress amplitude, but the rate of 
increase in the depth at a contact pressure of 60 MPa is higher than that at a contact 
pressure of 30 MPa. Relations between depth of fretted area ~nd contact pressure at a 
stress amplitude of 180 MPa in the specimens of both FF and F&FF tests shown in Fig. 6 
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Figure 8 - Fretted surfaces near the initiation sites of the main cracks in the fractured 
specimens of FF and F&_FF tests for contact pressures of 30 and 120 MPa. Arrows 
indicate fretting scar produced in the early stage of test. 

are shown in Fig. 10. The depth of fretted area increases almost l ineady with an increase 
in contact pressure. The rate of the increase in the depth for the specimens of FF test is 
about five times higher than that for the specimens of F&FF test. 

Discussion 

Contact pressure dependence of life 

With an increase in contact pressure, the fretting fatigue lives decrease sharply at a 
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contact pressure of 15 MPa in both specimens of FF and F&FF tests as shown in Fig. 6. 
At contact pressures of 15 to 45 MPa, the fretting fatigue lives in the former specimens 
are almost equal to those in the latter specimens. This means that the application of plain 
fatigue cycles of 104 prior to fretting fatigue test has almost no effect on subsequent 
fretting fatigue life. With an increase in contact pressure from 15 to 45 MPa, both of the 
lives remain almost unchanged, although the frictional stress amplitudes in both 
specimens increase from 20 to about 40 MPa as shown in Fig. 7. It is well known that the 
frictional stress amplitude is closely related to fretting fatigue life. In general, the fretting 
fatigue life becomes shorter as the frictional stress amplitude increases [1]. There exists 
no relationship between the change in fretting fatigue life and that in frictional stress 
amplitude at contact pressures of 15 to 45 MPa. 

The contact pressure and the frictional stress amplitude defined in the present 
paper are nominal values, that is, normal load and tangential friction load ~er one foot of 
the bridge-type pad were divided by apparent contact area (2x6 = 12 mm ). Hence, it is 
assumed that their distribution at the fretted area is uniform. It is impossible to explain a 
sharp decrease in life at a contact pressure of 15 MPa, directly by apparent contact 
pressure and frictional stress amplitude. The decrease in life at low contact pressures was 
probably caused by the local stress concentration at the fretted area proposed by 
Nakazawa et al [15]. Under a certain testing condition, there exists a stick region in the 
middle portion of a fretted area and slip regions on either side of it. This situation 
depends on the contact pressure, relative slip amplitude and number of cycles [17, 18]. 
The higher the contact pressure, the wider the stick region. When the contact pressure is 
low and the stick region is narrow, net values of contact pressure and frictional stress 
amplitude acting in the stick region must be higher, while those in slip region must be 
lower than nominal values due to the existence of wear debris and its removal from the 
fretted area. The decrease in life at a contact pressure of 15 MPa was probably caused by 
the concentration of contact pressure and frictional stress amplitude at narrow stick 
region. Their net values must have been considerably larger than the apparent ones. At 
low contact pressures, the main cracks responsible for failure occurred at the middle 
portion of fretted area as shown in Fig. 8. This result also supports an existence of both 
narrow stick region and stress concentration there, since the crack is sometimes initiated 
at slip region near the boundary between the stick region and the slip region [15, 18]. 

In the specimens of F&FF test, the fretting fatigue life at contact pressures of 60 to 
90 MPa, is almost the same as that at low contact pressures. It decreases slightly at a 
contact pressure of 120 MPa. In the specimens of FF test, however, the fretting fatigue 
life decreases down to about one third of the life in F&FF test at contact pressures of 
more than 60 MPa. The shorter fretting fatigue lives in FF test at contact pressures of 
more than 60 MPa compared with that in F&FF test cannot be explained by the frictional 
stress amplitude shown in Fig. 7, since the frictional stress amplitudes in both tests are 
almost the same. When the contact pressure is high, the depth of concavity at the fretted 
area is large in FF test, but small in F&FF test as shown in Fig. 10. Furthermore, the 
main crack initiation in the specimens of FF test occurred just at the outer edge comer as 
shown in Fig. 8(b). These results suggest that the outer edge of fretted area acts as a 
source of stress concentration. The shorter fretting fatigue lives were probably related to 
stress concentration arising from profile of the outer edge rather than from so-called 
fretting damage. The fretting fatigue lives of both tests at contact pressures of 15 to 45 
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MPa are probably not affected by the concavity, since its depth is small. 
At stress amplitudes of more than 150 MPa, fretting fatigue lives at a contact 

pressure of 60 MPa are extremely shorter than that at a contact pressure of 30 MPa as 
shown in Fig. 4. It is suggested that the fretting fatigue life at a contact pressure of 60 
MPa is probably affected rather by the stress concentration due to the concavity than by 
the frictional stress amplitude shown in Fig. 5, since the life in F&FF test at a contact 
pressure of 60 MPa is almost the same as that at a contact pressure of 30 MPa as shown 
in Fig. 6. The fretting fatigue strength at 107 cycles for a contact pressure of 30 MPa is 
140 MPa and is equal to that for a contact pressure of 60 MPa. At a stress ratio of 0.1 
used in the present study, the stress amplitude of 140 MPa corresponds to the maximum 
stress of about 310 MPa. This maximum stress value is smaller than the yield strength of 
316L steel used (Table 2). Hence, the depth of concavity is small as described later and 
there is no effect of concavity on the fretting fatigue strength. 

Formation of concavity 

In fatigue or fretting fatigue test under load control, parallel gauge section of the 
specimen is deformed plastically and elongated during loading when the maximum stress 
is exceeded beyond yield stress. In 316L steel used in the present study, work hardening 
occurs with an increase in strain. After unloading, parallel gauge section remains as being 
uniformly elongated to the loading axis due to the plastic deformation. Figure 11 shows a 

Figure 11 - Load-elongation response of the fretting fatigue specimen subjected to 
plain fatigue of 104 cycles without fretting pads at a stress amplitude of 180 MPa. 
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load-elongation response of the fretting fatigue specimen subjected to plain fatigue of 104 
cycles without fretting pads under load control at a stress amplitude of 180 MPa at a 
frequency of 1 Hz. The elongation was measured using an extensometer attached to the 
parallel gauge section of the specimen. With an increase in number of cycles, the 
elongation increases, and the maximum load increases and the minimum load decreases. 
The load change in the early stage of fatigue experiment probably resulted from transient 
loading state to stable load response under load control in closed loop electro-hydraulic 
fatigue testing machine. At 50 cycles, the load approaches to a certain value, and 
permanent elongation is about 3.5%. At 104 cycles, the elongation is almost saturated, 
and the permanent elongation is about 4.2%. 

The fretting pad is deformed elastically due to frictional force that develops 
between two pad feet, although fretting fatigue specimen is deformed plastically and 
elongated permanently with number of cycles in the early stage of test. Thus, the span 
length between the two fretting scars of pad feet on the specimen surface along cyclic 
stress axis is expanded outwards with an increase in number of cycles, but the position of 
contact area is almost fixed after 104 cycles, in Fig. 8 (a) and (b), fretting scar produced 
in the early stage of test is seen to be adjacent to the main scar as shown by arrows. 

In the specimens of FF test, the depth of concavity at the fretted area increases with 
an increase in contact pressure as shown in Fig. 10, This result was probably caused by 
the fact that the degree of constraint of specimen deformation along its thickness 
direction by fretting pad is large when the contact pressure is high. The depth of 
concavity also increases with an increase in stress amplitude under a given contact 
pressure as shown in Fig. 9. Furthermore, the maximum stress values at the depth Of 
concavity zero of the extrapolated relationship between stress amplitude and depth of 
concavity for contact pressures of 30 and 60 MPa are about 250 and 300 MPa, 
respectively. These stress values are smaller than the yield strength. However, they are 
roughly equal to the yield strength, and this suggests that the formation of concavity is 
closely related to plastic deformation. The deep concavity observed in the present study 
is probably associated with low yield strength of 316L steel used. 

On the other hand, in the specimens of F&FF test, cyclic strain hardening occurs 
due to plain fatigue of 104 cycles prior to fretting fatigue test. By this plain fatigue, 
Vickers hardness number of the specimens is increased from 160 to 200. Consequently, 
the depth of concavity is small even though fretting fatigue test is started successively 
after the plain fatigue, since the plastic deformation of the specimen during fretting 
fatigue test is slight. The situation of concavity formation in a cold worked 316L steel 
may be different from that in a solution-treated one used in the present study. 

Conclusions 

The effect of contact pressure on fretting fatigue in type 316L stainless steel has 
been studied at a stress amplitude of 180 MPa. The conclusions obtained are as 
followings. 
(1) With an increase in contact pressure, fretting fatigue life is almost unchanged at 
contact pressures of 15 to 45 MPa, but it decreases drastically at contact pressures 
beyond 60 MPa. It is impossible to explain the contact pressure dependence of life by the 
change in frictional stress amplitude since the frictional stress amplitude increases 
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smoothly with contact pressure. 
(2) The concavity associated with plastic deformation of the specimen under the contact 
of fretting pad is formed at the specimen surface. The depth of the concavity becomes 
larger, as the contact pressure increases. 
(3) At low contact pressures, stress concentration due to fretting damage occurs at the 
middle portion of fretted area, and the main crack responsible for failure is initiated there. 
The existence of concavity has almost no effect on the life since the depth of concavity is 
small. 
(4) At high contact pressures, deep concavity is formed without accompanying heavy 
wear. The main crack is initiated at the outer edge comer of the concavity which 
probably acts as a notch. This suggests that the stress concentration there plays an 
important role in the life. 
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Influence of Nonhomogeneous Material in Fretting Fatigue 
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Abstract: Since fretting fatigue often leads to catastrophic failure in compo/aents 
clamped together with relatively small amplitude displacements, several analysis methods 
have been developed to quantify fretting fatigue damage. Fretting damage analyses using 
crystal plasticity have potential to address the issues of accounting for inherent material 
microstructure heterogeneity as well as more realistic treatment of crystallographic slip in 
fretting fatigue. The primary focus of this study is to explore the influence of 
microstructure as well as coefficient of friction within the fretting fatigue boundary layer 
during fretting fatigue process. Crystal plasticity theory is used for nonhomogeneous 
finite element simulations and the results are compared to those developed by an initially 
homogeneous J2 plasticity theory with nonlinear kinematic hardening flow rule as well as 
experiments. 

Keywords: Fretting fatigue, coefficient of friction (COF), stick/slip, crystal plasticity 

Introduction 

Fretting is a damage process that is associated with local adhesion and oscillatory 
displacements between contact surfaces, subjected to a cyclic, relative motion of 
extremely small amplitude. Since fretting fatigue damage accumulation occurs over 
relatively small volumes, the subsurface-stress state is expected to be rather non- 
uniformly distributed in polycrystalline materials. The scale of the cyclic plasticity and 
the damage process zone is often on the order of microstructural dimensions and the 
resolution of the local stick/slip behavior along the interface may play a key role in 
fretting fatigue damage process. Thus, the role of the microstructure as well as the 
coefficient of friction (COF) within the fretting boundary layer is quite significant in 
fretting fatigue analysis. The latter influence is found to play a first order role in the 
distribution of contact stresses and plastic strain fields, yet cannot be directly controlled 
in the experiment and evolves during testing. 

The heterogeneity of discrete grains and their crystallographic orientation is accounted 
for using continuum crystallographic cyclic plasticity models coded in an ABAQUS User 
MATerial (UMAT) subroutine [1]. To provide credence for the non-homogeneous 
crystal plasticity modeling approach, simulations of fretting fatigue were compared with 
the results developed by an initially isotmpic J2 plasticity model as well as experiments 
when Ti-rA1-4V is fretted against itself. This study explores the nature of subsurface 
cyclic plasticity and contact stress/strain fields considering different pad loads and different 
1Graduate Research Assistant, Associate Professor, and Professor, The George W. 

Woodruff School of Mechanical Engineering, Georgia Institute of Technology, 
Atlanta, GA 30332-0405. 

183 

Copyright�9 by ASTM lntcrnational www.astm.org 



184 FRETTING FATIGUE: ADVANCES 

values of COF. In this work, we primarily address the latter issue by conducting the 
finite element (FE) simulations based on crystal plasticity theory, comparing to Jz 
plasticity theory with nonlinear kinematic hardening flow rule as well as experimental 
results and observations. 

J2 Nonlinear Kinematic Hardening Plasticity Algorithm 

In this study, a pure kinematic hardening rule is considered to represent a cyclically 
stable response. The model is valid for arbitrarily finite elasto-plastic deformations. 
We assume the rate-independent plasticity with a simple J2 yield surface: 

f = r = 3x/~2 - Cro = ~ -  R (1) 

where ~ is the effective stress, s" is the reduced deviatoric stress tensor, or0 is the initial 
yield strength, and R is the radius of the yield surface. The reduced deviatoric stress 
tensor is given by 

{ ' = ( s - x )  (2) 

where s and x are the deviatoric Cauchy stress and the deviatoric backstress tensors, 

= q - l t r ( q ) /  with q the Cauchy stress tensor and / the second order respectively: s 

identity tensor. 
For an associated flow rule, the unit normal vector can be represented as 

af / ~ q  _ s" (3) 
n-II f/a- ll VII 

The associated plastic flow rule is given by 

/ \1/2 
where H is the plastic modulus, q = C : ( D - D P ) ,  p=~P :~P)  , and the Macauley 

bracket denotes that / Z } = Z  if Z_>0,else ( Z ) = 0 .  Here, C is the fourth order elastic 

stiffness tensor and D is the rate of deformation tensor; the additive decomposition of 

the rate of deformation tensor D into elastic and plastic components is assumed, i.e., 

D = De+ D p . For a pure kinematic hardening, the consistency condition for the yield 
criterion is represented as 
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af .e+of (5) 
-5-7- ax:- 

~ 

The plastic modulus with N decoupled backstress components is given by the normality (or 

associated) flow rule based on a kinematic hardening Mises yield surface, i.e., for j~ = 0 : 

H=~,(  ~: ) (6) ha-h~ x n 

where N represents the number of backstress components and h and hD are direct 

hardening and dynamic recovery coefficients, respectively. In this study, two 
components of the backstress are used and the constants for duplex Ti-6AI-4V, based on 

correlation to the cyclic stress-strain response, are: Go = 765 MPa, h 1 = 7484 MPa, 

h z --- 725 MPa, h~ = 486, and hZo = 37. The reader is referred to the thesis of Matin [2] 

and related paper (Matin and McDowell [3]) for more details. 

Crystal Plasticity Algorithm 

The crystal plasticity algorithm follows that described in Bennett [4], with the 
numerical implementation described by McGinty and McDowell [5], building on the 
fully implicit method outlined by Cuitifio and Ortiz [6]. The crystal plasticity algorithm 
begins with the multiplicative decomposition (see Figure 1). The total deformation 
gradient is given by 

= 6 " 6  p (7) 

where F e is the elastic deformation gradient representing elastic stretch (or compress) and 

rotation of the lattice, as well as the rigid body rotation, while F p is the plastic 

deformation gradient describing the collective effect of dislocation motion along the active 
slip planes relative to a fixed lattice in the reference configuration. The kinematics of 
elastic-plastic deformation of crystals is shown in Fig. 1. In the figure, the grids represent 

the crystal lattice; s o and n o denote the initial unit vectors in the slip direction and the slip 

plane normal direction, respectively, for the d h slip system in the undeformed 

configuration, s ~ and n ~ are not generally unit vectors, but they remain orthogonal to the 

slip direction since s o -no=s . n~=0 .  As the material plastically deforms, the lattice 

undergoes elastic deformation and rigid rotations. 
The resolved shear stress (or the Schmid stress) on the a ~ slip system is given by 

~ ( : |  r = q : (8) 
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where s~| ~ denotes the tensor product of two vectors s g and n ~ . 

relation on the d h slip system is described by 

The power-law 

~ ' g - - X  g m 

7 " ~ = ~ ' o - - ~  sgn(z '~-x=) (9) 

where G represents the isotropic drag strength, m is the flow exponent (or inverse strain- 
rate sensitivity exponent), x '~ is the backstress on the a th slip system, and Y0 is the 

reference shearing rate. Here, a~ = 1, 2, 3 for the planar triple slip systems. The 
backstress evolves according to a pure nonlinear kinematic hardening rule of the 
Armstrong-Frederick type, i.e., 

~ = hfr ~-hox ~ f/~ (10) 

The crystal plasticity algorithm is coded into an ABAQUS UMAT subroutine [4-5]. 

Figure 1. Kinematics of elastic-plastic deformation of crystalline solid deforming by 
crystallographic slip (I: Undeformed, II: Intermediate, and Ilk Deformed Configuration). 

Planar Triple Slip Model 

The microstructure of the Ti-6A1-4V alloy consists of two phases, 60% primary cz and 
40% lamellar colonies of ct+[3 phase, with a Young's modulus of 118 GPa and a 
Poisson's ratio of 0.349 [7]. In the Ti-6A1-4V alloy with duplex microstructure, slip in 
the HCP ct phase typically dominates and prismatic slip is the most active deformation 
mode at room temperature [8]. 

As shown in Fig. 2, the crystal plasticity model with the planar triple slip idealization 
has been shown to accurately represent the macroscopic cyclic stress-strain behavior of 
the Ti-6A1-4V, which exhibits a nearly elastic-perfectly plastic response, while the planar 
double slip idealization, commonly used for FCC materials, doesn't  exhibit this 
relationship with any combination of constants. This is due to the fact that with only two 
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slip systems in the 2D idealization, any arbitrary 2D plastic deformation must involve 
both slip systems activated to the same order of shearing rate. Accordingly, the 
hardening within each grain occurs at a higher rate during plastic straining. Adding a 
third slip system gives a redundant system (more systems than required to accommodate 
arbitrary 2-D deformation), and leads to less work hardening. Therefore, the third slip 
system in the planar triple slip model is essential for describing the nearly elastic- 
perfectly plastic cyclic behavior of this material. Furthermore, it is quite sensible in view 
of the room temperature dominance of the prismatic slip mode for c~, which has three 
systems. We believe that this is a general characteristic of two-phase systems with strong 
heterogeneity and relatively weak matrix strain hardening. These systems tend to 
promote shear localization. The constants for the planar triple slip model describing 
duplex Ti-6A1-4V are: F0 = 0.001 s 1, G = 404 MPa, m= 63, h = 500 MPa, h o = 100. 
The method of determining the constants is described in Ref [9]. 
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Figure 2. (a) Planar triple slip system idealization and (b) comparison of planar double 
and triple slip idealization for Ti-6Al-4V (G=404 MPa, m=63, h=500 MPa, ho=lO0, 
Y0 = 0-001s -z, E=118 GPa, and 1/=-0.349). 

Coulomb Friction Model 

The frictional behavior is usually expressed in terms of the interfacial stresses of the 
contact. Coulomb friction is the standard friction mode/implemented in ABAQUS [1]. 
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The Coulomb friction model assumes that sticking (no relative motion) occurs if the 
maximum shear stress (rm,x) is less than a critical stress (rcr,,) and the contacting bodies 
will slide when rm~x = T~r,, �9 The critical stress (r~r,,) is given by 

rcn, = ~tp (11) 

where/~ and p are the COF and the normal (or direct) contact pressure, respectively. 
Two methods exist in ABAQUS to implement Coulomb friction: a Lagrange multiplier 
method and a penalty method (see Fig. 3). The advantage of a Lagrange multiplier 
method is the exact nature it captures the sticking conditions, where the relative motion is 
zero. However, the Lagrange multiplier implementation tends to slow or sometimes 
prevent convergence of the solution due to the presence of rigid constraints. In the 
penalty method, the sticking condition is approximated with penalty stiffness (G) to 
facilitate convergence. Instead of G = co, G is adapted continuously by the ratio of 

critical shear stress and elastic slip, i.e. G = "Ccr'/~ v in the penalty method. Even with 
/ Yen, 

the convergence difficulties, the Lagrange multiplier formulation is attractive in fretting 
fatigue analysis since the resolution of stick/slip behavior along the interface is 
considerably important in fretting. 

qSmax "Ecrit : t i p  

'~crit .~ ~ 

t ~ Assuming: ,u s =/.t k =/.t 

! 

/ 

Stick A~/ 
' (No relative motion) 

(a) 

~max] 
I / ' , 

Ideal ~ Penalty 

(b) 

Figure 3. Diagram of the Coulomb friction model [1]: (a) Lagrange multiplier method 
and (b) penalty method, where ~:r~x and for,, are the maximum and critical shear 
stresses, respectively. Also, Ycr, and Ay are the critical elastic slip and the slip (or 

relative motion) increment, respectively, and G is penalty stiffness. 

Finite Element Implementation 

A finite element analysis is conducted by modeling a symmetric section of the 
experimental configuration consisting of the fretting pad and fatigue specimen as shown 
in Fig. 4(a). The fretting pad is cylindrical with a radius of curvature (R) of 50 mm and 
the fatigue specimen has dimensions of 5.0 mm (z-direction) by 12.7 mm (y-direction). 
In this configuration, the trailing edge is on the left side of the contact zone for a tensile 
loading. The pad and specimen are fixed in the x- and y-directions along planes of 
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symmetry. The elements of the spongy layer are constrained in both the x- and y-directions 
along the very top of the layer. The normal load, W, is first imposed and then three fatigue 
loading cycles are prescribed to the specimen in the x-direction to account for cumulative 
history effects (Fig. 4(b)). The fatigue load (F ,p)  applied to the specimen is given by 

F,p=a(w,• (12) 

where o" is the bulk applied stress to the specimen, and w~ and t~ are the width and 

thickness of the specimen, respectively. The maximum and minimum values of Fsp are 

determined by stress ratio (R~ = o ' ~ n / c r ~ )  and the fatigue specimen bulk stress 

amplitude (cr, = (Crn~x-~r~,.)/2 ) for a given dimension. For all the cases considered in 

this paper, R~ = 0.1 and era = 150 MPa. Therefore, the applied stress to the specimen (~r) 
is linearly varied from the minimum of 33.33 MPa to the maximum of 333.33 MPa with 
time during the loading cycle. 

L.- I cycle -.I [ 
. . . . . . . . . . . . . . . .  . . . . . . . . .  

: ~ i i i i i 

0 1 2 3 4 5 6 7 
Time (sec) 

Figure 4. (a) Finite element mesh of experimental configuration and (b) the load history 
for R~ = 0.1, where Wand Fsp denote the normal load and the fatigue load applied to the 
specimen, respectively, and Points A, B, C, D denote time steps to represent interface 
stress evolutions in the later section. 
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For the elements under the contact zone, a mapped mesh is used with the element size 
of 10 gm. To improve efficiency, only the elements in the region of contact, 4 mm 
(length) x 0.5 mm (depth), employ the crystal plasticity constitutive model, while the 
remaining elements are either specified as J2 plastic or purely elastic depending on the 
location relative to the contact region. The pad is elastic and the spongy layer is assigned 
a modulus of 104E. 

Eight-noded biquadratic quadrilateral 2-D solid plane strain elements with reduced 
integration (ABAQUS CPESR) are used and plane strain conditions are assumed in the 
analysis. Contact pair elements are used with the small sliding "option within ABAQUS 
[1] to represent fretting contact between the fretting pad and the specimen. A Lagrange 
multiplier implementation is used to enforce the sticking constraints along the interface 
between two contacting surfaces since the resolution of the stick/slip behavior is very 
important for simulating fretting contact between two bodies. 

Assignment of discrete grains (size and geometry) is achieved by grouping elements 
with the same prescribed crystallographic orientation prior to running the simulation. 
The angle of orientation (0) of the bisector axis of each grain relative to the global x- 
direction is randomly assigned in the ABAQUS UMAT subroutine. To facilitate 
comparison among the different loading cases, the same grain orientation assignment is 
used for each case. The grain is assumed as a square of 50 lxm by 50 Ixm (i.e., 5 elements 
by 5 elements); no distinction is made between tx grains and ~-13 lamellar grains in the 
duplex microstructure. 

Results 

Since fretting fatigue is a surface-related damage process, the role of the coefficient of 
friction (COF) along the interface is quite significant in fretting fatigue analysis. To 
study the influence of the COF, FE simulations have been conducted for the following 
conditions: stress ratio (R~) of 0.1, a bulk fatigue stress amplitude ( tr , )  of 150 MPa, two 

normal fretting pad loads, W =1350 N (=0.3p,)  and W =4050 N (=0.9p, ) ,  and three 

different values of COF, B = 0.75, /~ = 1.0, and kt = 1.5 ; py is the critical peak load for 

initial subsurface yield [10]. Simulations using completely elastic material as well as J2 
plasticity with a nonlinear kinematic hardening rule are also used to "benchmark" the 
results of the simulations using crystal plasticity. 

Contact Stress Fields along the Interface of Contact 

The contact stress fields along the interface may be first investigated in order to 
understand the effects caused by the local surface stresses during the fretting fatigue 
process. The fretting damage processes are not only associated with the microslip at the 
contact surface but also the cyclic fretting contact stresses [11]. The stress distributions 
along the interface at the end of 3 ra loading cycle, developed from various material 
models, are compared in Fig. 5. The width of the stick region found experimentally for 
this loading condition is more closely represented by the /.t = 1.5 case [12]. For all 
material models, the stress distributions are almost the same except near the trailing edge 
in the tr= distributions (see Fig. 5 (a) and (b)). At the trailing edge, particularly for the 
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r162 = 1.5 case, both the J 2  and crystal plasticity simulations predict a lower stress than the 
elastic simulations due to stress redistribution resulting from plastic deformation. The 
stress distributions of the crystal plasticity and J2 plasticity simulations are essentially the 
same except for small fluctuations at the trailing edge due to crystallographic grains when 
crystal plasticity is used. 

~=~ 1.5 ~ I . . . . . .  Elasticity I "~ 1 s 1- -~ 
,~ J2 q J2 

o. f F 
;ol x__. I  o~ - -  i to, 

-~.~ - ,  -o.~ o o.~ ~ ~.~ -1.~ -~ -o.~ o o.~ , ~.~ 

0.6 

0 .4  

0.2 

u~ 0 
-1.5 

Normalized Position (x/a) 

(a) /t =1.0 

. . . . . .  ["' - - -""-"'-', Elasticity 
~ J 2  

I I l l J l l i l t l l J ~ l l b l l  

-1 -0.5 0 0.5 1 1.5 

Normalized Position (xla) 

( c ) / t  = 1.0 

0.6 

0.4 

0.2 

0 
-1,5 

Normalized Position (x/a) 

(b) ~u =1.0 

�9 I ~ I b I I I / I I I I I I I I I i r t 

-1 -0.5 0 0.5 1 1.5 

Normal ized Posit ion (x/a) 

(d)/.t = 1.5 
Figure 5. The stress distributions along the interface at the end of 3 ra loading cycle, 
comparing material models and COF: tangential stress (if=) distributions and shear 
stress (tr,v ) distributions for the case: Re=0.1,  cr,=15O MPa, and W = 1 3 5 0 N  

(o" r = 765 MPa and a = 514 r 

Subsurface Distributions at the Trailing Edge of the Contact 

Subsurface distributions of the cumulative effective plastic strain ( gP = [ ~]-~ r _~'dt ) 

at the end of the 3 ra loading cycle at the trailing edge of the contact using two different 
values of COF,/ t=l .0 and ,u=l.5, are shown in Figs. 6 and 7, respectively. The crystal 
plasticity model has the tendency to predict greater shear strain localization than when a 
homogeneous J2 plasticity theory is used. This shear strain localization leads to 
nonhomogeneous distributions of plastic deformation in the subsurface field of the crystal 
plasticity simulations. The peak values of cumulative plastic strain and the penetration 
depth are both greater for crystal plasticity. Both the maximum value of cumulative 
plastic strain and the depth of its penetration increase with increasing COF. The 
penetration depths of the localized plastic strain for crystal plasticity are similar to the 
depth of the non-catastrophic cracks experimentally observed in the subsurface layer 
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[13]. When/2=0.75 is used (not shown), the extent of the cumulative effective plastic 
strains is very small in the crystal plasticity simulation and no plastic strain accumulation 
is found in J2 plasticity simulation. Even with crystal plasticity, elastic shakedown is 
reached by the third cycle, clearly missing the extent of deformation experimentally 
observed in the subsurface layers for the same fretting fatigue condition. 
Also, the/2=0.75 case predicts a gross slip condition but partial slip conditions clearly 
prevail in this loading case from experimental observations [12]. Our FE simulations 
using crystal plasticity and/2 = 1.5 offer the closest description of the experimentally 
observed cracking behavior for specimens with the same loading conditions. 

When two materials in contact experience relative sliding motion under cyclic 
loading, plastic strain accumulation increases with the cycles and this plastic deformation 
induces crack nucleation. Although the maximum plastic deformation occurs at the 
surface, the depth of nucleation process volume may contribute significantly to whether 
crack of a critical length is able to nucleate. Note that there are no significant differences 
in the stress distributions between the various plasticity models as shown in Fig. 5, yet 
the cumulative plastic strain fields are significantly different. Therefore, the localization 
of plastic deformation cannot be represented well by the contact stress distribution or 
subsurface stress field. Subsurface distributions of the cumulative effective plastic strain 
as well as the plastic strain-based multiaxial fatigue criteria based on the crystal plasticity 
model exhibit more realistic representation of the localization of plastic deformation, 
comparable to experimental observations, than when J2 plasticity theory is used [13]. Of 
course, purely elastic calculation renders little information relevant to microstructure- 
scale plastic deformation and damage processes. 

Figure 6. Cumulative effective plastic strain distribution in the subsurface region at the 
trailing edge at the end of 3 ra loading cycle for the case: R~=0.1,  cr,=15O MPa, 
W = 1350 N, and /2 = 1.0, showing influence of material model (a) .I2 plasticity and (b) 
crystal plasticity. 
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Figure 7. Cumulative effective plastic strain distribution in the subsurface region at the 
trailing edge at the end of 3 r~ loading cycle for the case." R~=0.1,  cr,=15O MPa, 
W = 1350 N, and At = 1.5, showing influence of material model (a) J2 plasticity and (b) 
crystal plasticity. 

Stick and Slip Regions on the Contact Surface 

In fretting, the contact area generally consists of two regions, stick and slip (or micro- 
slip) zones. A modification of surface topography may contribute locally to increasing 
the COF and give way to stick in some micro-slip regions. In sticking zone, adhesion can 
occur but little surface modification is anticipated in the sense that no relative motion will 
occur within this area. On the other hand, plastic deformation and some surface 
modification are inevitable in the relative slip zone [14]. 

The relative slip range along the interface is shown in Fig. 8. The peak value of the 
relative slip range at the edge of contact on the trailing edge side is around 2.2/tin for both 
COF cases. Interestingly, near the boundary between the stick and slip regions crystal 
plasticity predicts a region where alternating stick and nanoslip occurs, whereas both 
elasticity and J2 plasticity predict that the transition between stick and slip occurs at a single 
point (see Figs. 8(b) and (d)). The mixed stick/slip region of the lower COF case (Fig. 
8(b)) extends wider and has smaller magnitude than the higher COF case (Fig. 8(d)). 

The mixed stick/slip ~region can be also seen by plotting the ratio of local shear 
traction, q(x), to normal traction, p(x) as shown in Fig. 9. Fig. 9 shows the variation of 

q(x)/p(x) over the contact area at the end of 3 ra loading cycle for the cases of p = 1.0 

and kt = 1.5. The successive stick/slip regions lead to multiple stress concentration sites 
along the interface. As a consequence, the plastic deformation from the crystal plasticity 
theory naturally leads to a surface roughness from an initially smooth surface without the 
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need to employ any ad hoc asperity size and spacing algorithms. Thus, the surface may 
locally experience the sticking conditions in the slip region. In the Figures 8 and 9, the 
dashed boxes represent a stick zone in the mixed stick/slip regions; the locations 
correspond to each other between the two figures. 
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Figure 8. Relative slip range predicted by the FE simulation along the interface of the 
fatigue specimen during the 3 rd cycle and a magnification of the circled region showing 
the mixed stick~slip region for conditions: R~, = 0.1, o'a = 150 MPa, and W = 1350 N 

(a=514 tzm). 

The ratio of the frictional force to normal contact load, Q/P, is computed from the FE 

simulations throughout three cycles using 

Q _ ~q(x) dA (13) 
P Sp(x)dA 

The ratio of Q/P starts from 0.01 in the beginning of the 1 st loading cycle and at the end 

of the loading cycle reaches a value of 0.88 (/.t =1.0)  and 0.9 (/z =1.5). On the other 

hand, the ratio of the local q(x)/p(x) varies from 0.65 to 1.0 fo r / z  = 1.0 and from 0.55 
to 1.5 for /z = 1.5 along the interface during the 3 rd loading cycle with the peak values 
being in the slip region (see Fig. 9). An estimate of the COF in the steady-state slip 
region based on the size of the stick and slip zones found experimentally gave average 
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values of COF in the slip region ranging from 0.71 to 1.06 [12]�9 The analysis suggests 
that very local stress contractions near the stick/slip regions lead to high local effective 
COF values. 
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Figure 9. The ratio of local shear traction ( q(x) ) to normal traction (p(x)) predicted by 
the FE simulation along the interface of the fatigue specimen at the end of 3 'd loading 
cycle and a magnification of the circled region showing the mixed stick~slip region for 
conditions: R~ = 0.1, era = 150 MPa, and W = 1350 N (a  = 514 pm) .  

Interface Shear Stress Evolution during Fretting 

To better understand the evolution of the surface stresses and stick/slip conditions 
during the fretting fatigue process, four points in the loading portion of the 3 ra cycle, 
noted as A, B, C, and D in Fig. 4(b), are examined. The interface shear stress 
distributions are shown in Fig. 10. In the figure, Q denotes frictional force (F) per unit 
length (L), i.e. Q = F/L, and trrepresents the applied stress to the specimen during cyclic 

loading. The shear stress ( t r ~ )  is normalized by the cyclic yield stress (try = 765 MPa) 

and the applied stress (o') is normalized by the product of COF (/t) and the maximum 
normal pressure (p0 = 349 MPa). The frictional forces (F) are computed from FE 

analysis by summing the reaction forces in the pad along the y-axis plane of symmetry. 
In this component model, these reaction forces are not prescribed, but are coupled with 
the fatigue load (F ,p)  applied to the specimen. The frictional force per unit length 

(Q=F/L)  is then normalized by COF (g) and the normal load per unit length 



196 FRETTING FATIGUE: ADVANCES 

(P  = W / L  ) of 1350 N I mm. The nature of the stick and slip regions along the interface 

at these four points in the loading portion of the 3 rd cycle for the cases of At = 1.0 and 

li = 1.5 are illustrated in Fig. 11. 
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Figure 10. Interface shear stress ( ff ~y ) evolution during the 3 ra loading cycle when (a) 

l i = l . 0  and (b) /1=1.5 for  the case: R~,=0.1 and cr ,=15OMPa (~rr=765MPa,  

P0 =349 MPa,  P =1350 N / mm, and a =514 lIrn ). 

For #=1.5, at the minimum load just after the load reversal (Point A), there exists only 
a stick region with no slip. At Point B, slip occurs at the trailing edge while a mixed 
stick/slip region is present at the leading edge. The negative shear stress exists at the 
trailing edge until the load reaches the value of Q/IIP = 0.49 and ~r/lIp o = 0.52 (Point 

C) (see Fig. 10). As the load increases, the slip zone size increases while the stick zone 
size decreases. Interestingly, the mixed stick/ slip zone is observed at the boundary 
between the slip and stick zones at the trailing edge near the peak of the loading. Also, 
the contact zone is shifted to the right by 0.2a mm at the final state of the 3 rd loading 
cycle (Point D: Q/l IP  = 0.6 and o / l i p  o = 0.64). During the unloading of the 3 ~ cycle, 

the order of phenomena is reversed. The lower COF case, li=l.0, shows similar tendency 
as the li=l.5 case though the mixed stick/slip region near the leading edge is observed at 
a later time step (Point C); it is present from Point B for li=l.5 case (see Fig. 11). 
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Figure 11. Stick and slip regions along the interface based on crystal plasticity model at 
four points in the 3 rd loading cycle, as noted in Fig. 4(b), (a) lZ = 1.0 and (b) p = 1.5 for 

the case: R,~ = 0.1 and o-, = 150 MPa (W = 1350 N and a = 514 ktm ). 

Contact Strain Fields along the Interface of  Contact 

The total and plastic strain distributions predicted using the different material models 
and COF are compared in Figs. 12 and 13, respectively. In the figures, the strain 
components are normalized by the yield strain (ey = 0.0065). The strain distributions 

show similar tendency for all material models but there exist significant differences 
among the material models at the trailing edge where significant plasticity occurs, 
particularly in shear strain distribution with the higher COF (Fig. 12(d)). In the plastic 
strain distributions, crystal plasticity theory predicts nonhomogeneous distributions, 
which likely results from the shear localization due to the heterogeneity of the 
microstructure whereas the J2 plasticity model predicts smooth distributions as shown in 
Fig. 13. Crystal plasticity simulations exhibit fluctuations in stress and strain distributions 
along the contact surface due to alternating hard and soft orientations of surface grains 
leading to a natural length scale for roughness, i.e. in these simulations, the grain scale. 
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Figure 12. The total strain distributions along the interface at the end of 3 m loading 
cycle, comparing material models and COF: tangential strain ( ex,) and shear strain 
(e~y) distributions for the case: Ra=0.1 ,  tra=15OMPa, and W = 1 3 5 0 N  

(ey = 0.0065 and a = 514 r 

Influence of Normal Contact Load in Fretting 

The subsurface distributions of the cumulative effective plastic strain based on the J2 
and crystal plasticity simulations for an increase in contact load, W=4050 N, w i th / t  = 1.5 

are shown in Fig. 14. These results should be compared to the lower normal load case 
( W = 1 3 5 0 N )  shown in Fig. 7. Comparing the two cases, the heterogeneity of the 
cumulative plastic strain field for crystal plasticity appears to be magnified in the lower 
normal load case, when the extent of plastically deforming material at the surface is of 
the same magnitude as the grain size or smaller. To better understand the influence of 
contact load on the subsurface cumulative plastic strain fields, the distributions of stress 
and strain along the interface at the end of 3 rd loading cycle are shown in Figs. 15 and 16. 
For clarity, only the stress and strain distributions from J2 plasticity model are shown; the 
crystal plasticity distributions are similar though with some fluctuation near the trailing 
edge similar to what is shown in Figs. 5 and 12. With increasing COF, the maximum 
shear stress increases particularly at the trailing edge in both normal loading cases (Fig. 
15). The distributions in both tangential (cr=) and shear (Cr,y) stresses significantly vary 

with increasing COF over the entire contact region in case of the lower normal load, 
W =1350 N while there are no significant differences due to variation of COF except 
near the trailing edge (left side of the curve) in the higher normal load case, W=4050 N. 
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Figure 13. The plastic strain distributions along the interface at the end of 3 rd loading cycle, 
comparing plasticity models and COF: tangential strain and shear strain distributions for 
the case: R~ = 0.1, o'~ = 150 MPa, W = 1350 N ,  ey = 0 .0065,  and a = 5 1 4 / t m .  

F igure  14. Cumulative effective plastic strain distribution in the subsurface region at the 
trailing edge at the end of 3 re loading cycle for the case: R ~ = 0 . 1 ,  ~ra=15O MPa, 
W = 4050  N, and ~z = 1.5, showing influence of material model (a) ~ plasticity and (b) 
crystal plasticity. 
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Figure 15. Comparison of the distributions of tangential stress (or=) and shear stress 
( cr~y ) along the interface at the end of 3 rd loading cycle when various COFs are used 

with conditions: R~=0.1 and cr.=150MPa (~y=765MPa,  a = 5 1 4 f l m  for 

W = 1350 N,  and a = 889 ~m for W = 4050 N ). 

The influence of COF is even more significant when considering the distributions of 
the strain components as shown in Fig. 16. It is observed that the shear strain (e~y) is 

largest for the higher COF (r = 1.5), which is about twice as large than when /~ =1.0 is 
used, and the general tendency follows in the same manner as the distributions of stress 
components with increasing COF in both loading conditions, W = 1 3 5 0 N  and 
W --- 4050 N (Fig. 15). The decrease in the apparent heterogeneity of the cumulative 
plastic strain field for the higher load case may be partially attributed to the narrower 
peak in the shear strain along the interface (see Fig. 16 (d)). When the peak is more 
distributed as in the lower contact load case (Fig. 16 (c)), the crystal plasticity model 
samples a greater number of microstruetural variations leading to multiple stress 
concentrations and resulting in greater heterogeneity of the plastic strain field. 

A History-Dependent COF Evolution in Fretting 

The influence of COF in the hysteresis of frictional force versus the applied fatigue 
stress (which is proportional to the nominal relative displacement [12]) is shown in Fig. 17. 
The hysteresis curves represent near stick, partial slip, or gross slip condition, depending on 
the COF. A lower COF manifests gross sliding conditions, whereas a higher COF 
promotes partial slip conditions with very little hysteresis. As the COF increases, the 
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hysteresis curve shifts up and shows some discrepancy with the curve obtained from the 
experiments, which does not exhibit this shift. A higher COF yields no gross slip 
condltions even in the first cycle and thus it always leads to a positive mean stress (see Fig. 
17). However, there are gross sliding conditions during the first few cycles in real contacts, 
as shown in the experimental results (Fig. 18(a)). This implies that the COF should evolve 
in the simulations to capture this transient effect. When the COF is incremented after each 
cycle from 0 to 1.5, the steady-state mean frictional force is better predicted (Fig. 18(b)). 
However, there is still some difference between the magnitude of the predicted frictional 
force range (AQ) and the experimental results. 
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Figure 16. Comparison of the distributions of tangential strain ( e~) and shear strain 

( e~ ) along the interface at the end of 3 ra loading cycle when various COFs are used with 

conditions: R ~ = 0 . t  and cro=15OMPa (ey=0.0065,  a = 5 1 4 k t m  for W - 1 3 5 0 N ,  

and a = 889 t, tm for W = 4050 N). 

D i s c u s s i o n  

The prescribed COF plays a key role in the distribution of contact stress and plastic 
strain fields, with increasing COF leading to intensification of subsurface plasticity. The 
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COFs of 1.0 and 1.5 at first glance may seem unreasonably high. However, it is likely 
that the local value of COF, defined as q(x) I p(x), may be considerably higher than what 

is measured macroscopically, Q/P, which is simply the integral of all the local 
interactions, as noted in Eq. (13). The COF is not a given material property since it also 
depends on several factors such as the surface interactions and environment. As the local 
normal load decreases, q(x)/p(x) may go to the infinite at the edge of contact (or at edge 
of asperities when considering rough interfaces) in the ideal case when no plasticity 
occurs. Therefore, surface interactions at the microscopic scale play a significant role in 
determining the COF under partial slip conditions. 

From fretting wear tests on three titanium alloys such as Ti-6A1-4V, Fayeulle et al. 
[15] observed that the experimentally measured COF, in the steady state after 10 3 cycles, 
was always very high, greater than unity, and the tangential load contributes to plastic 
deformation of the substrates and formation of friction ridges. Also, recent work by 
Swalla et al. [16] suggests that when prescribing the macroscopic fretting fatigue 
conditions under high cycle fretting fatigue conditions, a higher COF has the effect of 
accounting for the locally elevated shear stress due to asperity-asperity contacts, albeit in 
an average sense. Here, the experimental deformation fields and widths of the stick/slip 
regions are better predicted when a higher COF is used. The deformation field is 
developed due to the local behavior and not the smeared average behavior collectively 
accounting for several asperity-asperity interactions. 

Since the nature of the surface interaction between two surfaces is determined by the 
real area of contact, shear forces as well as normal forces acting on junctions may play a 
significant role in determining the value of COF. The COF is also related to the surface 
topography. These mechanisms may result in local stress and plastic strain 
concentrations and thus produce a much higher value of COF than that measured in an 
average sense. Surface irregularities, such as roughness and waviness, also induce 
surface displacement in normal direction resulting in a dynamic normal force that can 
further result in fluctuation of local COF, q(x)/p(x) [17]. 

The interfacial stick-slip process is caused by the fact that the frictional force varies as 
a function of displacements, time, or velocity, rather than a constant [18]. Initially, the 
COF rapidly increases until reaching a steady-state value in less than 20 cycles in 
experiments and partial slip conditions prevail [12]. Based on the overall tangential 
traction of the contact, Q, the ratio of Q/P is considerably less than the value of/.t  pre~c,be a 

with the COF being statically indeterminate within the stick zones. Hence, our method 
for estimating the value of COFfor the partial slip case involves comparing 
computational crystal plasticity and experimental results. Purely experimental methods 
such as progressively increasing the slip amplitude until partial slip gives way to gross 
slip over the entire contact are likely no less subject to idealization and perhaps even 
moreso since the COF is dependent upon the history of sliding. Therefore, gross slip 
measures cannot reflect very well the behavior within the relatively small slip zones 
where fretting wear and damage are concentrated in the partial slip case and locally the 
pressure at which slip occurs is comparably lower [16]. The frictional force may undergo 
significant changes during the early stages of sliding before reaching the steady-state 
conditions. Thus, a variable history-dependent COF in the slip and mixed slip-stick 
zones may be more appropriate. 
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Figure 17. Comparison of the hysteresis curves of frictional force versus the applied 
fatigue stress to the specimen for a constant COF throughout the 3 rd cycle 
( R~ = 0.1, or. = 150 MPa, and W = 1350 N ). 
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Figure 18. Comparison of frictional force versus the applied fatigue stress to the 
specimen: (a) the experimental results obtained from first 20 cycles [121 and (b) the 
hysteresis curves obtained from FE analysis using a variable COF with cycles 
( R~, = 0.1, o-, = 150 MPa, and W = 1350 N ). 
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Concluding Remarks 

Fretting fatigue simulations using the nonhomogeneous crystal plasticity exhibit 
important features that are not manifested by the initially homogeneous J2 theory: first, 
crystal plasticity simulations predict highly heterogeneous plastic strain distributions, 
particularly at lower contact loads, with greater cumulative plastic strain magnitude as 
well as deeper penetration of cyclic plastic strain. Second, regions of mixed stick/slip, 
leading to local stress/strain concentrations, are predicted when crystal plasticity is used. 

Finite element simulations using crystal plasticity theory with /z = 1.5 more closely 
relJresent the local plasticity behavior along the interface and in the subsurface field 
observed in the fretting fatigue experiments under partial slip conditions. 

The value of the prescribed coefficient of friction (COF) particularly affects the 
interfacial strain distributions, especially in the component of shear strain. The stress 
distributions along the interface are not significantly different comparing Jz and crystal 
plasticity. As the contact pressure is reduced, the influence of COF in the stick/slip 
conditions is great. 

Since the COF depends on the history of sliding, assuming a constant COF throughout 
the cycling is an idealization. Under partial slip conditions, the initial COF is very low 
and it rapidly increases with fretting cycles. Hence, a variable history-dependent COF in 
the slip and mixed stick-slip regions may provide a more reasonable description of the 
transient response leading to better prediction of the steady-state response. 
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ABSTRACT: An investigation of fatigue crack initiation and propagation under fretting 
conditions is described in which both experimental and theoretical approaches are used. 
Fretting tests were conducted on an aerospace aluminium alloy. The approach presented 
here aims to describe the propagation of a fretting crack through a step-by-step 
understanding of the different stages of its life (1) Stage I crack initiation, i.e., sites, 
growth directions and fracture mode, (2) Stage I-to-Stage II transition as a result of the 
competition between failure modes, i.e the branching depth and the growth direction after 
branching. This methodology was successfully applied to fretting fatigue data obtained 
under the Partial Slip Regime (PSR). Pertinent parameters were proposed to deal with 
items (1) and (2) depending on the ranges of shear and tensile stresses and their respective 
roles in crack growth. This step-by-step methodology is used here to analyze the 
influence on crack initiation and propagation of the local fretting regime and the 
associated mechanical stress-strain state. 

KEYWORDS: crack initiation, propagation, fretting, friction, crack branching 

Nomenclature 

a Contact half-width 
c Radius of the stick zone 
f ,  f~, J~ Coefficient of friction, static (partial slip condition) and dynamic (gross slip 

condition) values of the coefficient of friction 
P, Q Normal and tangential loads 
R Radius of the sphere 
x Abscissa at the contact surface, x = 0 corresponds to contact center 
z sample depth 
a Angle of the initiation plane with respect to the surface contact, i.e, Stage I 

propagation plane 
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A6 
~m 

tim, max 

CTm, min 

AO" m 

AO-m* 

Vm 
~m, mo2c 

"I'm, mm 

Arm 

Angle of the Stage II propagation plane with respect to contact surface 
Displacement amplitude 
average value of normal stress ann along plane of length 20 ~tm at an angle cc 
Maximum value of ar.~ over a whole loading cycle 
Minimum value of O'm over a whole loading cycle 
(am,max - Orn . . . .  ) / 2, range of tensile stress 
Effective range of tensile stress am 

Average value of shear stress cr,t along plane of length 20 ttm at an angle c~ 
Maximum value of Xm over a whole loading cycle 
Minimum value of Xm over a whole loading cycle 
(T . . . .  - 17 . . . . .  ) / 2, range of shear stress 

Introduction 

Fretting is one of the plagues of modem industrial machinery. It is sometimes 
responsible for premature fatigue failures and often limits eomponent life. Fretting occurs 
whenever a junction between components is subjected to cyclic sliding, with small 
relative displacements at the interface of the contacting surfaces. Further cyclic bulk 
stresses may be superimposed to one or both components. Fretting is divided into fretting 
wear and fretting fatigue [1,2] and in the literature they are often related to the total 
degradation response. In these cases fretting wear is considered to be a wear problem, i.e. 
a loss of material, and fretting fatigue to be a cracking problem causing a reduction of the 
fatigue limit of  the material. Numerous studies have shown that wear and cracking often 
coexist at the same contact and that the development of long cracks is not restricted to 
fretting fatigue but also oeeurs under fretting wear conditions. 

Figure 1- A Running Condition Fretting Map (RCFM) and its associated Material 
Response Fretting Map (MRFM). Here PSR = Partial Slip Regime characterized 
by quasi-closed Q-fi loops, MFR= Mixed Fretting Regime characterized by quasi- 
closed, parallelepipedie and elliptic Q-6 loops and GSR = Gross Slip Regime 
characterized by parallelepipedie Q-r loops [3]. 

The mapping concept proposed by Vincent et al [3] is based on two sets of fretting maps. 
These maps describe on the one hand the local fretting regime i.e Running Condition 
Fretting Maps (RCFM), with corresponding contact kinematics (adhesion, partial slip, 
gross slip) while on the other hand is the main initial fretting damage i.e. Material 
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Response Fretting Maps (MRFM) involving non-degradation, cracking, particle 
detachment for combinations of normal load and relative displacement (see Figure 1). 
They establish a close link between the main initial damage response and the contact 
sliding regime. For the case of very small displacement amplitudes, partial slip conditions 
prevail within the contact area and induce crack nucleation, while greater displacement 
amplitudes leading to full sliding over the contact area favor wear. Cracks initiate at a 
very early stage and most of the component life incorporates crack growth. Cracking is 
thus related through these maps to both the Partial Slip Regime (PSR) and the Mixed 
Fretting Regime (MFR), but nevertheless there is a difference, since partial slip 
conditions prevail during all the tests under PSR, and the wear of the surface within the 
sliding zone is negligible. Under MFR, there is an evolution from one sliding condition to 
another, generally from gross slip to partial slip. As can be seen in Fig. 1 these conditions 
give rise to cracking and wear as the main damage processes with the amount of wear 
increasing as the displacement amplitude increases. 

A combined experimental and theoretical analysis of fretting crack nucleation and 
propagation has therefore been undertaken in order to improve our understanding of the 
cracking mechanisms. This analysis has been conducted for the following conditions: 
�9 a sphere is repeatedly fretted against a fiat surface of the same material, the normal 

load being applied first and then a sequence of cyclic oscillations is imposed. This 
then allows a constant bulk stress to be superimposed on the planar specimen, 

�9 normal elastic load ranges can be applied, 
�9 displacement amplitudes 8 between the contacting surfaces, which provide a PSR 

fretting regime, can be recorded. 
This latter condition guarantees negligible wear of the contacting surfaces which remain 
smooth. These specific experimental conditions correspond to idealized conditions and 
these perfectly fit with the assumptions of the model. Two crack types have been 
observed during Stage I, corresponding to specific mode I and mode II conditions. 
Transition from Stage I to Stage II for both crack types is characterized by a crack 
branching towards a new propagation direction of [3 ~ 65 ~ to the specimen surface [ 4]. 
Then during Stage II, both crack types propagate along the 65 ~ direction. Issues such as 
(a) the location of crack nucleation and crack directions during Stage I propagation, (b) 
parameters controlling crack branching during the Stage I-Stage II transition, (c) crack 
direction during stage II have been theoretically addressed, respectively in references 
[ 5], [ 6] and [ 7]. Specific macroscopic parameters linked to the propagation driving 
forces were proposed and the predicted results are in good agreement with experimental 
observations. 

The aim of this paper is to analyze the influence of the fretting regime on the initiation 
and the early growth of fretting cracks. Different displacement amplitudes, leading either 
to PSR or MFR conditions are considered when the normal load is constant and provides 
elastic behavior. It was observed that although Stage I shear and tensile crack initiation 
coexist at the same time under experimental conditions at the boundary of PSR and MFR, 
shear crack initiation prevailed in the MFR whilst tensile crack growth was manifest in 
the PSR, Fretting tests conducted on specimens of 7075 aluminium alloy under spherical- 
plane contact under PSR for larger displacement amplitudes and MFR conditions 
conclude the analysis. 
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Results Under PSR and Small Displacement Amplitude 

Tests Results 

These results have been presented elsewhere [ 5] and are only briefly recalled here. 
Multiple cracks initiate in the annulus microsliding zone of the contact area (See Figure 
2) and these are symmetrical about the centerline x = 0. Two main cracks develop from 
this network while most of the other cracks self arrest. At the contacting surface, cracks 
propagate along a semi-elliptical trajectory further below the surface, while their growth 
occurs along two distinct macroscopic directions during, respectively, Stage I and Stage 
II. The transition between these two propagation Stages is revealed by crack branching 
along the Stage II propagation direction. Two types of crack are observed during Stage 
I. 

Figure 2 - Sphere -plane configuration, Top view at z=O and section in the meridian 
plane y = O . 

�9 Type I cracks grow initially at a shallow angle to the specimen surface with a 
propagation direction ranging from 15 ~ to 35 ~ to the surface. These cracks mainly 
occur in the middle of the annulus sliding zone. 

�9 Type II cracks grow along a direction approximately perpendicular to the surface with 
a direction ranging from 75 ~ to 90 ~ to the surface. They appear near the edge of the 
contact area in the annulus sliding zone, inside and/or outside the contact patch. 

Finally, it was observed that, for both crack types, the nearer to the contact center they 
initiate, the shallower to the surface is their initial growth direction. Then, during Stage II, 
both types of crack propagate along a direction of approximately 65 ~ to the surface. The 
branching depth corresponds roughly to a maximum crack length of 160 p.m. 

Fretting Crack Prediction 

The contact problem between the contacting surfaces is solved, using Coulomb's Law, 
as a unilateral contact problem with friction. An incremental description of the loading is 
used to account for hysteresis phenomena. The subsurface stress field is calculated within 
a zone close to the contact surface. This stress field is multiaxial, non-proportional, and 
exhibits very sharp gradients [ 8]. Fatigue crack initiation during Stage I and early 
propagation up to the Stage I- Stage II transition have been analyzed as a continuum 
mechanics problem. The range of shear and tensile stresses have been computed for all 
material locations within the sliding zone during the cyclic fretting loading for all possible 



210 FRETTING FATIGUE: ADVANCES 

plane directions. Average stresses are used [ 6], calculated along planes of length 
L=20gm. The existence of macroscopic cracks [ 9] and their influence on the stress and 
strain fields is accounted for in the analysis of the fatigue crack process during Stage II 
growth. 
Some observations on Stage I: 
�9 A type I crack is a shear mode fatigue crack. Two specific parameters have been 

proposed to predict both the initiation site and a single growth direction. The growth 
occurs macroscopically in the direction given by an angle c~ along which the value of the 
shear driving force, i.e the amplitude of the average shear stress, ~m is maximum ~,~m = 
AZm,max and such that the average value g, of the average tensile stress perpendicular to 
that direction, ~m (~a=0.5*(Cm,m~ + ~ . . . . .  )) is minimum (an absolute value of 40 MPa is 
considered here for this minimum). The corresponding crack initiation domain is the 
zone where both conditions are fulfilled, being assumed that the risk is the highest 
where ~a is zero. 

�9 A type II crack is a tensile mode fatigue crack. The propagation driving force is assumed 
to be the maximum amplitude of crack opening. The crack extension angle ~x is 
therefore defined by the direction along which the effective amplitude of the average 
stress normal to crack trajectory Aorta* is maximum, Affm*=A~m*,max. Furthermore the 
amplitude of the average shear stress tends to a minimum value along that direction. A 
Type II crack location is therefore near the edge of the contact area, inside or just 
outside, where a high level of tensile stress occurs. The angle ct thus ranges from 90 ~ 
(outside the contact patch) to 70 ~ (inside the contact zone). 

The conditions governing crack branching from Stage I to Stage II are identified. Both 
initial crack types (I and II) branch as a consequence of: 
�9 the decrease of the Stage I propagation driving force, gradually leading to a mixed I+II 

mode, (Note that, crack locking effects gradually hinder type I crack propagation) 
�9 at the same time, the effective amplitude of the tensile stress increases perpendicular to 

the plane that is 65 ~ to the contact surface, where the shear mode driving force is at a 
minimum. 

Hence, branching and initial propagation during Stage II are governed by the maximum 
amplitude of the crack opening and not by its maximum value. 

The Influence of the Local Fretting Regime 

The fretting crack mechanisms described above were theoretically investigated 
under PSR and a displacement amplitude of 15 gin. Various relative displacement 
amplitudes are considered for a given normal load and bulk stress. This allows an analysis 
of the effects of the contact kinematic conditions for a local fretting regime and then of 
the local fretting regime itself on crack initiation and growth. Three contact conditions 
were simulated and these are presented in Table 1. The first two conditions belong to the 
PSR while the third condition belongs to the MFR. An analysis of the stresses induced in 
the vicinity of the contact zone has been conducted as in previous work for those 3 cases. 
Looking at the initiation zones, the growth directions, and the stress levels versus the 
contact conditions (see Figure 3) that: 
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Table 1 - Fretting Conditions 

Local  fretting regime Exper imenta l  condi t ions  Mode l ing  data 

P = 1000 N P = 420 N / m m  
PSR, N u m b e r  1 Q = +/- 500 N Q = +/- 210 N / m m  

R = 0.3 m R = 0.239 m 
f = l .  f = l .  

A6 = +/- 25 ixm c/a=0.71 

P = 1000 N P = 420 N/ ram 

PSR, N u m b e r  2 Q = +/- 1000 N Q = +/- 420 N/ ram 
R = 0.3 m R = 0.239 m 

f =  1.2 f =  1.2 

/~6 = +/- 35 ~tm c/a=0,41 

P = 1000 N P = 420 N / r am 
MFR,  N u m b e r  3 Q = +/- 800 N Q = +/- 335 N/ ram 

R = 0.3 m R = 0.239 m 

fs = 0.8 fa = 0.7 f s =  0.8 , fd = 0.7 

A5 = +/- 50 ~tm e/a=0 

Local  Fret t ing R e g i m e  Degradat ions  
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�9 for type I cracks, the greater the slip zone within the contact area, the larger the 
potential zone for crack initiation. This leads to an increase in the number of cracks 
that may initiate and a greater variety of crack inclinations. The risks of cracking are 
linked to the shear stress amplitude which in turn is dependent on the friction 
coefficient, 

�9 for type II cracks, the initiation process is controlled either by a tensile-compressive or 
a tensile fatigue mechanism. Since the normal load and the bulk stress are kept 
constant, then the variations of the propagation driving force .are only induced by the 
variations of the tangential tractions. The fatigue limit is equal to 230 MPa for R = 
O'mm/(Ymax = 0.1. It is clear that each material point within the sliding zone is subjected 
to a different maximum tensile stress amplitude and a different mean tensile stress. 
There are no fretting fatigue data available for these pairs. Only qualitative or rough 
estimations of the risks of cracking can be predicted. Nevertheless the stresses are the 
highest in the zone close to the contact boundary. 

�9 The growth direction is nearly unchanged, except that, for a high friction coefficient, 
cracks are more inclined towards the specimen surface, 

�9 For a given risk of initiation, as quantified by the maximum shear and the effective 
tensile stress amplitude, the damage occurring at the contacting surfaces depends on 
the "contact dynamics" and their effect in trapping the wear particles generated from 
crack coalescence. This efficiency is, among other things, linked to the amplitude of 
the relative displacement A8 between the contacting bodies. From a certain relative 
displacement amplitudeAS, here around 35 pm, a ridge is observed at the contact edge 
and favors particle entrapment inside the contact. Furthermore, the initiation sites and 
initial growth directions may be different to those predicted without accounted for the 
presence of this ridge. 

The inf luence of  a ridge 

The ridge that forms at the contact boundary is subjected during the contact life to a 
continuous development in its mechanical properties and its geometry. We are interested 
in its influence on contact parameters i.e., contact pressure, tangential tractions and 
contact patch dimensions, which govern, in turn, the internal stresses and finally the crack 
initiation process. 

A ridge is considered as an asperity and its mechanical properties are assumed to be 
the same as those of the specimens. Its dimensions are indicated in Fig. 4, and correspond 
to experimental observations. In the analysis PSR(2) conditions are simulated with and 
without this ridge. 

Figure 4 - Schematic representation and dimensions of  a ridge at the contact edge 
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The normal and tangential tractions are indicated in Fig. 5. The variations of  the specific 
parameters for the (smooth = no ridge) and (with a ridge) cases for type I and II cracks are 
presented respectively in Figs 6 and 8. 

Figure 5 - Tangential tractions for PSR(2) Conditions 

In the smooth case, Po, the maximum hertzian pressure and 2a, the contact width are 
respectively 150 MPa and 3.57 mm. The presence of  the ridge (i) induces a sharp peak of  
pressure reaching 236 MPa, (ii) shifts the left contact edge from x=-1.785 mm to x=- 
1.665 mm and (iii) reduces slightly the contact area to 3.5 mm. 

The stress state at the near surface is strongly influenced by the ridge which induces 
localized stress concentrations. This has the following consequences for: 
�9 type I shear cracks: 
a considerable increase in A'Cm,max is obtained at x=-1.78 mm, i.e from 296 to 573 MPa, 
see Figs 6(a) and 6(b), while a decrease is observed for points situated inside the contact 
area; for instance at x=-1.60 mm, from 324 to 278 MPa. Looking at the crack nucleation 
sites, it appears that the condition (~a close to zero is satisfied at two different locations, 
x = -1.78 mm and x = -1.60 ram, while in the smooth case only the latter point was 
obtained. Furthermore, AZm,max has increased by a factor of  nearly 2. This large increase 
may accelerate the crack initiation process and increases the risks. Isovalues of "rma~ are 
shown in Fig. 7 for one load step, at Q = 420 N/ram. A confined plastic zone appears 
behind the ridge which will enhance fretting crack nucleation. It can be seen that in front 
of  and immediately beneath this zone xm~ decreases very rapidly. At x = -1.78ram, the 
initial crack propagation direction is equal to 35 ~ while in the smooth case it is about 3 I- 
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32 ~ The ridge thus influences the crack direction during Stage I, leading to shallower 
cracks. 

Figure 6 - Variations in or, Arm, max, era over part of  the relative sliding zone for a Shear 
crack. 

Figure 7 - Isovalues o f  Arm at Q = 420 N/mm near the contact edge showing the influence 
o f  the ridge. 

�9 type II tensile crack; see Figs 8(a) and 8(b): 
The variations of  ~m,r~ax, R = ~m,m~n / (~m,max and ct in the smooth case and of Crm,max, t~m,m,n 
and ~ in the ridge case over part of  the relative sliding zone are shown in the figures. In 
the smooth case, (~m,max decreases continuously with respect to the contact center. The 
ridge induces localized stress concentrations and especially an increase in the tensile 
stress at the contact edge together with a large compressive effect. There is a maximum 
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and a relative maximum in values of Crm,max. Though the effects of these complex contact 
stresses leave the crack directions almost unchanged, the crack nucleation sites change 
significantly. The locations corresponding respectively to the maximum and the relative 
maximum value, (Ym,max, are shifted towards the contact edge for the former and towards 
the contact center for the latter. 
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a) Smooth case: c~ . . . . . .  ~ and R variations, b) Ridge case: ~ . . . . .  cr . . . . .  and 
variations. 

Figure 8 - Variations o f  specifie parameters over part o f  the relative sliding zone for a 
tensile crack. 

�9 Stage I / Stage II transition, 
Type I and II cracks branch as a consequence of the decrease in the Stage I propagation 
force which occurs concomitantly with an increase in the effective tensile stress 
perpendicular to the plane at 65 ~ to the surface [ 6]. This branching is likely to occur 
between Zmm and Zm~. The compressive part of the amplitude of the axial stresses 
increases continuously with depth z, until AOm becomes compressive during the whole 
cycle for a characteristic depth, Zmax Here Zm= is the maximum depth at which branching 
may occur, as the driving forces for type I and II cracks, the relative sliding and the 
opening amplitude respectively, are inhibited. The minimum depth at which branching 
may occur, z~m is not quantitatively defined as it is a result of a competition between the 
shear and the tensile driving forces. For the present, we suggest that a criterion of a 50% 
reduction in A'Cmax and this correlates well with experimental observations of crack 
branching. 
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Figure 9 - Influence o f  the ridge on (Tm, mm, ~m, max and Arm variations versus depth when 
x = -1.78 mm. 

Figure 9 shows Um,mm, Urn,max and A'~ m variations versus depth at x = -1.78 ram, along 
c~=35 ~ which is the initial growth direction for the tensile crack. Values of  A'c m and Urn,max 
decrease very rapidly through a zone of  depth 50 ~tm, close to the contact surface, the 
former being divided by nearly a factor 2 and the latter by more than a factor 2. Then 
from a depth of  100 ~tm, they decrease very slowly and u . . . .  does not become negative. 
It is thus not possible to define a Zm,x value as previously. However it is clear that the 
relative sliding along the crack faces are rapidly limited due to the strong reduction in 
both A'Cm and the tensile stress. 

x = -1.78 mm 

.................................. - ~  -'~- ............ 

A'~m, Urn,ram and Um,ma x values are calculated 
at M for 0~ +180 ~ z 

Figure 10 - Different branching direction f o r  the crack tip M. 

Ranges of  tensile and shear stresses are computed at the crack tip situated at varying 
depths from z = 21 ~tm to z = 99 ~tm along the initial crack growth direction c~=35 ~ (see 
Fig. 10) for all possible branching directions 13. Figure 1 l(a) shows the values of  u . . . . .  
and Ur~,m~x versus 13. The value of Aura *,max is obtained for 13 ranging from 75 ~ to 80 ~ 
Figure 11 (b) presents Ax . . . .  variations along the direction defined by [3. It should be 
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noted that the Stage I/Stage II transition zone is likely to be bounded between 50 and 70 
/.tm. 
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(a) Variations of cr . . . . .  and (~ . . . . .  versus [3 (b) Variations of Ax . . . . .  versus 
for different depths depth along 13 

Figure 11 - Stress state variations at x=-t.78 ram for  a shear crack inetined initially at 
a = 35~ the PSR(2) condition and showing the effect o f  a ridge at the 
contact edge 

C o n c l u s i o n s  

A theoretical model for fretting contact fatigue has been developed. Stage I crack 
initiation and Stage I/Stage II transition processes were analyzed through an approach 
based on continuum mechanics. The computational predictions were first validated for 
the Partial Slip Regime (PSR) with a small displacement amplitude between the 
contacting surfaces. 
This paper highlights the influence of the local fretting regime on the crack initiation and 
early growth processes. The effects of the displacement amplitudes between the 
contacting surfaces and of a ridge are analyzed. On the basis of the results presented, the 
following conclusions can be made: 
* The displacement amplitude A6 between the contacting surfaces, is a key parameter, 

�9 the greater the value of Ar, the larger the fretting crack initiation zone giving an 
increase in the density of secondary cracks which favors crack coalescence and 
particle detachment, 

�9 particle expulsion or trapping is dependant on A6 and the contact geometry, 
�9 the crack direction is nearly independent on AS, 
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�9 For values of A6 greater than about 35 gm, a ridge is formed at the contact edge. In 
comparison to a smooth surface tested under similar conditions, localized stress 
concentrations are obtained that modify the Stage I crack initiation and Stage I/Stage 
II processes. The transition zone is closer to the contact surface and the Stage II 
direction of growth is changed; 

Short crack growth behavior is thus clearly linked to the contact conditions and the 
local fretting regime. The predicted results correlate well with the experimental ones if 
the surface evolution is taken into account in the analysis of the fretting fatigue 
mechanism. Above a certain displacement amplitude, cracking is no more the dominant 
fatigue mechanism and competes with wear processes, which may be a consequence of a 
great density of small cracks that coalesce leading to particle detachment and expulsion 
from the contact. Pits and scales appear at the contacting surfaces and induce localized 
stress concentrations which may accelerate or decelerate the growth of secondary cracks, 
which in turn may modify the growth of the predominant cracks situated at the contact 
edges. 

Acknowledgements 

The author is grateful to V. Lamacq for a fruitful collaboration. 

References 

[ 1] Waterhouse R.B., "Fretting Fatigue", Elsevier, Applied Science, London, 1981. 

[ 2] Waterhouse R.B., "Fretting Corrosion", Pergamon, Oxford, 1972. 

[ 3] Vincent L., Berthier Y., Godet M.," Testing Methods in Fretting Fatigue : A Critical 
Appraisal", ASTM STP 1159 on "Standardization of Fretting Fatigue Test 
Methods and Equipment', American Society for Testing and Materials, West 
Conshohocken, PA, 1992, pp. 33-48. 

[ 4] Forsyth P.J.E., " A Two-Stage process of fatigue crack growth ", in Symposium. on 
Crack propagation, Cranfield, HMSO London, 1971, pp. 76-94. 

[ 5] Lamacq V., Dubourg M.-C., Vincent L., " A theoretical model for the prediction of 
initial growth angle and sites of fretting fatigue cracks", Tribology International, 
Vol. 30, N~ 1997, pp. 391-400. 

[ 6] Lamacq V., Dubourg M.-C., " Modeling of initial fatigue crack growth and crack 
branching under fretting conditions", Fatigue Engineering Material Structure, 
Vol. 22, 1999, pp. 535-542. 

[ 7] Dubourg M.-C., Lamacq V., " Stage II crack propagation direction determination 
under fretting fatigue loading. A new approach in accordance with experimental 
observations", ASTM STP 1367 on "Fretting Fatigue: Current Technology and 



DUBOURG ON LOCAL FRETTING REGIME INFLUENCES 219 

Practices', Ed. D. W. Hoeppner, V. Chandrasekaran, C.B. Elliot III, Salt Lake 
City, 2000, pp. 436-450. 

[ 8] Brown M.W., Miller K.J., Femando U .S. Yates J.R., Suker D.K., " Aspects of 
Multiaxial fatigue crack propagation", in 'Multiaxial and Fatigue Design" ESIS 
Publication 21, Edited by Pineau A., Cailletaud G., and Lindley T.C., Mechanical 
Engineering Publications, London, 1996, pp. 317-334. 

[ 9] Dubourg M.-C., Godet M., Villechaise B., " Analysis of multiple cracks - Part II : 
Results", American Society of Mechanical Engineers, Journal of Tribology, Vol. 
114, 1992, pp. 462-468. 

[ 10] Lamacq V., "Amor~age et propagation de fissures de fatigue sous conditions de 
fretting", Th6se : Doctorat, INSA, 1997, 251 p. 



Yasuo OchiJ Yohide Kido, 2 Taisuke Akiyama, 2 and Takashi Matsumura I 

Effect of Contact Pad Geometry on Fretting Fatigue Behavior of High Strength 
Steel 

Reference: Ochi, Y., Kido, Y., Akiyama, T., and Matsumura, T., "Effect of Contact Pad 
Geometry on Fretting Fatigue Behavior of High Strength Steel," Fretting Fatigue: 
Advances in Basic Understanding and Applications, ASTM STP 1425, Y. Mutoh, S. 
Kinyon, and D.W. Hoeppner, Eds., ASTM International, West Conshohocken, PA, 
2003. 

Abstract: The effect of contact pad geometry on fretting fatigue behavior of high 
strength steel was examined by using the clamping double bridge pads system. In order 
to investigate the effects of bridge pad shapes, the fretting fatigue tests were carried out 
by using four types of bridge pad with different leg height h*. The fretting fatigue 
strength decreased with decreasing in the h*. Also, the stick area increased as increasing 
of the h*. The contact pressure distribution was measured by strain gauge and calculated 
by using a finite element method in order to investigate the effect of the pads leg height 
h*. The contact pressure concentrated in the inside on the contact surface where the main 
crack initiated. Two-stage tests were carried out in order to investigate the fretting fatigue 
damage. The two-stage test was performed to a certain cycles under fretting condition 
and then plain tests without fretting as removing the pads were continued. 

Keywords: fretting fatigue, contact pad geometry, contact pressure distribution, strain 
gauge measurement, FEM analysis, relative slip amplitude, two-stage test, high strength 
steel 

Introduction 

It has been known that the fretting fatigue strength is affected by the shapes of 
specimen and contact pad. However, there have been a few studies, which have 
investigated the effect systematically. Also, the experimental method and the shapes of 
specimen and contact pad have been selected differently by each study. As a result, it is 
difficult to compare the data published [1]. Therefore, it is important that the effecting 
factors on the fretting fatigue property should be clarified by systematic fretting fatigue 
tests with varying testing parameter. 

1Professor and Associate Professor, Department of Mechanical Engineering and 
Intelligent Systems, University of Electro-Communications, Tokyo I-5-1, chofugaoka, 
chohu, Tokyo, Japan. 
2Graduate school student, University of Electro-Communications. 

Copyright�9 by ASTM lntcrnational 

220 

www.astm.org 



OCHI ET AL. ON CONTACT PAD GEOMETRY 221 

In order to elucidate the effect that the fretting fatigue property is affected by the 
shapes of specimen and contact pad, it is necessary to consider the contact condition in 
detail. A lot of research by using the analytical method was conducted by now. For 
example, it is reported that, in case of the plane-to-sphere contact and the 
sphere-to-sphere contact, it is widely carried out the analysis using the equation of Hertz 
and Mindlin et al. in search of the contact pressure distribution, and that it shows the 
good coincidence with the experimental results [2-4]. But, in case of the plane-to-plane 
contact, it has been shown that the contact pressure has a partial concentration at the 
stress singular point in the outer edge [5-7], or in the outer and the inner edges [8] of the 
contact surface. Therefore, it is difficult that the analytical results agree with the 
experimental results, and it still needs to examine carefully. 

In this paper, in order to investigate the effect of shapes of contact pad that 
influenced fretting fatigue behavior, fretting fatigue tests and two-stage test by using the 
bridge pad with different leg height were carried out with a high strength steel SNCM439 
(Japanese Industrial Standard). And, in order to examine the contact pressure distribution, 
the contact stress in the vicinity of eontact surface was measured by using subminiature 
5-element strain gauge. Furthermore, a finite element method (FEM) analysis was 
conducted to compare with the experimental results. 

Material and Experimental Procedure 

Material 

Nickel chrome molybdenum steel SNCM439 was used as the materials for 
specimen and bridge pad in the present study. The steel was quenched and tempered in 
the following sequence: heated to 1123K for 6• 103 seconds then oil cooled and heated to 
893K for 7.2• seconds then water cooled. Tables 1 and 2 show the chemical 
compositions and mechanical properties of the materials, respectively. The shape and 
dimensions of specimen and bridge pad are shown in Figs. 1 and 2, respectively. The 
contact surfaces of specimen and bridge pad were finished by grinding with a #50 
grindstone. 

Experimental Procedure 

Fretting fatigue tests were carried out by using a servo hydraulic testing machine. 
The equipment for generation of fretting is shown in Fig. 3 (a). Fretting was produced by 
clamping bridge pads from both sides of specimen under an axial stress amplitude. The 
tests were carried out at a frequency of 10 Hz under tension-tension mode with a stress 
ratio of 0.05 at room temperature. The contact pressure P was 200 MPa, where the 
contact area of two bridge pad legs was 2• mm 2 and the normal force was 7,200 N. 
During a fretting fatigue test, a relative slip amplitude S was measured by using a clip 
gauge. Figure 3(b) shows the measuring device of relative slip amplitude. L shape arm 
was clamped to specimen, and a stand was attached in bridge pad, next, a clip gauge was 
attached in L shape arm and stand. A frictional force F was measured by using a strain 
gauge attached to the underside of the bridge pad, also. Four types of bridge pad (leg 
height h*: 0.5, 1.0, 3.0 and 5.0 mm) were used as shown in Fig. 2. In order to investigate 
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the effect of the fretting fatigue damage due to the difference of h*, a two-stage test was 
conducted. The contact stress in the vicinity of contact surface between the bridge pad 
and the specimen was measured under the condition for the contact pressure P of 200 
MPa. Figure 4 shows the measuring device of contact stress using a subminiature 
5-element strain gauge (KFR-120-D19-11-N10C made by KYOWA Electronic 
Instnaments Co.). The gauge pitch was 0.5 mm and the distance from the center of  gauge 
to the contact surface was about 0.5 ram. A specimen with a cross section of rectangle 
(6x8 mm z) was used for the measurement for the stress distribution near the contact 
surface. 

Table 1-Chemical Coml~osition(wt% ). 
C Si Mn P S Cu Ni Cr Mo 

Specimen 0.37 0.28 0.75 0 .021 0,017 0.05 0,174 0.81 0.15 

BridgePad 0.40 0.26 0.71 0.023 0.017 0 . 0 1  0,173 0.77 0.16 

Table 2-Mechanical Properties. 
Yield Tensile Reduction Vickers Young's 

strength strength of area hardness modulus 
MPa MPa % HV a GPa 

Specimen 933 1016 54 288 210.7 

Bridge Pad 771 922 62 275 - 

a Indentation force was 0.98 N for measurement of Vickers hardness. 
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Figure 1-Fretting fatigue specimen (mm). 

--i " ~ 1  (h*=0.5,1.0,3.0 and 5.0) 

. 1 2  

Figure 2-Bridge pad (mm). 
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(a) Fretting generation system. 

(b) Measuring device of relative slip amplitude. 
Figure 3-Fretting equipment. 

Figure 4-Measuring device of contact stress (ram). 



224 FRETTING FATIGUE: ADVANCES 

Analytical Method 

In order to calculate the contact stress distribution and the relative slip amplitude, a 
finite element method (FEM) was carried out using the program MARC Version K7. The 
condition of FEM was elastic analysis. The boundary conditions and the load table are 
shown in Fig. 5. The mesh divisions of the FEM model constituted by plain strain 
elements are shown in Fig. 6. This mesh division for the leg height h*=l.0 mm was 
composed of 3898 elements and 4095 nodes. The Poisson's ratio of SMCM439 steel was 
0.28 which was extracted by the reference [9]. The frictional coefficient of 0.5 was 
obtained from the experimental results and the preliminary analyses. 

Results and Discussion 

S-Ncurves 

Figure 7 shows the S-N curves for plain fatigue and fretting fatigue with different 
leg heights h*. In the present study, the plain fatigue strength and the fretting fatigue 

0 2 4 6 8 113 12 14 16 18 
Number of steps 

4 Number of steps 

(a) Boundary conditions (mm). (b) Load table. 
Figure 5-FEM model and load table. 

Figure 6-Mesh division for FEM model (h* = 1.0 mm model). 
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strength are defined as the strength at 5x 10 6 cycles. The fretting fatigue strengths were as 
following sequence; h*=0.5 and 1.0 mm for about 110 MPa, h*=3.0 mm for 125 MPa, 
h*=5.0 mm for 150 MPa, respectively. The fretting fatigue strength remarkably 
decreased in comparing with the plain fatigue strength that was about 400 MPa. That is, 
the fretting fatigue strength was only 27 to 37 % of the plain fatigue strength. Difference 
in the fretting fatigue strength between the conditions of the h* of 0.5 and 1.0 mm was a 
little. While in the range of the h* of 1.0 to 5.0 ram, the fretting fatigue strength 
decreased when h* decreased. 

Frictional Force 

Figure 8 shows the relationship between the frictional force F and the stress 
amplitude ~a. The F was in proportion to the ~ra in all leg height h*. Difference in the F 
between the conditions of the h* of 0.5 and 1.0 mm was little, while in the range of the 
h* of 1.0 to 5.0 ram, the F increased as decreasing of the h*. It is known that the 
frictional force F, with decreasing of the fretting fatigue strength due to the acceleration 
of crack propagation rate, is the most important factor of the fretting fatigue [10]. Hence, 
we consider that the h* affects the fretting fatigue strength. It is thought that F decreased 
as increasing of the h* for the variable form of the bridge pad leg considering the effect 
of stiffness of bridge pad leg. 

Relative Slip Amplitude 

Figure 9 shows the relationship between the relative slip amplitude S and the stress 
amplitude era. The S increased almost linearly as ~ increased. But the difference in the S 
by the variation of the h* was not observed at the identical stress amplitude level, and 
each S was varied within the range of several ~tm. From observations of fretted damage 
surface, the roughness of wear scars was severe and the slip area on either side of the 
fretted area spread with decreasing of the h*. Some studies have shown that the same 
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phenomenon was caused as a result of  an increase in the S [ 11-13]. Assuming that the S is 
affected by the h*, the value of the S was calculated by using FEM analysis. The 
analytical values in Fig. 9 are lower than the experimental values over the whole stress 
amplitude range. One of the reasons for the results was suggested that because the L 
shape arm bent by vibration during the fretting fatigue test, the experimental value of the 
S was amplified and it was not possible to measure the exact value. The increase in the 
analytic values of the S as decreasing of the h* was thought to be due to the deformation 
of the bridge pad leg. The distribution of the S on the contact surface calculated by FEM 
calculated by FEM is shown in Fig. 10. The stick area (S=O ~m) with the h* of 3.0 and 
5.0 mm exists around the center of the contact surface. The range of stick area increased 
as increasing of the h*. The results of FEM coincided with the observation results of the 
fretted surface on specimen. It is thought that this is due to the effect of stiffness of 
bridge pad leg. 
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Figure 8-Relationship between frictional force F and stress amplitude ira. 
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Figure 9-Relationship between relative slip range S and stress amplitude ~a. 
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Figure 1 O-Relationship between relative slip range S and distance from inner edge d 

Contact Pressure Distribution 

Figure 11 shows the results of the contact stress distribution in the position of 0.5 
mm depth from the contact surface measured using 5-element strain gauge and calculated 
using FEM analysis. In the present experiment, the contact stress on the contact surface 
could not be measured because the distance of central position of the strain gauge from 
the contact surface was about 0.5 mm as shown in Fig. 4. And the detailed measurements 
could not be done, since a gauge pitch was 0.5 mm. In order to evaluate the contact stress, 
the influence of the position of the strain gauge should be taken into account. Therefore, 
we calculated the contact stress by using FEM analysis in order to compare it with 
experimental results. Moreover, it must be considered that the value measured by strain 
gauge used for this experiment contains the strain by the deformation of specimen by the 
effect of the frictional force F and the stress amplitude ~ra. The contact stress which is 
actually measured by the strain gauge was thought to be the value ~" that is calculated 
using the following equation (1). 

c r  = c r  + w r  x (1) 

Namely, the contact stress cr~ should be added the value multiplied the axial stress 
Crx by the Poisson's ratio v. Therefore, in this sturdy, the analytic value to compare the 
experimental value was defined as the ~ ' .  

Fig. 11 (a) and (b) show the relationship between the ~" and distance from inner 
edge d for cra=160 MPa, h*=l.0 mm and for ~a=160 MPa, h*=5.0 ram, respectively. 
From both figures, at the maximum load of the stress amplitude (~ra ~,ox), the ~" 
concentrated inside contact surface and decreased outside where the crack generation 
side was found. This phenomenon is thought to be due to the deformation of the bridge 
pad leg pushed out toward outside by tuning the elongation of specimen when stress 
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amplitude was loaded. The difference in the analytical results was little, but the 
experimental value was higher than analytical value. Especially, at low h*, the effect was 
more remarkable. This phenomenon is thought to be originated in the change of the 
contact area by the abrasion. At the minimum load of stress amplitude (era re,n), the contact 
pressure distribution was about the same as the result at (ra=0 MPa because the stress 
ratio was 0.05. 

Fig. 11 (c) shows the contact stress distribution for o-a=250 MPa, h*=5.0 ram. At 
the cr~ max in the higher (r~ level, the ~ '  increased in all the measurement area and the 
average contact pressure P increased. Because the ~"  contains the axial stress crx, the crz" 
increased as increasing of the stress amplitude cr~ by the effect of  the crx. At the cr~ m~, in 
the higher era level, the Crz" was considered to significant increasing as much as the inside 
on the contact surface, since the deformation of bridge pad leg became larger as the tra 
was higher. 

Fig. 12 shows the fretted damage surface observed after the fretting fatigue test for 
P=200 MP, cra=160 MPa at N = 6• 103 cycles. Although the Nf~t was low cycles, the wear 
damage at both edges of  contact surface was severe and these were shaved off owing to 
the abrasion. It is thought that because of the change of  the contact area by abrasion, the 
peak of the actual ~"  was generated inside from the peak point of  the ~"  by FEM. 

Fretting Fatigue Damage 

The two-stage tests were carried out to investigate the fretting fatigue damage. The 
tests were performed to the cycles Nf~et on the process of the fretting fatigue tests, and 
then to the cycles to failure or to the cycles 2x10 6 with detaching the bridge pads. Fig. 13 
shows the results of  the two-stage tests. Relations between fretting fatigue cycles Nym and 
the total cycles Nt which is the sum of Nf~a and the subsequent cycles are shown in the 
figure. The fatigue strength is defined as the strength at 2x10 6 cycles in this test. From 
Fig. 13, the result is divided into three stages as follows; Stage 1: Nt is non-failure period, 
Stage 2: Nt is longer than Nf, Stage 3: Nr is approximately the same as Nf because of the 
saturation of the fretting damage. The marks of  the solid circle in the Stage 1 show the 
number of  cycles of  fretting fatigue limit Nfret-hm [14]. Fretting fatigue limit N~t-h,, means 
the minimtLrn cycles of  Nf~et on the Stage 1 required for failure of  specimen by plain 
fatigue without fretting on the Stage 2. The ratio of  fretting fatigue limit for fretting 
fatigue life Nf~t-hm/Ny were 7% for h*=0.5 and 1.0 ram, 13% for h*=3.0 ram, 20% for 
h*=5.0 ram. Namely, Nf~et-z,,,/Nf decreased as decreasing of  the h*. At low h*, the crack 
reached to the critical crack size earlier, because the period of crack initiation and the 
crack propagation rate was accelerated by the effect of  the frictional force [15]. As a 
result, the fretting fatigue life seems to be decreased as decreasing of the h*. 
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Figure 12-Contact surface and positions of  strain gauge measurement. 
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Figure 13-Result of the two stage tests. 

Conclusions 

In order to investigate the effect of shapes of contact pad, the fretting fatigue tests 
and two-stage tests by using the bridge pad with different leg height were carried out in 
SNCM439 steel. Then, the contact stress distribution in the vicinity of the contact surface 
was measured by using a 5-element strain gauge, and the FEM analysis was conducted to 
compare with the experimental results. 
1. Difference in the fretting fatigue strength between the conditions of leg height h* of 
0.5 and 1.0 mm was a little, while in the range of the h* of 1.0 to 5.0 mm, the fretting 
fatigue strength decreased as decreasing of the h*. 
2. Difference in the frictional force F between the conditions of the h* of 0.5 and 1.0 mm 
was a little, while in the range of the h* of 1.0 to 5.0 mm, the F increased as decreasing 
of the h*. 
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3. Relative slip amplitude calculated by FEM decreased as increasing of h* because of 
the deformation of the bridge pad leg, and then, the stick area occurred with the higher h* 
condition. 
4. At the maximum load of stress amplitude, the contact stress ~ concentrated inside the 
contact surface and decreased outside where was the crack generation side. And, the 
contact stress distribution measured by using the subminiature 5-element strain gauge 
was affected by the axial stress crx. 
5. As a result of the two-stage test, the fretting fatigue limit decreased as decreasing of h* 
by the effect of the frictional force. 
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Abstract: The effect on fretting fatigue life of applying periodic overloads and two-level 
block loading has been investigated, and the applicability of  Miners damage 
accumulation under fretting fatigue loading conditions has been tested. The application of 
single 150% overloads at given intervals had a considerable effect on life, with life 
extensions on the order of  two being observed for overload application intervals of  10 z to 
104 cycles. Miner's law was unable to predict the life extensions found. Two-level block 
loading spectra were applied in which the single overloads were made equivalent to a 
high-level loading block consisting of a single cycle. The effect of  increasing the number 
of  overloads in a high-level block was investigated. It was observed that as the proportion 
of cycles in the high-level block was increased, the damage accumulation became 
dominated by the high-level loading. The effect of lower-level constant amplitude 
loading was to extend life and delay the damage process. A hypothesis based on the 
contact stress analysis and tangential force hysteresis loops has been proposed and 
successfully explains all of  the variations in fretting fatigue life observed. Miner's law 
cannot be confidently applied for the loading conditions tested. 

Keywords: fretting fatigue, block loading, overloads, variable amplitude loading, Miner 

Introduction 

Almost all laboratory research in fretting fatigue has been carried out under conditions 
of constant amplitude loading (CAL). However, real-life loading is invariably variable 
amplitude by nature. Real-life complex loading spectra are frequently approximated by 
block loading tests in the laboratory. In order to calculate life under block loading 
conditions, a damage law such as Miner's rule, given in equation (1), is required. 
However, as Miner's law is empirical and based on limited fatigue data, it may not be 
accurate for all conditions. This fact was underlined by Troshchenko et al. [1] who found 
during an extensive review of the literature, considerable scatter in damage summations. 
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With this in mind, equation (I) can be re-written as equation (2), where a is the actual 
damage sum for the test. I f a  is greater than unity then Miner's law gives a conservative 
prediction for fretting fatigue life, and i fa  is less than unity Miner's law gives a non- 
conservative prediction of fretting fatigue life. 

n i  = 1 
i~1 N, (1) 

where n, is the number of fatigue cycles of stress amplitude ~ in the i th block and Ni is the 
number of cycles at ~ required to induce failure under constant amplitude loading 
conditions. s .~n; = a (2) 

_ N i 

The first significant paper on variable amplitude loading was that of Gassner [2] in 
1963, who found that the strength reduction caused by fretting was less marked under 
VAL conditions than under CAL conditions. In a series of investigations into fretting 
fatigue under Gaussian-type loading [3, 4, 5], Edwards investigated the effects on fretting 
fatigue life of applying two types of VAL spectra; Gaussian random loading (GRL) and 
programmed random loading (PRL). The PRL spectrum was similar to the Gaussian 
spectrum but with higher peak stresses. It was found that GRL was less damaging than 
CAL, and PRL was less damaging still. Thus agreeing with Gassner's findings. In 
contradiction, Mutoh et al [6] found that GRL was actually more damaging than CAL, 

Van Leeuwen et al [7] carried out one of the first studies into fretting fatigue under a 
simplified aero-engine spectrum; namely a low-amplitude, high-frequency "ripple" 
superimposed on a main high-amplitude low-frequency crenelated waveform. It was 
concluded that the additional ripple accelerated fretting and crack initiation but did not 
affect crack propagation. More recently Cortez et al (1999) [8] compared the effect on life 
of applying similar spectra, where 500 low-amplitude cycles at 200 Hz were superimposed 
onto a high-amplitude crenelated waveform at 1 Hz, with CAL tests at 200 Hz and at 1 
Hz. It was found that the VAL fretting fatigue lives fell within the scatter bands of the 200 
Hz CAL results and that Miner's rule provided reasonable, but slightly non-conservative, 
predictions of VAL fretting fatigue lives. Similar results were found by Szolwinski et al 
[9], and Iyer and Mall [10]. 

Mutoh et al [11] studied the effects of two-level block loading on fretting fatigue and 
investigated the accuracy of Miners summations. It was found that when the number of 
blocks to failure was high, the linear damage law (LDR) held for fretting fatigue. 
However, for a low number of blocks to failure, the damage in the first block seemed to 
significantly influence the cumulative damage value and failure. Troshchenko et al [1] 
also studied two-level block loading spectra, consisting of greater than ten blocks until 
failure for fretting fatigue. It was found that at failure, the damage accumulation on the 
high step remained close to unity, irrespective of the loading regime. However, on the low 
block step, the damage process was inconsistent with the linear damage rule. 

Hooper and Irving [12] investigated the effects of applying single overloads to a CAL 
spectrum at a range of cycle intervals. It was found that the fretting fatigue life was highly 
dependent upon the overload application interval and overload amplitude, with life 
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increasing by a factor of 2-3 for the application of 150% overloads every 100-10 000 
cycles. Linear damage summations under predicted life by up to a factor of 2. Analysis of 
the tangential force hysteresis loops showed that a shift in the stick-slip boundaries at the 
contact patch took place on overload, and that damage was therefore accumulating at more 
than one location, with consequent increase in life. In the present work, these results have 
been extended into the two-level block loading regime, and changes in life and accuracy 
of Miners rule are further investigated. 

Experimental 

The experimental configuration is shown in Figure 1 and has been described in detail 
previously [12]. The bulk axial load is applied using a 30 kN servo-hydraulic fatigue 
machine equipped with digital control allowing variable amplitude spectra to be applied. 
All tests were carried out at 5 Hz and at an R-ratio (minimum axial load/maximum axial 
load) of 0.1. Overload tests consisted of constant amplitude loading (CAL) with single 
150% overloads [12] applied at specified cycle intervals. The overload starts and finishes 
at the minimum load of the CAL cycles. In the case of two-level block loading tests, all 
blocks have R = 0.1, to allow application of Miner's law by direct comparison with 
previous produced CAL stress-life (S-N) data. The normal load P is applied via calibrated 
spring-loaded bolts. The value of P was chosen to give a peak Hertzian contact pressure of 
160 MPa. The selected combination of contact stress, pad radius and sample alternating 
stress resulted in the contact area being in the partial slip regime. Partial slip is the most 
damaging slip regime with respect to the specimen life [13]. 

P 

(1) ~ a 

, 
P 

Figure 1 - Test Configuration and Loading Condttions 

The specimens, (1) on Figure 1, were machined from A1 2618-T6 forgings and had a 
rectangular gauge length, of cross section 12ram x 7mm. The specified ultimate tensile 
strength and 0.2% proof strength of the alloy were 430 MPa and 340 MPa, respectively. 
The steel fretting contact pads (2) were machined with a cylindrical surface, chosen to 
give a contact stress distribution calculable using well-established expressions. Edge 
effects and digging-in problems associated with flat and bridge type fretting pads were 
thus avoided [14]. A radius of curvature rc = 220 mm was chosen for the fretting pad to 
give a contact semi-width greater than the critical size found for similar materials in the 
tests ofNowell & Hills [15]. Strain-gauged bridges, (3) on Figure 1, were used to hold the 
fretting pads in place. The strain-gauge output was used to monitor the tangential force, 
Qt, induced at the contact interface due to friction when stress was applied to the 
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specimen. Under sliding conditions, the tangential force equals the frictional force, i.e. the 
product of the coefficient of friction and normal force. The tangential force was 
monitored throughout each test. 

The extent of slip during fatigue was derived by plotting tangential force against 
applied bulk axial stress. As sample loading is elastic, load will be directly proportional to 
displacement at the contact patch. Plots of tangential force against axial stress will be 
equivalent to plotting tangential force against contact patch displacement. The resulting 
hysteresis loop shape indicates the slip regime [16]. There are three possible slip regimes 
in fretting; stick, partial slip and gross slip. The associated hysteresis loop shapes are 
linear, elliptical and parallelepiped, respectively [16]. The width of the loop provides an 
indication of partition between slip and stick regions in the partial regime. 

Single overload tests 

A CAL cycle will be defined as an overload of 100% amplitude. In this series of tests, 
single overloads of 150% amplitude were applied at intervals. An example overload event 
is given in Figure 2. The CAL axial stress amplitude, crcnz, was 60 MPa for all overload 
tests, i.e. the stress range is 120 MPa for the CAL cycles. Earlier tests by the authors gave 
the fretting life for a CAL test with CrCAL = 60 MPa to be 4.4x105 cycles [12], shown as a 
dashed line on Figure 3. 
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Figure 2 - Typical Overload Spectrum; 150% Overload 

Effect of Overload Application Frequency 

Overloads of 150% amplitude were applied at intervals of Ixl05, 2x104, lxl04, 1000, 
100, 50, 20, 10 or 5 constant amplitude loading cycles. Figure 3 compares the fretting 
fatigue lives for each of these tests. It can be seen that fretting fatigue lives are highly 
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dependent on the frequency of  overload application. A maximum life, which is over twice 
that of the CAL test, exists when 150% overloads are applied every 1000 cycles. At 
overload application intervals of greater than 2x 104 cycles, the fretting fatigue lives tend 
towards that of CAL tests. The fretting fatigue lives are considerably lower than under 
CAL for tests with overload application intervals of  20 cycles or less, A curve 
representing Miner's law predictions is also shown in Figure 3. 
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Figure 3 - Effect on Life of Overload Application Frequency 

From Figure 3 it can be seen that Miner's law is only valid for small overload 
application intervals (20-100 cycles) and for very large intervals (>105 cycles). For 
intermediate intervals Miner's law under estimates life by a factor of  approximately 2. 

Tangential Force Hysteresis Loops and Effects of Overloads 

Figure 4 shows a typical elliptical tangential force hysteresis loop for a CAL test at 
~cAz = 60 MPa. The form of the loop is characteristic of  the partial slip regime. The 
tangential force scale has been normalised to allow direct comparison between hysteresis 
loops for CAL and overload tests, by setting the Qt,,,,, to zero. The effects on the hysteresis 
loop shape of  applying single 150% overloads is shown in Figure 5. The subscripts 1 and 
2 correspond to the CAL cycles immediately before and after the overload application. 
The important parameters are the tangential force range, AQt, and the deviation of  CAL 
hysteresis loop position from the pre-overload position. From Figure 5 it can be seen that a 
shift in the mean tangential force, AQt:n .... value occurs with the application of  an 
overload. This implies a movement of  the stick-slip boundaries in the partial slip contact. 
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The CAL tangential force range, AQt, undergoes negligible change when an overload is 
applied. 
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Figure 4 - CAL Tangential Force Hysteresis Loop 
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Figure 5 - Effect of 150% Overload on CAL Tangential Force Hysteresis Loop 

Relaxation Tests 
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Tests were carried out applying a 150% overload and monitoring the tangential force 
hysteresis loops over the next 2x104 CAL cycles. Figure 5 shows the results of the test for 
the application of a 150% overload. The tangential force axis has been normalised to zero 
for comparison purposes. The post-overload CAL hysteresis loop moves back towards the 
pre-overload CAL hysteresis loop position within approximately 6500 cycles of the 150% 
overload application (averaged over three tests) and remained in the original equilibrium 
position throughout the remainder of the 2x104 cycles. However, the rate of relaxation is 
not linear and the size of return shift over the first 1000 post-overload cycles increases 
with increasing overload size. 
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Figure 6 - Relaxation Test for 150% Overload Application 

Application of Overloads to Non-Fretting Plain Fatigue Tests 

Overloads o f r0  MPa greater than the CAL range were applied to specimens subjected 
to simple non-fretting fatigue. A life reduction of 80% was found for the test with 
overloads every lxl03 cycles. This suggests that the increases in life due to applying 
overloads at similar frequencies in fretting fatigue tests were due to a contact 
phenomenon, and not a material characteristic. 

Transit ion f rom single overload to b lock loading 

The single overload tests reported in section 3 can be equated to two-level block 
loading tests where the higher level block consists of a single cycle. An example of a two- 
level block loading spectrum is given schematically in Figure 7. The spectrum consists of 
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two blocks, of  different amplitude and different numbers of  cycles, which are repeatedly 
applied until failure occurs. 

The aim of  this series of  tests was to observe the effect on fretting fatigue life of  
increasing the number of  cycles in the higher level block systematically, from 1 cycle to 
1000 cycles. The number of  cycles NA in the lower level block (era = 60 MPa) was kept 
constant at 5000 cycles for all tests. The number of  cycles NB in the higher level (orb = 90 
MPa) blocks were 1, 10, 100, 250, 500, 750, or 1000 for the relevant test. All blocks had 
an applied R-ratio of  0.1. Figure 8 shows the variation in total number of  cycles to failure 
Nvs.  the number of  cycles in each high level block N~. 

Applied 
stress 

o" [MPa] 

~N~ ~ I I 

. . . . . . .  I 
I I 

!,1,2 t -  ', o'A [~_ . . . .  
_ . Y  . . . . . . .  I 

> 
time or cycles 

Figure 7 -Two-Level Block Loading Spectrum 
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It can be seen from Figure 8 that increasing the number of  cycles in the high level 
block Ne from 1 to 100 cycles does not seem to have an effect on the total number of  
cycles to failure. However, there is a marked decrease in the total failure life as NB 
increases from 100 to 1000 cycles. The predicted failure lives using CAL S-N data and 
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Miner's law is shown by the grey curve. There is an obvious difference between the 
experimental and predicted lives for most of the tests. A comparison between the 
experimental results and damage summations for each loading level, a(crA)and a(crB), and 
total damage sum, aror, for each of the tests in this series is presented in Table 1. 

Table 1 - Miner's damage summations for "transition '" test conditions 

Test po ~A ~B 
[MP~ [MP~ [MP~ 

A 160 60 90 
B 160 60 90 
C 160 60 90 
D 160 60 90 
E 160 60 90 
F 160 60 90 
G 160 6O 90 
H 160 60 90 

NA:NB Life, N 
[cycles] [cycles] 
5000:1 1.305x10 ~ 
5000:10 1.166x106 
5000:100 a 1.122x10 ~ 
5000:100 b 1.205x106 
5000:250 8.132 xl05 
5000:500 5.950x105 
5000:750 4.801 xl05 
5000:1000 3.042x 105 

a(crA) a(trB) aror 

2.966 0.003 2.968 
2.645 0.026 2.671 
2.501 0.244 2.744 
2.685 0.263 2.948 
1.760 0.430 2.190 
1.229 0.601 1.830 
0.949 0.696 1.644 
0.576 0.563 1.139 

Tangential Force Hysteresis Loops for Block Loading Tests 

From the single overload test results, it was observed that applying a single 150% 
overload caused a shift in the mean tangential force of the CAL hysteresis loop. These 
changes have been previously used by the authors [12] to explain the life increases shown 
in Figure 3. The hypothesis proposed is included in the discussion. Therefore it is 
important to see how effectively applying repeated overloads to make up the high-level 
block affects the tangential force hysteresis loops. 

Figure 9 gives a schematic representation of the two-level block loading spectrum, and 
will be used to show the variation in tangential force hysteresis loops throughout a test. 
Figure 10 (a - e) shows the variation in tangential force throughout the transition from the 
low level block to high level block and back to the low level block for test F, where N8 = 
500 cycles. 

Figure 10a shows a CAL cycle of era = 60 MPa. The resulting hysteresis loop is of 
elliptical form and therefore representative of partial slip. Good agreement with Figure 4 
can be seen, although the loop in Figure 10(a) is less uniform. The authors believe that this 
is likely to be due to the build-up of debris causing damage on the fretting pad surface, as 
the measurements were taken after 3.95x105 cycles. Foundation for this view comes from 
the fact that the CAL cycle of trA= 60 MPa after the application of the high-level cycles 
shows similar non-uniformity. 

Figure 10b shows the tangential force hysteresis loop for the transition cycle from the 
low-level block to the high level block, i.e. point B to point C on Figure 9. This cycle is 
similar to that of the single overload cycle in section 3, but the minimum load at point C is 
greater than that at point B, hence the loading cycle and therefore the hysteresis loop are 
incomplete. 
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Figure 10c shows the first complete high level CAL cycle of crs= 90 MPa. The 
resulting hystersis loop is also elliptical, although the degree of hysteresis is much larger. 
This implies that partial slip still results over the contact interface, but the fraction of the 
interface undergoing slip is greater, as would be expected. 
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Figure 10d shows a hysteresis loop representative of any of the other CAL cycles in the 
high level loading block. There is no further movement in hysteresis loop position, with 
respect to Qt, until the transition back to the low-level block occurs. 

The transitional loading cycle from the high-level block to the low-level block, i.e. 
point G to point H on Figure 9, and the respective hysteresis loop are over-complete as the 
minimum load at point H is lower than that at point G. 

Figure 10e shows the first post-overload low-level CAL cycle. A shift in mean 
tangential force, compared to the pre-overload cycle, similar to that found in the single 
overload tests (Figure 5) is observed. Subsequent cycling at era = 60 MPa sees a general 
"relaxation" of the hysteresis loop back to the pre-overload equilibrium position, similar to 
Figure 6. A close relationship is therefore observed between the hysteresis loop behaviour 
of block loading and single overloads. 

Discussion 

Fretting fatigue endurance is influenced by the stress distribution within the contact 
region. The localised stresses within this region are well-established for the case of a 
cylindrical fretting pad in contact with a flat specimen. Applying a normal force to the 
cylinder will cause a parabolic pressure distribution at the contact interface, as proposed 
by Hertz [17]. Mindlin [18] developed equations for the shear traction distributions arising 
in a Hertzian contact. These shear traction distributions were later modified by Nowell and 
Hills [15] for a typical fretting fatigue situation, considering the effect of applying a bulk 
axial load to the specimen that is not directly applied to the fretting pads. The effect of this 
additional load is to cause an eccentricity e of the central stick region, therefore producing 
a large slip region at the trailing edge of contact and a small, almost negligible, slip region 
at the leading edge of contact. The associated stress peaks at the stick-slip boundaries are 
also modified, with a major peak occurring at the trailing edge boundary. Figure 11 shows 
a simplified approximation of the shear traction distribution for a fretting fatigue test 
operating under partial slip conditions. 

Under conditions of CAL, crack initiation invariably occurs at the trailing edge stick- 
slip boundary, i.e. at the position of peak contact stress. Therefore it can be assumed that 
this localised stress peak is the driving force in the initiation and early propagation of 
fretting fatigue cracks. The current authors have previously used this assumption, along 
with the changes in tangential force hysteresis loop due to the application of an overload, 
to explain the considerable variation in fretting fatigue life with overload application 
interval, as shown in Figure 3 [12]. For completeness, the hypothesis will be reproduced 
here with the aid of Figure 12, which schematically shows the variation in peak contact 
stress position due to the application of an overload. 

During the application of an overload of amplitude aB, the size of the stick region 
decreases and the eccentricity of the stick region increases [15]. Therefore a smaller stick 
region exists, centered closer to the leading edge of contact, as shown in Figure 12(a). 
Referring back to the tangential force hysteresis loops for the application of an overload, 
Figure 5, it is observed that the overload cycle does not fully complete before the CAL 
cycling of era re-starts. As the overload cycle is not closed, it implies that the reverse slip 
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back to the original situation has not fully occurred. Hence, for the application of the post- 
overload CAL cycling, the new stick region will be centered over a similar section of the 
specimen as for the overload cycle. The eccentricity decreases due to the lower applied 
axial stress, so that the CAL stress conditions result but over a different area of the 
specimen surface to the pre-overload CAL cycle, as shown in Figure 12(b). 

a) 
contact configuration K,,...._ I~  P F r e t t i n g ~  J Sp/p~cimen 

~ iii iiiiiiiiii::i::iiiiiiii iiii iiiiiiii!iii F 
b) contact stress distribution 
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Figure 11 - Contact Region Stress Analysis and Suggested Stick-Slip Regions from [15] 
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Figure 12 - Changes in Shear Traction Distribution due to Application of an Overload 

Figure 6 showed that the shift in the CAL hysteresis loop position, due to the 
application of the overload, gradually returned to the original pre-overload equilibrium 
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position during subsequent cycling at erA. For the overload amplitude used in this study, 
the number of CAL cycles required for complete return was approximately 6500 cycles. 
This implies that the post-overload CAL peak in Figure 12(b) moves over a region of the 
specimen surface until it reaches the equilibrium position shown in grey after 6500 cycles. 
This movement of the peak stress means that damage will be accumulating at a number of 
spatially separated points and the damage at each site will be less than if there were only a 
single location. Therefore the number of cycles required for crack initiation and early 
propagation of a fretting fatigue crack is increased. This hypothesis has previously been 
used to explain all of the points in Figure 3 [12]. 

Considering the block-loading test results from section 5. From Figures 9 and 10, it can 
be seen that the effect on tangential force hysteresis loops of applying a block of overloads 
OrB is similar to that of applying a single overload, in that a similar shift in the pre-overload 
and post-overload CAL (erA) hysteresis loop position occurs. This implies that the 
hypothesis proposed can also be used to explain the effects on life of applying blocks of 
various numbers of cycles of overloads. From Figures 10(e) and 10(d) it can be seen that 
applying additional overloads in the high-leVel block does not cause any further 
movement in the stick-slip boundaries. Instead the tangential force hysteresis loops are 
identical for all overload cycles. Implying that the overload block can be assumed to be 
under similar conditions to a CAL test of ~rB. Therefore if the number of cycles in the 
high-level block are great enough, a crack nucleation process can occur that would 
compete with the crack nucleation process of the CAL cycles of erA. Table 2 shows the 
individual contributions to the Miner's damage sum from the low-level and high-level 
blocks. In all cases, the damage due to the low-level blocks is very high (>unity). 
However, this does not account for the movement of the peak stress condition. Therefore 
the majority of the low-level cycles that make up the damage sum have a very minor 
effect on the actual damage mechanism. 

Figure 8 shows that the effect of high-level block size on life can be separated into two 
regions. There is a negligible effect on life of increasing the number of cycles in each 
individual high-level block from 1 (single overload) to 100. It can be seen from Table 2 
that for this range of numbers of  high-level cycles NB, the damage sum due to the high- 
level loading is negligible, and therefore is not sufficient to create a competing crack 
nucleation process. However, when the number of cycles in each high-level block is above 
100 cycles, there is an obvious effect Of NB on fretting fatigue life. Increasing the number 
of CrB cycles causes life to decrease. This corresponds to an increase in the damage sum 
due to the high-level loading blocks, as shown in Table 1. Hence it is fair to assume that as 
the proportion of high-level cycles to low-level cycles increases, the damage mechanism is 
increasingly due to the high-level cycles because only a fraction of the low-level cycles 
occur at any given point on the specimen surface. As the number of cycles in the high- 
level block increases above 100, the damage accumulating at the peak stress location 
under OrB becomes increasingly dominant and the total life reduces. 
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Conclusions 

1. In single overload tests, where 150% overloads are applied at given intervals of CAL 
cycles, the interval of overload application has a large effect on fretting fatigue life. 
2. Applying 150% overloads every 1 x 102 - 1 x 10 4 cycles causes fretting fatigue life to 
increase by a factor of two. Miner's law is unable to predict these life variations. 
3. As the number of high-amplitude cycles in a two-level block loading test is increased, 
the fretting fatigue life decreases. 
4. The damage accumulated during the high-level loading has the largest influence on 
fretting fatigue life. 
5. A hypothesis has been proposed, based on the shear traction distributions and 
tangential force hysteresis loops, that successfully explains the life variations found in 
both single overload and block loading tests. 
6. Miner's law cannot be confidently applied for the loading conditions tested. 
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Abstract: The fretting problem is of particular interest to the damage tolerant 
design of turbine blades in today's gas turbine engines. The exotic environment, 
high-frequency, and variable amplitude load history associated with the dovetail 
blade/disk connection create a critical location for fretting induced crack nucleation. 
With little work having been done on investigating fretting contact behavior at 
high-frequencies and variable amplitude load spectra, sufficient impetus has been 
generated to better characterize these two currently ambiguous fretting factors. The 
threat of early crack nucleation and propagation due to these fretting conditions has 
led to several major research efforts aimed at explicating the high cycle fatigue 
(HCF) and low cycle fatigue (LCF) interaction and behavior of advanced materials 
used in modern aircraft turbomachinery. As a part of this effort, a 
well-characterized experimental setup has been constructed to aid the observation 
and analysis of the aforementioned frequency and loading factors in fretting. A 
detailed description of the designed high-frequency fretting rig is presented. 
Significant vibration and bending results observed during high frequency operation 
suggest further design modification for improved specimen and pad alignment. 
Preliminary experimental observations illustrate crack nucleation and failure in 
specimens subjected to operational frequencies between 100 and 350 Hz. A stress 
invariant equivalent stress life model is employed for comparison of predicted and 
observed experimental crack nucleations. The paper concludes with suggested future 
work aimed at experimentally explicating the frequency and variable amplitude 
factor effects in fretting fatigue. 
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Introduction 

Fretting and fretting fatigue phenomena arise whenever there exist two 
contacting surfaces subjected to a vibration or repeated load. Though fretting 
fatigue plagues machinery of all kinds, aircraft components and materials that are 
continually driven to the limit of their load capacities for light weight design are of 
particular interest to the fretting research community. Specific components 
susceptible to fretting fatigue in aircraft include control surface hinge point bearings, 
spline connections, pin joints, clamps [1], riveted lap joints [2-~], and of particular 
interest to this work, dovetail turbine blade/disk connections (Figure 1) [5]. Fretting 
in such turbomachinery components has become a focus of current research [6-8]. 

Recent estimates hold that possibly one sixth of all damage events associated 
with United States Air Force (USAF) engine hardware are in relation to high-cycle 
fatigue damage via fretting and galling [9]. When considering the possible aftermath 
resulting from high speed turbomachinery and subsequent aircraft engine failure, the 
reality of such a threat becomes clear. The blade/disk contact surfaces see a 
complex variable amplitude, variable frequency load history during the course of any 
given mission. In particular, the interaction between HCF and LCF load spectra has 
the potential for significant reduction of aircraft component fatigue lives. Except for 
early work [10], research efforts in fretting fatigue have focused almost exclusively on 
low frequency (5-20 Hz) with constant amplitude loading waveforms [11]. However, 
high-frequency engine vibration and unsteady aerodynamic flow over the blade lead 
to complex, multi-axial, cyclic stress fields and sharp stress gradients at the fretting 
contact. To successfully characterize the effects of frequency and random load 
histories on fretting contact, a well-characterized, robust experimental setup must be 
developed. 

Both frequency and variable amplitude (or random) loading are considered 
mechanical variables involved with the fretting and fretting fatigue processes. This 
fact suggests a mechanics based approach to modeling. Such a mechanics based 
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approach has been proposed and experimentally verified for prediction of fretting 
fatigue crack nucleation for a specimen subjected to a constant amplitude, fully 
reversed loading history [12, 13]. Limited work has been done for both high 
frequency and variable amplitude loading schemes with regard to fretting fatigue, 
however. 

Published literature has shown that the majority of all fretting fatigue tests 
have been carried out with constant amplitude stress cycling. Variable amplitude 
investigations have been greatly discouraged due to lack of success from current 
cumulative damage schemes particularly with regard multi-axial cumulative damage 
laws. Though there has been some success in showing Miner's rule to demonstrate 
qualitative agreement with random loading fretting fatigue experiments [1~{, 15], 
little confidence has been put in the varying quantitative results. 

Waterhouse performed an excellent survey of the fretting fatigue factor 
effects [11] in which he observed that little has been done with the frequency factor 
in fretting fatigue since the work of Endo and Goto [10, 16]. This work as well as 
others [17, 18] showed that the fretting and fretting fatigue strength of the materials 
increased as the frequency increased. It was also observed that the coefficient of 
friction decreased with an increase in frequency of relative movement [16, 19] 
leading to a decrease in fretting wear rate at higher frequencies [18]. These results 
suggested that the frequency effect was related to the environment and 
corresponding oxidation rate. It was concluded that as the frequency increased less 
time was available for chemical oxidation to occur. By effecting oxidation, the 
frequency factor influenced the coefficient of friction which in turn effected the 
contact stresses, surface wear, and overall fretting fatigue life of the specimen. 

Current research has shown a trend toward fretting fatigue investigation at 
relative slip frequencies of 200 Hz [15] and 300 Hz [19], more than an order of 
magnitude greater than previous research. This frequency shift was motivated by a 
growing interest in devising design methodologies capable of avoiding or minimizing 
HCF damage arising in gas turbine engine fan, compressor or turbine blade 
components. 

No formal definition of high cycle fatigue (HCF) has been given except through 
its relation to its larger load amplitude, lower frequency counterpart - low cycle 
fatigue (LCF). HCF is best defined with regard to turbomachinery because blades 
see both LCF load histories resulting from engine spool-up and HCF load histories 
due to engine vibrations and unsteady flow over the blades. Historically, only the 
higher amplitude LCF loading component was considered without any inclusion of 
HCF loading or HCF/LCF interaction effects. However, it has been shown that 
HCF loading can in fact produce significant reductions in the LCF life of a 
component [8], and the effect becomes more pronounced as the amplitude of the 
HCF loading cycle increases. 

With a growing need for aircraft safety while pushing both the performance 
and service life envelope, the necessary development of a robust damage tolerant 
design approach is evident. To achieve this goal, a clear experimental observation 
and modeling of currently ambiguous frequency and loading effects on fretting 
fatigue is required. It remains to design and implement a cost effective, well 
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controlled, well characterized fretting rig capable of aiding a rigorous mechanics 
based investigation of frequency effects in the fretting process. 

Designing the  Contac t  

To produce the small amplitude, oscillatory, relative tangential motion 
associated with fretting contact, any fretting experimental rig must be designed to 
generate contact between two bodies via the application of a clamping or normal 
load, P, followed by an oscillatory tangential load, Q. The tangential load is 
associated with the development of global sliding if Q is greater than the average 
coefficient of friction times the normal load (#P) or partial slip if Q < #P. For 
meaningful analysis and determination of critical parameters associated with fretting 
contact, it is mandatory that a clear understanding of contact tractions and stresses 
be monitored continuously throughout the experiment. To allow for a rigorous 
analysis of contact pressure, shear traction distribution, and interior stress fields, the 
current design adopted a fretting contact geometry similar to that originally devised 
by Bramhall and O'Connor [20, 21] and implemented by Hills and Nowell [22]. This 
geometry was also chosen because of its successful use with mechanics based life 
predictions models [13]. The current design was built around a standard uniaxial 
test specimen which was subsequently clamped between two cylindrical pads to 
produce the classical Hertzian contact (Figure 2). The pad and specimen geometry 
choice allows for many variations in contact geometry to be investigated. Pad 
geometry can be machined to cylindrical profiles [22], spherical profiles [23], or any 
variation of a nominally fiat pad with rounded edges [23]. The chosen specimen 
geometry conforms to currently accepted standards for constant amplitude uniaxial 
fatigue test specimens (American Society for Testing Materials E 466-96). 

Fret t ing Test F ix ture  

A common fretting fixture scheme used in fretting fatigue experimental 
investigations can be seen in Figure 3a [13]. Both Figures 3a and 3b illustrate two 
contacting cylindrical pads of radius R subjected to a cyclic tangential load of small 
enough magnitude (IQI < #P) to achieve a condition of partial slip. In Figure 3a 
after applying a normal load to introduce a contact, the oscillatory tangential load 
can be generated by applying a cyclic bulk load, AL, to the free end specimen. As 
pad moves with the specimen, the spring force resulting from the stiffness of the 
fretting chassis resists the motion of the pad and generates an in-phase tangential 
force, Q. The disadvantage in implementing this design scheme for high frequency 
applications arises from the large amplitude of cyclic bulk load required. One of the 
complications associated with high frequency operation is the apparent inverse 
relationship between load and frequency. 

Previously successful low frequency (5-20 Hz) fretting fatigue test fixtures have 
relied on custom fretting fixtures mounted on standard uniaxial servohydraulic 
fatigue test frames [13, 22]. Higher frequencies put severe demands on the hydraulic 
actuators in these test setups and lead to significantly reduced tangential and bulk 
load histories. Significantly increased operational frequency can also compromise the 
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Figure 3 - A schematic of single-actuator fretting fatigue fixture schemes where (a) 
the tangential load is indirectly generated via a cyclically applied bulk load [13], and 
(b) the tangential load is directly applied resulting in an indirectly generated cyclic 

bulk stress. Note that this is for a condition of partial slip (~QI < #P). 

integrity of the hydraulic seals in the system. These two observations suggest two 
areas of design modification: (1) investigate the increased control and frequency 
range inherent to electric systems in efforts to realize the order of magnitude 
increase in testing frequency, and (2) devise a way to generate comparable tangential 
force magnitudes but circumvent the necessary cycling of the large amplitude bulk 
load. The second design modification follows necessarily from the first because 
electric actuator technology requires significantly lower operational loads than those 
characteristic of lower frequency servohydraulic systems. 

Figure 3b proposes an alternate fretting fixture configuration which escapes the 
necessary cycling of the bulk load for indirect application of Q in Figure 3a by 
cyclically loading the fretting pads instead of the specimen. This represents the 
inverse configuration of Figure 3a in that the tangential load is directly applied and 
the bulk stress indirectly results from the cyclic tangential loading of the contact. 
This loading scheme exchanges an increase in magnitude of the cyclic tangential 
load with a reduction in magnitude of cyclic bulk load amplitude. By implementing 
this fixture style and state-of-the-art piezoelectric technology, a high frequency 
fretting fatigue load frame has been designed (Figure 4). 

Superstructure 

The designed high frequency fretting rig was constructed and mounted on a 
custom built n~achine base. Standard vibration dampening feet were used to 
minimize vibrational response of the rig during high frequency operation. The 
machine base also served as a house for the high voltage amplifier used to power the 
piezoelectric actuator, and as a place to mount the hydraulic hand pumps for the 
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Figure 4 - A schematic of the designed high-frequency fretting fatigue load frame and 

self-alignment fixture used for axial alignment of the fretting specimen. 

bulk stress hydraulic loading cylinder. The fretting test fixture and load train was 
built between three 25 mm (1 inch) thick hot rolled steel base plates each separated 
by four 25 mm diameter, solid, chrome plated, 440C Stainless Steel shafts (see 
Figure 4). The overall height of the rig is approximately 1.83 m (6 feet) from the 
ground to the top base plate. The 610x356x25 mm (24x14xl inch) base plate of the 
rig was bolted to the 762x610x25 mm (30x24xl inch) Mattison ground stainless steel 
top of the machine base. The middle base plate serves as an anchor for the bottom 
grip and a support plate to maintain alignment of the linear bearings used in 
tangential load transfer from the piezoelectric actuator to the contact surface. The 
top base plate is threaded to anchor the bulk loading hydraulic cylinder and allow 
for application of an initial tensile bulk stress to the fretting specimen. 

Bulk Stress Application 

Though the experimental rig generates an oscillating bulk stress via the 
cyclically applied tangential load, an initial static bulk load allowed for fretting 
fatigue tests at a variety of mean stress levels. The existence of a tensile bulk stress 
provided favorable conditions for crack growth and subsequent fracture of the 
specimen after crack initiation due to fretting contact. The static bulk stress was 
also necessary to provide sufficient gripping force for symmetric 
(R-ratio=Qm,JQm~=-l.O) operation. The high frequency rig employed a pair of 
22.3 kN (5000 lbs.) capacity wedge grips for specimen placement and bulk loading 
application. Due to the wedge-shaped grip faces, the gripping force was directly 
proportional to the applied tensile loading and required that the specimen always be 
loaded in tension before the tangential load could be applied. 
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To avoid the cost and control issues of a powered hydraulic pump and 
double-acting cylinder, the tensile static bulk stress was applied using a 107 kN (12 
ton) capacity, single-acting, hollow plunger cylinder and 69 MPa (10,000 psi.) 
capacity hydraulic hand pump. Though most single-acting hydraulic cylinders have 
applications for only pushing applications, this cylinder was designed to allow the 
loading rod to pass through the center of the cylinder making a pulling or tensile 
application possible. Bulk load drift was arrested by incorporating a hydraulic check 
valve. 

As with any axial fatigue load frame, axial alignment of the specimen must be 
maintained in order to avoid the development of unwanted stresses due to torsion or 
bending. The current rig addresses alignment through the use of a self-aligning 
fixture as seen in Figure 4. Recalling that the lower grip is fixed, the upper grip is 
threaded into a bolt which passes through a set of spherical washers and out of the 
alignment fixture via a tapered 10 degree exit hole. A light machine oil is applied to 
the spherical washers of diameter 38 mm (1.5 in.) to allow the mating surfaces of 
the washer and alignment fixture surface to slide and the bolt to rotate in all planes. 
As a result, the grip is free to rotate + / -  10 degrees and translate + / -  3 mm from 
the center of the alignment fixture's through hole. Axial translation of the grip 
occurs only with the travel of the bulk loading cylinder. The alignment fixture 
adjusts for non-axial load misalignments in the specimen by rotating or translating 
the spherical washer surfaces to attain an vrientation which will minimize or 
eliminate these non-resisted forces. 

Normal Load Applicatzon 

In order to maintain alignment for the duration of a fretting test, the pads were 
mounted and clamped in place via the top and bottom pad crunch seen in Figure 5. 
The right side of the schematic shows the pad bolted into the crunch where the left 
side shows an exposed pad before the top crunch has been placed. The pad slots in 
the top and bottom pad crunch were machined to be several thousandths of an inch 
larger than the pad thickness. This allowed the pad orientation to be adjusted 
through the use of shims. After each pad had been shimmed into position, the 
uniformity of the contact was investigated using pressure sensitive paper. If a 
skewed contact was observed, the pads were adjusted accordingly and the pressure 
paper test was repeated. 

Each side of the bottom pad crunch has a thin plate that extends to the load 
transfer base plate. These thin diaphragm springs provide significant stiffness in the 
tangential loading direction but give little stiffness in the normal load direction. As 
a result, the normal load is applied by tightening a set of load nuts on the normal 
load through rods which pass through the fretting test fixture. These through rods 
serve as a proving ring structure to maintain a symmetrically applied normal load. 
Calibration of the current design showed that 86% of the externally applied load was 
transferred to the contact surface. The normal load brings the pads into contact 
with the flat faces of the fretting specimen which is mounted in the upper and lower 
grips. Recall that the lower grip is connected to the lower half of the load train 
which is fixed in the middle base plate, and the upper grip is connected to the upper 
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represent portions of the rig that are fixed and solid lines represent structure that is 
being moved by the piezoelectric stack. 

half of the load train which is threaded into the bulk loading cylinder. 

Tangential Load Application 

As seen in Figure 5, the tangential load is applied by tangential displacement, 
5, of the fretting pads after contact has been established via normal loading. The 
high frequency, oscillatory, tangential displacement is produced by a piezoelectric 
stackactuator. To avoid subjecting the piezoelectric stackactuator to the large static 
bulk stress present in the load train, a method had to be devised to translate the 
piezo displacement around the load train to the fretting fixture and pads while 
maintaining pad and specimen alignments during high frequency operation. As 
observed in Figure 5, the bottom pad crunch for each pad was fixed to a load 
transfer base plate. To circumvent the bulk stress and maintain clearance from the 
lower grip and load cell, four L-class rods were bolted into the four outside corners 
of the load transfer base plate and then passed through the middle base plate to a 
lower load transfer base plate to which the piezoelectric stack actuator was attached 
(Figure 6). 

The four L-class load transfer rods connected the upper and lower load transfer 
base plates. Four rods were chosen to ensure plate alignments during high frequency 
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operation. The rod alignment is achieved by passing each through a flange mounted 
Simplicity bearing from Pacific Bearing. The Simplicity bearing is characterized by 
a smooth Frelon surface lining on the inside of the linear bearing. The liner wears off 
during operation to serve as its own lubricant and aids in dampening vibration 
associated with high frequency operation. The bearings prevent rotation in all axes 
of motion and translation in all axes except for the direction of tangential loading. 

Loading Sequence 

With the outlined specifics of bulk, normal, and tangential load applications 
presented, it is now possible to outline the loading sequence of an actual fretting 
fatigue test in the following sequence. 
1. After the specimen is mounted in the top and bottom grip, the bulk loading 
cylinder is used to introduce a static bulk or mean stress into the specimen. Note 
that at this point the pads have not been brought into contact and the bulk load at 
the top, LT, equals the bulk load at the bottom, LB. 
2. The static normal load is applied by tightening the set of nuts on the normal load 
through rod to generate the contact. 
3. The high frequency tangential load waveform is directly applied as the 
piezoelectric stack actuator displaces the pads tangentially along the contact surface. 
It is important to note that the oscillatory tangential load leads to different 
oscillatory, subsurface, bulk stresses in the specimen above and below the contact. 

D a t a  Acquis i t ion Sys t em 

Analog Measurement of Applied Loads 

For successful quantification of the fretting damage process, accurate 
measurement of the normal load, P, tangential load, Q, and bulk load, L as applied 
by the experimental setup during the duration of the test is mandatory. The 
designed high frequency fretting rig monitors these fretting parameters using a series 
of analog sensors residing both in the fretting fixture and in the load train. The 
normal load is obtained by observing the calibrated output of a set of 9 kN (2000 
lbs.) capacity compression load washers slipped over the ends of the normal load 
through rods as seen in Figure 5. The tangential load and upper and lower bulk 
stress measurements can be obtained from calibrated output from the 22 kN (5000 
lbs.) capacity tension and compression load cells resident on the upper and lower 
half of the load train as seen in Figure 4. Assuming that the load applied by the left 
and right pad are equal, the tangential load, Q, could be obtained by taking half the 
difference between the lower load cell measurement, LB, and the upper load cell 
measurement, L T (Q = (Ls - LT)/2). Each of the load measurement devices is 
constructed of 17-4 PH stainless steel externally with the actual load measurement 
occurring from foil strain gages bonded along an internal diaphragm to reduce 
off-center loading effects. The applied load could then be determined using the 
measured output load cell voltage change and the load cell calibration data as 
obtained from the manufacturer. 
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Analog Signal Conditioning and Storage 

The excitation voltage and signal conditioning of the analog output from each 
load cell / load washer was achieved through use of a National Instruments 
manufactured general-purpose Signal Conditioning extensions for Instrumentation 
(SCXI) chassis (model SCXI-1000). Two of the four slots in the chassis each house a 
National Instruments manufactured four-channel isolation amplifier (model 
SCXI-1121) with excitation, isolation, and signal conditioning for the analog output 
from each load cell. Each module allows a user-defined excitation voltage of 3.333 or 
10V, two-stage filters of 4 or 10000 Hz, and two-stage gains from 1 to 1000. A 
terminal block (model SCXI-1321) mounted to the front of each amplifier module 
allows for offset-null and shunt calibration of the strain gage signal. Each terminal 
block is equipped with four separate channels giving the current configuration a 
total of eight data acquisition channels with the potential for expansion to sixteen. 
The conditioned analog signals obtained from the load cell array are then sent from 
the chassis to a personal computer for data logging. The SCXI-1000 chassis is 
limited to data transfer rates of 333 thousand samples per second (kS/S). 

To exploit the fast data transfer capabilities of the SCXI-1000 chassis, a 16-bit 
analog to digital (A/D) National Instruments data acquisition card (model 
PCI-6052E) was used to capture the strain gage data sent from the SCXI chassis. 
This card was capable of streaming the data to the PC hard drive at the maximum 
SCXI communication rate of 333 kS/S and allows for a total of 16 single-ended 
analog inputs. The card also features two 24-bit, 20 MHz counter/timers and 8 
digital I/O lines. Though the current configuration does not allow for computer 
control of the piezoelectric actuator, the PCI-6052 does offer two 16-bit analog 
outputs for control of the piezo input voltage and therefore tangential loading 
waveform. Incorporating a closed loop control scheme will allow for fully automated, 
high frequency, variable amplitude fretting fatigue experiments in the future. 

The continuous online monitoring of each fretting fatigue experiment is 
achieved though LabVIEW (Laboratory Virtual Instrument Engineering 
Workbench), a graphical programming language that allows the user to enjoy a 
user-friendly GUI environment by developing a series of Virtual Instruments (VIs) 
for interfacing and monitoring acquired data obtained from the SCXI chassis. The 
in-situ data collected can be presented in real-time via the graphical format of the 
devised VI or written to the hard drive in binary or ASCII format for 
post-processing of the data after the experiment. A graphical interpretation of the 
data acquisition system as used in the designed high frequency testing setup can be 
seen in Figure 7. 

Control Issues 

Control of the piezoelectric actuator is achieved by oscillating the input voltage 
via a Wavetek 2 MHz sweep / function generator. The Wavetek allows for variable 
frequency, variable R-ratio tangential loading of the contact. The magnitude of the 
applied tangential load can vary from zero to the maximum tangential load 
amplitude corresponding to full-scale piezo actuator displacement. However, the 
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Wavetek cannot produce superposed load waveforms of variable amplitudes. 
Therefore, the implementation of a LabVIEW integrated waveform generator would 
not only allow for software generation and control of variable amplitude load 
waveforms but would also allow for fully automated, closed loop test control. For a 
final robust experimental design, it remains to integrate this proposed control scheme 
to meet the automated control demands associated with fretting fatigue tests. 

P re l imina ry  Exper imen ta l  Inves t iga t ions  

High Frequency Operation 

Before confidence can be placed in data obtained during high frequency 
operation, it is necessary to determine any critical frequency ranges in which 
resonant frequencies of the system interfere with accurate acquisition of data. A 
frequency scan between 0 and 400 Hz was performed on the current setup while 
comparing remotely attained strain data from the load cell with local strain data 
obtained from strain gages mounted above and below the contact on the fretting 
specimen. Significant differences between remotely and locally measured strain 
values reflected resonance frequencies at which tests could not be operated. Allowing 
a 5% variation between remote and local measurements results in acceptable 
operational frequencies within the ranges 0-165, 195-230, 255-270, and 335-400 Hz. 

In dynamic operation of a real structure, modes of vibration can occur in all 
three dimensions. The frequency scan performed initially investigated variations of 
strains only in the axial direction. The dynamic bending behavior of the specimen 
was also investigated for the same frequency range (0 - 400 Hz) by employing an 
appropriate strain gaged specimen and Wheatstone bridge configuration. The 
average bending stress ranges were found to be 3-5% of the initial static bulk stress 
and 17-30% of the stress range associated with the applied tangential load. 

During high frequency operation, a coupling between the normal and tangential 
load was observed. However, the normal load amplitude was found to be less than 
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5% of the load applied during operation at frequencies that did not cause resonances 
in the structure. This observed coupling between the normal and tangential load 
was assumed negligible in the subsequent analysis. Due to extended duration tests 
inherent to high cycle fatigue investigations, load drift also becomes an area of 
concern. For two day experiments operated at 100 Hz, a 10% load drift was observed 
in the normal load and a 5% drift in the mean bulk load was observed. Any analysis 
of the experimental results must address the effects of load drift in the setup. 

Experimental Observations 

Several preliminary tests were run as a break-in effort for the high-frequency 
fretting rig. The remaining efforts of this work are focused on the fretting crack 
nucleation observation and prediction in the similar contact of a common aircraft 
grade aluminum alloy, 2024-T4. The machined pad and specimen geometries chosen 
for this preliminary investigation are the same as those presented in Figure 2. 

Before the experiment commences, the measurement of the as-received pad and 
specimen contact surface is achieved using a Talysurf surface profilometer. Due to 
the intimate relationship between contact geometry and resulting surface tractions 
and subsurface stresses, an accurate characterization of the contacting geometry is 
mandatory. This also allows for determination of average roughness values (Ra) and 
provides a way to compare the fretted and unfretted surfaces through subsequent 
surface profiling after the experiment has been performed. Average roughness values 
as obtained along the length of the AL 2024-T4 specimen in the contact region 
ranged from 0.16 to 0.5 #m. 

In each of the preliminary tests presented, the similar material (A1 2024-T4) 
contact was subjected to an initial mean stress, 6~ of 110 MPa (16 ksi), a constant 
normal load (P), an oscillatory tangential load of constant mean, Qo, and amplitude, 
AQ/2,  and an oscillatory bulk stress resulting from the applied tangential load. Note 
that a different bulk stress history is experienced by the specimen above and below 
the contact. The specimen above the contact was subjected to a cyclic bulk stress, 
aTo =t= ANTI2, out-of-phase with the applied tangential load, Q. The specimen below 
the contact was subjected to a bulk stress, (rBo ~: Aa/2, in-phase with the tangential 
load. As a result, the bulk stress means and amplitudes reported in Table 1 were 
determined from the maximum and minimum tangential loads and specimen cross 
sectional area, A, as calculated from the following static equilibrium equations. 

A A 
Q~o~ = ~ ( o . ~ o ~  - oT~,~) Q~,n = ~ ( o . ~ , ~  - o ~ o ~ )  (1) 

Qo = Qmox + C,~,,~ A Q / 2  - Qmax - Qm~ (2) 
2 2 

A summary of the five preliminary test loading parameters can be seen in Table 1 
along with the associated operational frequency, w, and the total number of cycles 
for which the test was run, N. The self-alignment fixture was used in all experiments 
except PH00. The absence of this fixture reduced the length of the upper load train 
leading to a greater amplitude of cyclic bulk stress as measured by the upper load 
cell in experiment PH00. Due to significant drift in the normal load during extended 
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Table 1 - Summary of operational parameters and equwalent stress (Creqv) 
calculations for preliminary high-frequency fretting fatigue expemments conducted on 
Al 2024-T~ pads and specimens. Equwalent stress results were calculated using the 

initial normal load, P~. 

Expt. P/ P~ Qo AQ/2 w N aTo AaT/2 a~qvT aBo AaB/2 aeqvB 
(kN) (kN) (N) (N) (Hz) (cycles) (MPa) (MPa)](MPa) (MPa) (MPa) (MPa) 

PH001 4.194 4.882 169.4 663.3 350 2,600,000 96.2 18.9 82.60 104.6 14.0 98.78 
PH04 ~ 2.364 2.741 98.79 639.1 100 6,023,700 105.5 14.7 91.26 110.4 17.0 103.3 
PH05 2.720 3.184 121.0 508.1 310 540,700 112.0 12.2 78.59 118.0 13.0 90.99 
PH072 4.563 5.026 223.8 687.5 100 9,864,000 106.4 15.4 83.88 117.5 18.7 103.1 
PIt19 4.925 5.024 110.9 741.9 225 895,000 104.6 13.1 95.20 110.1 23.7 112.0 

Experiments FH04, PH05, and PH19 were stopped prematurely due to amplifier 
overheat. 
1Specimen failed 
2Nucleated cracks observed 

Figure 8 - Photograph of a ]retting wear scar on a pad surface as generated from a 
350 Hz fretting fatigue test. 

duration tests at 100 Hz, the initial (P,) and final (Pf) normal load measurements 
have been reported. 

The high-frequency, small-scale, oscillatory partial slip experienced by the 
contact interface during these tests resulted in the generation of wear scars on each 
contacting surface of the AL-2024 specimens and pads used. A representative wear 
scar as generated during a preliminary 350 Hz fretting test can be seen in Figure 8. 
Of the five preliminary tests run, one resulted in failure of a specimen at 350 Hz 
operation. The specimen in experiment PH00 initially failed at the upper edge of 
contact after 2.6x106 cycles of loading. A second failure at the lower edge of contact 
occurred after the initial fracture to produce the hourglass shaped specimen. A 
photograph of the failed specimen can be seen in Figure 9. Note that the cracks 
nucleated on all four edges of contact. A close up of the wear scar and twin crack 
nucleation site can be seen in Figure 10. The right photograph of Figure 10 shows 

Figure 9 - Photograph of a ]ailed Al 2024-T~ specimen after 2.6x106 cycles of loading 
at 350 Hz. 



266 FRETTING FATIGUE: ADVANCES 

Figure 10 - Close-up picture of a failed Al 202~-T~ specimen crack nucleation site 
and wear scar, and hourglass shaped failure resulting from multiple edge of contact 

crack nucleations and failures. 

the resulting failure with the production of a small hourglass shaped piece bounded 
on each side by the fracture surface of each of the four nucleated fretting cracks. 

F re t t ing  Life Analys is  

Subsurface Stress Calculation 

Before a life parameter could be implemented, it is first necessary to obtain an 
accurate solution of the multi-axial, subsurface stress field associated with the 
fretting contact. This was achieved by assuming a two-dimensional, elastic, similar 
material contact of a cylindrical indenter (or Pad) of radius R and a semi-infinite 
half-space. With the assumptions, the application of a constant normal load (P) and 
oscillatory tangential load (Q) allows for straight forward development of the surface 
normal, p(x), and shear tractions, q(x), associated with the fretting contact. 
Classical Hertzian theory allows for the determination of the contact half-width, a, 
and classical elliptical or Hertzian pressure distribution, p(x), arising from the 
two-dimensional line load P*= P / contact thickness. By assuming like material 
contacts, the Hertzian contact pressure distribution and contact half-width are 
independent of the applied tangential load, Q*= Q / contact thickness. 

Unique to the fretting contact is a condition of partial slip which occurs when 
the globally applied tangential load is less than that required to produce sliding over 
the whole of the contact. The partial slip solution for monotonic loading was first 
solved by Cattaneo (1938) and Mindlin (1949) who considered the solution as the 
sum of two shear tractions: one which gave gross sliding over the whole of the 
contact, and one which restored a central region of stick of dimension c such that no 
relative motion occurs in Ixl < c. Johnson provides an excellent summary of the 
interracial mechanics associated with partial slip for monotonic tangential loading of 
a cylindrical contact [25]. 

Recent progress has identified a very efficient method for solving fretting 
contact problems. A set of singular integral equations (SIE) have been shown to 
relate the relative slip and the initial contact geometry to the contact tractions. 
These equations include the effect of the bulk stress on the surface shear stress 
distribution. An FFT based approach can then be used to obtain the subsurface 
stress distributions for similar material contacts [26]. A discrete Fourier transform 
technique has also been successfully implemented for solving subsurface stresses 
associated with dissimilar material contact [27]. This approach can also be used for 
any arbitrarily specified profile making it more flexible and computationally efficient 
than an equivalently fine set of finite element analyses [28]. This set of singular 
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Table 2 - Summary of contact parameters used in multi-axial fretting fatigue life 
pre&ction. Material properties are representative of Al 202~-T~. 

Parameter Symbol Value 

Pad radius R 101.6 mm 

Young's modulus E 72.4 GPa (10.hxl06 psi) 
Poisson's ratio v 0.33 

Coefficient of friction # 0.65 

integral equations were used for solving the subsurface stresses in the following life 
analysis. 

Fretting Fatigue Life Prediction 

To analytically determine a critical location for the initiation and subsequent 
propagation of a fretting induced crack, it is necessary to choose a multi-axial crack 
initiation metric that best agrees with experimental data. By simplifying the three 
dimensional contact into the two dimensional geometry, a stress equivalent fatigue 
life parameter was chosen to capture the multi-axial nature of the subsurface 
stresses. 

The contact configuration analyzed for the multi-axial life prediction was that 
of a cylindrical fretting pad of radius R=101.6 mm (4.0 inches) against a flat 
semi-infinite half-space. This model simplification allowed for complete 
characterization of the surface and subsurface stresses using the aforementioned 
singular integral equations. A uniform coefficient of friction, # = 0.65, was assumed 
across the whole of the contact. A summary of the literature obtained material 
constants can be seen in Table 2 [29, 30]. The contact was subjected to the constant 
normal load (P~), oscillatory tangential load (Qo + AQ/2),  out-of-phase bulk stress 
at the top, aTo =t= /k~T/2 , and in-phase bulk stress at the bottom, OBo ~- AO'B/2 , of 
the contact as measured in the preliminary high-frequency tests of Table 1. The 
applied bulk stress introduces an eccentricity in the distribution of stick and slip at 
the contact surface and therefore must be included in the analysis. Since the initial 
bulk stress is applied before contact generation in the high frequency setup, the bulk 
stress effect on the shear traction arises from the change in bulk stress term, An, 
and not the initial bulk stress, no. The effect of bulk stress on the contact tractions 
has been presented in other work [26]. 

Historically, critical plane models like the Smith-Topper-Watson approach have 
proven to successfully predict fretting crack formation [12], as well as the critical 
location and orientation for fretting crack nucleation [13, 31]. However, in addition 
to being computationally expensive, the critical plane approach fails to account for 
the gradients of stress inherent to fretting contact. As a result, the nucleation life 
was predicted using a stress invariant equivalent stress approach which has shown 
promise in predicting fretting fatigue lives in titanium contacts [24]. Stress invariant 
models have a distinct advantage in that  they do not require the determination of 
critical plane location and orientation a priori. This leads to significant reduction in 
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computational time as compared with critical plane life methods. The stress 
equivalent parameter, a~q, used in this life analysis is defined as: 

~eq : 0.5( A~psu)W((Tmax) (l-w), (3) 

where Aap~u is the alternating pseudo-stress range, the Walker exponent, w, is a 
curve fit parameter, and amax is the maximum stress as obtained from the 
pseudo-stress and mean stress derived by Manson-McKnight. 

To account for stress gradients associated with notches and fretting contacts, a 
weak link approach was then implemented by evaluating the following equation for 
the experimental subsurface stress history [24]. 

AO'eq'l : ~ F S l  ] " A~ (4) 

Fsj [_ ai,3 
~aaz ~ 

In the equations above, ci is the equivalent alternating stress, o'max is the maximum 
calculated a~, Fsl is the stressed areas for the smooth bar, Fs: is the stressed area 
of the test specimen, and Aaeq,~ and Aaeq,1 are the equivalent stresses as obtained 
for the actual experiment and the smooth bar, respectively. This allows for the 
comparison of the equivalent stress obtained in the experiment to the equivalent 
stress in a smooth bar specimen having the same life as that  in the experiment. 

Szolwinski and Farris have shown some success predicting fretting fatigue 
nucleation life by relation to conventional strain-life fatigue data  given that  a clear 
knowledge of the near-surface contact stress field can be maintained [13]. Similarly, 
to investigate the ability of the stressed area approach to model fretting fatigue 
nucleation life of aluminum, this A1 2024-T351 data was analyzed. Smooth bar A1 
2024-T3 fatigue life data from literature (Military Handbook 5G 1994) was used to 
select a Walker exponent, w = 0.56, and a smooth bar stressed area, F s l  = 161 
mm 2. Due to lack of sufficient fretting data  for aluminum, the value of the shape 
factor, ~, was chosen by iterating until a minimum root mean square error between 
the smooth bar equivalent stresses for each experiment and the calculated equivalent 
stresses was found. The corresponding ~ was found to be 19. A plot of the 
estimated nucleation life against the calculated equivalent stresses for the A1 
2024-T351 data can be seen in Figure 11. The predicted value of nucleation life is 
plotted as a solid line representing the smooth bar A1 2024-T3 equivalent stress. 

Previous work on t i tanium showed that  the same value of the shape factor, ~, 
could be used for a range of notches and fretting contacts [24]. Therefore, the shape 
factor for the A1 2024-T4, high-frequency tests was chosen to be the same as used in 
the previous A1 2024-T351 life analysis (~ = 19). The experimental loading 
conditions, subsurface stresses as found from the singular integral equations, and 
equivalent stress method were then used to predict the nucleation lives. The 
predicted and experimental high-frequency test results are shown in Figure 11 as 
squares. Calculated equivalent stress values can be seen explicitly in Table 1. Note 
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Figure 11 - A plot of equivalent stress calculated from existing Al 202~-T351 fretting 
fatigue data [13] and equivalent stress calculated from the high-frequency Al 2024-T~ 

fretting fatzgue data reported in Table 1 verses cycles to nucleation. The solid line 
represents the equwalent stress curve for Al 202~-T3 (creq = 2155N~ ~ + 54 MPa) 

as found from literature [30]. Calculations for the high-frequency tests were 
performed based on the initial normal load, P,. 

that the high-frequency data is for A1 2024-T4 while the conventional fretting 
fatigue data is for A1 2024-T351. 

Right arrows indicate tests where no cracks were visually observed upon 
termination of the experiment as in experiments PH05 and PH19. Experiments 
PH00, PH04, and PH07 were test runs in which cracks were observed after the 
experiment ended. Here failure is defined as the visual observation of a crack at the 
upper or lower edge of contact. Experiment PH00 fractured from a crack initiating 
at the top edge of contact followed by a second fracture from a crack initiating at 
bottom edge of contact. Note that all crack observations were performed at the 
termination of each test. Therefore, there is no observation of when or if the cracks 
arrested. The squares in Figure 11 are reflective of the total number of cycles. 

The promise of the stress equivalent approach to capture fretting fatigue crack 
nucleation behavior as illustrated by Figure 11 and the high frequency experiments 
presented here build confidence in this approach as a method for fretting crack 
nucleation predictions. Recent successful fretting fatigue life predictions for 
titanium [24] and the computational benefits of the stress invariant life models 
provide sufficient impetus for further investigation of this approach as a method for 
fretting fatigue life modeling. 

C o n c l u s i o n s  a n d  Future  Work  

A high-frequency fretting fatigue load frame capable of in-situ monitoring of 
critical fretting contact parameters has been designed. Preliminary experimental 
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observations show successful fretting induced crack nucleation and failure at 
frequencies in excess of 300 Hz. Operation at or exceeding frequencies of 300 Hz 
allow for order of magnitude reduction in fretting fatigue test times. By pushing the 
frequency envelope in fretting, implications of contact dynamics on fretting and 
fatigue lives, increased wear due to highly localized multiple slip zones at the edge of 
contact, and evolution of the coefficient of friction during high frequency operation 
can be investigated. It remains to design a set of experiments aimed at explicating 
the contributions of frequency and variable amplitude loading effects to fretting 
fatigue crack nucleation and propagation. A computationally efficient stress 
invariant model showed promise in predicting nucleation behavior for a set of 
preliminary high-frequency fretting tests. Through identification of an appropriate 
HCF crack nucleation parameter, a set of crack initiation metrics can be developed 
for fail safe design. By integrating a fully automated, closed loop control scheme for 
waveform generation and control, a robust, high-frequency fretting fatigue load 
frame will be available for realizing these goals. 
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Abstract: Two bodies are said to be in fretting contact when they are clamped 
together under the action of a normal force and see an oscillatory motion of small 
amplitudes at the contact interface due to the effect of shear force and bulk stress. 
The contact stresses that drive crack nucleation are very sensitive to the shape of 
the contacting surfaces and the coefficient of friction. To have an understanding of 
fretting at the contacts in turbine engine components, it is important to simulate 
similar temperature, load, and contact conditions in the laboratory and develop 
tools to analyze the contact conditions. Efforts made to simulate the temperature 
and load conditions typical of engine hardware in a controlled laboratory setting, 
similar to that developed previously at room temperature, are described. It is shown 
that the temperature in the contact region can be held constant at nominally 600~ 
Preliminary results are given in terms of loads and measured total lives along with 
thoughts on development of a total life model for single crystal materials. 

Keywords: high temperature, fretting, fatigue, life prediction, turbo-machinery, 
friction, Ti-6AI-4V, single crystal nickel 

In t roduc t ion  

Fretting phenomenon is widely observed in aircraft structures [1]. In engine 
assemblies, fretting occurs at the blade/disk contact in the fan, compressor, and 
turbine stages (Figure 1). The influence of fretting on High Cycle Fatigue (HCF) of 
gas turbine engine components prompts interest in the contact mechanics, with 
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Figure 1 - Dovetail joint in aircraft engine hardware and the equivalent profile. 

friction, of dissimilar isotropic as well as anisotropic materials. The loading is caused 
by the inertial forces due to engine spooling and by vibrations and aerodynamic 
forces acting on the blade airfoil. Severe stress gradients at the edge of contact may 
allow these high-frequency, small-amplitude loads to drive the crack growth leading 
to failure. The contact stresses are influenced by a large number of factors: the 
effective shape of the contact, coefficient of friction between the two bodies in 
contact, various loads acting on the components, and the operating temperature. 
This, in turn, affects the fretting-induced damage and the life of the component. 
Thus, a simulation of fretting contact phenomenon in blade/disk joints should take 
into account the effective contact shape, .the various loads acting on the body, and 
the operating temperature. 

As shown in Figure 1, the blade/disk contact is equivalent to a nominally flat 
profile in contact with a flat surface. Since the contact region is small compared to 
overall dimensions of the blade and disk, they may be approximated as half spaces. 
The forces acting on the contact can be resolved into a normal component and a 
tangential component over the contact region. The nominally fiat geometry of 
contacting surfaces causes high contact stress levels near the edges of contact. An 
accurate estimate of the near surface stress-states is essential to characterize the 
performance and reliability of components. 

One of the approaches used to calculate contact stresses is the Finite Element 
Method (FEM). However, the number of elements needed to resolve the stress peaks 
(and their locations), especially in nominally fiat contacts, at the edges of the 
contact zone is very high resulting in a computer run time on the order of tens of 
hours [2]. This leads to very costly and slow design cycles. Alternatively, the theory 
of singular integral equations can be used to obtain the contact tractions very 
quickly. An FFT based method with the contact tractions as boundary conditions 
yields the sub-surface stresses in a matter of minutes [2-4]. In some instances, the 
blade and disk are made from dissimilar isotropic materials (Ti-6A1-4V blade and 
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Inconel 718 disk) or one of them is anisotropic (blade made from single crystal 
nickel). In such cases the contact problem is considerably more difficult to solve. 
The two-dimensional contact of dissimilar isotropic materials has been analyzed 
using a numerical (SIE) method, that solves the governing Singular Integral 
Equations (SIE) [5, 6]. The SIE method provides rapid calculation of the large edge 
of contact pressure and shear stress present in engine blade/disk type contact and is 
significantly faster than FEM while retaining the essential mechanics of fretting 
contacts. The fretting contact stress conditions relevant to blade/disk contacts 
described above are highly localized. Using these highly localized stresses in life 
prediction requires great care. Efforts aimed at developing such tools are described 
elsewhere[7]. 

The temperature at which some of the stages in a gas turbine engine operate is 
very high. This high temperature calls for the use of specialized materials like single 
crystal nickel (SCN) alloy and IN100 that have special charateristics at high 
temperature. Hence, an attempt has been made to characterize the fretting fatigue 
behavior of materials experimentally at high operating temperatures (~ 600~ A 
new experimental setup has been designed to simulate the high temperature at the 
local region of contact that is subjected to fretting loads. A set of igniters are used 
to increase the local temperature to 600~ The features of the experiment include a 
combination of an efficent cooling mechanism using water and an insulation 
mechanism using ceramic blocks and sheets. The charactersitics of the rig, like the 
normal load transfer ratio, have been experimentally studied. The rig has been used 
to conduct an initial set of experiments using SCN specimens and IN100 pads, and 
was found to function well under the operating temperature and load conditions. 

For motivation of the development of high temperature fretting fatigue 
capability, the paper begins with a brief description of existing room temperature 
capabilities. A brief description of life prediction is then given to support the 
relevance of laboratory fretting fatigue experiments to gas turbine engine hardware. 
A detailed description of the high temperature experiments is given next followed by 
results for a preliminary set of high temperature fretting fatigue experiments. The 
paper concludes with thoughts on extending existing life prediction capability to the 
single crystal materials used in the high temperature experiments. 

Experimental Details 

Nominally flat fretting pads, with rounded edges, and flat dog-bone specimens 
are used to duplicate the local geometry at the blade/disk attachments in engine 
hardware. To simulate the loading conditions, the nominally flat pad and the flat 
specimen are clamped together to generate a normal load and then subjected to an 
oscillatory tangential load. Such a configuration was achieved in the laboratory 
using a fretting chassis attached to a standard uniaxial servo-hydraulic testing 
machine. In addition to the contact loading, the laboratory experiments apply a 
bulk load to the specimen. 
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Figure 2 - Components of the fretting chassis wzth a schematic detailing the 
definition of forces applied to the rig 

Fretting Chassis and Loads 

The fretting chassis is a superstructure built on the fatigue machine that 
allows the generation of tangential loads that are in phase with the bulk load while 
applying a nominally constant normal load. Figure 2 shows the components of the 
fretting chassis schematically. The stiff beam provides the bulk of the stiffness of the 
chassis. The pads rest on the top platform which also provides the means of 
application of the normal load. The normal load is applied via a pair of hydraulic 
actuators that transmit the load onto the top platform. Note that the two pressure 
rods ensure that pressure is applied symmetricMly to the pads. The thin steel 
diaphragms offer little resistance to the pressure loading, but offer a large resistance 
that carries the portion of the tangential load transmitted to the chassis. This 
ensures that almost all of the pressure is transmitted to the specimen through the 
pads, while maintaining the required stiffness to produce a large tangential force. A 
finite element analysis has shown that more than 98% of the pressure is transmitted 
to the specimen. The pad-tops fix the pads to the chassis. The tangential force 
produced was about 50% of the bulk load applied, subject to a maximum of the force 
required to produce gross sliding. This load is monitored throughout the fatigue 
experiments by recording the difference of the upper and lower load cell readings. 

Figure 2 shows a schematic of the various loads. The crush load (normal load) 
per unit depth is P, Q is the tangential load per unit depth, F is the force applied 
at the bottom of the specimen (measured by the actuator load cell). The reaction 
force as measured by the cross-head load cell (top grip) is referred to as R. Note 
that the difference between F and R gives the tangential force, 2Q. The bulk stress, 
no, is F divided by the cross-sectional area of the specimen. 
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Figure 3 - Estimation of the eoeJ~cient of friction. 

Evolution of Coefficient of Friction 

Wear of the pads and specimens described in the previous section causes the 
coefficient of friction to increase during the fretting fatigue process. Many of the 
load-controlled fretting experiments are conducted in the regime of mixed-mode 
fretting. Due to low coefficient of friction in the beginning of the experiment, the 
applied tangential load causes sliding of the two contacting surfaces (Q = poP). 
After some time, the coefficient of friction increases leading to partial slip. The 
transition from sliding to partial slip is borne out by full-field infrared measurements 
of temperature [8]. This transition from sliding to partial slip is called mixed-mode 
fretting. 

Careful experiments are required to characterize the coefficient of friction in 
the slip zones. Measurement of friction coefficient in this slip zone is required for 
accurate evaluation of contact stresses. Friction experiments aimed at characterizing 
the evolution of the coefficient of friction in the slip zones, #~, with number of cycles 
in a partial slip experiment were conducted. As the coefficient of friction increases 
with the fretting damage, the tangential force stabilizes at a value less than that 
required for gross sliding. Thus, the coefficient of friction cannot be evaluated as the 
magnitude of tangential force divided by the normal force. Hence, an alternative 
approach, that requires a special load history, is taken. 

After running the test for a specified number of fretting cycles, the test is 
stopped. The average coefficient of friction is now determined in the following way. 
Without disturbing the pad/specimen contact, an increasing amplitude waveform is 
applied to the specimen. This causes the tangential force to increase during each 
cycle. Figure 3 shows this approach schematically. Ultimately, the tangential force 
reaches the value required for gross sliding, and the experiment is stopped. The 
maximum value of the tangential force before sliding commences divided by the 
normal force gives the average coefficient of friction. It must be noted that 
experiments conducted in the gross sliding regime may result in larger coefficients of 
friction. 
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Cylindrical pads with a pad radius of 178 mm were used in the friction 
experiments. When the pad and the specimen are made from similar isotropic 
materials an approach outlined in Hills & Nowell [9] is used to determine the slip 
zone coefficient of friction, #s, in terms of the average coefficient of friction, #, and 
the initial coefficient of friction, ~0 [4]. This formulation [9] is only suitable when the 
pressures distribution is given by the Hertzian pressure distribution. In the case of 
contact of dissimilar isotropic materials the pressure is not only not Hertzian but 
also the solutions for the contact pressure and the shear traction are coupled. Hence, 
a closed form relation between #8, p, and #0 cannot be simply deduced. 

A numerical method has been devised to obtain ~, in terms of p and #0. 
Essentially, #8 is increased in an incremental manner, starting from #0, until the 
solution of the sliding contact problem yields the experimentally measured average 
coefficient of friction, #. As with the Hills & Nowell approach #8 is taken as constant 
in the slip zones, and the coefficient of friction in the stick zones does not change. 
Initially, the coefficient of friction is assumed to be constant (= #0) through-out the 
contact zone. As the slip zone coefficient of friction increases so does the stick zone 
size. In each increment the ends of the stick zone are determined by solving the 
partial slip contact problem taking into account the remote tension applied on the 
specimen and the material dissimilarity of the pad and the specimen. Keeping track 
of the previous increments allows us to determine the distribution of the coefficient 
of friction within the contact zone in the current increment, #~(x). Hence, the 
sliding contact problem for a given increment can be written as, 

o 5  + c l  = - o2 de (1) 
1 t - - X  

where H(x) is the gap function, p(x) and q(x) are the pressure and the shear 
traction respectively, al and a2 are the ends of the contact zone, and the constants 
kl and k2 are obtained from the elastic material properties of the two contacting 
bodies (described in the next section). Once the sliding contact problem is solved 
the average coefficient of friction in a given increment is obtained as, 

# = f~7 #~(x)p(x) dx 
fa~ ~ p(x) dx (2) 

where al and a2 are the ends of the contact zone. The results of the friction 
experiments and the numerically calculated #s values are presented in Figure 4(a). 
The distribution of the coefficient of friction in the contact zone and the evolution of 
the stick zone as the fretting progresses can be seen from Figure 4. 

C o n t a c t  Stress  Calcu la t ion  

A schematic of two elastic bodies in partial slip contact is shown in Figure 5. 
Let the displacements of both the bodies due to the contact tractions be given by 
~u~ and ,u~ respectively (i = 1, 2). The relative slip between the two bodies, s(x), 
and the initial gap function, H(x),  in the contact zone can be related to the 
displacements as, 

s(x) = ~u= - lu= (3) 
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increases from #o to its final value, the stick zone size increases. 

H(x) + C l X  = 2Uz - l u z  Jr Ho (4) 

where Ho is a constant and C1 is the rotation term. 
It has to be noted that  the in-plane shear traction is produced as a result of 

friction between the contacting bodies. For a general anisotropic body in-plane 
tractions might produce out of plane relative displacements resulting in an out of 
plane shear traction in addition to the in-plane shear traction. This effect is 
neglected in our analysis, i.e., the out of plane shear traction is assumed to be zero. 
By knowing the relationship between the surface displacements and the surface 
tractions for an elastic half-space one can express, as shown in Equation 5 the initial 
gap and relative slip functions in terms of the unknown contact pressure and shear 
traction. Stroh formalism is used to derive the Green's function for an anisotropic 
half-space resulting in the following system of coupled singular integral equations. 

0 I H(x)S(X) dt --Ox } = - [ a ] {  q(x) I - { 
% 

For isotropic bodies a l l =  a2~ = 812 = fl21 = O, oh2 = -a21 = kl, and 
811 = f12: = -k2  where 

k, = (1 - 2/21)(1 2c/2l) _ _  (1 - 2~2)(1 + Y2) (6) 

E1 E2 

k .  2(1  - + 2(1  - 
- ~ E ~  (7) 

When both the bodies are made from similar isotropic materials, the fretting 
contact problem has been solved very efficiently by Murthy et al [4] using a Fast 
Fourier Transform (FFT) based approach. For the case of dissimilar isotropic bodies 
a different numerical approach, the details of which are given in Rajeev & Farris [5], 
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Figure 5 - Schematic of two elastic bodies in partial slip contact, al and a2 denote 
the ends of the contact zone and bl and b2 denote the ends of the 8tick zone. 

is used to obtain the contact tractions. The pressure and shear are decomposed into 
a sigular part and a non-singular part. The orders of singularity of the singular part 
are determined using an eigenvalue analysis of the system of Equations 5. Bounded 
contact tractions are obtained by iterating for the limits of the contact zone and the 
stick zone such that, the constant multipliers of the singular parts are zero', and the 
equilibrium conditions are satisfied. In both cases an FFT based approach [4] is 
used to obtain the sub-surface stress distributions. 

Murthy et.al. [71 discuss the utilization of subsurface stresses obtained from 
the above approach to predict the life of specimens used in a well characterized set 
of experiments. A crack nucleation parameter, aeq, was used to predict the crack 
nucleation life [71 and conventional fracture mechanics based calculations were used 
to obtain the propagation lives [10]. The results are presented in the Figure 6. The 
consistency of the predictions with the experimental results provides confidence in 
the aforementioned approach as a tool for life predictions. 

Design of Fretting Rig for High Temperature Testing 

Motivation 

The performance of a jet engine, measured in terms of thrust-to-weight ratio, 
can be increased by increasing turbine gas temperature and by reducing the weight 
of the engine using innovative designs and advanced materials. These materials have 
to be lighter and must have good structural integrity at high temperatures. The 
allowable metal temperature was very low in the earlier jet engines that had 
uncooled turbine blades cast from polycrystalline nickel-based alloys. In recent years, 
a significantly improved turbine airfoil cooling design and use of cast directionally 
solidified turbine airfoils have increased the allowable turbine inlet gas temperature. 
As a result higher thrust-to-weight ratio can be achieved in the engines. The 
anisotropic behavior and the elevated operating temperatures of these advanced 
materials pose significant problems for design and life prediction of advanced turbine 
blades. Fretting is one of the primary causes of HCF in turbine blades. Therefore, to 
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Figure 6 - (a)Comparison of experimental lives with predicted nucleation lives using 
aeq as a critical parameter. (b)Comparison of measured failure lives with predicted 
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fracture mechanics.) 

characterize the effect of fretting on the life of these components, experiments have 
to be conducted at the operating temperatures of the materials in consideration and 
the analysis has to include the effect of anisotropic behavior on the contact stresses. 

The existing fretting rig at Purdue University had been designed to operate at 
room temperature. The rig was useful in testing the materials like Ti-6A1-4V, Til7, 
and Inco718 that are used in components that operate at lower temperatures as 
described above. However, advanced alloys like Single Crystal Nickel (SCN), IN100, 
etc. that are used in high temperature applications have characteristic properties at 
elevated temperature. Therefore, to study the material fretting fatigue 
characteristics, the experiments must be conducted at elevated temperatures to 
which the material is exposed in the engine environment. To achieve an elevated 
temperature of 610~ at the contact region, a new rig was designed as is described 
next. 

Features of the High Temperature Rig 

Figure 7 shows a schematic of the rig designed for high temperature tests. 
Components of the rig closer to the zone of elevated temperature were designed 
using Ti-6A1-4V alloy, while 4140 steel was used to design the components that were 
far away from the region of high temperature. 

The load transfer in the new rig was based on a principle similar to that of the 
room temperature fretting experiment. The webs connected to the platforms that 
hold the pads act as membranes. They transfer most of the normal load applied to 
it, but their stiffness in the tangential direction gives rise to tangential (shear) load 
at the contact. Normal load is applied using two hydraulic actuators. Two rods on 
either side of the contact ensure that the pressure is applied symmetrically to the 
pads. Since the temperatures that would be encountered during the experiments 
were high, assembly of different parts using welds or bolts were avoided. Hence, the 
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Figure 7 - Schematic of the elevated temperature fretting fatigue experiments. 

webs and the platforms that hold the pads were machined from a single Ti-6A1-4V 
block. Further, the pad holder block was not made of two different parts that would 
be bolted together with pad in between them, as is done in the room temperature 
rig. As the normal load is applied, the pad gets wedged into a tapered groove 
(tapered at an angle of 5 ~ ) machined in the pad holder block. 

The temperature of the local area of contact was increased using a pair of 
igniters on either side of the specimen. The igniters draw a current of 4.25 A to 
4.75 A at 132 V, and the maximum temperature achieved by the igniter surface is 
1550~ The heat transfer from the igniter to the specimen and the pads is through 
radiation and convection with air as the medium. The temperature of the specimen 
was measured using a K type thermocouple. The voltage output of the 
thermocouple was used to control the temperature at the contact using on/off 
control. The controller was set up such that the igniter switches off if the 
temperature goes up by I~ from the desired temperature and switches on if the 
temperature drops by 0.5~ On/off control requires an igniter capable of reaching a 
very high temperature in a short period of time to minimize the fluctuations in 
temperature. Hence, an igniter which can achieve the maximum temperature from 
room temperature in 17secs was chosen. However, there was a fluctuation of =t=5~ 
when the desired temperature was 610~ The fluctuation may be due to air 
currents affecting the convective heat transfer, in addition to on/off type of control. 
The influence of air currents were minimized by forming a shield around the zone of 
elevated temperature, using ceramic blocks and sheets. Since the fluctuation was less 
than 1% of the desired value, it will be neglected in the subsequent modeling efforts. 

The surface of the webs and the pad holder block facing the zone of elevated 
temperature was covered with ceramic sheets glued using high temperature adhesive, 
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Figure 8 - Photograph of the elevated temperature fretting fatigue experiment. 

hence preventing their exposure to high temperatures. It also prevents absorption of 
heat by the rig from the elevated temperature zone. Loss of heat to ambient air was 
further prevented using a shield made of a ceramic block placed behind the igniter. 
The ceramic shields along with the ceramic sheets covering the rig give rise to a 
furnace-like environment around the region of contact. Inspite of covering the surface 
of the webs with ceramic sheets, there is some heat transfer to the rig due to the air 
surrounding it which is at a very high temperature. In addition, there is a transfer 
of heat from the pad to the pad holder by conduction. To absorb the heat thus 
generated in the rig, the pad holders are cooled by passing water through channels 
machined in the block (Figure 8). Heat is also conducted to the wedges that hold 
the specimens. Hence, water cooled wedges were used for clamping the specimens. 

A set of experiments were conducted to find the load transfer ratio when a 

Figure 9 - Schematic of the experiment conducted to obtain the load transfer ratio. 
P' /P was found to be > 92%. 
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Figure 10 - A simple linear model of the rig. (a) Schematic of the rig with specimen 
and pad (Figure 2). (b) A simple linear spring model of the setup. The part of the 
specimen below contact acts as a spring of stiffness kl and the part above acts as 

sp~'ing of stiffness k3. The diaphragms act as springs of stiffness k2. 

normal load was applied (Figure 9). The load transfer ratio was found consistently 
to be between 92% and 95%. The experiments conducted to obtain the load transfer 
ratio also provided insight into techniques for minimizing the moment and rotation 
at the contact. 

Simple Model of Elevated Temperature Fretting Fatigue Experiment 

A simple model was developed, assuming that the specimen and the 
diaphragms act as linear springs, to assess the effects of various parameters on the 
nature of mixed-mode fretting process (Figure 10). The portion of the specimen 
between the contact and the bottom grips acts as a spring of stiffness kl = AsE~/ll, 
where As is the area of cross-section of the specimen, Es is the Young's modulus of 
the specimen material and 11 is the length of the specimen below the contact. 
Similarly, the portion of the specimen above the contact acts as a spring of stiffness 
k3 = A~E~/lz, where 13 is the length of the specimen between the contact and the top 
grips. The two diaphragms act as springs of stiffness k2 = AdEd/Id, where Ad is the 
area of cross-section of the diaphragm, Ed is the Young's modulus of the diaphragm 
material and Id is the length of the diaphragm. Though the assumption of linear 
spring behavior is not entirely accurate, it provides a qualitative assessment of the 
effect of the dimensions and the material properties of the rig. The displacement at 
the bottom grip, where load Fo is applied, is taken as 5 and the displacement at the 
contact is taken as 5c. The forces can be related to the displacements as, 

Fo = k l ( ~  - ~c), F = k 3 ~ ,  Q = k ~ .  ( s )  

From the above relations and from the equilibrium condition Fo = F + 2Q, the 
following relations can be deduced, 

Fo ~o 
, ~ .  (9 )  F -  1+2  O-  2+ 2 
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contact surface on the subsurface stresses. 

Equation 9 gives a relation between the applied load, Fo, and the recorded loads, F 
and Q, in terms of the stiffnesses of the specimen and the diaphragms, which in turn 
are affected by the geometry and the material properties. This provided a valuable 
tool to modify the design as described in the subsequent section. 

Experimental Procedure 

A procedure for setting up the experiment was arrived at based on the 
experience with the experiments conducted to estimate the load transfer ratio. This 
procedure was arrived at to minimize the moment and the rotation at the contact. 
First the pads are pushed into contact with the specimen by pushing the pad holder 
and held in place using screw-jacks. The pad holder moves towards the specimen in 
a groove in the stiff beam made of steel. The bolts holding the block on to the stiff 
beam chassis are tightened and the screw-jacks are removed. The small load applied 
at the bottom, using the screw-jacks, creates a moment about the contact. To 
relieve this moment, once a small normal load is applied using actuators, the bolts 
are loosened and tightened again. Finally, the normal load is applied using the 
hydraulic actuators. This causes the pad to get wedged into the groove in the pad 
holder. In the process of wedging, the pad moves into the groove. Hence, the webs 
now have to bend more while applying the normal load. This leads to a drop in load 
transfer ratio. To avoid the problem, once the total normal load is applied and the 
pad gets wedged into the grove, the rig is unloaded. The entire process of setting up 
the contact is ~epeated again. 

Preliminary Experiments 

Cylindrical rods (0.2m long, 25.4mm in diameter) cast from SCN were used to 
machine the fretting fatigue specimens. The primary principal axis (x0) is possibly 
tilted from the cylinder axis (Xl) by a small angle (< 10~ A rectangular cross 
section (15mmx9.6mm) oriented at an arbitrary angle about the xt-axis was 
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Table 1 - Experimental conditions for High Temperature fretting fatigue experiments 
with SCN on IN100. (c~t=stresses measured by top load cell, ab=stresses measured by 
bottom load cell), s gross sliding oberved throughout the experiment, P partial slip or 

mixed fretting regime during the experiments. 

Controllable Loads Measured Loads Failure 
~b Gb Expt. P atmax ~ in m a x  rain Qma~ Qmin Life 

No. (kN/m) (UPa) ( i ~ a )  (MPa) (MPa) (kN/m) (kN/m) (cycles) 

1 1873 212 52 323.5 3.95 853 -365 415,000 
2 1852 400 53 441.8 14.07 315 -297 944,495 
3 2193 290 78 357.8 22.71 519 -422 2,000,000 
4 3345 401 89 532.9 14.56 1004 -569 174,973 
5 3394 407 84 501.6 0.43 723 -634 169,815 
6 3431 337 71 444.8 -0.67 821 -543 61,900 
7 3466 369 100 441.3 1.78 550 -746 491,292 

Comments 

Stopped s 
Failed s 

Run-out s 
Failed p 
Failed p 
Failed p 
FailedP 

machined. Tabs made from WASP alloy were inertia welded to the ends to produce 
the specimens. The nominally flat fretting pads were made from IN100. A schematic 
of the specimen orientation with respect to the material principal axes is shown in 
Figure l l(a).  Three preliminary experiments were conducted to understand the 
working of the rig and to study the nature of contact between the materials used at 
high temperatures. The details of the experiments are listed in Table 1. The first 
experiment provided valuable insight into the mechanics of the rig and the 
temperature variation at the contact. Based on the behavior of the rig in the first 
experiment, changes were made in the alignment procedure. The next two 
experiments served the purpose of verifying the working of the rig. Coefficient of 
friction was found to be 0.17 - 0.23 for the given contacting materials, due to which 
gross sliding (implying Q = #P) was observed during the course of experiments. It 
is possible that the relatively large displacements associated with sliding wear 
introduced non-linearity into the load transfer relationship. Thus, P could be 
smaller than the measured value. 

In order to achieve partial slip, representative of engine hardware, the 
tangential load has to be decreased such that Q < #P.  From Equation 9, Q can be 
reduced either by increasing k3 or by reducing k2. Therefore, either the length of the 
specimen between the contact and the top grips could be reduced or the area of 
cross-section (i.e, the thickness) of the diaphragms could be reduced. The length of 
the specimen was reduced due to the ease of modification. This was achieved by 
raising the fretting chassis, relative to the specimen, using spacers. By this process, 
partial slip conditions were achieved in the subsequent experiments. Q/P ratios of 
up to 0.27 were achieved implying that the coefficient of friction could be higher 
than what was anticipated from the first few sliding experiments. 

The sliding contact between the two materials was analyzed using the SIE 
approach [6]. The orientation of the primary axis of the material with respect to the 
axis of the specimen was obtained from the manufacturer. However, since the 
orientation of the secondary axis with respect to the contacting surface was not 
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known, SIE analysis was performed for all possible orientations. As can be seen from 
Figure ll(b) the effect of orientation of the material principal axes on sub-surface 
stresses is significant. Lau~ x-ray diffraction method will be used to determine the 
orientation of the material principal axes to facilitate an accurate stress analysis for 
each experiment. 

Conc lus ions  

An experimental setup for elevated temperature tests (610~ has been 
designed and built based on the principle of load transfer similar to that of room 
temperature fretting fatigue experiments. The normal load transfer ratio of the rig 
was experimentally measured to be > 92%. An experimental procedure has been 
designed to minimize the pad rotation and the moment at the contact location 
during elevated temperature testing. The elevated temperature experiment is 
capable of generating mixed-mode or partial slip fretting conditions representative of 
engine hardware. Q/P ratios of up to 0.27 were achieved during the partial slip 
tests, implying that the slip zone coefficient of friction is higher than 0.27. The 
orientation of the material principal axes, which was found to affect the sub-surface 
stresses significantly will be determined by Laub x-ray diffraction. A preliminary set 
of data is given that can be used to begin assessing life prediction models. Further 
work will include additional experiments as well as the extension of isotropic life 
prediction models to the case of single crystal materials. 
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Abstract: A discussion of experimental studies to characterize the fretting fatigue 
behavior of titanium alloys is presented. This includes studies to evaluate the effects of 
normal pressure, contact material conditions, surface treatments, and environment. In 
addition, concepts of normal pressure threshold and damage threshold as related to 
fretting fatigue of titanium alloys are discussed. Finally, this paper is concluded with 
suggestions for future research efforts that are essential to improve understanding of the 
fretting fatigue behavior of titanium alloys. 

Keywords: fretting fatigue, titanium alloys, fatigue, fretting 

Introduction 

Fretting fatigue can be described as a combination of wear and fatigue processes. For 
fretting fatigue to occur two components should be in contact and in addition one or both 
components may be subjected to cyclic stresses resulting in "small" relative displacement 
between them. All materials are affected by fretting. Titanium alloys are more susceptible 
to fretting initiated fatigue degradation mechanisms when compared to other metal alloys. 
This may be because titanium alloys exhibit a greater tendency for material transfer when 
it slides over other materials or over itself. Moreover, fretting produces different forms of 
damages such as pits, scratches including fretting and/or wear tracks, oxide, debris, 
material transfer, surface plasticity, subsurface cracking, and fretting craters. It is believed 
that cracks nucleate from these damages after only a fewer number of fretting fatigue 
cycles when compared to cycles needed to form cracks under fatigue conditions without 
fretting. Therefore, the basic effect of fretting is to accelerate the crack nucleation 
process. More importantly, the effect of fretting is to eliminate the apparent "fatigue 
limit" of a material. Although fretting produces damage on the contact surfaces after they 
are subjected to a single fretting fatigue cycle a damage threshold exists for crack(s) to 
form from the damage. This phenomenon indicates that fretting may not be harmful if 
fretting damages are continuously monitored, controlled and repaired before they reach 
the threshold stage. Also, it should be noted that the fretting fatigue damage threshold is 
very specific to the applied normal pressure as well as the maximum fatigue stress. In 
addition, titanium alloys are very sensitive to normal pressure changes although there also 

1 The authors are, respectively, Professor, research engineer, and research assistant 
professor, Department of Mechanical Engineering, University of Utah, 50 S. Central 
Campus Dr., Room 2202, Salt Lake City, UT 84112-9208. 
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is an existence of normal pressure threshold. These aspects will be discussed in the latter 
part of this paper. However, under conditions of contact and applied cyclic stresses cracks 
form from fretting damages after certain a damage threshold is reached. After this, 
elimination of fretting may not have any favorable influence as nucleated cracks 
eventually propagate to fatigue failure by cyclic stress alone. As a result fretting shortens 
the fatigue life of a structural component. Thus it is imperative to inspect structural 
components for fretting damages to eliminate the possibility of these damages becoming 
crack nucleation sites. 

It is well known that the influence of fretting on the fatigue life of a metal alloy is 
dependent on numerous parameters. This paper will discuss some important fretting 
fatigue variables such as normal load, surface conditions, environment, and contact 
conditions. With the support of experimental studies these effects will be discussed as 
related to aerospace components with emphasis on titanium alloys. First, experimental 
data with regard to effects of normal pressure on fretting fatigue life of titanium alloys are 
given in the following section. 

Normal Load Effects on Fretting Fatigue Life of Titanium Alloys 

As mentioned before, the basic effect of fretting is to decrease the fatigue life of a 
material. One of the parameters that significantly contributes to the reduction in fretting 
fatigue life of any metal alloy is the magnitude of the normal pressure that one component 
exerts on the other component. This section summarizes experimental studies conducted 
to illustrate the effects of normal pressure on the fatigue life of Ti-6A1-4V [1-16]. All 
experiments discussed in this section were performed in the laboratories of the principal 
author of this paper during the past four decades. Both fatigue specimens and fretting 
pads were made using Mill Annealed Ti-6A1-4V. The fretting fatigue experimental 
methods are described elsewhere in references 3, 5, and 10. It is important to note that the 
results in all fretting fatigue experiments are influenced by experimental conditions a 
great deal. 

Figure 1 [ 1,2] provides some unpublished Ti-6A1-4V fatigue and fretting fatigue 
experimental results generated in the early 1970s by the principal author of this paper. 
The reduction in fatigue life of Ti-6A1-4V specimens is evident from this study when they 
were subjected to the normal pressure of 20.7 MPa (3 ksi) at different maximum fatigue 
stresses. The results from another study also showed that fretting fatigue life was reduced 
when tested under the normal pressure of 20.7 MPa (3 ksi) (see Figure 2) [4]. It also was 
observed from this study that at higher fatigue stresses the difference between fretting 
fatigue life and fatigue life of Ti-6A1-4V is small whereas the difference is large at lower 
fatigue stresses. This undoubtedly is due to the relatively high applied cyclic stress at the 
shorter lives thus causing the fretting to provide less effect in life reduction. It was stated 
that this might be because at lower fatigue stresses the fretting acting in conjunction with 
fatigue produces crack(s) in a significantly smaller number of cycles whereas "pure" 
fatigue conditions need a larger number of cycles to produce cracks. In another study 
[10], the effect of fretting on the fatigue life of Ti-6A1-4V under different normal 
pressures was evaluated. As shown in Figure 3, the fatigue life of Ti-6A1-4V was reduced 
when the normal pressure was increased and vice versa. The scatter in the data presented 
in the 
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Figure 1: Fatigue and fretting fatigue data for Ti-6AI-4V annealed R = +0.1 (1970-75) 
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figure was related to the local microstructural variations in Ti-6A1-4V. Also, it is 
important to note that normal pressure effects on fretting fatigue life of Ti-6A1-4V are 
dependent on the maximum fatigue stress. As shown in Figures 4,5 and 6 [7], increasing 
the maximum fatigue stress from 552 MPa to 758 MPa (80 Ksi to 110 ksi) then the 
fatigue life of Ti-6A1-4V was decreased. This behavior was observed when Ti-6A1-4V 
was tested under all the different normal pressures. Metallographlc and fractographic 
analysis of fretted Ti-6A1-4V specimens revealed that fretting resulted in damage states 
which were related to mechanical action between the contacting surfaces. In addition, it 
was observed that these damage states were nucleation sites from which numerous 
secondary cracks were formed. Figure 6 compares the normal pressure effect in 7075-T6 
and Ti-6AI-4V. 

When tested simulating hip prosthesis loading conditions, Ti-6A1-4V also exhil~ited 
fretting fatigue life reduction at different normal pressures (see Figure 7) [13]. It was 
clearly evident from the test results that fretting reduced the fatigue life of Ti-6A1-4V 
significantly from ten million fretting-fatigue cycles at 41.4 MPa (6 ksi) normal pressure, 
1.65/0.165 kN (371/37 lbf.) cyclic fatigue load, to 724 040 fretting-fatigue cycles at 82.7 
MPa (12 Ksi) normal pressure, 1.65/0.165 KN (371/37 lbf.) cyclic fatigue load. 
Furthermore, when the cyclic fatigue load was increased to 3.30/0.33 KN (742/74 lbf.) 
R= 0.1 the fatigue life of Ti-6A1-4V was reduced to a mere 69 660 fretting-fatigue cycles 
at 41.4 MPa (6 ksi) normal pressure. 
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Figure 5." Fretting Fatigue Test Results for Ti-6Al-4V (MA) Material at Various 
Normal Pressures, [7]. 
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These studies show that the variable normal pressure is a major factor in reducing the 
fatigue life of Ti-6A1-4V. However, there exists a damage threshold beyond which 
eliminating the cause of fretting does not have any effect on the remaining fatigue life of 
Ti-6A1-4V [3, 4, 10]. The concept of damage threshold as related to fretting fatigue 
behavior of Ti-6A1-4V is discussed in the next section. 
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Figure 6: Fretting Fatigue Normal Pressure Threshold for 7075-T6 Aluminum Alloy 
and Ti-6AI-4V Titanium Alloy at Various Maximum Fatigue Stress. [101 

Damage Threshold Concept 

As mentioned before, fretting produces various damage states on the contact surfaces. 
Cracks nucleate from these damage states after only a smaller number of applied cycles. 
Experimental studies indicated that at all loading conditions a minimum amount of 
fretting damage is needed to cause any reduction in fatigue life whatsoever. Interrupted 
fretting fatigue experiments were conducted on Ti-6A1-4V specimens at two different 
fatigue stresses; viz., 862 MPa and 483 MPa (125 ksi and 70 ksi) at 20.7 MPa (3 ksi) 
normal pressure to observe the existence of the damage threshold. The results from this 
study are plotted in Figure 8. As shown, at 100% fretting fatigue life, that is with the 
fretting pad in 
contact until the test specimen fractures, the cycles to failure was approximately 1.5X10 4. 
Fretting damage was assessed by observing the remaining (residual) life after the fretting 
pad was removed. Thus, at 60% fretting fatigue cycles, that is when the fretting pad was 
removed, the specimen fractured after only 4X104 cycles. This is in fact little more than 
the 100% value. In addition, at 20% fretting fatigue cycles it was observed that there was 
no reduction in the fatigue life of Ti-6A1-4V as the cycles to failure are the same. This 
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means that the damage produced under fretting condition does not contribute any fatigue 
life reduction. In other words these results suggested that no fretting damage was 
produced to cause a reduction in fatigue life at 60 to 0% fretting pre-cycles. Therefore, the 
existence of a damage threshold in Ti-6A1-4V helps to alleviate fretting related challenges 
only if these damages are removed before they become potential crack nucleation sites. 
Once the crack nucleation has occurred from the fretting further exposure to the fretting 
has virtually no continual effect on the life. 
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Figure 7: Fretting Fatigue Test Results for Ti-6 Al-4V Simulating Hip Prosthesis 
Loading Conditions, [13] 

Effect of Dissimilar Materials in Contact under Fretting Fatigue Conditions 

Titanium alloys are known for their susceptibility to fretting degradation mechanisms 
whether they are in contact with themselves or with other metal alloys. To evaluate the 
fretting fatigue behavior of Ti-6A1-4V when it is in contact with itself or with other 
materials, studies were conducted. In this study fretting pads were made from 7075-T6, 
At-1100, Copper, 0.40/0.50 C Steel, and Ti-6A1-4V as well. Ti-6AI-4V fatigue specimens 
were fretted with pads of different materials as mentioned above. Figure 9 shows the 
fretting fatigue test results resulted from this study [14]. All tests were conducted at room 
temperature under 20.7 MPa (3 ksi) normal pressure at different fatigue stresses. As can 
be seen from the plot, Ti-6A1-4V in contact with Ti-6A1-4V (4, 7) exhibited 
comparatively more reduction in fretting fatigue life. Moreover, as shown in Figure 10, in 
general, the harder the fretting pad the larger the reduction in fatigue life of Ti-6A1-4V 
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under these conditions. This behavior was observed to be same for two different fatigue 
stresses as shown. 
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Figure 8: Fretting Fatigue Damage Threshold Concept, [4] 

Environmental Effects to Characterize Fretting Fatigue Behavior of Ti-6AI-4V 

Chemical environment is one of the most important parameters that affect the fretting 
fatigue behavior of a metal alloy including Ti-6AI-4V. Yet very little work has been 
performed to study this issue especially on Ti-6A1-4V. However, to provide some 
additional insight to environmental effects on fretting on Ti-6A1-4V this section discusses 
some experimental results of the primary author's unpublished work. This study was 
performed in different environmental conditions such as laboratory air, distilled water, 
3.5% NaC1 under different normal pressure and fatigue stress levels. At both lower and 
higher fatigue stress levels fretting fatigue tests in 3.5% NaC1 environment resulted in 
greater reduction in fatigue life when compared to other environments (see Figure 11). 
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Effect of Surface Treatment on Fretting Fatigue of Titanium Alloys 

It is now well known that in applications which involve wear and fretting conditions 
titanium alloys cannot be used without any surface treatments as they are known to 
exhibit more material transfer. This may be the result of the breakdown in the oxide 
protective film and the relatively rapid nucleation of cracks from the fretting damage. 
Therefore, some studies were conducted to evaluate surface treatment as a means to 
alleviate the reductions of life from fretting induced damage of titanium alloys [11, 16]. 
In aircraft structural components, especially in the aircraft fuselage and wing structures, 
fretting mechanisms are observed to be one of the potential causes which nucleate cracks 
from rivet or other fastener holes. In recent years, the solution-treated and aged (STA), 
and the beta processed Ti-6A1-4V are extensively used to manufacture critical aircraft 
components. 111 addition, Boeing Commercial Airplane Company is using extensive 
amounts of beta-processed Ti-6AI-4V on the B777. 
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Figure 9: Comparison of Fretting Fatigue Data of Ti-6AI-4V With Respect to Baseline 
Data for all Fretting Pad Materials [14]. 
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Fretting corrosion and fretting fatigue are potential problems in maintaining the 
structural integrity of aircraft components made using Ti-6A1-4V with aforementioned 
processing conditions. It also will be of serious consequence when the fretting fatigue 
behavior of Ti-6A1-4V alloy systems under different environments and temperatures is 
not characterized. This section discusses some experimental studies that were conducted 
to determine the effect of airframe design parameters and coatings on fretting fatigue life 
of titanium alloys [16]. 
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Figure 10: Harder the Fretting Pad The Larger the Reduction in Fatigue Life 
of Ti-6AI-4V [141. 

Simulating aircraft structural joint design parameters fretting fatigue tests were 
conducted first on uncoated Ti-6A1-6V-2Sn fatigue specimen with fretting pad made of 
same material. The fretting pad was fastened to the fatigue specimen using different types 
of fasteners, viz. Ti-6A1-4V screw clearance fit, Ti-6A14V taperlok interference fit, and 
Ti-6A1-4V Hilok clearance fit. The objective of this study is to evaluate parameters such 
as material, fastener type, interference, installation torque, stress level, cyclic loading 
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frequency, and coatings. Different types of fasteners were selected because they induced 
varying amounts of normal pressures at the interface. All experiments were conducted at 
laboratory air. Fretting fatigue test results at different fatigue stresses for uncoated Ti- 
6A1-6V-2Sn with different fastener types are summarized in Figure 12. From this study it 
was concluded that Ti-6A1-4V taper-lok fasteners exhibited better fretting fatigue life 
than Ti-6A1-6V-2Sn specimens. Subsequently, titanium alloy specimens made of Ti-6A1- 
6V-2Sn, Ti-6A1-2Sn-4Zr-6Mo, and Ti-6A1-4V were coated with Molykote 106 and were 
fretting fatigue tested with Ti-6A1-4V taper-lok fasteners. 

The work showed that coated Ti-6AI-4V specimens exhibited greater reduction in 
fretting fatigue life when compared other titanium alloys. However, additional work 
showed that a significant improvement in the fretting fatigue life of coated (with 
Molykote 106) Ti-6AI-6V-2Sn occurred when compared to uncoated Ti-6A1-6V-2Sn. 

Recent Studies 

In recent years other studies have shown similar effects to those discussed [17-26]. 
The studies reported by Antoniou and Radke [17] are an excellent summary of the current 
state of the understanding of fretting fatigue of Ti alloys and validate many of the ideas 
discussed earlier in this paper. 
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Conclusions 

A review of some fretting fatigue experimental studies on titanium alloys were 
presented in this paper. The following conclusions can be made from the aforementioned 
studies. 

�9 Fretting can reduce the fatigue allowable of Ti-6AI-4V by various amounts 
depending on parameters related to the application or study. 

�9 Fretting damage accumulates during the process of fretting fatigue and reduces 
time/cycles to form cracks under the relevant conditions. 
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�9 Fretting may have an influence on crack propagation rates in the microstructurally 
dependent crack propagation regime - especially in titanium alloys. 

�9 A fretting damage threshold exists for titanium alloys. 
�9 The fretting damage threshold is dependent on normal pressure and potentially on 

slip amplitude. This threshold also may be dependent on chemical environment. 
�9 Chemical environment affects fretting-fatigue behavior of titanium alloys. 
�9 Fretting appears to have its greatest effects as the stress/strain decreases, thus, 

fretting has its greatest effect in the "long" life regime. 
�9 Surface treatments can significantly improve the effect of fretting in titanium 

alloys and deserve much study as a means to alleviate fretting fatigue. 
�9 Spectrum loading has a significant effect on the fatigue of titanium alloys as with 

other materials. 

Future Needs 

Although some studies were conducted on fretting fatigue behavior of titanium alloys 
during the past several years, much more work is to be done in order to understand more 
about this complex mechanism. Following are some recommendations to be pursued to 
enhance our understanding of fretting fatigue of titanium alloys. 

�9 Some studies have been reported on fretting-fatigue of titanium alloys under 
variable amplitude loading. This important issue must be evaluated for many 
variable amplitude-loading conditions. 

�9 Analytical or empirical models for fretting-fatigue life estimation need extensive 
development. [friction, slip amplitude, pressure, temperature, environment, 
material]. Some work has been done on this aspect but more needs to be done. 
The time dependency of fretting development needs further study in this regard. 

�9 The role of microstructure of titanium alloys on fretting-fatigue needs much study. 
In view of the significant effect of microstructure on fatigue (S-N) and crack 
propagation of titanium alloys this could bear important results for the future. 

�9 Surface palliatives (treatments) need study to evaluate the effects and formulate 
general principles for application. 

�9 Studies to establish transfer functions to assure information developed on 
specimen test elements for fretting fatigue can be accurately transferred to 
components. 

�9 Extensive study of mechanics and fracture mechanics applied to fretting fatigue 
must be carried out. 

�9 The role of temperature in fretting fatigue of titanium alloys needs evaluation. 
�9 The role of multiaxial stresses in fretting fatigue needs study-especially for aircraft 

applicatio.ns. 
�9 Since the confocal microscope is another useful tool to understand the metrics of 

fretting damage development from initial damage states to fretting damage to 
crack transition it will be important to use this tool and others to continue the 
mapping aspects and to develop the metrics to be used for the models. Clearly, 
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this could be one of the most significant aspects of research to be done if a 
quantitative method of fretting fatigue life prediction is to be developed. 

�9 The effect of chemical environment related to fretting fatigue effects of Titanium 
alloys needs study since many applications of Ti alloys occur in environments that 
cause corrosion of one type or another. 

�9 A compilation of fretting fatigue terminology needs development. 
�9 A design guide (simplistic yet thorough) for fretting fatigue needs development. 
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Abstract: A study was conducted to investigate fretting fatigue damage of Ti-6A1-4V 
against Ti-6A1-4V under flat-on-fiat contact with blending radii at room temperature. 
Both the location of and the time required to nucleate fretting fatigue cracks were 
investigated for two static clamping stress values representative of those estimated for 
turbine engine blade attachments. Fatigue limit stresses for a 107 cycle fatigue life were 
evaluated for the selected conditions. Fretting fatigue nucleated cracks were identified in 
situ using shear wave ultrasonic NDI. The effect of fretting fatigue on uniaxial fatigue 
life was quantified by interrupting fretting fatigue tests at 10% of life, and conducting 
uniaxial residual fatigue life tests. Metallography, scanning electron microscopy and 
spectral analysis were used to characterize the fretting damage. 

Keywords: fretting fatigue, Ti-6A1-4V, crack nucleation 

Introduction 

Fretting fatigue is the phenomenon caused by localized relative motion between 
contacting components under vibratory load. The damage due to fretting fatigue can lead 
to premature crack initiation and failure. Such damage has been indicated as the cause of 
many unanticipated disk and blade failures in turbine engines, and as a result, has been 
the focus of numerous studies [I-5] over the years. Fretting fatigue often takes place in 
the presence of other types of damage, leading to confusion regarding the source of and 
micro-mechanisms responsible for premature failures. With the numerous conditions 
influencing the fretting fatigue phenomenon, a comprehensive understanding of how 
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fretting fatigue occurs and subsequent accurate life prediction modeling has been elusive. 
Many different test systems have been developed to aid in the study of the fretting 

fatigue phenomenon. Most research has been conducted on Hertzian [3, 5], or square 
cornered punch-on-flat [3, 5] geometries because of the availability of closed form 
analytical solutions for the resulting stress distributions. However, the applicability of 
these geometries to real components is limited. Some work has been done to directly test 
real component geometries [1], but specimens are expensive, determination of the stress 
distribution is tedious and costly, and the results are difficult to model. A geometry that 
provides information at an intermediate level of complexity is required as the next step 
toward the development of an accurate life prediction model that bridges the gap 
between laboratory and service conditions. 

The authors have published work on a novel test geometry that simulates the 
essential features of a turbine engine blade root attachment while maintaining the 
simplicity of a more generalized geometry. Previously published work established the 
viability of the test apparatus in investigating fretting fatigue behavior and documented 
preliminary results on the effect of several parameters critical to fretting fatigue [6, 7]. 

The purpose of the present investigation is to extend the scope of prior work and 
answer questions regarding the mechanisms of fretting fatigue crack nucleation in the 
current test geometry. Of interest to the current work are the location of crack nucleation 
sites, the portion of life spent in fretting fatigue crack nucleation, and quantification of 
the effects of fretting fatigue damage on residual fatigue properties. Identification of 
crack nucleation sites using post-mortem fractography has produced less than conclusive 
results [6, 7]. In this study, crack nucleation life and location will be investigated by 
conducting fretting fatigue tests that are interrupted based on two independent criteria. 
The resultant damage will be characterized using scanning electron microscopy, 
metallographic analysis and semi-quantitative elemental analysis. 

Experimental Approach 

Fretting Fatigue Apparatus 

The fretting experiments in this study were designed to simulate the primary 
loading conditions under which fretting fatigue damage occurs in turbine engine blade 
attachments. The/d0vetail geometry of a blade attachment is, in part, composed of flat 
pressure faces that blend into the mating component via rather large radii. The pressure 
faces are subjected to a bending moment produced by the dovetail flank angle, and to 
cyclic normal and shear forces. Either all of the shear load is transferred across the 
contact or the threshold of gross sliding is achieved and one component moves with 
respect to the mating component. 

The fretting fatigue test apparatus used in this and related studies incorporates a flat 
specimen tested against a flat pad with blending radii at the edges of contact to simulate 
the dovetail pressure face geometry. Static clamping loads are imposed using 
instrumented bolts to measure the clamping load. A cyclic bulk load applied to the 
specimen produces a negligible bending moment and a cyclic shear stress at the contact 
that results in fretting fatigue, as indicated in the magnified view in Figure 1. The 
contribution of the bending moment in the dovetail geometry is assumed to be negligible. 

Valid tests performed in this apparatus always result in full transfer of the shear 
load to the fixture, thus producing a mixed slip/stick condition that results in fretting 
fatigue crack nucleation. The test assembly produces two nominally identical fretting 
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fatigue tests for each specimen, when similar clamping conditions are imposed in both 
grips (see Figure 2) [8]. Additional details on the fixture can be found in reference [6]. 
For this study, fretting fatigue cycles were applied at 300 Hz. 

Figure 1 n Test fixture schematic indicating pad lengths, distance from center of 
specimen to lower edge of pad, and blending radius at edge of contuct. 

Figure 2 n Test load train schematic. Numbers indicate edge of contact locations. 

Uniaxial Fatigue Apparatus 

For part of the tests conducted in this study, fretting fatigue conditions were 
discontinued after a small portion of total fretting fatigue life, and the residual fatigue 
lives were evaluated in uniaxial fatigue. A servo-hydraulic test system was used to 
conduct the uniaxial fatigue tests. The system was equipped with a 5000 lbf (22.24 kN) 
capacity load cell, an analog controller operated in the load control mode, and hydraulic 
wedge grips with a 25 kN grip capacity and anti-fret inserts made of surfalloy. Tests 
were conducted at 3 Hz. All tests were conducted under ambient laboratory conditions. 

Material and Machining Parameters 

Fretting fatigue specimens and pads were machined from forged Ti-6A1-4V plates 
with a t~+[~ duplex microstructure. Since no cracks were expected in the pads, 
orientation with respect to loading for the pads was not specified or identified. Axial 
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specimens were machined with the fatigue axis oriented in the longitudinal direction. 
The material yield strength is 930 MPa; the tensile strength is 980 MPa, and the modulus 
is 116 GPa. Microstructure details can be found in reference [9]. Specimens and pads 
were low stress ground to an RMS 8 pJnch surface finish. 

Test Condition Selection 

Three objectives were defined for the current investigation: identify the location of 
fretting fatigue crack nucleation, identify the portion of life spent nucleating fretting 
fatigue cracks, and quantify the reduction of fatigue properties caused by fretting fatigue 
damage accumulated by 10% of fretting fatigue life. Attempts to identify primary crack 
nucleation sites and crack nucleation lives in prior work [6, 7] have been inconclusive. 

Three series of experiments were designed for this investigation, as a continuation 
of the previous work. First, the fretting fatigue limit stresses for a 107 cycle fatigue life 
were identified using a step loading technique, designated as 100%-of-life tests. Then, 
shear wave ultrasonic crack detection was used in situ to try to identify fretting fatigue 
cracks early in the propagation portion of life, designated as NDWr tests. Finally, some of 
the fretting fatigue experiments were interrupted at 10%-of-life, and the effect of cycling 
was quantified as residual fatigue life. 

Geometry and loading conditions were the same as those used in prior work. 
Fretting fatigue sample dimensions were 10 mm x 2 mm x 150 mm. Nominal fretting 
pad lengths were 12.7 mm and 25.4 mm. A contact radius of 3.2 mm was used, resulting 
in contact lengths of 6.35 mm and 19.05 ram. Clamping stresses, t~N, of 200 MPa to 620 
MPa were selected to approximate the stress range identified for the blade attachment 
region. All of the fretting fatigue experiments were conducted at R = 0.5. 

For the 100%-of-life series of tests each specimen was cycled to failure using a step 
loading procedure to obtain the fretting fatigue limit for a 107 cycle fatigue life. The 
procedure invoNed cycling the specimen at a constant stress, which was below the 

7 expected fatigue limit stress, for 10 cycles. Then the stress level was increased by a 
small amount, usually five percent, and the cycling was continued for an additional 107 
cycles. The stress increments were continued-u~fitil the specimen fractured. Then, the 
fatigue limit was calculated from the final stress, number of cycles at the final stress, and 
the stress from the prior block, using linear interpolation [10]. Six tests were conducted 
at the nominal 620 MPa clamping stress condition and three were conducted at the 200 
MPa clamping stress condition. The purposes of these tests were to establish an average 
fatigue strength for a 107 cycle fatigue life including data on the repeatability of each 
condition, and to provide fretted surfaces at 100 percent of life. Fretting scars were 
characterized in the SEM (Scanning Electron Microscope) for comparison to partial life 
damage characterization from later tests. 

For the NDET series of tests, specimens were cycled at a far field bulk stress of 350 
MPa for the lower clamping stress and 260 MPa for the higher clamping stress. These 
stress levels are roughly equal to the fatigue limit stresses identified for a 107 cycle 
fatigue life in the 100%-of-life tests. During each test, two transducer/coupling wedge 
assemblies were attached to the specimen, using a fast curing epoxy, to monitor cracking 
in each grip independently. When applied to uniaxial fatigue specimens, the technique is 
capable of detecting surface cracks with depths of ~200 Ixm. In the configuration 
employed in this study, the transducers both transmitted the 10 MHz ultrasonic wave and 
received reflections from cracks present in the structure. Identification of cracks was 
achieved by comparing successive signals acquired at 500,000 mechanical fatigue cycle 
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intervals, and identifying changes in shape and amplitude of various peaks occurring in 
the vicinity of the edge of contact. If a crack was detected, the specimen was removed 
for inspection in the SEM, heat tinted at 420~ for four hours to mark the location of the 
crack front at the time of inspection, and then reinstalled in the test frame for cycling to 
fracture at the same conditions used to nucleate the crack. Three fretting fatigue 
specimens for each condition were tested using this technique. 

For the 10%-of-life series of tests each specimen was cycled for 1 million cycles at 
a far field bulk stress of 350 MPa for the lower clamping stress and 260 MPa for the 
higher clamping stress. Then the fretting condition was discontinued and residual fatigue 
life tests were conducted. These experiments are referred to as 10%-of-life tests, since 
the fretting fatigue damage is removed at 10% of the expected fretting fatigue life. The 
10%-of-life damage level was selected, in part, to allow comparison to work in the 
literature [3, 5, 11, 12}, where significant damage progression up to 10% of life has been 
reported. Damage characterization was conducted through SEM (Scanning Electron 
Microscope) imaging and uniaxial residual fatigue life testing. 

In previous work interrupted test specimens were re-machined into dogbone 
samples in the vicinity of the fretting damage. The residual fatigue life test results 
obtained from those samples did not indicate a reduction in fatigue life compared to 
undamaged samples, except in the case of features that could not be attributed to fretting 
damage [7]. SEM inspection of these fretting scars prior to re-machining indicated that 
the highest levels of wear damage occurred at the sample edge. Thus, the results of these 
tests provided information only on the location of the highest level of damage, which 
was outside of the region of the fretting scars after dogbone specimen machining. 

In the current work, the region of highest wear damage was isolated by cutting 
straight sided (SS) specimens from the fretted regions, as shown in Figure 3. The 
resulting straight sided sample dimensions were 2 mm X 2.5 mm X 100 mm. To 
minimize grip failures, the ends of the specimen were covered with 0.127 mm (5 rail) 
thick copper tabs. Samples were tested at 950 MPa maximum stress at R = 0.5. Several 
baseline tests were also conducted on unfretted specimens to compare against the fretted 
specimen data. 

Pad Contact Regions 

~ / ~  Specimen Edge ~ . ~  

'~t: 1<~-25 mm--~ - -  100ram 150~-25 mm-~ ~ Cut # 1 r a m  ) ~  > T 

Figure 3 - -  Machining schematic for residual fatigue life specimens. 

Characterization 

Specimens were characterized in the SEM after the application of fretting damage 
to provide qualitative information on the level of wear generated in each test. Uniaxial 
fatigue fracture surfaces were also inspected in the SEM after fracture. Crack nucleation 
sites and causes were documented for all samples that fractured in the gage section. For 
specimens that failed in the gage, but away from the fretting damage, the distance 
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between the fracture surface and the fretting scar was measured. 
The fretting fatigue damage was also characterized with a metallographic cross- 

section of a step load sample and with representative spectral analysis of the fretting 
debris. The section was taken from the unfailed end of a failed sample bearing non- 
failure cracks. Similar sections taken from samples subjected to fretting fatigue under 
Hertzian or punch-on-flat contact conditions have been reported in the literature [2, 4, 5], 
Those authors reported the presence of numerous non-propagating cracks and primary 
crack nucleation angles of approximately 45*. A similar cross-section from the current 
test geometry was cut to acquire information on the crack front location at the point at 
which the section was taken and to allow future comparison to other geometries. Spectral 
analysis of the fretting debris was conducted using Energy Dispersive Spectrometry 
(EDS) to identify elemental differences between fretting debris and the base material. 

Experimental Results 

Step Load Test Results 

The results of the step load tests are presented in Figure 4, which shows the 
estimated fatigue limit for 107 cycles versus average applied clamping stress. Some data 
are included from previous work conducted at R = 0.5 on specimens having the same 
contact radius, 3.2 mm, as that used here [6]. At 200 MPa average clamping stress the 
average fatigue strength was ~ 330 MPa; at 620 MPa the average fatigue strength was - 
250 MPa. Error bars representing two standard deviations are included. A subtle 
increase in fatigue limit was observed as a function of decreasing clamping stress in 
these results, although relatively large amounts of scatter tend to obscure the trend. 

Nozr Results 

Three tests were conducted at the 200 MPa clamping stress, in which the intent was 
to interrupt the tests based on crack detection using shear wave Non-Destructive 
Evaluation (NDE) technique. None of the attempts to detect cracks on specimens 
subjected to this clamping stress were successful. Table 1 lists cycles to failure as well 
as the cycle count of the last shear wave data acquisition. One of the tests at the 200 
MPa clamping stress (#99-B57) was stopped for inspection based on changes in the 
waveform that were thought to be indications of crack nucleation at ~11 million cycles. 
However, careful inspection in the SEM did not reveal any cracks. If the shear wave 
NDE results for the other two tests are accurate - that no cracks were present at the last 
cycle count for which shear wave data were acquired - it can be concluded that less than 
4 percent of life was spent in crack propagation. This conclusion is a direct contradiction 
of the findings from earlier researchers [3, 5, 13] that indicate the presence of cracks very 
early in life. 

Table 1 - NDEr test results for 200 MPa clamping stress 

SPECIMEN N (LAST SW CYCLES TO 
SIGNAL) FAILURE 

99-B56 14 110 000 14 628 924 
99-B57 10 900 000 >11 000 000 
99-B59 3 000 000 3 099 251 
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Cracks were successfully detected in two of the three tests conducted at the 620 
MPa clamping stress (#s 99-B60 and 99-B61). Results for these tests are given in Table 
2. The detected cracks were fairly large, so that the time to propagate the detected cracks 
to failure was very small compared to the total specimen life. It should be noted that 
application of this inspection technique has not previously been documented for fretting 
fatigue. The viability of detecting cracks under these conditions was unknown, so the 
detection of any cracks was considered a success. Ultimately, the observation of new 
peaks in the waveforms lead to the identification of cracks in 99-B60 and 99-B61. While 
these results do not provide adequate information on the crack nucleation life for the 620 
MPa clamping stress condition, they do support the feasibility of using the shear wave 
technique in situ in the high frequency contact laboratory environment. Feasibility of 
using the shear wave ultrasonic technique was demonstrated despite the significant 
amount of acoustic and electro-magnetic noise generated by the high frequency 
mechanical fatigue apparatus. 

Table 2 - NDET test results for 620 MPa clamping stress 

SPECIMEN CYCLES TO CYCLES TO 
NDET FAILURE 

99-B60 7 019 649 7 349 240 
99-B61 6 125 123 6 227 169 
99-B62 NA 4 126 650 

* indicates crack that ultimately produced failure 

CRACK LENGTH ,mm 

2.3*, 0.90, 0.35 
2.6*, 0.50, 0.34, .025 

NA 

For the tests subjected to the lower clamping stress, total lives ranged from 3.1 
million to 14.6 million cycles, thus bracketing the estimated 107 cycle fatigue life. At the 
higher clamping stress, the total lives ranged from 4.1 million to 7.3 million. For both 
conditions, the cycles-to-failure results recorded were within the expected level of scatter 
for such tests. Thus, these results may be used to substantiate the validity of the step 
loading technique for fretting fatigue conditions, a point not previously demonstrated for 
such complex loading. 

4oo 

350 ~ Ave = 332 MPa I ) o 

~ 0 g_ 2s~ I ~ - -  
[ A v e  = 253 MPa 'F E 

~ 150 0 Step road tests; R = 0.5 [6] 

100 �9 ~N = 420 Mpa;  R = 0"5 

~ = 140 MPa; R = 0 . 5  

50 Uniaxiat Fat igue Limit (R = 0.5) = 660 MPl a ' 
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Figure 4 - -  Fatigue limit stress at R = 0.5 
versus average clamping stress for a 107 

cycle life. 
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Figure 5 - -  S-N results for residual fatigue 
life specimens with lO%-of-life damage. 
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Residual Fatigue Life Results 

Results of the residual fatigue life tests on straight sided specimens are shown in 
Table 3 and Figure 5. Table 3 lists cycles to failure and the clamping stress under which 
each fretting specimen was tested. In addition, the "failure location" column indicates 
failure in the grip, at the fretting damage, Or the distance from the fretting damage that 
failure occurred. Figure 5 presents the residual fatigue life test results in S-N form along 
with baseline data described below. 

Of the six residual fatigue life specimens whose damage was generated with 200 
MPa clamping stress and 350 MPa axial fatigue stress, only one failed in the gage 
section when subjected to uniaxial fatigue. The resulting fracture occurred ~ 2.6 mm 
away from the line of fretting damage and, so was not a fretting fatigue related fracture. 
No appreciable reduction in fatigue life was observed (note " . " i n  Figure 5). The 
remaining samples failed in the grip, and thus indicate that the fretting damage on those 
samples was less severe than the stress concentration produced by contact with the grip. 

Table 3 - Residual axial fatigue life test results at 950 MPa, R = 0.5. 

SPECIMEN AVEI NORMAL CYCLES TO FAILURE 
STRESS, MPa FAILURE LOCATION 

00-071 
00-072 
00-073 
00-074 
00-075 
00-076 
00-077 
00-078 
00-081 
00-083 
00-084 
00-262 

62O 
620 
620 
620 

' 6 2 0  
620 
200 
200 
200 
200 
200 

11042 
36 097 
30 343 
29 886 

3055 
25 357 
32 680 
27475 
21 794 
12 563 
16 282 
35 037 

@ fretting 
2.27 mm 
8g~ 

2.46 mm 
@ fretting 
@ frettin~ 

Grip. 
2.63 mm 

Grip 
Grip. 
Grip 

Of the six specimens subjected to fretting fatigue damage at 620 MPa clamping 
stress and 260 MPa axial fatigue stress, all six failed in the gage section when subjected 
to uniaxial fatigue. (note "<>"symbol in Figure 5). One failed at approximately 3000 
cycles at a sizeable fretting fatigue nucleated crack. Two more specimens failed in less 
than 25 000 cycles at fretting damage where no obvious cracks were present. The 
remaining three specimens failed away from the fretting damage in the gage section, and 
produced residual lives of 30 000 cycles or greater. The wear scars on specimens 
subjected to this clamping stress condition appeared nominally identical from the SEM 
imaging in the absence of fretting fatigue nucleated cracks. 

Additional baseline data are provided in Figure 5 for comparison. These tests were 
conducted on as-received dogbone samples machined to the same surface condition as 
the fretting fatigue samples, and are represented by "O". One unfretted straight sided 
specimen was tested and fractured in the gage section, represented by "D". Only 
specimens that failed at the line of fretting damage showed a marked decrease in residual 
fatigue life compared to the baseline tests. 
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Characterization Results 

Fretted surface characterization 

Characteristic fretting scars from each clamping stress condition for both 100% and 
10%-of-life tests are shown in Figures 6 through 9. All of the images were created using 
backscatter emission imaging in the SEM to enhance wear features. Wear was minimal 
in the 200 MPa samples (Figures 6 and 8) compared to the levels of wear observed in 
other test geometries [2, 3]. By comparison, almost no wear was observed in the 620 
MPa samples (Figures 7 and 9), except where fretting fatigue nucleated cracks resulted in 
increased wear due to interaction of the crack and the edge of contact (Figure 10). 
Debris was spread over a larger area in the 200 MPa specimens than in the 620 MPa 
specimens. However, cracks of 1 mm or more in length were observed on all 620 MPa 
specimens at 106 cycles, indicating that cracks nucleate in less than 10% of life for this 
clamping stress condition. The crack nucleation life of specimens subjected to the lower 
clamping stress was indicated to be greater than 95% from the ND~r test results. 

The presence of cracks at 10% of life in the specimens subjected to the higher 
clamping stress condition provides an explanation for the residual fatigue life results 
discussed above. If crack nucleation required most of the fretting fatigue life for the tests 

Figure 6 - -  Wear debris for lO0%-of-life 
at 200 MPa clamping stress. (Nf = 144 

000 000 cycles) 

Figure 7 - -  Non-crack wear debris for 
tO0%-of-life at 620 MPa clamping stress. 

(Nf = 22 600 O0 cycles) 

Figure 8 - -  Wear debris for l O%-of-life at Figure 9 - -  Non-crack wear debris for 
200 MPa clamping stress, lO%-of-life at 620 MPa clamping stress. 
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Figure 10 w Secondary fretting crack nucleated at 420 MPa clamping stress. (Nf ~ 4.1 
million cycles) 

conducted at the lower clamping stress, then reduction in residual fatigue life after only 
10% of the estimated fretting fatigue life would not be expected. However, if crack 
nucleation occurred early in life, as with the specimens tested at the higher clamping 
stress, the reduction in residual fatigue life is likely. 

Results from characterization of the NDET specimens, conducted prior to fracture, 
support these observations. On a given specimen, as many as eight crack nucleation sites 
are present (two for each pad/specimen contact region indicated by the numbers in 
Figure 2), and so simultaneous nucleation of cracks at two or more of these sites may 
occur. Many sizeable cracks were observed on the specimens subjected to the higher 
clamping stress, ranging in length from 200 ~tm to 1.6 mm as noted in Table 1. All of 
the cracks appeared to have nucleated near the specimen edges. By comparison, no 
cracks larger than 20 ~m were observed on the specimens subjected to the lower 
clamping stress, and those cracks were contained entirely within the fretting debris. This 
observation is consistent with the results of the ultrasonic waveform data, which 
indicated no crack presence during testing. Previous work [14] has shown that cracks 
such as those observed on the specimens subjected to lower clamping stress were either 
non-propagating, or propagated in a manner that led to spalling of the wear products. 
Inspection of the specimens subjected to the lower clamping stress was performed after 
fracture, when interruption of the test prior to fracture was not achieved. 

Fracture surface characterization 

Representative fracture surfaces from 100%-of-life tests for both clamping stresses 
are shown in Figures 11 and 12. The micrographs show the nucleation regions of the 
fracture surfaces for 200 MPa and 620 MPa clamping stresses, respectively, and include 
the entire thickness of the specimen. Figures 13 and 14 give closer views of the 
estimated nucleation sites, indicated by the boxes in Figures 11 and 12. All four images 
were taken in backscatter mode, where darker regions represent different alloy phases, 
different levels in the fracture topography, or cracking parallel to the fatigue axis. 

Inspection of both fracture surfaces reveals that the cracks nucleated from roughly 
the same region with respect to the edge of the specimen, and propagated into the 
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specimen in the direction of the arrows (see Figures 11 and 12). The 200 MPa specimen 
fracture surface has a more planar appearance with no evidence that any cracks nucleated 
other than the dominant one that fractured the specimen. The 620 MPa specimen shows 
evidence of multi-plane cracking and chipping (note damage to the right of the box in 
Figure 12) resulting from the propagation of multiple cracks. The nucleation sites in 
Figures 11 and 12 are within 1 mm of the specimen edge. 

Closer inspection of the primary nucleation site of the 200 MPa specimen also 
reveals a very planar fracture with no cracks parallel to the fatigue loading axis, pointing 
to the dominance of the bulk axial load on crack propagation for this contact 
configuration and loading condition. The magnified view of the 620 MPa specimen 
fracture surface shows evidence of a higher stress state and the multi-axial nature of that 
stress state in the form of cracking parallel to the fatigue axis. 

Figure 11 - -  99-B74 (200 MPa clamping Figure 12 ~ 99-B72 (620 MPa clamping 
stress) - step load test fracture surface, stress) - step load test fracture surface. 

Figure 13 - -  Magnified view of estimated 
primary crack nucleation site in Figure 
11. (note region indicated by black box.) 

Figure 14 - -  Magnified view of estimated 
primary crack nucleation site in Figure 
12. (note region indicated by black box.) 

After residual fatigue life tests were completed on the 10%-of-life specimens, the 
resulting fracture surfaces were inspected in the SEM to determine if the fractures were 
fretting fatigue related. A representative fracture surface of a non-fretting fatigue gage 
section failure is shown in Figure 15. This image was taken with the sample tilted at a 
45 ~ angle and includes both the fretting scar and the fracture surface. In each non- 
fretting gage section failure an unintentional notch was identified as the cause of crack 
nucleation. Fretting damage was a sufficient distance from the crack nucleation site, as 
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noted in Table 3, that fretting could not have played a role in the specimen fracture, 
except in one case. One specimen fractured under the pad contact area so that a 
conclusive cause of crack nucleation could not be determined. The fracture surface for 
this specimen is shown at a 45 ~ angle in Figure 16. A notch was present at the crack 
nucleation site, but it occurred under the contact region. Since the source of the damage 
was unknown, the role of the contact in crack nucleation could not be determined, 
although the fatigue life of this specimen was not reduced appreciably. 

Figure 15 - -  Residual fatigue life sample Figure 16 m Residual fatigue life sample 
with fracture surface and fretting scar with fracture surface shown at 45 ~ the 

shown simultaneously at 45 ~ the fatigue fatigue loading axis. (Nf = 30,343 cycles - 
loading axis. (Nf = 36,097 cycles) indeterminate failure) 

Two of the specimens failed at the fretting edge of contact without the presence of 
identifiable fretting nucleated cracking. A representative photo of one of the fracture 
surfaces is shown in Figure 17. In both cases crack nucleation occurred within the line 
of fretting fatigue damage, and without the presence of unintentional damage sites from 

Figure 17 m Residual fatigue life sample 
with fracture surface shown at 45 ~ the 

fatigue loading axis. (Nf = 11,042 cycles - 
fretting nucleated failure) 

Figure 18 --Residual fatigue life sample 
with fracture surface shown at 45 ~ the 

fatigue loading axis. (Nf = 3,055 cycles- 
failure from fretting nucleated crack) 
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other sources. The fretting "damage" that resulted in these failures was not noticeably 
different from the "damage" observed on specimens where fracture occurred away from 
the fretting site. 

The last specimen failed at the fretting damage in the presence of a crack 400 ~rn 
long by 160 grn deep. The 45 ~ view of the fracture surface is shown in Figure 18. Since 
the presence of the crack was known prior to uniaxial fatigue testing, the specimen was 
heat tinted to mark the location of the crack front. The crack was nearly elliptical, and 
nucleated within 100 p.m of the specimen edge. This fracture surface supports the 
hypothesis of crack nucleation location near, but not at the edge of the specimen. 

One unfretted specimen was also tested for comparison purposes. Crack nucleation 
was caused by surface damage perpendicular to the fatigue loading axis. While the 
fatigue lives of the straight samples did not differ in a statistically significant manner 
from the baseline tests on dogbone samples, some sort of stress riser was required to 
achieve a gage section failure. This point suggests that damage at 10% of fretting fatigue 
life obtained under 200 MPa clamping stress is less severe than a small damage site, such 
as might be incurred during machining or installation of the specimen into the test frame. 
Fretting damage obtained at 620 MPa clamping stress may be more severe than the types 
of incidental damage described here, but is not necessarily so. 

Fretting debris characterization 

The fretting debris from an un-cracked fretting scar was characterized for elemental 
content. The 200 MPa clamping stress condition was selected, since a greater volume of 
wear debris was available and the expected anomalous elements were small. Figure 19 
shows a portion of a spectral analysis chart for the unfretted material. Only titanium, 
aluminum, and vanadium are present in significant quantities. Carbon and oxygen are 
marked on the graph, but the amount present with respect to the primary alloy 
constituents is negligible. A representative scan of the fretting debris is shown in Figure 
20. Titanium, aluminum and vanadium are still the primary constituents, but the oxygen 
and carbon peaks are more pronounced, and can no longer be described as noise. Note 
that the primary titanium peak that occurs at ~4.5 keV and the vanadium peak that occurs 
at -4.9 keV are not shown in Figures 19 and 20, but were present in the original scans at 
counts of-500 and 100, respectively. 
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Oxidation of the original material elements has been linked to premature crack 
nucleation in both fretting fatigue and fretting wear in other materials [13, 15]. So the 
presence of significant levels of oxygen, as found here, presented a possible mechanism 
for crack nucleation in the specimens tested at the 200 MPa clamping stress. Brittle 
reaction products such as TiO2 or AlzO3 could present ideal crack nucleation sites that 
would allow crack propagation into the bulk material, if the oxide were fixed firmly to 
the substrate. For each of the 200 MPa samples inspected in the SEM, the oxide was 
fixed firmly enough to the base material that it was left undisturbed by rigorous 
ultrasonic cleaning. This nucleation mechanism is not applicable to the higher clamping 
stress condition, based on the observed volume of wear debris in the absence of cracks. 

A metallographic cross-section was cut in the region of a secondary crack on the 
unfractured end of a fractured specimen tested under the 620 MPa clamping stress 
condition. The crack extended ~ 1 mm from the specimen edge. Two nucleation sites 
were identified by the presence of relatively large amounts of fretting debris, and the 
crack appeared to propagate outward from both sites along a complex propagation path 
(Figure 10). The crack was sectioned to approximately 600 Ixm from the specimen edge 
near the second nucleation site (Figure 10 - note section line at right of photo). 

The depth of the crack at the section location was ~ 500 ~tm. As shown in Figure 
21, the dominant crack nucleated at ~ 45 ~ to the loading axis, as reported by other 
researchers [4], and within 5-10 p.m, turned perpendicular to the loading axis. Both 
propagating and non-propagating cracks are observed. In this case, very little material 
was removed from this part of the specimen face during the crack nucleation process. 
Also, the crack propagated across the ~+~ lath before turning perpendicular to the 
fatigue loading axis, indicating that the early stages of crack propagation under this 
contact condition are not heavily influence by environmental conditions such as 
oxidation or corrosion, as has been reported [13, 15]. Since no secondary cracking was 
observed on specimens subjected to 200 MPa clamping stress, the role of environment 
on fretting fatigue nucleated cracks could not be verified. 

Figure 21 - -  Cross-section of secondary 
fretting crack -600 #m from sample edge. 

Summary and Conclusions 

Taken together, the results from the different aspects of this investigation provide 
new insight into the fretting fatigue behavior for the current contact geometry. Using 
two clamping stress conditions representing the approximate range of normal stresses to 
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which a turbine engine blade attachment region is subject, two types of crack nucleation 
behavior were identified and determined to be dependent on the applied clamping stress. 

The number of cracks present on a single specimen was found to be dependent on 
the clamping stress. The higher clamping stress produced multiple cracks, of which one 
would eventually dominate. This trend in behavior was also reflected in the time 
required for nucleation of cracks for the two clamping stress conditions. The 200 MPa 
condition spent over 95% of life nucleating cracks, while the 620 MPa condition 
nucleated cracks within 10% of fretting fatigue life. 

From this difference in crack nucleation behavior, the residual fatigue life results 
may be explained. If damage in the form of cracks can occur within 10% of life, as in 
the case of the high clamping stress condition, then a debit in fatigue life is expected for 
samples subjected to 10% of fretting fatigue life. However, the fretting fatigue limit 
stresses for the two clamping stress conditions were similar to produce a fatigue life of 
107 cycles. 

Some behavior was not dependent on the clamping stress. Cracks nucleated in the 
region near specimen edges, between 100 ~tm and 1 mm of the edge, regardless of the 
applied normal stress. This trend is likely a function of the contact geometry and the 
manner of load application. While such a trend may appear to be a deficiency in the 
apparatus design, it gives some indication of what mechanisms are responsible for the 
observed behavior. A general observation from the experiments performed here and in 
prior work is that all contact related behavior is dependent on pad, specimen and 
fixturing geometry. 

In addition to the observations made regarding the objectives of this study, the step 
loading technique, which was developed to rapidly determine fatigue limit stresses for 
individual specimens, was verified for fretting fatigue conditions. 
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Abstract: The fretting behavior of Ti-48A1-2Cr-2Nb 2 (7-TiA1) in contact with a typical 
nickel-base superalloy was examined in air at temperatures from 296 to 823 K (23 to 
550 ~ The interfacial adhesive bonds between Ti-48A1-2Cr-2Nb and superalloy were 
generally stronger than the cohesive bonds within Ti-48A1-2Cr-2Nb. The failed 
Ti-48A1-2Cr-2Nb debris subsequently transferred to the superalloy. In reference 
experiments conducted with Ti-6A1-4V against superalloy under identical fretting 
conditions, the degree of transfer was greater for Ti-6A1-4V than for Ti-48A1-2Cr-2Nb. 
Wear of Ti-48A1-2Cr-2Nb generally decreased with increasing fretting frequency. The 
increasing rate of oxidation at elevated temperatures led to a drop in wear at 473 K. 
However, fretting wear increased as the temperature was increased from 473 to 823 K. At 
723 and 823 K, oxide film disruption generated cracks, loose wear debris, and pits on the 
Ti-48A1-2Cr-2Nb wear surface. Both increasing slip amplitude and increasing load tended 
to produce more metallic wear debris, causing severe abrasive wear in the contacting 
metals. 
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Introduction 

Adhesion, a manifestation of mechanical strength over an appreciable area, has many 
causes, including chemical bonding, deformation, and the fracture processes involved in 
interface failure. A clean metal in contact with another clean metal will fail either in tension 
or in shear because some of the interracial bonds are generally stronger than the cohesive 
bonds within the cohesively weaker metal [i]. The failed metal subsequently transfers 
material to the other contacting metal. Adhesion undoubtedly depends on the surface 
cleanliness; the area of real contact; the chemical, physical, and mechanical properties of the 
interface; and the modes of junction rupture. The environment influences the adhesion, 
deformation, and fracture behaviors of contacting materials in relative motion. 

Clean surfaces can be created by repeated sliding in vacuum, making direct contact of 
the fresh, clean surfaces unavoidable in practical cases [2]. This situation also applies in 
some degree to sliding contact in air, where fresh surfaces are continuously produced on 
interacting surfaces in relative motion. Microscopically small, surface-parallel relative 
motion, which car~ be vibratory (in fretting or false brinnelling) or creeping (in fretting), 
produces fresh, clean interacting surfaces and causes junction (contact area) growth in the 
contact zone [3-5]. 

Fretting wear produced between contacting elements is adhesive wear taking place in a 
nominally static contact under normal load and repeated microscopic vibratory motion 
[6--10]. The most damaging effect of fretting is the possibly significant reduction in the 
fatigue capability of the fretted component, even though the wear produced by fretting 
appears to be quite mild [iO]. For example, Hansson, et al. reported that the reduction in 
fatigue strength by fretting of Ti-47A1-2Nb-2Mn containing 0.8 vol.% TiB 2 was 
approximately 20 percent. 

Fretting fatigue is a complex problem of significant interest to aircraft engine 
manufacturers [i1-14]. Fretting failure can occur m a variety of engine components. 
Numerous approaches, depending on the component and the operating conditions, have 
been taken to address the fretting problem. The components of interest in this investigation 
were the low-pressure turbine blades and disks. The blades in this case were titanium 
aluminide and the disk was a nickel-base superalloy. A concern for these airfoils is the 
fretting in fitted interfaces at the dovetail where the blade and disk are connected. Careful 
design can reduce fretting in most cases, but not completely eliminate it, because the 
airfoils frequently have a skewed (angled) blade-disk dovetail attachment, which leads to a 
complex stress state. Further, the local stress state becomes more complex when the 
influence of the metal-metal contact and the edge of contact is evaluated. 

Because titanium and titanium-base alloys in the clean state will exhibit strong 
adhesive bonds [2, 15] when in contact with themselves and other materials, this adhesion 
causes heavy surface damage and high friction in practical cases. Therefore, it is possible 
that fretting will be a serious concern in this application. 

The objective of this investigation was to evaluate the extent of fretting damage on 
Ti-48A1-2Cr-2Nb (7-TiA1) in contact with a typical nickel-base superalloy at temperatures 
from 296 to 823 K. Selected reference experiments were also conducted with Ti-6A1-4V. 
There is a large experience base with Ti-6A1-4V, which has been used extensively as a 
compressor blade material. The parameters of microscopic, surface-parallel motion, such 
as fretting frequency, slip amplitude, and load, were systematically examined m this study. 
Scanning interference microscopy (noncontact optical profilometry) was used to evaluate 
surface characteristics, such as topography, roughness, material transfer, and wear volume 
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loss. Scanning electron microscopy with energy-dispersive spectroscopy was used to 
determine the morphology and elemental composition of fretted surfaces, transferred 
material, and wear debris. 

Materials 

The Ti-48A1-2Cr-2Nb specimens were determined to be of the following composition 
(in atomic percent): titanium, 47.9; aluminum, 48.0; niobium, 1.96; chromium, 1.94; 
carbon, 0.013; nitrogen, 0.014; and oxygen, 0.167. The tensile properties are shown in 
Table I. 

Table 1--Tensile Properties ofTi-48AL2Cr-2Nb 
Temperature~ K I Modulus, GPa Ultimatetensilestrength, MPa 

293 ] 170 410 
923 140 460 

The nickel-base superalloy was solutioned and aged according to Aerospace Material 
Specification AMS 5596G, SAE, Warrendale, PA, 1987, yielding Rockwell C-scale 
hardness HRc of 36. The tensile properties [16] are shown in Table 2. The ultimate tensile 
strength of superalloy is greater than that of Ti-48A1-2Cr-2Nb by a factor of -3.5 at room 
temperature and -2 at high temperature (~ 1000 K). 

Table 2--Tensile Properties ofNickel-Base Supeml~y 
Temperature, K Modulus, GPa Ultimatetensilestrength, MPa 

293 200 1434 
811 171 1276 
1033 154 758 

The reference Ti-6AI-4V specimens were of the following nominal composition (in 
weight percent): titanium, balance; aluminum, 5.5-6.75; vanadium, 3.5-4.5; iron, <0.J0; 
carbon, <0.08; nitrogen, <0.05; oxygen, <0.20; and hydrogen, <0.015 [17]. 

Experiments 

Figure 1 presents the fretting wear apparatus used in this investigation. Fretting wear 
experiments were conducted with 9.4-ram-diameter, hemispherical nickel-base superalloy 
pins in contact with Ti-48Al-2Cr-2Nb flats or with 6-ram-diameter, hemispherical 
Ti-48Al-2Cr-2Nb pins in contact with nickel-base superal!oy flats in air at temperatures 
from 296 to 823 K. All the flat and pin specimens used were polished with 3-~tm-diameter 
diamond powder. Both pin and flat surfaces were relatively smooth, having centerline- 
average roughness R, in the range 18 to 83 nm (Table 3). The Vickers hardness, measured 
at a load of 1 N, for the polished flat and pin specimens is also shown in Table 3. 
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Table 3--Surface Roughness and Vickers Hardness of Specimens 
Specimen 

9.4-mm-diameter, 
hemispherical, nickel-base 
superalloy pin 
6-ram-diameter, 
hemispherical Ti-48A1-2Cr- 
2Nb pin 
9.4-ram-diameter, 
hemispherical Ti-6A1-4V pin 
Ti-48A1-2Cr-2Nb flat 
Nickel-base superalloy flat 
"Load, 1 N. 

Centerline-average Vickers hardness", H v, GPa 
roughness, R a, nm 

Mean Standard 
deviation 

40 8.9 

42 7.1 

Mean 

5.52 

4.12 

Standard 
deviation 

0.44 

83 

35 
18 

2.0 

3.3 
7.2 

3.85 

3.78 
4.78 

0.42 

0.092 

0.57 
0.21 

All fretting wear experiments were conducted at loads from 1 to 40 N, frequencies of 
50, 80, 120, and 160 Hz, and slip amplitudes between 50 and 200 lain for 1 million to 20 
million cycles. Both pin and flat surfaces were rinsed with 200-proof ethyl alcohol before 
installation in the fretting apparatus. 

Two or three fretting experiments were conducted with each material couple at each 
fretting condition. The data were averaged to obtain the wear volume losses of Ti-48A1- 
2Cr-2Nb and Ti-6A1-4V. The wear volume loss was determined by using an optical 
profiler (noncontact, vertical scanning, white-light interferometer). It characterizes and 
quantifies surface roughness, height distribution, and critical dimensions (such as area and 
volume of damage, wear scars, and topographical features). It has three-dimensional 
profiling capability with excellent precision and accuracy (e.g., profile heights ranging from 
<1 nm up to 5000 ~tm with 0.1-nm height resolution). The shape of a surface can be 
displayed by a computer-generated map developed from digital data derived from a three- 
dimensional interferogram of the surface. A computer directly processes the quantitative 
volume and depth of a fretted wear scar, Reference fretting wear experiments were 
conducted with 9.4-ram-diameter hemispherical Ti-6A1-4V pins in contact with nickel- 
base superalloy flats. 

Results and Discussion 

Observations 

Surface and subsurface damage always occurred on the interacting surfaces of the Ti- 
48A1-2Cr-2Nb fretted in air. The surface damage consisted of material transfer, pits, oxides 
and debris, scratches, fretting craters and/or wear scars, plastic deformation, and cracks. 
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Adhesion and Material Transfer--Figure 2 presents a backscattered electron image 
and an energy-dispersive x-ray spectrum (EDS) taken from the fretted surface of the 
nickel-base superalloy pin after contact with the Ti-48A1-2Cr-2Nb flat. Clearly, Ti-48A1- 
2Cr-2Nb transferred to superalloy. The Ti-48AI-2Cr-2Nb failed either in tension or in 
shear because some of the interracial adhesive bonds (solid state or cold weIding) were 
stronger than the cohesive bonds within the cohesively weaker Ti-48A1-2Cr-2Nb. 
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Figure 2--Wear scar on superalloy pin fretted against Ti-48A1-2Cr-2Nb flat. 
(a) SEM backscattered electron image. (b) X-ray energy spectrum with EDS. 
Fretting conditions: load, 1.5 N; frequency, 80 Hz; slip amplitude, 50 pro; 
total number of cycles, t million; environment, air; and temperature, 823 K. 
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The ultimate tensile strength of superalloy is greater than that of Ti-48A1-2Cr-2Nb by a 
factor of ~3.5 at room temperature and -2 at high temperature (-1000 K). The failed Ti- 
48AI-2Cr-2Nb subsequently transferred to the superalloy surface in amounts ranging from 
10 to 60 percent of the superalloy contact area at all fretting conditions in this study. The 
thickness of the transferred Ti-48A1-2Cr-2Nb ranged up to ~20 gin. 

As with the materials pair of Ti-48A1-2Cr-2Nb and superalloy, material transfer was 
observed on the superalloy flat surface after fretting against the Ti-6A1-4V pin at 696 and 
823 K in air. However, the degree of material transfer was remarkably different and 
greater, ranging from 30 to 100 percent of the superalloy contact area for identical fretting 
conditions. The thickness ranged up to 50/am. 

Fretting Wear~Figure 3 shows typical wear scars produced on the Ti-48AI-2Cr-2Nb 
pin and the superalloy flat with fretting. Because of the specimen geometry a large amount 
of wear debris was deposited just outside the circular contact area. Pieces of the metals 
(both Ti-48AI-2Cr-2Nb and superalloy) and their oxides were torn out during fretting. It 
appears that the cohesive bonds in some of the contact area of both metals fractured. 
Scanning electron microscopy (SEM) and EDS studies of wear debris produced under 
fretting verified the presence of metallic particles of both Ti-48A1-2Cr-2Nb and superalloy. 
In the central region of wear scars produced on Ti-48Al-2Cr-2Nb there was generally a 
large, shallow pit, where Ti-48AI-2Cr-2Nb had torn out or sheared off and subsequently 
transferred to superalloy. The central regions of wear scars produced on Ti-48A1-2Cr-2Nb 
and on superalloy were morphologically similar (Fig. 3), generally having wear debris, 
scratches, plastically deformed asperities, and cracks. 

Figure 3--Wear sca~" (a) on E-48A1-2Cr-2Nb pin and (b) on superalloy flat. Fretting 
conditions. load, ] N,'j?equency, 80 Hz; slip amplitude, 50pro," total number of  cycles, 
1 million," environment, air," and temperature, 823 K. 

Fagure 4 shows examples of surface damage: metallic wear debris of Ti-48AI-2Cr- 
2Nb and superalloy, oxides and their debris, scratches (grooves), small craters, plastically 
deformed asperities, and cracks. Tile scratches (Fig. 4(a)) can be caused by hard 
protuberances (asperities) on the superalloy surface (two-body conditions) or by wear 
particles between the surfaces (three-body conditions). Abrasion is a severe form of wear. 
The hard asperities and trapped wear particles plow or cut the Ti-48AI-2Cr-2Nb surface. 
The trapped wear particles have a scratching effect on both surfaces; and because they carry 
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Figure 4--Surface and subsurface damage in Ti-48Al-2Cr-2Nb flat in contact with super- 
alloy pin. (a) Scratches. (b) Cracks in oxide layers. (e) Cracks in metal. (d) Fracture pits 
and plastic deformation. Fretting conditions: load, 1 N," frequency, 80 Hz; slip amplitude 
and total number of cycles: (a) 50 tim and i million, (b) 60/tm and t 0 million, (c) 50 pm 
and I million, (d) 70 ~tm and 20 million; environment, air," and temperature, 823 K. 

part of the load, they cause concentrated pressure peaks on both surfaces. The pressure 
peaks may well be the origin of crack nucleation in the oxide layers and the bulk alloys. 
Two types of crack were observed on the wear surface of Ti-48A1-2Cr-2Nb: cracks in the 
oxide layers, and cracks in the bulk Ti-48A1-2Cr-2Nb. 

Oxide layers readily form on the Ti-48A1-2Cr-2Nb surface at 823 K and are often a 
favorable solution to wear problems. However, if the bulk Ti-48A1-2Cr-2Nb is not hard 
enough to carry the load, it will deform plastically or elastically under fretting contact. With 
Ti-48A1-2Cr-2Nb, cracks occurred in the oxide layers both within and around the contact 
areas (Fig. 4(b)). 

Fractures in the protective oxide layers produced cracks in the bulk Ti-48A1-2Cr-2Nb 
(Fig. 4(c)) and also produced wear debris; chemically active, fresh surfaces; plastic 
deformation; and craters or fracture pits (Fig. 4(d)). The wear debris caused third-body 
abrasive wear (Fig. 4(a)). Local, direct contacts between the fresh surfaces of Ti-48AI-2Cr- 
2Nb and superalloy resulted in increased adhesion and local stresses, which may cause 
plastic deformation, flake-like wear debris, and craters (e.g., the fracture pits in the 
Ti-48A1-2Cr-2Nb shown in Fig. 4(d)). 
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Figure 5--Cross-section view of wear scar on 
Ti-48Al-2Cr-2Nb flat in contact with superalloy pin. 
(a) Overview. (b) Crack growth. Fretting conditions: 
load, 30 N; frequency, 80 Hz; slip amplitude, 70 ttm; 
total number of cycles, 20 million; environment, air," 
and temperature, 823 If. 

Cross sections of a wear scar on Ti-48A1-2Cr-2Nb revealed subsurface cracking and 
craters. For example, Fig. 5 shows propagation of subsurface cracking, nucleation of small 
cracks, formation of a large crater, and generation of debris. Cracks are transgranular and 
have no preference to the microstructure. 

Parameters Influencing Wear Loss of Ti-48AI-2Cr-2Nb 

Figure 6 shows the wear volume loss measured by the optical interferometer as a 
function of fretting frequency for Ti-48A1-2Cr-2Nb in contact with superalloy. Although 
there were some exceptions, the wear volume loss generally decreased with increasing 
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Figure 6--Wear volume loss" of Ti-48Al-2Cr- 
2Nb flat in contact with superalloy pin in air 
as function of J?etting frequency. Fretting 
conditions: load, 30 N; slip amplitude, 50 ~m; 
total number of cycles, 1 million; environment, 
air; and temperatures, 296 and 823 K. 

fretting frequency. A reasonable amount of material transfer from the Ti-48A1-2Cr-2Nb 
specimen to the superalloy specimen was observed at all frequencies. At the lowest 
frequency of 50 Hz remarkable plastic deformation (grooving) and surface roughening in 
the Ti-48A1-2Cr-2Nb wear scar were observed. At high frequencies wear scars were 
noticeably smooth with bulk cracks in the Ti-48Al-2Cr-2Nb surface, 

Temperature influences the adhesion, deformation, and fracture behaviors of 
contacting materials in relative motion. It is known that temperature interacts with the 
fretting process in two ways: first, the rate of oxidation or corrosion increases with 
temperature; and second, the mechanical properties, such as hardness, of the materials are 
also temperature dependent [9], Figure 7 presents the wear volume loss measured by 
optical interferometry as a function of temperature for Ti-48A1-2Cr-2Nb in contact with 
superalloy. Also, SEM images and EDS spectra were taken from the fretted Ti-48AI-2Cr- 
2Nb surfaces. The wear volume loss dropped to a low value at 473 K. The worn surface at 
473 K was predominantly oxide and relatively smooth. A protective oxide film prevented 
direct metal-to-metal contact and ensured, in effect, that a mild oxidative wear regime 
prevailed. However, fretting wear increased as the temperature was increased from 473 to 
823 K. The highest temperatures of 723 and 823 K resulted in oxide film disruption with 
crack generation, loose wear debris, and pitting of the Ti-48A1-2Cr-2Nb wear surface, 

Figure 8 shows the volume loss measured by optical interferometry as a function of 
slip amplitude for Ti-48A1-2Cr-2Nb in contact with superalloy. The fretting wear volume 
loss increased as the slip amplitude increased. Increases in amplitude tended to produce 
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Figure 7--Wear volume loss of Ti-48A1-2Cr- 
2Nb flat in contact with superallov pin in air 
as function of fretting temperature. Fretting 
conditions: load, 30 N; slip amplitude, 50pro; 
total number of cycles, 1 million; environment, 
air, and fretting frequencies, 50, 80, I20, and 
160 Hz. 
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Figure 8--Wear volume loss of Ti-48Al-2Cr-2Nb 
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.function of slip amplitude. Fretting conditions: 
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334 FRETTING FATIGUE: ADVANCES 

more metallic wear debris, causing severe abrasive wear in the contacting metals. Figure 9 
presents a three-dimensional, optical interferometry image of the Ti-48A1-2Cr-2Nb wear 
scar at a slip amplitude of  200 I.tm and a temperature of 296 K. In the wear scar are large, 
deep grooves where the wear debris particles have scratched the Ti-48A1-2Cr-2Nb surface 
in the slip direction. 

Figure 10 shows the measured wear volume loss as a function of load for Ti-48A1- 
2Cr-2Nb in contact with superalloy at a temperature of 823 K, a fretting frequency of 
80 Hz, and a slip amplitude of 50 Ixm for 1 million cycles. The fretting wear volume loss 
generally increased as the load increased, generating more metallic wear debris in the 
contact area, the primary cause of abrasive wear in both Ti-48A1-2Cr-2Nb and superalloy. 

Figure 9--Wear scar on Ti-48Al-2Cr-2Nb flat in contact with superalloy pin, 
showing scratches. Fretting conditions: load, 30 N; frequeney, 50 Hz," slip 
amplitude, 200 pro; total number of cycles, 1 million; environment, air; and 
temperature, 296 K, 
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Concluding Remarks 

The fretting behavior of "/-TiA1 (Ti-48A1-2Cr-2Nb) in contact with nickel-base 
superalloy in air at temperatures of 296 to 823 K was examined with the following results: 
1. The Ti-48A1-2Cr-2Nb transferred to the superalloy at all fretting conditions, such that 
from 10 to 50 percent of the superalloy contacting surface area became coated with the 
Ti-48A1-2Cr-2Nb. The maximum thickness of the transferred Ti-48A1-2Cr-2Nb was 
approximately 20 gin. In reference experiments Ti-6A1-4V transferred to superalloy under 
identical fretting conditions. Compared with Ti-48AI-2Cr-2Nb transfer, the degree of Ti- 
6AI-4V transfer was greater, such that from 30 to 100 percent of the superalloy contacting 
surface area became coated with the Ti-6A1-4V. The thickness of the transferred Ti-6AI-4V 
ranged up to 50 gin. 
2. The wear scars produced on Ti-48A1-2Cr-2Nb contained metallic and oxide wear 
debris, scratches, plastically deformed asperities, cracks, and fracture pits. 
3, Although oxide layers readily formed on the Ti-48AI-2Cr-2Nb surface at 823 K, 
cracking readily occurred in the oxide layers both within and around the contact areas. 
4. The wear volume loss of Ti-48A1-2Cr-2Nb generally decreased with increasing fretting 
frequency, increased with increasing temperature, and increased with increasing slip 
amplitude. 
5. Mild oxidative wear and low wear volume were observed at 473 K. 
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Abstract: Fretting fatigue crack initiation behavior of  titanium alloy, Ti-6A1-4V was 
investigated by using different geometries of  the fretting pad. Specimens were examined 
to determine the crack initiation location and the crack angle orientation along the contact 
surface. Fretting fatigue experiments were analyzed with the finite element analysis. 
Several critical plane based parameters were used to predict the number of  cycles to 
fretting fatigue crack initiation, crack initiation location and crack orientation angle along 
the contact surface. These predictions were compared with the experimental counterparts 
to study the role of  normal and shear stresses on the critical plane in order to characterize 
fretting fatigue crack initiation behavior. From these comparisons, the fretting fatigue 
crack initiation mechanism in the tested titanium alloy appears to be governed by the 
shear stress on the critical plane. However, the role of  normal stress on the critical plane 
at present appears to be unclear. 
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Introduction 

Aircraft engine components are currently less prone to the failures associated with 
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low cycle fatigue (LCF) as a great deal of attention has been paid to the LCF area over 
the last two decades [1,2]. On the other hand, high cycle fatigue (HCF) has received 
much less attention and has resulted recently in higher incidence of failures related to 
HCF in many military aircraft engines. Under HCF conditions, engine components 
experience high frequency, vibrational type loads, often superimposed on a high mean 
stress. There is a lack of understanding of materials response and capability in the 
presence of in-service damage under HCF loading conditions. In the LCF arena, the 
"damage tolerant" approach has worked well where the remaining life is predicted from 
the crack propagation of an inspectable flaw size to a critical size. The direct extension of 
such an approach to HCP is a challenging task since a large fraction of life is spent during 
the crack nucleation and growth to a detectable size, and a very small fraction of life is 
spent in crack propagation from the detectable or inspectable flaw size to a critical size. 

Fretting fatigue related failures in disk/blade attachments are one of the most insidious 
problems related to HCF in gas turbine engines. It is further exacerbated by the difficulty 
in detecting fretting fatigue crack initiation and propagation. Fretting is the process that 
occurs from the relative surface displacements, on the micro-scale (i.e. of the order of 
microns), at the interface between two mating components subjected to fatigue in the 
presence of normal pressure. Fretting acts as a damage generator that leads to crack 
nucleation, growth to a detectable size and propagation on the surface or subsurface level 
between two mating components, generally at a fraction of fatigue lives under the plain 
fatigue condition. In HCF failures, crack propagation does not constitute a large part of 
life and hence its analysis using a damage tolerant approach may not be applicable. In 
HCF failures a major part of the life is spent in 'crack initiation', which is the sum total 
of crack nucleation and growth to a detectable size. Thus, the long-term goal of this study 
is to develop an understanding of the high cycle fretting fatigue related failures in 
dovetail joints. 

There have been several phenomenological life prediction models proposed [3-8], 
where fretting fatigue life predictions are made based on the life debit due to fretting 
(correlated using one or more test variables) as compared to plain fatigue. The presence 
of applied normal, tangential and axial loads during fretting causes a stress magnification 
at the edge of contact. Researchers have proposed fracture mechanics methods, where 
this stress intensity factor can be used to determine loading conditions that could lead to 
crack growth and arrest behavior [9,10,11] or the onset of fretting fatigue crack 
propagation [12]. However, in these methods, either an initial crack length and/or the 
crack orientation are assumed or an estimate of threshold (or maximum allowable value) 
of the flaw size that can be tolerated for infinite fretting fatigue life is provided. 
Currently, these approaches do not provide/predict the remaining life or life consumed to 
reach a certain initial crack length. 

Two parameters, specifically developed for the fretting fatigue condition, are based on 
the work done by the frictional force between contacting bodies [13]. The first 
parameter, a measure of the frictional energy expenditure density, is defined as the 
maximum value of the product of the shear stress ('c) and the slip amplitude (5) at the 
contact surface between two bodies. The second parameter; a modification to the first 
parameter recognizing the fact that crack nucleation in fretting fatigue can also depend on 
the maximum tangential stress, r on the interface; is defined as the maximum value of 
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c~T'cS. There has been mixed success in predicting the location, orientation, and initiation 
time for the fretting fatigue crack using this approach [14,15]. 

Researchers have also used characteristic descriptions of the local conditions (such as 
extrusion of material a long  persistent slip bands, dislocation glides along the 
crystallographic slip planes etc) to model crack nucleation mechanisms [16,17]. These 
micro level approaches are desirable from a fundamental point of view but are not 
sufficiently developed for use in industry. Crack initiation in fretting fatigue can be 
modeled by correlating the number of cycles to develop a crack of a certain size with 
continuum field variables or some parameters dependent on the state of cyclic stress or 
strain, or any combination of these. This approach though empirical, has potential to 
bring in the physics of crack formation into the analysis. 

Many models/criteria/parameters have been proposed for fatigue crack initiation under 
the multiaxial stress state, which is the case in fretting fatigue [18]. A majority of the 
current multiaxial fatigue approaches can be grouped into two main categories: a) 
equivalent (invariant) stress models (such as Goodman, Gerber, Soderberg relations, yon 
Mises equivalent stress amplitude, Modified Manson-Mcknight etc.), and b) critical plane 
models [19, 20]. The equivalent stress models require the determination of an equivalent 
cyclic scalar parameter often in terms of mean stress to be used in conjunction with 
uniaxial stress versus fatigue life data, while the critical plane models have been 
developed based on observations that fatigue cracks often nucleate on a particular plane. 
In the critical plane models, a combination of normal and shear stresses (strains) on the 
critical plane can be used to model crack initiation. It is hypothesized that shear stresses 
induce dislocation movement along slip lines, causing nucleation and growth of cracks 
while normal stresses open the crack and reduce the friction between the crack surfaces. 
The critical plane methods have the distinct advantage that they predict the orientation of 
crack, and they have a potential for providing an estimate of the crack size. Thus, the 
combination of critical plane methods and fracture mechanics approaches could 
eventually provide the total (i.e. the sum of nucleation, initiation and propagation) 
fretting fatigue crack behavior. 

In the past, Szolwinski and Farris [21] proposed a critical plane approach for fretting 
fatigue based on a plain fatigue approach developed by Smith et al [22] which was 
formulated to account for the stress ratio (or the mean stress) effects. Their modified 
parameter assumed that crack initiation occurs on the plane where the product of normal 
strain amplitude, ca, and maximum normal stress, CYmax, is the maximum. Neu et al [23] 
found that for PH-13-8 Mo steel, the normal stress dominated Smith-Watson-Topper 
(SWT) [23] critical plane parameter predicted the crack location well but not the initial 
crack orientation while the shear stress dominated Fatemi-Socie (FS) parameter [24] 
predicted not. only the location but also the orientation of the primary fretting fatigue 
crack. The present authors observed similar features with the SWT critical plane 
parameter in titanium alloy, Ti-6AI-4V [25], hence proposed a shear stress based critical 
plane parameter [26]. The fretting crack location as well as orientation was effectively 
characterized by this parameter involving the maximum shear stress range along with the 
local shear stress ratio effect on a critical plane. However, it has been observed that both 
the shear and normal stresses may play a role in the crack initiation under multiaxial 
fatigue conditions, e.g. Van and Maitournam have shown that fretting fatigue may be 
characterized by the shear amplitude and hydrostatic pressure on a critical plane [27]. 
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Therefore, this study is an effort in this direction. The specific objective is to 
identify/develop a multiaxial fatigue model/parameter/criterion involving both shear and 
normal stresses to characterize fretting fatigue crack initiation under high cycle fatigue 
load conditions. It should be clarified here that the determination of the critical plane 
depends on all components of stress state (i.e. both normal and shear stresses), however 
the definition of a parameter may or may not include both the shear and normal stresses 
on the critical plane. 

Experiments 

Test Setup 

The fretting setup used in this study incorporated a rigidly mounted fretting fixture on 
a servo-hydraulic fatigue test machine, as shown in Figure 1. This test-set was capable to 
apply cyclic axial stress, O'ax~a I and cyclic shear load, Q on the test specimen, while the 
normal load, P was held constant. This setup is capable of testing up to a frequency of 
200 Hz, and it has one load cells on each side of the specimen so that all of the applied 
(or) and reacted (Q) forces can be recorded at any point of interest during the test. A 
detailed explanation of the experimental setup is provided in a previous study [28]. 

I't ............. i l l  

I, ..... 
~ i i i  Lateral Springs L _ _ J  P 

~ ~ P a d  Holder - - ~  ~ - -  2b 

Pressure Transduc'e? ........................... I~ - -  

~ * ~axial 

Figure 1 - Fretting Fatigue Experimental Setup 
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Specimen and Fretting Pad Details 

Three types of pads (two cylindrical and one Hat with edge radii) were used. Figure 2 
shows a schematic of the dogbone specimen used in this work The cylindrical pads had 
radii of 50.8 mm and 101.6 ram, while the flat pad had an edge radius of 5.08 mm with a 
flat center section of 5.08 ram. The latter geometry of the pad was selected to simulate 
contact geometry in the dovetail joint of gas turbine engines. The specimens and pads 
were machined by the wire electrical discharge method from Ti-6A1-4V forged plates 
which had been preheated and solution treated at 935~ for 105 minutes, cooled under 
flowing air, vacuum annealed at 705~ for 2 hours, and then cooled under flowing argon. 
This resulted in a duplex microstructure consisting of 60% (volume) of primary-c~ (hcp) 
and 40% (volume) of transformed-13 (c~ platelets in a 13 matrix - bcc) phases with a grain 
size of about 10 btm. The longitudinal tensile properties (along the loading axis) were 
determined to be elastic modulus = 127 GPa and yield strength = 930 MPa. The fretting 
fatigue specimen had thickness, 2b = 1.93 mm and width, w = 6.35 rnm. 

0.64cm 

5.59cm a..-km 

l .70cm ,, 

1.27cm 

Figure 2 - Fretting Fatigue Specimen 

Test Details 

Constant amplitude fretting fatigue tests were conducted at 200 Hz, over a wide range 
of axial stress levels, ~axial,~x = 400 MPa to 700 MPa with stress ratios, R, ranging from a 
nominal value of 0.0 to 0.7. The normal load for both the cylindrical pad with 50.8 mm 
radius and the flat with edge radii pad was 1.33 kN which resulted in the peak normal 
pressure of 304 MPa and 961 MPa respectively. The normal load for the cylindrical pad 
with 101.6 mm radius was 2.22 kN which resulted in the peak normal pressure of 267 
MPa. The coefficient of friction was determined to be 0.5 for this experimental 
configuration by Iyer and Mall [29]. 
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Finite Element Analysis 
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The finite element method was used to determine stress, strain and displacement fields 
at the contact interface. The analysis used was similar to that in a previous study [30]. 
Four node, plane strain quadrilateral elements were used with the "master-slave" 
interfacial algorithm developed for contact modeling in the finite element code, 
ABAQUS [31]. The measured loads were applied to the model in three steps. The 
normal load, P was applied in the first step. In the second step, the maximum tangential 
load, Qmax and the maximum axial stress, O'axlal,rnax were applied to match the experimental 
maximum cyclic load condition. Finally in the third step, the mimmum tangential load, 
QmH1 and minimum axial stress, O'axlal,rm n were applied to match the experimental minimum 
cyclic load condition. 

Damage Mechanisms 

The main or primary crack, which caused failure in all specimens, initiated at the 
contact surface and near the trailing edge of contact. Other small secondary cracks were 
also observed. However, these did not grow enough to cause any specimen failure. 
Several specimens were sectioned to investigate the primary and secondary crack 
orientations and locations. The experimentally observed primary crack orientations 
angles were either -450 or 450 with a variation of -+ 15 o from a perpendicular to the 
loading direction [26]. Figure 3 shows a typical initiation orientation and propagation 
path of the primary crack. The primary crack in this specimen was initially oriented at 
the interface at an angle, 0 = -30 ~ initially and then at 0 = -43 ~ where negative angles are 
measured in clockwise direction from the perpendicular to the direction of applied axial 

Figure (3) Figure (4) 

Figures 3 and 4 - Primary (Fig 3) and Secondary (Fig. 4) Crack Growth Path in 
Specimens Tested with 101.6 mm and 50.8 mm Cylindrical Pads respectively. 
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stress. The crack propagated in a tortuous manner until it reached a depth of about 91 
~tm. At this location the crack orientated perpendicular to the axial stress, 0 = 0 ~ Figure 
4 also shows a typical secondary crack, which orientated at the contact interface at an 
angle, 0 = 29 ~ It should be noted that the cracks shown in Figures 3 and 4 have 
initiated/propagated in both intergranular and transgranular manners. Similar features 
were noted with other specimens. Thus, the grain boundaries were not the preferred 
location/direction for crack initiation/propagation in the tested specimens. Further, this 
behavior about crack initiation and orientation was independent of the fretting pad 
geometry. 

R e s u l t s  A n d  D i s c u s s i o n  

The fretting fatigue data, i.e. the applied stress versus fatigue life are compared to the 
plain fatigue life data in Figure 5. Both sets of these data were generated at different 
stress ratios. It is well documented in the fatigue literature that there is a mean stress or 
stress ratio effect on the fatigue life or strength. There are several ways this effect can be 
accounted for. In this study, a method suggested by Walker was used [32], which is as 
follows: 

(Yeffective = O'max (1-  R)rn (1) 

where I~effectlv e is the effective stress taking into account the stress ratio effect, Otnax is the 
maximum applied stress on the specimen, R is the stress ratio and m is a fitting 
parameter, which was determined to be 0.45 in a previous study [26]. The resulting fit to 
the plain fatigue life data is shown as a solid line in Figure 5. The plain fatigue data, 

lOOO ~ ~ R =50.8 mm 

�9 R = 101.6 mm 
800 O Flat Pad 

- -  Plain Fatigue 

600' 

400 <> ~ / l [  O <~ 0 
D ! ..,, o o o 

O 

2e0 

, ,  . . . . . . . .  L . . . . . . .  

1E+04 1E+05 1E+06 1E+07 1E+08 

N (Cycles) 

Figure 5 - Effective Stress versus Life Relationships for Fretting Fatigue from Three Pad 
Geometries and Plain Fatigue 
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obtained from R values ranging from -1.0 to 0.5, are not shown for the sake of clarity. 
This relationship can be expressed as an exponential function containing two terms as: 

O'effective = C1N1 C2 + C3Ni C4 (2) 

where C1, C2, C3 and C4 are fitting parameters. The constants in equation (2) were 
obtained by using the best fit to the plain fatigue data, which provided Cl = 4.51x105 
MPa, C2 = -0.720, C3 = 246 MPa and C4 = 5.81x10 3. This comparison clearly shows that 
there is a reduction in the fatigue life under the fretting condition as expected. However, 
this type of comparison is of a simplistic nature, as it does not provide any mechanistic 
basis for estimating life debit due to fretting. Further, this direct comparison based on the 
stress applied to the specimen does not account for the two very important factors; a) the 
stress magnification in the contact region under the fretting condition and b) the 
multiaxial loading effects also under the fretting condition. Therefore, multiaxial fatigue 
parameters are considered next. 

~ 4  

~ 2  
[.,, 

O R = 50.8 mm 
�9 R = 1 0 1 . 6 m m  
�9 Flat Pad 

l ~  ~ Plain Fatigue 
lira . . . .  3x Lower Bound 

O <> <~" ; . . . .  3x Upper Bound 

1E+04 1E+05 1E+06 1E+07 1E+08 
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Figure 6 - SWT Parameter versus Life Relationships for Fretting Fatigue from Three Pad 
Geometries and Plain Fatigue 

Smith- Watson- Topper ( S WT) Critical Plane Approach 

Szolwinskl and Farris [21] modified the Smith-Watson-Topper parameter for the 
fretting fatigue crack initiation. This modified parameter assumed that crack initiation 
occurs on the plane where the product of normal strain amplitude, ~, and maximum 
normal stress, ~r~ax is the maximum. Using the computed stresses and strains from the 
finite element analysis of the fretting fatigue experiments, this parameter was calculated 
at all planes ranging from -90 ~ < 0 < 90 ~ in increments of 0.1 ~ which provided this 
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parameter's maximum value, location and critical plane orientation. The measured 
fretting fatigue life data were then plotted as a function of SWT parameter along with the 
counterpart from the plain fatigue condition (Figure 6). This clearly shows that the 
majority of the fretting fatigue crack initiation life data lie within -+3Ni scatter bands of 
the plain fatigue life data. In other words, the fretting fatigue crack initiation life can be 
predicted from the SWT versus fatigue life relationship of the plain fatigue. In addition, 
the predicted crack location was determined to be near the trailing edge of the contact 
based on this approach, which was in good agreement with experimental observations. 
Further, the predicted angle of crack orientation based on this approach at the contact 
surface was within +5~ +8 ~ of the perpendicular to the applied loading direction, and 
these were not in agreement with experimental crack orientations. This clearly shows that 
this parameter has the limitation in this respect. 

Shear Stress Range Critical Plane Approach 

In this approach, the maximum and minimum shear stresses were computed on all 
planes ranging from -90 ~ _< (9 _< 90 ~ in 0.1 ~ using the computed stresses and strains 
obtained from the finite element analysis. From this, the critical plane and magnitude of 
the maximum shear stress range, A ~ c n t  = qTmax - "Crmn was obtained. Then the shear stress 
ratio effect on the critical plane was accounted for by incorporating a technique proposed 
by Walker [32], which is expressed as: 

A'~crit,effective = "Cma x (1 - Rz )m (3) 

where '[max is the maximum shear stress on the critical plane, R~ is the shear stress ratio on 
the critical plane, and m is a fitting parameter, which was determined to be 0.45 from the 
plain fatigue data. The measured fretting fatigue life data are plotted as a function of the 
parameter, Azc~,t,effec~ve (Figure 7). As can be seen, the majority of the fretting fatigue data 
lie within +3N, scatter bands of the plain fatigue data. Hence, this parameter can be also 
used to predict the fretting fatigue life from the plain fatigue data in conjunction with an 
analysis. 

It should be noted that the maximum shear stress range occurs on two planes, one in 
the positive quadrant (i.e. from 0 ~ to 900 from the perpendicular to the loading direction, 
Figure 3) and the other in the negative quadrant (i.e. from 0 ~ to -90 o from the 
perpendicular to the loading direction). For each state of stress, there are thus two critical 
shear stress planes, which are at 90 ~ to each other and either of the two orientations is 
equally possible, however local variation in microstmctural properties may cause one 
orientation to be preferred. The orientation of primary cracks at the contact surface 
predicted from this approach was either from +450 to +500 or from -450 to -500 which 
correlated well with the experimental observations. Furthermore, the predicted crack 
initiation location agreed with the experimental results and it was determined to be near 
the trailing edge of the contact. 
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Figure 7 - Shear Stress Range Critical Plane Parameter versus Life Relationships for 
Fretting Fatigue from Three Pad Geometries and Plain Fatigue 

Findley Parameter 

The crack initiation in the multiaxial fatigue loading should be influenced by both 
normal and shear stresses (strains). The previous approach is primarily a shear stress 
based approach. In order to investigate the effect of the normal stress on the critical 
plane, a multiaxial fatigue approach on the critical plane, where normal stresses (strains) 
is included explicitly, was also considered in this study. One of these is the Findley 
parameter, (FP) [33]. In this approach, crack initiation is assumed to be governed by both 
the maximum shear stress amplitude, za = (%ax - "c~n)12 and maximum stress normal to 
orientation of the maximum shear ((Ymax) multiplied by an influence factor, k, as shown in 
the following. The k was determined to be equal to 0.35 from the plain fatigue data [25]. 

FP = ~a + kCYmax (4) 

The Findley parameter, FP was calculated at all planes ranging from -90 ~ _< 0 < 90 ~ in 
0.1 ~ from the computed stresses and strains obtained from the finite element analysis. 
These calculations provided the critical plane where this parameter was the maximum. 
The measured fretting fatigue crack initiation life data were plotted as a function of this 
parameter (Figure 8), along with the corresponding relationship for the plain fatigue data. 
In this case, the FP versus fatigue life relationships for the plain fatigue and fretting 
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fatigue did not agree with each other showing that this parameter can not be used to 
predict the fretting fatigue lives from the plain fatigue data. However, fretting fatigue 
data from different geometries were in agreement with each other within a scatter band. 
Further, the predicted angle of crack orientation based on this approach at the contact 
surface was within +50 to +25 o of the perpendicular to the applied loading direction. The 
predicted crack initiation location was near the trailing edge. This shows that this 
parameter has these two limitations, i.e. it did not predict the fretting fatigue life from the 
plain fatigue data well, and the predicted crack orientations were different from than 
those observed experimentally. 
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Figure 8 - Findley Parameter versus Life Relationships for Fretting Fatigue from Three 
Pad Geometries and Plain Fatigue 

Modified Shear Stress Range (MSSR) Critical Plane Approach 

To overcome the above shortcoming of the Findley parameter, shear stress range 
critical plane parameter was modified in the form similar to Findley parameter to account 
the normal stress that generally aids in opening the crack surfaces. This modified version 
of shear stress range critical plane parameter, MSSR is expressed as follows: 

MSSR = AAq:Bcrlt + cerDmax (5) 

In this approach, the first term, A'ITcrit is the same as in equation 3 and the second term 
is the maximum normal stress on the critical plane. The constants, A, B, C and D were 
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obtained by curve fitting. The measured fretting fatigue life data are plotted as a function 
of the MSSR parameter (Figure 9). As can be seen, the majority of the fretting fatigue 
data lie within +3N, scatter bands of the plain fatigue data. Hence, this parameter can be 
also used to predict the fretting fatigue life from the plain fatigue data in conjunction with 
an analysis. Furthermore, this modified parameter predicted angle of crack orientation 
and crack location which were same as in the case of the shear stress range critical plane 
parameter, and these were in agreement with their experimental counterparts as stated 
earlier. Finally, this modified parameter explicitly included the effects of the shear stress 
as well as normal stress as it is should be the case in multiaxial fatigue loading. 
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Figure 9 - Modified Shear Stress Range Critical Plane Parameter versus Life 
Relationships for Fretting Fatigue from Three Pad Geometries and Plain Fatigue 

Summary  

This study examined several critical plane based muttiaxial fatigue 
models/criteria/parameters to investigate fretting fatigue crack initiation behavior in 
titanium alloy, Ti-6AI-4V. These were evaluated on their ability to predict the number of 
cycles to fretting fatigue crack initiation, crack initiation location and crack orientation 
angle along the contact surface. The normal stress or tensile-cracking based Smith- 
Watson-Topper critical plane parameter predicted the cycles to fretting fatigue crack 
initiation and crack location, which were in agreement with their experimental 
counterparts. However, its prediction of the crack orientation was not in agreement with 
the experimental counterparts. On the other hand, a shear stress or shear-cracking based 
critical plane parameter predicted the cycles to fretting fatigue crack initiation, crack 
initiation location, and crack orientation which were in agreement with their experimental 
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counterparts. Further, the Findley parameter, a critical plane approach involving both 
normal and shear stresses (or both tensile and shear cracking) predicted the cycles to 
fretting fatigue crack initiation and crack orientation which were not in agreement with 
their experimental counterparts. Hence, a critical plane parameter involving both normal 
and shear stresses (or both tensile and shear cracking) is proposed that predicted the 
cycles to fretting fatigue crack initiation, crack initiation location, and crack orientation 
which were in agreement with their experimental counterparts. From these observations, 
it appears that that fretting fatigue crack mechanism in the tested titanium alloy is 
governed by the shear stress on the critical plane. However, the role of the normal stress 
on the critical plane upon the fretting fatigue crack initiation behavior appears to be 
unclear from this study, and hence more experiments involving various pad geometries 
and loading conditions are needed to investigate this phenomenon. 
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ABSTRACT: In the present study, fretting fatigue behavior of a Ti-6AI-4V alloy under 
high stress ratios in the ultra high cycle regime (up to 109 cycles) has been investigated. 
The slope of S-N curve decreased with increasing stress ratio. The slope was steeper in 
short fatigue life region and became flatter in longer life region. The test results under 
various stress ratios followed the modified Goodman diagram for both the fatigue 
strengths defined at 10 7 cycles and l0 s cycles. The so-called non-propagating cracks, 
which were often observed in steels and ahtminum alloys, could not be found in the 
run-out specimens tested up to 107 cycles. In the further loading cycles up to 109 cycles at 
the same stress amplitude, no crack initlahon and propagation could be observed, which 
indicated that the conventional fretting fatigue strength defined 10 7 cycles was still 
effective at least up to 109 cycles. Different behavior between the titanium alloy used and 
the other materials mainly results from the different crack initiation behavior. 
KEYWORDS" fretting fatigue, mean stress, stress ratio, ultra high cycle, titanium alloy 

Introduction 

Titanium alloy has been increasingly applied to steam turbine components as well 
as gas turbine components due to its excellent specific strength, corrosion resistance, etc. 
In these applications, the components such as blades suffer a high centrifugal force with 
vibrating loads, which produces a high cycle fatigue condition with high mean stress. It is 
also known that endurance lives in service are 108-109cycles for car engines, 109cycles 

for high-speed trains and 10 ~~ cycles for aircraft engines, which are further longer than 
the endurance life of 107 cycles in conventional fatigue tests. Therefore, fatigue behavior 
under high stress ratio as well as in the ultra high cycle regime should be understood for 
estimating fatigue lives of these components in service. 
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Since 1970, many researches have been devoted in fretting fatigue of titanium 
alloys [1-11]. Fretting fatigue behavior of titanium alloys has been discussed in detail 
from both microstructural and mechanical points of view. However, detailed fretting 
fatigue processes, such as how long the crack initiation stage is, have not yet been clear. 
Effect of high mean stress on fretting fatigue behavior has also not yet been obvious. 
Since no report on fretting fatigue test over 108 cycles has been available, fretting fatigue 
behavior in the ultra high cycle regime has not yet been understood. There are several 
topics to be solved in fretting fatigue in the ultra high cycle regime: existence of fatigue 
limit, change of fatigue fracture mechanisms, non-propagating crack, etc. 

In the present study, fretting fatigue tests at stress ratios o f - l ,  0.5 and 0.7 up to 108 
cycles and at a stress ratio of -1  up to 109 cycles were conducted. Fretted surfaces and 
longitudinal cross-sections of tested specimens were observed in detail to discuss the 
effect of high stress ratio and the fretting fatigue crack initiation and propagation 
behaviors in the ultra high cycle regime. 

Experimental Procedures 

The material used for the specimen was a Ti-4AI-6V alloy, which was also used for 
the contact pad. Chemical composition and mechanical properties of the material are 
shown in Tables 1 and 2, respectively. Figure 1 shows a microstructure of the material. 

Table 1-Chemical composition of Ti-6Al-4V 

A1 V Fe O C N 

6.62 4.31 0.28 0.165 <0.005 0.003 

Table 2-Mechanical properties of Ti-6Al-4V 

Yield Strength Tensile Strength Elongation 

[MPa] [MPa] [%] 
, m  

926 1013 17.6 

Fig. 1- Microstructure of Ti-6Al-4V 
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Shapes and dimensions of the fretting fatigue specimen and the contact pad are 

shown in Fig. 2. A pair of contact pads was clamped against the opposite flats of the 
fretting fatigue specimen using a calibrated proving ring, as schematically illustrated in 
Fig. 3. The contact pads were mounted in the clamping jig. The contact pressure of 
I00MPa was applied to the contact pads. The clamping load was measured with strain 
gages bonded to the proving ring. The relative slip amplitude between the contact pad 
and the specimen was monitored by calibrated extension meters of the type shown in Fig. 

3. The frictional force (tangential force) between the contact pad and the specimen was 
also measured by strain gages bonded at the neck part of  the clamping jig. The tests were 
performed in air at frequencies of  20 Hz for ~10 7 cycles and 30-47 Hz for ~10 S cycles 

using a conventional servo-hydraulic testing machine. The test up to 10 9 cycles was 
conducted at a frequency of 340 Hz using a newly developed electro-dynamic fatigue 
machine. The effect of frequency was checked by comparing three kinds of fretting 
fatigue test results at the stress amplitude of 270 MPa under R=-I: the fretting fatigue life 
at a frequency of 340 Hz was 9.2 • 104 cycles and that of frequency alternating test for 

2O0 

sec t ion  A- AJ4:13 

(a) Specimen (b) Contact pad 

Fig.2-Specimen and contact pad 

~/,/ Specimen 
l J , /  

Proving ring ~ ' - - - l r ~  Extenso- meter  
~ "  ( for  measuring relat ive slip) 

~ ~ Strain gauge 
w ( for  measuring tangent ial  fo rce)  $ 

Fig.3-Schematic illustration of Fretting jig 
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each 104 cycles between 30 Hz and 340 Hz was 7.9x104 cycles, which were in good 
agreement with that at 30 Hz (1.2 x 10 s cycles).The stress ratios were -1, 0.5 and 0.7 to 
investigate the fretting fatigue strengths at high stress ratios. The cracks on the fretted 
surface and the fretting fatigue crack path on the longitudinal cross-section of the 
specimens tested were observed using a scanning electron microscope (SEM) in detail. 

Results 

S -N  curve 

The S-N curves for the Ti-6A1-4V alloy are shown in Fig. 4. From the figure, the 
following characteristics can be pointed out: 
(1) The slope of S-N curve was different between regions below and above 107 cycles: 

The steeper slopes in the region below 107 cycles were observed, while the slopes in the 
region above 107 cycles were almost flat. 

(2) In the region below 107 cycles, the slope decreased with increasing the stress ratio. 
(3) The fretting fatigue strengths defined at 107 cycles were 130MPa for R=-I, 100MPa 

for R=0.5 and 80MPa for R=0.7. Those defined at 108 cycles were 130MPa for R=-I, 
90MPa for R=0.5 and 70MPa for R=0.7. (The fatigue strength is defined as follows: if 
the two data points at the same stress amplitude are available, the fatigue strength is the 
stress where one is failure and the other run-out. If only one data point is available, the 
fatigue strength is the stress for run-out.) 

(4) The specimen tested at 130MPa, which was the fatigue strength defined at 107 cycles, 
survived up to 109 cycles. 
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The modified Goodman diagram obtained from the S-N curves is shown in Fig. 5. It 

can be seen from the figure that the data points are well laid along a straight line of  the 
Goodman diagram for both the fatigue strengths defined at 10 7 cycles and at 10 8 cycles. 

Tangential Force and Relative Slip Amplitude 

Both tangential force and relative slip amplitude were unstable up to initial few 
hundreds cycles. However, after that, they are stable and almost constant during fretting 
fatigue tests until failure or run-out. Relationship between tangential force and stress 
amplitude is shown in Fig. 6, where stable values of  tangential force are plotted. From the 

figure, it seems that tangential force depends on stress amplitude regardless of  stress 
ratio. 

150~ , ~ , '11 'dJinedatlO 7'cyclres ' 
E ~ 0 defined at I08 cycles i 

�9 5ol- \ \  - 

Mean stress O~an [MPa] 

Fig.5-Goodman "s diagram of Ti-6Al-4V 
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Relationship between relative slip amplitude and stress amplitude is shown in Fig. 7, 
where stable values of relative slip amplitude are also plotted. As can be seen from the 

figure, relative slip amplitude depends on stress amplitude regardless of stress ratio. 
These behaviors result from that mean stress is static and only stress amplitude induces 

relative movement between the specimen and the contact pad. 

Observations of Fretted Surface and Longitudinal Cross section of the Specimens Tested 

Figure 8 shows observations of fretted surface damage and surface roughness 
measurements of the specimens tested up to 10 s cycles under stress ratios o f -1 ,  0.5 and 
0.7. It is found that fretted damage and surface roughness decrease with increasing the 
stress ratio. This may result from the decrease in stress amplitude, which consequently 
results in the decrease of the relative slip amplitude, with increasing the stress ratio. 
Figure 9 shows observations of fretted surface damage and surface roughness 
measurements of the specimens tested at 130MPa with a stress ratio o f -1  up to 107, l08 

and 109 cycles. It is obvious that fretted surface damage and surface roughness increase 
with increasing the number of cycles. 

Surface cracks were carefully observed on the fretted surfaces. An example of the 
initiated surface crack is shown in Fig. 10. However, such a crack could be found on the 
fretted surfaces of only five specimens among 29 specimens tested, sizes of which were 
from lOlam to 100pro on the fretted surface. The depths of these cracks were tried to 
measure on the longitudinal cross-section of the specimens. However, an initiated crack 
could be observed in only one specimen, as shown in Fig. 11. In other cases, no cracks 
could be found on the longitudinal cross-section because of too small size of the cracks. 
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Fig.8 -Frettedsutfaces on the Ti-6Al-4V specimens tested up 
to N = l x  10~cycles. 
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F i g . 9  - Fretted surfaces on the Ti-6Al-4V specimens tested at R---I 
and a=13OMPa. 
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Fig. 10 Cracks on the fretted surfaee for R=-I, aa=13OMPa, N :  I • 

Fig. 11 Initiated craek on the longitudinal cross-section for R=-I N=107cycles. 

Discussions 

Fretting Fatigue Behavior in the Ultra High Cycle Regime 

The transition of crack initiation site from surface to subsurface in high strength 
alloys has been often observed at 106-108 cycles under high cycle fatigue without fretting 
[12-19]. This corresponds to the change of crack initiation mechanism from the 
extrusion-intrusion to the internal defect, which induces high local stress concentration. 
Selection of the two mechanisms is competitive depending on stress level, size and shape 
of defect, cyclic deformation behavior, etc. The transition also introduces a knee followed 
by a rather sharp drop in S-N curve [18]. Subsurface crack origins of titanium alloys are 
often cleavage facets because of their high purity [14-19], while those of high strength 
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steels are often non-metallic inclusions [12,13]. 
There is no report on fretting fatigue test over 108 cycles, while a limited number of  

reports on fretting fatigue tests up to 108 cycles is available. The available test results up 

to 108 cycles indicate no transition of crack initiation site and no change of  the shape of 
S-N curve [20-24]. The present fretting fatigue test results up to 109 cycles for a 

Ti-6A1-4V alloy also show no particular change of  S-N curve and fretting fatigue crack 

initiation mechanism. This may result from high stress concentration at the fretting 
contact edge even at low stress amplitudes. The contact edge region with high stress 
concentration due to fretting action is always an initiation site of  fretting fatigue crack 
even for materials with large defects, such as sintered porous steels [25], cast iron [26], 
etc. 

Another problem in fretting fatigue in the ultra high cycle regime will be the 
non-propagating crack. It has been often reported that non-propagating cracks have been 
observed in run-out specimens for steels and aluminum alloys [4]. This kind of 
non-propagating crack problem is very similar to the case of  notched specimen. Although 

it is not clear whether the non-propagating crack observed at 10 7 cycles can be still 
arrested in the following cycles, it should be reasonable to consider that the crack can 
propagate in the following cycles, as can be seen in Ref. [27]. Since this non-propagating 
crack problem in fretting fatigue includes the small crack and mix mode crack problems, 

further detailed investigation is required to make this complicated problem clear. In 
Ti-6AI-4V alloy, initiated cracks were rarely found in the fractured specimens as well as 
the run-out specimens. In another words, so-called non-propagating cracks could not be 
observed in the run-out specimens. Therefore, it is speculated that once a crack initiates, 

it grows rapidly to final failure. It is also found that the crack initiation stage is very late 
of  fatigue life, which is significantly different from steels and aluminum alloys with the 
early stage of  crack initiation [4] and more like to intermetallics with the very late crack 
initiation [28]. 

Shape of S.N curve 

The slope of S-N curve in fretting fatigue of  titanium alloy, which is steeper in 
shorter life region, becomes more flat in longer life region, as can be seen from Fig. 4. 
The similar change of  slope in fretting fatigue has been found in aluminum alloys [22,23], 
a rotor steel [20] and a carbon steel [29]. The deformation of  contact edge between the 
specimen and the contact pad can be categorized in three types: a) sticking, b) slipping 
and c) gapping. Based on the detailed analysis [30], no singular behavior at the contact 
edge can be found in case of  gapping. Stror~ger stress singhlarity at the contact edge was 
found in case of  slipping compared to the case of  sticking. The deformation type depends 
on many parameters: rigidity of  contact pad, contact pressure, stress amplitude, relative 
slip amplitude, etc. When the stress amplitude decreases, the deformation type is 
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changing from slipping to sticking, that is the stress singularity at contact edge becomes 
weaker. This change of deformation type and then the change of stress singularity at 
contact edge will be one of the reasons for changing the slope of S-N curve in fretting 
fatigue. 

Conclusions 

Fretting fatigue behavior of a Ti-6A1-4V alloy under high stress ratios and in the very 
high cycle regime was investigated. The main conclusions obtained are summarized as 
follows. 

1) Fretting fatigue strengths with various stress ratios defined both 10 7 cycles and 10 8 
cycles were followed the modified Goodman diagram. 

2) Surface cracks on the fretted surface of both the fractured and the run-out specimens 
could rarely be found in Ti-6A1-4V alloy, suggesting that once a crack nucleates, it 
grows rapidly to final failure. 

3) No changes of crack initiation mechanism and initiation site were found for fretting 
fatigue in the present range of fatigue cycle up to 10 9 cycles, contrary to the case of 
fatigue without fretting. The high stress concentration at the contact edge in fretting 
fatigue will be a possible reason for these phenomena. 

4) In Ti-6A1-4V alloy, non-propagating crack could not be found in the survived 
specimen at 10 7 cycles. In the further loading cycles up to 10 9 cycles at the same 
stress amplitude, no crack initiation and propagation could be observed, which 
indicated that the conventional fretting fatigue strength defined at 10 7 cycles was still 
effective at least up to 10 9 cycles. 
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ABSTRACT: Wear, scratch, plain fatigue and fretting fatigue tests were carried out 
using aluminum alloy JIS 6063-T5 specimens with anodic film and lubricating anodic 
film. Though the surface hardness of lubricating anodic film was lower than that of 
anodic film, lubricating anodic film had excellent wear resistance and crack resistance 
compared to anodic film, Plain fatigue strength of the specimen with anodic film was 
lower than that of the specimen with lubricating anodic film, which almost coincided 
with that of the specimen without film. The low fatigue strength of the specimen with 
anodic film may result from the brittleness and tensile residual stress of the anodic film, 
which attribute to the cracking at lower applied stress. Cracking of the lubricating anodic 
film during fatigue tests hardly occurred due to its ductile nature and low residual stress 
and consequently the fatigue strength was not degraded. Fretting fatigue strength of the 
specimen with lubricating anodic film was higher than that of the specimen with anodic 
film, which was higher than that of the specimen without film. The lubricating anodic 
film had the lowest coefficient of friction and a higher cracking resistance, which 
contributed to the retardation crack initiation and the low crack growth rates. The anodic 
film also had low coefficient of friction compared to the specimen without film and 
prevented meta-to-metal contact, which may result in higher fatigue strength compared 
to the specimen without film. The lubricating anodic film is of significant benefit to 
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fretting fatigue strength without degradation of plain fatigue strength. 

KEYWORDS: plain fatigue, fretting fatigue, lubricating anodic film, anodic film, 
in-situ observation, tangential force coefficient 

Introduction 

Aluminum alloy, which has superior mechanical properties, low cost, light weight 
and reliability, has been widely used for automobile parts, aircraft parts, air and oil 
compressors and other components. However, aluminum alloy has problems of surface 
damage due to its softness and corrosion. Therefore, improvement of surface properties 
is required in practical applications. Anodic oxide treatment, which is so-called anodic 
film treatment is widely used for this purpose. Anodized film impregnated with fluorine 
resin or molybdenum sulfide has also been used for automobile parts and oil 
compressors because of high wear resistance. Joining of components is common in such 
machines and structures. Once one of the components or both the two components suffer 
a load, fretting fatigue can be a potential failure mode. Therefore, not only plain fatigue 
properties but also fretting fatigue properties are important for designing machines with 
high reliability. Although some research works on fatigue of aluminum alloys with 
anodic film have been reported [1-4], those on fretting fatigue have rarely, been done. 
In the present study, plain fatigue and fretting fatigue tests were carried out to 
investigate fretting fatigue properties of aluminum alloy JIS 6063-T5 specimens with 
anodic film and lubricating anodic film. Furthermore, fretting fatigue cracks of the 
specimen were observed in-situ using a fatigue testing machine with SEM (Scanning 
Electron Microscope). 

Experimental Procedure 

Material 

The material used for specimens was an aluminum alloy (JIS 6063-T5), of which 
the chemical compositions and mechanical properties are shown in Tables 1 and 2, 
respectively. The material used for the contact pad was a chromium-molybdenum steel 
(JIS SCM420). Three types of the specimens were used: the specimen without film, the 
specimen with anodic film (alumite), and the specimen with lubricating anodic film. 
After degreasing an aluminum specimen surface with a neutral degreasing agent, it was 
anodized for 35 min in a bath containing 20 wt% sulfuric acid solution with constant 
current density of 2.5 A/dm 2, to obtain an oxide film with 30 ttm thickness. This film 
was re-anodized in aqueous solution of ammonium thiomolybdate with constant current 
density of 0.1 A/dm 2 for 6 rain and then molybdenum sulfide was impregnated into 
oxide film pores. 

Wear and Scratch Test 

Wear and scratch tests were carried out to investigate the fundamental properties of 
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the anodic film prior to the fatigue tests. The wear test was carried out using a 
ball-on-disk type wear tester (material of ball: a high carbon chromium bearing steel (JIS 
SUJ2), diameter of ball: 5 ram, sliding distance per revolution: 3.14 cm ) under sliding 
distance of 62 m, load of 1.5 kN and sliding speed of 5 crn/sec in air. The scratch test 
was also carded out with a sapphire needle. Film surface was horizontally scratched by a 
0.2 mm diameter sapphire needle at a normal load of 4.9 N and test speed of 50 mm/min. 
The resultant cracks were observed using an optical microscope. 

Residual Stress of Anodic Film 

Since the anodic oxide film is amorphous, the measurement of residual, stress by 
X-ray diffraction method is very difficult. The residual stress was estimated by the 
following method. 

After degreasing 99.8 % pure aluminum foil "(50 wnx25 ram• 100 ram) with a 
neutral degreasing agent, it was perfectly annealed (400 ~ I hr). After one surface of 
the foil was masked by an organic adhesive tape, 2,5,8,10,15,20 and 24 Izm thickness of 
anodic oxide films were formed on the other non-masked surface in a bath containing 15 
wt% sulfuric acid solution at 15 ~ bath temperature with constant current density of 2 
A/din 2. In 0.I wt% aqueous solution of ammonium thiomolybdate ((NI-LI)2MoS4), the 
stainless steel (JIS SUS304) plate was arranged as the cathode and the anodic oxide film 
was arranged as anode. Electrolysis was processed at 20 ~ bath temperature with a 
constant current density of  50 mA/dm 2 to 120 V. After anodizing, aluminum board was 
well rinsed and masking tape on it was peeled carefully with organic solvent, dried in 
hot air at 60 ~C and held at room temperature. The residual stress of anodic film was 
calculated using equation of Barklie & Davies [5] with the measured radius of curvature. 

Table 1 -- Chemical composition (wt%). 

[:44 1 . . . .  I 0.01 

SCM420 I C " 0 . 2 1  0S23 I Mn0.70 I 0.016P [ S i 0C13 t 0NiT [ 1C01 Mo 0.014 , , 0.15 

Table 2--Mechanicalproperties. 

6063"T5 
SCM420 

Tensile strength 
a B(MPa) 

330 

Elongation Young's modulus 
E(GPa) 

Hardness 
HV(Mea) 

21 65 770 
940 16 206 2850 
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Plain Fatigue and Fretting Fatigue Test 

The shapes and dimensions of the plain fatigue specimen, fretting fatigue specimen 
and bridge-type contact pad are shown in Fig. 1 and Fig. 2. The gage parts of all the 
fatigue specimens ~ d  pad contact feet were polished using successively finer grade of 
emery paper and the final polishing was conducted longitudinally with 1500 grade 
emery paper. Fretting was induced by clamping a pair of bridge-type pads onto both 
sides of the specimen (Fig. l(b)), using a proving ring [6]. The clamping pressure was 
adjusted before and during the tests to give a constant value of 50 MPa. The tangential 
force between the specimen and the pad during the tests was measured by strain gages 
attached underneath the central part of the pad. The plain fatigue and fretting fatigue 
tests were carried out using a servo-hydraulie fatigue test machine with a capacity of 98 
kN under a stress ratio R o f -1  at frequencies ranging from 10 to 20 Hz. Fracture 
surfaces of the specimens tested were observed using a scanning electron microscope 
and surface roughness of the fretted region was measured using a surface roughness 
tester. 

In-situ and Continuous Observation of Fretting Fatigue Crack 

Fretting fatigue cracks were continuously observed using small fretting fatigue 
specimens and a fatigue testing machine with SEM (Scanning Electron Microscope). 
The shapes and dimensions of the fretting fatigue specimen and the bridge-type contact 
pad are shown in Fig. 3. Fretting fatigue tests were carded out under a stress ratio R of 
-1 and a clamping pressure of 50 MPa, which was applied by using a proving ring, as 
shown in Fig. 4. 

Results and Discussion 

Fundamental Properties of Anodic Film and Lubricated Anodic Film 

Figure 5 shows the relationship between frictional coefficient and sliding distance. 
The anodic film shows stable value of friction coefficient, 0.4, after about 10 m running 
(300 revolutions). On the other hand, the lubricating anodic film shows stable value of 
friction coefficient, 0.2, after about 50 m running (1500 revolutions). The frictional 
coefficient of the lubricating anodic film was approximately half of that of the anodic 
film. 

Figure 6 shows the observations of scratched surface of 24 lam thickness film. It was 
found that number of cracks by scratched test in the lubricating anodic film was less than 
that in the anodic film, which indicated that the lubricating anodie film had higher 
resistance for cracking compared to the anodic film. 

Figure 7 shows the relationship between hardness and distance from the surface of 
film. The hardness test was carried out under a load of 0.5 N and hold time of 30 
seconds. Surface hardness of the anodic film and lubricating anodic film was 0.55 GPa 
and 0.37 GPa, respectively. The hardness of base material was about 0.1 GPa. This value, 
HV=0.1 GPa is the same in comparison with aluminum alloy before anodizing. 
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Figure 1 --Plain fatigue specimen. 
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Figure 2--Fretting fatigue specimen and contact pad. 
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Figure 3 -  Fretting fatigue specimen and contact pad for SEM Servo. 

Figure 4--Schematic illustration of fretting fatigue test. 
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Figure 5--Relationship between frictional force coefficient and sliding distance. 

Figure 6-- Observations of surface crack induced by the scratch test. 
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Though the surface hardness of lubricating anodic film was lower than that of anodic 
film, the former exceeds the latter in frictional property and crack resistance. 

Residual Stress of Anodic Film 

It is well known that the volume of anodic oxide film increases about 1.49 times of 
that of aluminum bulk metal, if perfect alumina crystal structure is assumed as 
explanation of Kabasbersky's volume ratio (oxide film/metal) [7]. Therefore, 
compressive residual stress might be induced in anodic film. When the volume ratio is 
less than 1.0, tensile residual stress may be caused [7], which is known to influence 
mechanical properties and corrosion resistance in most materials. 

In the anodic oxidizing process, dense layer with 5 % porosity, which is almost 
equivalent to a volume ratio of 1.49 [8,9], is formed at the initial stage, while the volume 
ratio decreases with increasing thickness of film. On the average, the through-thickness 
porosity will be 20 %. Near surface layer of the film will have much higher porosity. 

According to the simple calculation, the volume ratio at the initial stage (2-5 gin, 
thickness) is 1.40 (1.49• When the porosity is assumed to be about 20 %, 
the volume ratio of the film is estimated to be 1.18. Therefore, the compressive residual 
stress in the film will be considerably reduced [10]. 

The residual stress in the film is influenced not only by porosity but also by other 
factors, such as solution, intermetal compounds, etc. It is difficult to measure the 
residual stress by X-ray method, because the anodic film is amorphous. 

Figure 8 shows curvatures of the foil specimen with various thickness of anodic film, 
which is produced on the one side of fully annealed aluminum foil. The curvature 
increases with increasing film thickness. The same result was observed in the case of 
lubricating anodic film. Figure 9 shows the difference in the curvature between anodic 
film and lubricating anodic film. By impregnation of molybdenum sulfide in lubricating 
anodic film, the compressive residual stress increased and the curvature was reduced. 
Based on these observations, the residual stress of anodic film and lubricating anodic 
film is estimated according to Borklie & Davies [5] equation: 

o =h2E/6rd(1-d/h), 

where, h: foil thickness in mm, E: Young's modulus of the aluminum foil in MPa, r: 
radius of curvature in ram, d : anodic oxide film thickness in mm. Figure 10 shows the 
relationship between residual stress and thickness of anodic oxide film. As can be seen 
from the figure, the tensile residual stress of lubricating anodic film was reduced by 
about 20 MPa compared to that ofanodic film. 

Plain Fatigue Strength 

The S-N curves for plain fatigue of anodic film and lubricating anodic film 
aluminum alloys are shown in Fig. 11. The plain fatigue strengths at 107 cycles were 
around 80 MPa for the specimen with anodic film and around 90 MPa for the specimen 
with lubricating anodic film and also around 90 MPa for the specimen without film. 

Shiozawa [1] has reported that the plain fatigue strength at 107 cycles using bending 
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Figure  8 - -  Foil curvatures for varying thickness of anodized coatings. 

Figure  9--Difference in deformation of anodic film between non-impregnation 

and impregnation, which indicates the difference in residual stress. 
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Figure  l O--Residual stress in anodic film and lubricating anodic film. 
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rotational fatigue tester for the aluminum alloy specimen (JIS A2014-T6 and JIS 
A615 I-T6) with anodic film was lower 20~30 % than that without film. Hirata et al. [2] 
have reported that though the plain fatigue life in high stress region for the aluminum 
alloy specimen (JIS AI080) with anodic film was shorter than that without film, the life 
in low stress region was longer than that without film. These results show that cracking 
of anodic film during fatigue tests results in low fatigue strength. 

Fig. 12 shows a SEM observation of plain fatigue crack initiation after the specimen 
failed. Though the fatigue cracks of the specimen without film were initiated by 
associating with slipping on the surface as shown in Fig. 12(a), it seemed that the fatigue 
cracks of the specimen with anodic film were initiated from fracture region of the film as 
shown in Fig.12(b). On the other hand, it seemed that the fatigue cracks of the specimen 
with lubricating anodic film were initiated inside base material as shown in Fig. 12(c). 

Fretting Fatigue Strength 

The S-N curves for fretting fatigue are shown in Fig.l 1. The fretting fatigue 
strengths of 10 7 cycles were around 30 MPa for the specimen without film, around 40 
MPa for the specimen with anodic film and around 50 MPa for the specimen with 
lubricating anodic film. 

Tangential Force Coefficient 

The relationship between tangential force coefficient measured after getting stable 
condition and relative slip amplitude is shown in Fig.13. The tangential force coefficient 
is given as~ =Fa/P, where Fa is the amplitude of tangential force and P is the contact 
pressure. The tangential force coefficient increased with increasing relative slip 
amplitude for all materials and attained a constant value. Relative slip amplitude was the 
calculated value as rigid to contact pad. The constant value of the frictional force 
coefficient of the specimen without film, anodic film and lubricating anodic film were 
0.85, 0.7 and 0.6 respectively. The small difference in frictional force coefficient 
between two anodic films in fretting tests compared to the case of ball-on-disk test may 
result from the severe test condition including contact piece geometry and contact load. 

Surface Roughness 

The maximum roughness of the fretted surface was also measured in order to 
examine the fretting surface damage. The relationship between maximum surface 
roughness and relative slip amplitude is shown in Fig.14. The maximum surface 
roughness increased with increasing relative slip amplitude for all materials and was 
saturated over 10~20 p,m of relative slip amplitude. The maximum surface roughness 
values were around 45 pan for the specimen without film, around 20 ~tm for the 
specimen with anodic film and around I0 ~tm for the specimen with lubricating anodic 
film. The maximum surface roughness values for the specimen with lubricating anodic 
film were significantly lower than those of other materials. From the results of tangential 
force coefficient and surface roughness, though the difference was not so significantly 
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(c) Lubricated anodic film 

Figure 12- -  Crack initiation under the plain fatigue. 
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large as the case of  the frictional coefficient on the wear test, lubricating anodic film 
excelled anodie film in the fretting wear characteristics. 

SEM Observations of Fretting Region 

in all materials, fretting fatigue cracks were initiated near the edge of the contact 
region. A longitudinal cross section of the fretting fatigue specimen is shown in Fig.15. 
Fig. 15(a) shows that the fretting crack on the specimen without film grows to 45 ~ to 
fretting surface. This is almost the same with the case of  other materials without film [11 
-13]. The observation near the edge of the contact region is shown in Fig.15(b). The 
damage of film was significantly severe and that there were lots of  small fretting cracks. 
The damage of lubricating anodic film was very small as shown in Fig.15(c). The 

Figure ! 5 --SEM observations o f fretting cracks on the 

longitudinal cross-section of the specimens. 
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lubricating anodic film had the lowest coefficient of friction and a higher cracking 
resistance, which contributed to the late crack initiation and the low crack growth rates. 

In-situ Observations of Fretting Fatigue Cracks 

Fretting fatigue crack growth behavior in anodic film is shown in Fig.16. Fretting 
fatigue cracks in anodic film were initiated in the early stage of fatigue life. In some 
cases, the cracks were initiated just when contact pressure was applied. However, the 
cracks in the anodic film generally initiated over 5 • 102 cycles and they grew into base 
material over 3 x 103 cycles. 

Figure 17 shows the fretting fatigue crack growth behavior in anodic film and 
lubricating anodic film at the same stress level. In both materials, wear powder produced 
during the test was observed in the late stage of life but was less in quantity compared to 
the case of material without film. The surface hardness was improved due to the hard 
film, which contributed to the wear resistance. The cracks in the anodic film initiated 
over 5 • 102 cycles, and the cracks grew into the base material over 3 • 103 cycles. On the 
other hand, the cracks in the lubricating anodic film initiated over 1.2• 103 cycles, and 
the cracks grew into the base material over 6.4• 103 cycles. Lubricating anodic film 
contributed to the retardation crack initiation and also to the low crack growth rate due 
to the lower tangential force coefficient than that of the bulk material without film. 

Effect of Anodic film on fatigue strength 

The effects ofanodic film on fatigue strength are summarized from results obtained 
as follows. 

Plain fatigue strength of the specimen with anodie film was lower than that of the 
specimen with lubricating anodic film, which almost coincided with that of the specimen 
without film. The low fatigue strength of the specimen with anodic film may result from 
the brittleness and tensile residual stress of the anodic film, which are attributed to the 
cracking at lower applied stress. On the other hand, cracking of the lubricating anod;c 
film during fatigue tests hardly occurred due to its ductile nature and low residual stress 
and consequently the fatigue strength was not degraded. 

Fretting fatigue strength of the specimen with lubricating anodic film was higher 
than that of the specimen with anodic film, which was higher than that of the specimen 
without film. The lubricating anodic film had the lowest coefficient of friction and a 
higher cracking resistance, which contributed to the retardation crack initiation and the 
low crack growth rates. The anodie film also had low coefficient of friction as compared 
with the specimen without film and so prevents meta-to-metal contact, which may result 
in higher fatigue strength compared to the specimen without film. 

The lubricating anodic film is of significant benefit for fretting fatigue strength 
without degradation of plain fatigue strength. 

Conclusions 

Fundamental properties of aluminum alloy JIS 6063-T5 specimens with anodic film 
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Figure 16-- Observations of  fretting crack on the side surface of  the specimen 

in real time with SE M( anodic film : a a=12 0 MP a, P = 5 0 MP a, Nf=10s). 

Figure 17-- Observations of fretting crack on the side surface of the specimen with SEM 

( a a=12OMPa, P=5OMPa). 
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and lubricating anodic film were investigated. Plain fatigue and fretting fatigue tests 
were also carried out to investigate fretting fatigue properties of the aluminum 
alloyspecimens with anodic film and lubricating anodic film. 

Furthermore, fretting fatigue cracks of the specimen were observed in-situ using 
small fretting fatigue specimens and a fatigue testing machine with SEM (Scanning 
Electron Microscope). 

The main results obtained are summarized as follows: 
(1) Though the surface hardness of lubricating anodic film was lower than that of 

anodic film, the lubricating anodic film had excellent frictional property and crack 
resistance compared to the anodic film. 

(2) Plain fatigue strength of the specimen with anodic film was lower than that of the 
specimen with lubricating anodic film, which almost coincided with that of the specimen 
without film. The low fatigue strength of the specimen with anodic film may result from 
the brittleness and tensile residual stress of the anodic film, which hre attributed to the 
cracking at lower applied stress. Cracking of the lubricating anodic film during fatigue 
tests hardly occurred due to its ductile nature and low residual stress and consequently 
the fatigue strength was not degraded. 

(3) Fretting fatigue strength of the specimen with lubricating anodic film was higher 
than that of the specimen with anodic film, which was higher than that of the specimen 
without film. The lubricating anodic film had the lowest coefficient of friction and a 
higher cracking resistance, which contributed to the retardation crack initiation and the 
low crack growth rates. The anodic film also had low coefficient of friction as compared 
with the specimen without film and prevents meta-to-metal contact, which may result in 
higher fatigue strength compared to the specimen without film. 

The lubricating anodic film is of significant benefit for fretting fatigue strength 
without degradation of plain fatigue strength. 

References 

[ 1 ] Shiozawa, K., "Effect of Fatigue Strength on Anodized Aluminum Alloy" Journal 
of the Japanese Anodizing Association, Vol.3-324, 1999, pp.3-10. 

[2] Hirata, M., Maejima, M., Saruwatari, K., Shigeno, H., and Takaya, M., 
"Rotational Bending Fatigue of Anodized Coating of Aluminum," Aluminum 
SurfaeeTeehnology, Vol. 47-4, 1996, pp.376-377. 

[3] Cree, A. M., Weidmann, G. W., and Hermann, R., Journal of Material Science 
Letters, Vol. 4, 1995, pp.1505-1507. 

[4] Design Data for Fatigue Strength of Metal Materials, (III) Effect of Environment, 
Japan Society of Mechanical Engineers, 1974, p. 142. 

[5] Barklie, R. H., and Davies, J., Institute of Mechanical Engineering, 1957, p. 731. 
[6] Nishida, T., Mizutani, J., Mutoh, Y., Yoshii, K., Ebihara, O., and Miyashita, S., 

"Plain Fatigue and Fretting Fatigue Strengths of AC4CH Aluminum Alloy" 
Journal of Japan Institute of Light Metals, Vol. 49-10, 1999, pp. 493-498. 

[7] Baba, N., Journal of the Japanese Anodizing Assoeiation, Vol. 281-3, 1994, p.1. 
[8] Pilling, N. B., and Bedworth, R. E., Journal Inst. Metals, Vol. 29, 1923, p.529. 
[9] Nelson, J. C., and Oriani, R. A., Corrosion Science, Vol. 34, 1993, p. 307, 



384 FRETTING FATIGUE: ADVANCES 

[10] Maejima, M., Saruwatari, K., Isawa, K., and Takaya, M., "Curvatures of Anodized 
Coatings of Aluminum" Surface technology, Vol.46-9, 1995, pp. 856-859. 

[11] Tanaka, K., Mutoh, Y., and Sakoda, S., "Effect of ContactMaterials on Fretting 
Fatigue in a Spring Steel" Japan Society of Mechanical Engineers, Vol.51-464, 
1986, pp.1200-1207. 

[12] Mutoh, Y., Nishida, T., and Sakamoto, I., "Effect of Relative Slip Amplitude and 
Contact Pressure on Fretting Fatigue Strength" Japan of the Society of Material 
Science, Vol.37-417, 1988, pp.649-655. 

[13] Waterhouse, R. B., "Fretting Fatigue in Aqueous Electrolytes," Fretting Fatigue, 
Applied Science Publication, 1981, pp.159-175. 



Masaki Okane, l Kazuaki Shiozawa, 2 Masaharu Hiki, 3 and Kazntaka Suzuki 4 

Fretting Fatigue Properties of WC-Co Thermal Sprayed NiCrMo Steel 

REFERENCE: Okane, M., Shiozawa, K., Hiki, M., Suzuki, K., "Fretting Fatigue 
Properties of WC-Co Thermal Sprayed NiCrMo Steel," Fretting Fatigue: Advances 
in Basic Understanding and Applications, ASTM STP 1425, Y. Mutoh, S. E. Kinyon, and 
D. W. Hoeppner Eds., ASTM International, West Conshohocken, PA, 2003. 

ABSTRACT: Fretting fatigue tests of NiCrMo steel (JIS SNCM439) sprayed with 
tungsten carbide with additive of 12% cobalt (WC-Co) by HVOF (High Velocity 
Oxygen Fuel) were carried out to study the effect of WC-Co coating on fretting 
fatigue behavior. Since the fatigue strength of the present alloy steel was reduced to 
about 27% by the effect of fretting, fretting fatigue strength was improved by 
approximately 30% by WC-Co spraying onto the specimen. The tangential force 
coefficient, which is tangential force measured during the fretting fatigue tests 
divided by contact load, behaviors of WC-Co sprayed specimen were different 
form those of the non-sprayed specimen. Especially, the tangential force of WC-Co 
specimen in an early stage of the test indicated significant low value compared with 
that of non-sprayed specimen and this was caused from good wear resistance of 
WC-Co layer. Therefore, the initiation of a fretting crack in case of WC-Co sprayed 
specimen delayed, and crack propagation rate was lower than that of non-sprayed 
specimen. These were main reasons for the improvement of fretting fatigue strength 
by WC-Co spray. 

KEYWORDS: fretting fatigue, NiCrMo steel, spray, WC-Co, HVOF, fretting wear 

Introduction 

Fretting fatigue, the characteristic fatigue process caused by surface damage 
induced as the result of microscopic movement between contacting two surfaces, is well 
known as one of the most important problems in designing or maintenance of many 
industrial machineries. Many investigators have paid a lot of effort to understand the 
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fretting or improvement of fretting fatigue strength [1-4]. 
Various provisions for fretting fatigue fracture have been considered, and most ot 

them were introduced by Waterhouse [5] and Hirakawa [6]. Surface treatment 
technologies were applied for resisting the fretting fatigue, such as nitriding [7], 
carbonizing [8], tufftriding [9], shot peening [10,11] and so on. They were applied for 
preventing the initiation of fretting fatigue crack and for retardation of the crack 
propagation, by hardening the surface and by introducing residual compression stress 
near the surface. The authors have previously reported [12,13] the fretting fatigue 
properties of TiN coated carbon steel by PVD (Physical Vapor Deposition), and it has 
been clarified that the TiN coating was effective for improving fretting fatigue strength, 
by the retardation of fretting fatigue crack initiation. 

The PVD or CVD (Chemical Vapor Deposition) technique produces "thin layer" 
only few microns in thickness. On the other hand, spraying technologies can laminate 
thicker layer compared with PVD or CVD, further the manufacturing process and 
equipment of spraying may be simple compared with PVD or CVD. Application of hard 
layer which has excellent wear resistance by spraying is expected to not only improve the 
fretting fatigue strength but also save cost. 

High Velocity Oxygen Fuel (tlVOF) spraying, which is a relatively new spraying 
method, enables to generate denser sprayed coating compared with the process with 
conventional plasma spraying, because of higher particle velocity during the spraying 
process (over 1000 m/sec.) [14]. Furthermore, since the flame temperature is comparatively 
low (less than 3000K), HVOF must be extremely effective for spraying of carbide powders, 
such as tungsten carbide (WC), which is expected as one of the hard-wearing materials but 
weak against heat [14]. In other words, HVOF can construct the higher quality carbide 
sprayed coating which is unable to be produced by the plasma spraying. Nowadays, the 
mainstream of carbide spraying has been HVOF [14]. 

Major applications of WC coating by HVOF are for the sliding parts, and a lot of 
investigations about wear properties of WC coating by HVOF were conducted [15-18]. 
They generally reported good wear resistance of the WC coating. Very few studies on 
fatigue behaviors of the WC sprayed steel by HVOF are conducted [19,20], and 
improvement of fatigue strength by the coating has been reported. 

As described above, WC sprayed coating has both good wear and fatigue resistance, 
it is expected to improve fretting fatigue strength caused by cracking at contacting surface, 
but no report has been published regarding that. In this study, fretting fatigue tests were 
carried out using WC-Co sprayed NiCrMo steel to investigate the basic fretting fatigue 
properties and its performance for fretting resistance. The fretting fatigue fracture process 
of the WC-Co sprayed steel was also discussed. 

Experimental Procedure 

Fatigue Specimen and Contact pad 

In this study, Nickel-Chromium-Molybdenum steel JIS SNCM439 was used for the 
substrate material and for the contact material. The chemical compositions of the material 
used are shown in Table 1. The specimen w~as machined from a bar with a diameter of 
22mm after the heat treatments as follows, at 1123K (850~ for 1.7h O.Q. (Oil 
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Table 1 - Chemical composition of the substrate material (wt. %) 

Si Mn P S Cu Ni Cr 

0.28 0.75 0.021 0.017 0.05 0.74 0.81 

Mo 

0.15 

387 

Table2 - Mechanical properties of the substrate material {21) 

Tensile strength aB [MPa] 1120 

Proof stress lyy [MPa] 1060 

Young's modulus E [GPa] 210 

Elongation 8 [%] 22 

Reduction of  area ~ [%] 58 

Hardness HV 301 

Fig. 1 - Shapes and dimensions of the (a) fretting fatigue specimen, (b) plain 
fatigue specimen and (e) eontact pad. (Un# : ram) 
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Quenching) then at 893K (620~ for 2h W.C. (Water Cooling). The mechanical 
properties of the material after heat treatment are shown in Table 2. 

The shapes and dimensions of the specimens used are shown in Fig.h (a) shows 
the fretting fatigue specimen, (b) the plain fatigue specimen and (c) the contact pad. The 
gauge parts of both fatigue specimens (fretting fatigue specimen: 30mm long, plain 
fatigue specimen: 10mm long) were polished with emery paper up to grade #1500 
longitudinally and final polishing was conducted for the plain fatigue specimen by using 
alumina slurry with grain size of 0.3 pm. The contact pad was cut from a bar with a 
diameter of 60mm by wire-EDM (Wire Electric Discharge Machining) into designed 
shape and two contact area of each contact pad (2mmx4mm face) were finalized by the 
flat-surface grinding machine. Two kinds of contact pad, as shown in Fig. l(c) were used 
for the fretting fatigue tests. One was, with lmm foot height, for the fretting fatigue test 
of non-sprayed specimen and the other was, with 0.1ram foot height, for the test of 
WC-Co sprayed specimen. Detail explanation will be given later in this paper. 

Spray Conditions by HVOF 

Tungsten carbide with additive of 12wt.% cobalt (WC-12%Co, Grain size: 6-38pm) 
was sprayed onto surface of the fretting fatigue specimen by HVOF (High Velocity 
Oxygen Fuel) process. The DJ (Diamond Jet [22]) gun was used for HVOF process. The 
chemical compositions and spraying conditions were summarized in Table 3 and Table 4, 
respectively. Before HVOF process, blast treatment was applied onto the specimen 
surface to enhance the bonding between substrate metal and WC-Co layer. The blast 

Table3 - Chemical composition of the spray powder used (wt. %) 

Co TC Fe W 

12.7 5.4 0.2 bal. 

Table4 - Spraying conditions by HVOF 

Gas pressure [MPa] 

Gas flow [m3/s] 

Oxygen 

C3H8 

Air 

Oxygen 

C3H8 

Air 

1.03 

0.69 

0.52 

4.77 x 10 -3 

1.31 x 10 -3 

5.84 x 10 -3 

Powder delivery rate [N/s] 0.3626~0.3724 

Spraying distance [m] 

Specimen Temperature [K] 

0.17 

Pre-heating 

After spraying 

333 

413~433 
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Table5 - Blast conditions 

Blast material Alumina grid #46 

Pressure [MPa] 0.44 

Blasting distance [m] 0.1 

Diameter of the blast nozzle [m] 0.008 

Fig.2 - Measuring procedures of the tangential force and the relative slip. 

conditions were shown in Table 5. Surface of the WC-Co layer was ground 
perpendicularly by using diamond grind wheel, and after that final polish was conducted 
longitudinally by using diamond emery paper up to grade of #1500. The thickness of 
WC-Co layer was 100~tm and the micro vickers hardness of the layer HV was about 1152 
(about 11.3 GPa). 

Fretting Fatigue Tests and Plain Fatigue Tests 

A fatigue test machine with 49 kN capacities was used for fretting fatigue tests and 
plain fatigue tests. All the tests were carried out under a load-controlled sinusoidal wave 
form condition with a stress ratio R (O'min/~max)=-l, and frequency f=20Hz in air at room 
temperature. For the fretting fatigue tests, two contact pads were pressed onto both sides 
of the gauge section, and a contact pressure was controlled at constant value of 100 MPa 
by using proving ring. 

Tangential force between specimen and contact pad during the fretting fatigue test 
was measured using a strain gauge attached on the bottom of the contact pad as shown in 
Fig. 2(a). And relative slip amplitude between them was also measured by using small 
extensometer as shown in Fig. 2(b). 

After the tests, fretted surfaces were observed in detail by using a scanning electron 
microscope (SEM). The cross section of the specimen around the fretted region was also 
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Fig. 3 - S-N curves for fretting fatigue of WC-Co sprayed steel. 

observed using SEM to discuss the initiation and growth of the fretting cracks. 

Results and Discussions 

S-N Curves (Relationship between fretting fatigue lives and applied stresses) 

The relationship between applied stress amplitude and number of cycles to failure 
(S-N curve) is shown in Fig. 3. In the figure, data points with arrow show that no failure 
occurred up to the testing cycles of 5x106 cycles. It can be seen from the figure that the 
S-N curve for plain fatigue of the substrate material (z~) was almost horizontal and the 
fatigue strength at 5x106 cycles was around ~,=560 MPa. The fretting fatigue strength at 
5x106 cycles of both no-sprayed ((2)) and WC-Co sprayed ( [ ] )  specimen were 
significantly reduced compared with the plain fatigue strength. The fretting fatigue 
strength of the no-sprayed specimen at 5 x 106 cycles was ~a--150 MPa which was about 
27% comparing with the plain fatigue strength and that of the WC-Co sprayed specimen 
was Cra=200 MPa. About 30% increase of fretting fatigue strength was observed in the 
WC-Co sprayed specimen compared with the no-sprayed specimen. 

As mentioned before, two kinds of contact pads as shown in Fig. 1 (c) were used in 
this study. The contact pad with I mm foot height was used for the fretting fatigue test of 
no-sprayed specimen and 0.1 mm foot height contact pad was used for the experiment of 
WC-Co sprayed specimen. This is because that when the higher foot contact pads were 
used for the experiments of WC-Co sprayed specimen, the contact pads were broken at 
their foot roots before the specimen failure occurred. Therefore, contact pads were used 
for the tests of WC-Co sprayed specimen with foot height of 0.1 mm for reducing stress 
concentrations at their roots. It is well known that the fretting fatigue life and strength are 
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Fig. 4 - Variations of tangential force coefficients q) during the fretting fatigue tests. 

significantly affected by the shape and dimension of the contact pad [23,24]. For 
confirmation, several fretting fatigue tests of the no-sprayed specimens using 0.1 mm foot 
height contact pads were conducted. Results of the tests were indicated in Fig. 3 by 
half-solid circles. No significant differences were found in fretting fatigue lives and 
strength between the test results with 1 mm and 0.1 mm foot height contact pads. And 
also no significant difference was found in the results of tangential force coefficient and 
relative slip amplitude between them as described later (Fig. 6). Therefore, the difference 
in the shapes and dimensions of two kinds of contact pads used in this study seems to 
have no influences on fretting fatigue behaviors of the present material. All experimental 
results of WC-Co sprayed specimen shown in Fig. 3 were the results using 0.1 mm foot 
height contact pads. 

Tangential Force Coefficient and Relative Slip Ampl#ude 

Variations of the tangential force coefficient ~ during the fretting fatigue tests are 
shown in Fig. 4. The tangential force coefficient ~ was defined as a ratio of the tangential 
force F to the contact load P, ~b=F/P. In case of no-sprayed specimen, tangential force 
coefficients were almost constant during the fretting fatigue tests, which increased with 
increasing stress amplitude. This tendency is similar to that of many metallic materials 
observed by many investigators previously [1-4]. On the other hand, in case of WC-Co 
sprayed specimen tangential force coefficients at early stage of the experiments, were 
about 0.2 to 0.4 and have no dependence on the applied stress level. They were clearly 
low compared to those of the no-sprayed specimens. Thereafter, the tangential force 
coefficients increased gradually with the number of fretting cycles. In this study, a pair of 
contact pads were used for each fretting fatigue test and the tangential force was 



392 FRETTING FATIGUE: ADVANCES 

E 
:~.  6 0  f i l l  I I l n l n n n l  L n i i i l l l l [  n n 1 1 1 1 1 1 1  l i 1 1 1 1 1  

"~ .4/312 t /k  20OMPa ~> 350MPal ::l 

103 104 105 106 107 

Number of fretting cycles, N 

(a) No sprayed 
E 2"~ 5 0 ~ ; 6 0  ' '+1'1 I I I I ~ I~t I I l l l  I ](~l - 2 ~  A - I  I I I+tl I -I ~ - ~ 1  L I I I I  

30 7 ~  . . . . . . . .  

0 h l l l l  I ; 1111111 I 11111111 I I I I t l l l l  t I t IIIIT3 
103 10 + 10 s 106 107 

Number of fretting cycles, N 

(b) WC-Co sprayed 
Fig. 5 - Variations of relative slip amplitude S~ during the tests. 
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measured at each contact pad respectively. In case of  no-sprayed specimen, since the two 
values of  tangential forces were almost equal, the mean values of  them were plotted in 
Fig. 4(a). However, in case of  WC-Co sprayed specimen, there were some cases that 
significant difference was observed between two measured tangential forces especially in 
latter stage of  the experiment. In that case, the tangential force at the side where the main 
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crack initiated was plotted in Fig. 4(b). 
Variations of the relative slip amplitude Sa during the fretting fatigue tests are 

shown in Fig. 5. In case of no-sprayed specimen, the relative slip amplitude Sa was 
almost constant during the test and increased with increasing stress level. On the other 
hand, in case of WC-Co sprayed specimen Sa was larger than that of no-sprayed specimen 
at early stage of the test, which increased with increasing stress level, and became smaller 
with the number of fretting cycles. Variations of the relative slip amplitude almost 
synchronized with those of the tangential force as mentioned before. 

Relationship between the tangential force coefficient and the relative slip amplitude 
is shown in Fig. 6. All plots of no-sprayed specimens (O) are the mean values of the 
tangential force coefficient and relative slip amplitude measured during the tests. The 
results in case of WC-Co specimen separated into two plots in the figure, which are the 
mean values at early stage (D), i.e. the mean values of them up to cycles of about 5x10 3, 
and the final values ( , ) .  In case of no-sprayed specimen, tangential force coefficient 
increased with increasing relative slip amplitude and became constant value above the 
certain value of relative slip amplitude as observed in many metallic materials [I-4]. In 
case of WC-Co sprayed specimen, the lower tangential force coefficient and the larger 
relative slip amplitude at early stage became almost similar values with those of 
no-sprayed specimen at final stage. 

Observations of Fretted Surfaces and Fretting Fatigue Cracks 

Fretted specimen surfaces after the experiments were observed by SEM. The 

Fig. 7 - SEM micrographs of the fretted surfaces. 
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Fig. 8 - SEM micrographs of fretting cracks in the WC/Co sprayed specimen. 
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results are shown in Fig. 7. Figure 7(a) shows a fretted surface around the contact edge of 
no-sprayed specimen and a detailed observation of Fig. 7(a) is shown in Fig. 7(b). It is 
clearly shown that there are some cracks near an edge of contact induced by fretting 
action. All of  no-sprayed specimens fractured from the cracks as shown in Fig. 7(a) and 
7(b). Figure 7(c) shows a fretted surface around the contact edge of WC-Co sprayed 
specimen. Damage on the WC-Co sprayed specimen was not so severe as the fretting 
damage of no-sprayed specimen. Some cracks are observed near the contact edge where 
the wear of  WC-Co layer is severe as shown in Fig. 7(d), and all WC-Co sprayed 
specimens fractured from these cracks. Wear and spalling of WC-Co layer occurred at 
whole of  contact region. However, since the full-thickness wear and attrition of the 
WC-Co layer did not occur, the layer was remaining until the final fracture occurred. 

Cross section of the WC-Co sprayed specimen tested, which was cut along 
longitudinal direction, was observed by using SEM. The SEM micrographs are shown in 
Fig. 8. Although cracks in the WC-Co layer are not so clear to find out as those in 
substrate metal, it can be seen that a crack initiated at specimen surface by the fretting 
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Fig. 10 - Difference in fretting damage and crack initiation. 

action propagates through the WC-Co layer with slight angle. The crack has further 
propagation into the substrate metal after slight growth along the boundary between the 
layer and the substrate. 

Fretting Fatigue Fracture Process in WC-Co Sprayed Specimen 

From the experimental results, it was found that fretting fatigue lives of WC-Co 
sprayed specimen increased 2-10 times compared to those of no-sprayed specimen. And 
the fretting fatigue strength of WC-Co sprayed specimen significantly increased 
comparing with that of no-sprayed specimen. Therefore, WC-Co spray by HVOF seems 
to become an effective method for improving fretting fatigue strength. In this section, 
fretting fatigue fracture process will be discussed. 

As mentioned before, there were some cases in which significant difference in 
tangential force variation of WC-Co sprayed specimen was observed. The most 
significant case is shown in Fig. 9. For convenience, each fretted region is called "Side 
A" and "Side B" respectively in this study. The tangential force coefficient at "Side A" 
increased gradually with increasing number of fretting cycles after the middle stage of the 
test. However, the tangential force coefficient at the opposite side did not increase, as 
much as "Side A", it seems to be constant. The principal crack occurred at "Side A" in 
this case. Figure 10 shows fretted surfaces and cross sections of "Side A" and "Side B" 
observed by using SEM. It can be clearly found from Fig. 10(a) and 10(b) that the 
damage on the surface of "Side A" is severer than that of "Side B". It can be also seen 
from Fig. 10(c) and 10(d) that there is fretting crack at "Side A", but no crack was found 
at "Side B". These results mean that in case of the present WC-Co sprayed specimen, 
fretting crack is not induced under a condition that the tangential force coefficient is 
lower than approximately 0.4, which is the final value of "Side B". The larger value of 
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tangential force coefficient than 0.4 seems to be essential to initiate the fretting cracks. In 
the case shown in Fig. 9 and 10, fretting cracks seemed to initiate on "Side A" at a certain 
stage when the tangential force coefficient became larger than approximately 0.4. The 
initiation condition of fretting crack is thought to be depending on not only the tangential 
force (tangential force coefficient) but also applied stress level. However, the tangential 
force coefficients at early stage were almost equal irrespective of stress level, and the 
tangential force, rather than the applied stress, affected local stress condition around the 
crack initiation site significantly [25,26]. Therefore, the tangential force coefficient at the 
point of fretting crack initiation does not seem to depend on the applied stress. 

Relationship between the tangential force coefficient and the fatigue life ratio of 
WC-Co sprayed specimen, i.e. the ratio of number of fretting cycles to fretting fatigue 
life N/Nf, is shown in Fig. 11. If the fretting crack is assumed to initiate when the 
tangential force coefficient becomes 0.45-0.5 (the range is indicated in Fig. 11 by a gray 
colored band), based on the previous discussion, the fretting crack initiation life is 
estimated about 10-30% of whole fatigue life as shown in Fig. 11. In many metallic 
materials, the fretting fatigue crack initiates at very early stage, which is less than 25% of 
the life, and almost the whole of fretting fatigue life is spent in propagating the fretting 
crack [27]. Thus, no significant difference in crack initiation life is found between the 
case of present WC-Co sprayed specimen and the cases of many metallic materials. Since 
total fretting fatigue lives of WC-Co sprayed specimen are 2-10 times longer than those 
of no-sprayed specimen, the crack initiation cycles of WC-Co sprayed specimen are 
thought to be larger number than those of no-sprayed specimen. This is considered one of 
the reasons that the fretting fatigue life was improved by WC-Co spraying. 

Furthermore, the tangential force coefficient at crack initiation in WC-Co sprayed 
specimen is smaller compared with that in no-sprayed specimen under the condition of 
same stress level. Since fretting fatigue crack propagation rate strongly depends on the 
magnitude of tangential force coefficient i.e. the tangential force, the propagation rate of 
WC-Co specimen seemed to be lower than that of no-sprayed specimen. Thus, the 
propagation lives of WC-Co sprayed specimen were thought to be longer than those of 
no-sprayed specimen as a consequence. This is considered as the other reason why the 
fretting fatigue life was improved by WC-Co spraying. Further experiment and 
discussion will be needed for clarifying the mechanism. 

The reason that the fretting fatigue life was improved by WC-Co spraying is 
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summarized as follows. The tangential force coefficient of WC-Co sprayed specimen was 
significantly lower than that of no-sprayed specimen, because of excellent fretting wear 
resistance of WC-Co, especially in the early stage of the test. Therefore, initiation of the 
fretting fatigue crack in WC-Co sprayed specimen was delayed compared with that of 
no-sprayed specimen, and the crack propagation rate in WC-Co specimen was lower 
compared with that of no-sprayed specimen. The cooperation of these two mechanisms 
may give the improvement in fretting fatigue life and strength in WC-Co sprayed 
specimen. In other word, the fretting fatigue properties of WC-Co sprayed specimen 
strongly depend on fretting wear properties of WC-Co, which is affected significantly by 
spraying process and quality of the powder. Another series of fretting fatigue test of 
WC-Co sprayed specimen should be conducted with controlling the spraying process 
systematically. 

Conclusions 

Fretting fatigue tests were carried out using NiCrMo steel (JIS-SNCM439) sprayed 
with tungsten carbide with additive of 12wt.% cobalt (WC-12%Co) by High Velocity 
Oxygen Fuel (HVOF) process. The main results obtained are summarized as follows: 
1. The fatigue strength of the NiCrMo steel was reduced into 1/4 by fretting. 
2. The fretting fatigue strength of the NiCrMo steel was improved about 30% by WC-Co 

spraying. 
3. The tangential force coefficients of no-sprayed specimens were almost eonstant during 

the test, and those values depended on the applied stress amplitude. 
4. The tangential force coefficients of WC-Co sprayed specimens were low at early stage 

of the tests, which were about 0.3 irrespective of stress level, and after that, they 
increased gradually with the number of fretting cycles. 

5. The WC-Co sprayed specimen was fractured by the fretting crack which was initiated 
at the surface of WC-Co layer and propagated into the substrate steel. 

6. The improvement in fretting fatigue strength by WC-Co spraying was given by 
interaction of retardation of fretting fatigue crack initiation and its lower propagation 
rate. 

Acknowledgments 

This study was supported by a Grant-in-Aid for Encouragement of Young 
Scientists from the Ministry of Education, Science and Culture, Japan. Some of the 
materials used were supplied for fretting fatigue round robin tests of the Japan Society of 
Mechanical Engineers (JSME). The authors greatly thank Mr. N. Kadonyu and Mr. 1". 
Itoh for their collaboration in experiments. 

References 

[1] Edited by R.B.Waterhouse, "Fretting Fatigue", Applied Science Publishers Ltd. 
London, (1981). 

[2] Edited by M.H.Attia and R.B.Waterhouse, "Standardization of Fretting Fatigue Test 
Method and Equipment", ASTMSTP 1159, (1992). 



398 FRETTING FATIGUE: ADVANCES 

[3] Edited by R.B.Waterhouse and T.C.Lindley, "Fretting Fatigue", ESIS 18, 
Mechanical Engineering Publications, London, (1994). 

[4] Edited by D.W.Hoeppner, V.Chandrasekaran and C.B.Elliott, "Fretting Fatigue: 
Current Technology and Practices", ASTMSTP 1367, (2000). 

[5] R.B.Waterhouse, "Fretting Fatigue", Applied Science Publishers Ltd. London, 
(1981), pp.221-240. 

[6] K.Hirakawa, "Case Histories and Prevention of Fretting Fatigue Failure", 
Proceeding of the "Symposium, Fretting- Wear and Fatigue", (1993), pp.111-124 
(in Japanese). 

[7] D.Yunsh, Z.Baoyu and L.Weili, "The Fretting Behaviour of a Nitrided Steel 
38CrMoAl", Wear 125-1, (1988), pp.193-204. 

[8] S.M.Kudva and D.J.Duquette, "Effect of Surface Residual Stresses on the Fretting 
Fatigue of a 4130 Steel", ASTMSTP 776, (1982), pp.195-203. 

[9] K.Nishioka and H.Komatsu, "Researches on Increasing the Fatigue Strength of 
Press-Fitted Axles (3 ra Repot, Effect of Tufftriding)", Trans. Jpn. Soc. Mech. Eng., 
36-291, (1970), pp.1805-1811 (in Japanese). 

[10] T.Satoh, K.Machida, Y.Mutoh, K.Tanaka and E.Tsunoda, "Improvement of 
High-Temperature fretting Fatigue Strength by Shot Peening", Trans. Jpn. Soc. 
Mech. Eng. (A), 56-528, (1990), pp.1784-1791 (in Japanese). 

[1 t] Y.Mutoh, T.Satoh and E.Tsunoda, "Improving Fretting Fatigue Strength at Elevated 
Temperatures by Shot Peening in Steam Turbine Steel", ASTM STP 1159, (1992), 
pp. 199-2O9. 

[12] M.Okane, K.Shozawa and T.Ishikura, "Fretting Fatigue Behavior of Low Carbon 
Steel with TiN Coating by PVD Method", Trans. Jpn. Soc. Meeh. Eng. (A), 65-632, 
(1999), pp.827-832 (in Japanese). 

[13] M.Okane, K.Shozawa and T.Ishikura, "Fretting Fatigue Behavior of TiN-Coated 
Steel", ASTMSTP 1367, (2000), pp.465-476. 

[14] T.Itsukaich, in Thermal Spraying Technique, 16-3, (1997), pp.52-57 (in Japanese). 
[15] H.Liao, B.Normand and C.Coddet, "Influence of Coating Microstructure on The 

Abrasive Wear Resistance of WC/Co Cernet Coatings", Surface and Coating 
Technology, 124, (2000), pp.235-242. 

[I 6] J.Voyer and B.R.Marple, "Sliding wear behavior of high velocity oxy-fuel and high 
power plasma spray-processed tungsten carbide-based cermet coatings", Wear 
225-229, (1999), pp. 135-145. 

[17] D.A.Stewart, EH.Shipway and D.G.MeCartney, "Abresive wear behaviour of 
conventional and nanocomposite HVOF-sprayed WC-Co coatings", Wear 225-229, 
(1999), pp.789-798. 

[18] L.Jacobs, M.M.Hyland and M.De Bonte, "Study oft he Influence of Microstructural 
Properties on the Sliding-Wear Behavior of HVOF and HVAF Sprayed WC-Cermet 
Coatings", Journal of Thermal Spray Technology, 8(1), (1999), pp. 125 - 132. 

[19] T.Ogawa, K.Tokaji, T.Ejima, Y.Kobayashi and Y.Harada, "Evaluation of Fatigue 
Strength of WC Cermet-and 13Cr Steel-Sprayed Materials", J. Soc. Mater. Sci. Jpn., 
46-10, (1997), pp.1124-1129 (in Japanese). 

[20] J.U.Hwang, T.Ogawa, K.Tokaji, T.Ejima, Y.Kobayashi and Y.Harada, "Fatigue 
Strength and Fracture Mechanisms of WC Cermet-Sprayed Steel", J. Soc. Mater. 
Sci. Jpn., 45-8, (1996), pp.927-932 (in Japanese). 



OKANE ET AL. ON FRETTING FATIGUE PROPERTIES 399 

[21] T.Nishida, Y.Mutoh and S.Niwa, in Proceeding of the 48 t# Annual Meeting of Japan 
Society of Materials Science, (1999), pp. 117-117 (in Japanese). 

[22] Sulzer Meteco Ltd. 
[23] Y.Mutoh, T.Nishida and I.Sakamoto, "Effect of Relative Slip Amplitude and Contact 

pressure on Fretting Fatigue Strength", J. Soc. Mater. Sci. Jpn., 37-417, (1988), 
pp.649-655 (in Japanese). 

[24] K.Nakazawa, M.Sumita and N.Maruyama, "Effects of Fretting Pad Shape and 
Clamping Condition on Fretting Fatigue in SNCM439 Steel", Proceeding of 1998 
JSMEAnnual Meeting, 98-1, (1998), pp.161-162 (in Japanese). 

[25] Y.Mutoh, "Mechanisms of Fretting Fatigue", JSME Inter. Journal, A, 38-4, (1995), 
pp.405-415. 

[26] R.B.Waterhouse, "Fretting Fatigue", International Materials Reviews, 37-2, (1992), 
pp.77-97. 

[27] K.Tanaka, Y.Mutoh and S.Sakoda, "Effect of Contact Materials on Fretting Fatigue 
in a Spring Steel", Trans. Jpn. Soc. Mech. Eng. (A), 51-464, (1985), pp.1200-1207 
(in Japanese). 



CASE STUDIES AND APPLICATIONS 



Trevor C. Lindley 

Fretting Wear and Fatigue in Overhead Electrical Conductor Cables 

Reference: Lindley, T. C. "Fretting Wear and Fatigue in Overhead Electrical 
Conductor Cables," Fretting Fatigue: Advances in Basic Understanding and 
Applications, ASTM STP 1425, Y. Mutoh, S. E. Kinyon, and D. W. Hoeppner, Eds., 
ASTM International, West Conshohocken, PA, 2003. 

Abstract: Fretting wear and fatigue damage induced by wind vibration in overhead 
power conductors has been investigated by metallographic and fractographic 
examination. It has been concluded that wear, corrosion and fatigue can each play a role 
in the degradation of cable, sometimes leading to complete failure. 

Keywords: Overhead electrical conductors, wear, fatigue, corrosion 

Introduction 

Wind induced vibrations can cause wear, sometimes leading to cracking and possibly 
complete failure in overhead electricity supply lines [1,2]. For power lines situated near 
the coast, the problem can be further exacerbated by corrosion, wind borne sea salt spray 
being carried inland for many miles. 

The present paper is concerned with fretting wear and fatigue damage in the clamp- 
conductor region ofACSR (Aluminium Conductor Steel Reinforced) multi-layer cables. 
The wind induced vibration modes which can subject a conductor to fatigue loading are 
either sub-conductor oscillation or aeolian vibration. Aeolian is small amplitude vibration 
which causes fretting between individual wires making up the cable. Sub-conductor 
oscillation can cause much more severe bending forces and is induced by strong winds 
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and gales which may even cause cable "galloping". Despite both types of vibration 
modes being wind induced, sub-conductor oscillation promotes displacements which are 
essentially restricted to a horizontal plane whereas aeolian vibration gives rise to a 
vertical motion of  the conductor. The two vibration modes also differ in frequency 
response and often in magnitude of induced stress. Sub-conductor oscillation has a 
vibration frequency of about 1Hz and is typically associated with stress amplitudes values 
of +/-40 MPa. Aeolian vibration typically occur at frequencies up to 20Hz at stresses of 
+/- 10 MPa. The present work is particularly concerned with the aeolian vibration which 
induces fretting damage by promoting small oscillatory displacements between individual 
strands making up the conductor cable. The conductors involved in the present study had 
been in service for more than 20 years. 

The paper describes a detailed metallurgical investigation including fractography of 
cables damaged by fretting where wear, corrosion and fatigue can each play a role in the 
degradation of the cable. 

Experimental Method 

Macroscopic and microscopic examination was carried out in order to satisfy the 
following objectives: 
1) to note the location of significant wear and to assess the extent of  wear between 

individual strands and relate this wear to the observation of cracking. 
2) to record the occurrence and orientation of all cracks and to identify the sites of crack 

initiation. 
3) to determine the mechanism of cracking 
4) if the cracking was due to fatigue, determine the operative vibration mode (sub- 

conductor or aeolian). 
5) to determine the extent to which corrosion was important in the failures. 

Experimental Results 

Cable Construction 

Each conductor comprised 54 strands in three layers of commercial purity aluminium 
re-inforced by a central core of  seven steel strands (figure 1). These steel strands support 
the weight of the conductor with any stress in the aluminium strands being relieved by 
primary creep. The conductors are suspended in groups of four which are held in a square 
configuration by Andre spacers (figure 2). Each conductor was gripped by a carbon 
loaded neoprene bush fitted into the aluminium alloy spacer. 
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Figure 1 Cross Section through ACSR Conductor 

General Examination 

In-service damage was located in regions close to the Andre spacers (figures 3 and 4) 
where the cable exits a support bush. The four conductors can be conveniently identified 
by their positions in the spacer as 'top inner' (TI), 'top outer' (TO), 'bottom inner' (BI) 
and 'bottom outer' (BO). After dismantling, the position previously occupied by the 
spacer clamp is easily defined by two dark witness marks (figure 3a), sometimes 
showing evidence of pronounced corrosion in some regions (figure 3b). Limited 
corrosion was noted on TO conductors but patches of corrosion was found on TI, BI and 
BO conductors. The corrosion present on some strands was sufficient to give a significant 
reduction in cross section (figure 4) but such corrosion was never associated with either 
strand cracking or complete failure. In all cases, cracking occurred close to the dark 
witness mark (near the edge of  the clamp) and ran diagonally across each strand when 
viewed from the outside of  the conductor (see figure 5a and 5b). In each conductor, all 
cracked or fractured strands were at the same end of the clamp. Cracking never occurred 
at both ends of a clamp. 

Locations of Cracla'ng and Corrosion 

The outer layers of the conductor samples were examined optically and the locations 
of all fractured, cracked or severely corroded strands recorded as shown in figure 6. The 
cracked or fractured strands tended to be grouped together in any one conductor rather 



406 FRETTING FATIGUE: ADVANCES 

than being randomly distributed around the circumference. There was apparently no 
relationship between the occurrence of cracking in a strand and the presence of  corrosion 
(compare figures 7 and 8). It was noted that corrosion tended to occur in strands 
positioned toward the bottom of the conductor whereas cracking tended to occur at all 
points on the circumference of the conductor with the exception of the very bottom 
strand, none of  which showed cracks. 

Figure 2 The Andre Spacer (ignore the weights in the foreground which were absent in 
the present study) 

Wear in Conductor Strands in Adjacent Layers 

A conductor was partly dismantled in order to investigate the wear between strands in 
the outer and second layers. Some of the outer layer strands were removed, exposing lens 
shaped wear scars on both the second layer strands and on the matching faces of the outer 
layer strands as shown in figures 9. The lens markings are bright in appearance with 
relatively little surface oxidation for positions near to a clamp. At distances greater than 
about 100mm from a clamp, a few lens markings were found to be covered with patches 
of a dark surface oxide (figure 10). Significant quantities of white oxide found between 
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Figure 3 General Views of the Conductors in the Region of the Spacer Clamps 
(a) the TO position showing two dark witness marks (arrowed) 

(b) the Tl position showing heavily corroded region beneath the clamp 
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Figure 4 detail of severely corroded region beneath clamp (conductor BO) 

the strands was identified by X-ray analysis as a mixture of the Gibbsite and Bayerite 
forms of aluminium hydroxide. Metallographic cross-sections taken through a strand at a 
lens marking showed a relatively smooth surface with little sub-surface damage. The lens 
type wear was quantified by measuring the length of individual lens scar markings 
around the circumference of  a conductor section. Lens scar length measurements were 
made over a range of distances from the centre of the clamp (figure 11). The wear 
between strands was a maximum close to the edges of a clamp and gradually reduced 
with distance away from the clamp. 

Wear Between Adjacent Strands in the Outer Layer 

In addition to the lens shaped scars on the underside of the outer strands, flats were 
apparent on the side faces of these strands (figure 12a) i.e. at the point of contact between 
adjacent strands in the outer layer. This form of wear was completely absent at the centre 
of the clamp, with flats developing from a point very close to the edge of  the clamp 
(figure 12b). Figure 13 shows the variation in the width of the flat with distance from the 
centre of the clamp, plotted on both sides (labelled left and right) of  the clamp. 
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Figure 5 General View of Conductor in the region of the Spacer Clamp 
(a) conductor BO 
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Mechanisms of Wear 

As already noted, the wear between adjacent strands resulted in the formation both of 
lens type markings (on the underside of  outer layer strands) and fiats (on the side faces of  
the strands). Both forms of wear result from relative sliding between adjacent layers. The 
factors controlling the amount of wear include the contact pressure between strands, the 
amplitude of relative sliding and the number of sliding cycles. Both types of wear show a 
maximum near to the edge of the clamp (figures 11 and 13), a consequence of both a high 
contact pressure due to the proximity of the clamp together with significant relative 
sliding. At the centre of the clamp, the lens type wear was somewhat reduced since 
sliding between the outer and second layers was restrained by the clamp. Wear resulting 
in fiats was completely absent at this point suggesting that relative sliding was not 
possible as a consequence of  the outer layer strands being locked together by the clamp. 

Both forms of wear show a reduction in magnitude with distance from the clamp 
although the lens type wear was present over the whole of the conductor sections 
examined whereas no fiats were present at positions remote from the clamp. This would 
indicate that the formation of  flats was due to a wear mechanism more specific to the 
clamp, unlike the formation of lens markings which are more of a long range process 
increased in magnitude by the presence of  the clamp. 

In the region adjacent to the clamp, the appearance of the wear damage produced by 
the two forms of  wear is a manifestation of  two extremes of  repeated sliding wear 
behaviour. The lens type wear associated with little sub-surface damage and large 
quantities of white oxide deposits is typical of wear at a relatively low contact pressure 
and high values of  relative slip, promoting material removal by a grinding type action. 
Conversely, the flats with their adherent oxide and evidence of  sub-surface damage is 
typical of fretting wear at a relatively high contact pressure (greater than 15MPa) and a 
low range of relative slip (<30~tm). In this later case, surface material is removed by the 
repeated shear and fracture of asperities. 

Cracking and Failure of Conductor Strands 

The presence of  an angled crack in a single strand from the outer conductor layer is 
shown in a view of the side face in figure 14. Wear between adjacent strands in the outer 
layer has caused the introduction of  a fiat and subsequently the angled crack. In other 
cases, two cracks were found which had initiated from both flats on either side of the 
strand. Crack initiation at a flat was confirmed by scanning electron microscopy (SEM) 
as shown in figure 15. Note that this crack did not grow to fracture and the final fatigue 
crack tip position before breaking open is indicated. The fracture surface near to the crack 
initiation site was heavily oxidised, consistent with the crack developing very slowly in 
its early stages. 
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Figure 6 Schematic showing locations of cracked, failed and severely corroded strands. 

In the present investigation, all cracked strands (figure 6) showed crack initiation at a 
fiat at a position close to the outer edge of the clamp. Each crack then grows into the 
strand at a shallow angle and in the direction beneath the clamp. Such a crack trajectory 
is typical of a crack developing by fretting. Crack initiation by a fretting mechanism was 
further supported by taking metallographic axial sections through the strands 
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Figure 7 Relationship between cracking in strands and position in conductor 

Figure 8 Relationship between corrosion in outer strands and position in conductor 

perpendicular to flats in regions adjacent to the major cracks. The section in figure 16 
shows multiple initiation of angled cracks, typical of fretting fatigue. 
Two outer layer strands which failed completely are shown in figure 17, one of which 
failed from a single fatigue crack whilst the other failed from two cracks initiating on 
either side of the strand. Fatigue cracks often grew to occupy about 80% of the strand 
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Figure 9 Partially dismantled conductor showing wear between outer and second layer 
strands responsible for lens shaped markings 

Figure 10 Lens shaped marking approximately 200mm from edge of clamp showing 
patchy surface oxide 
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Figure 11 Length of lens shaped markings in terms of distance from clamp centreline 

cross section prior to failure. The final failure occurs by a ductile failure giving a fracture 
surface which is approximately perpendicular to the strand surface. 
Note that in the present survey, cracks were not found at the lens shaped scars (arising 
from contact between strands in adjacent layers). Here, it is possible that under the 
prevailing contact conditions, the wear rate might be sufficiently high to remove any 
incipient cracks. 

C o n c l u s i o n s  

1. The cracking observed in outer layer strands of the conductors initiated by fretting 
fatigue at a position close to the edge of the spacer clamp, 

2. Fretting fatigue occurred due to the contact between the side faces of adjacent strands 
in the outer conductor layer. This fretting also resulted in the formation of wear flats 
at a location specific to the neighbourhood of  the clamp. 

3. A second wear mechanism was apparent which took place between strands in the 
outer and second layers. This wear was less specific to the clamp region, being 
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Figure 12 Flats on side faces of outer layer strands formed by wear against adjacent 
outer layer strand (a) fully developed flat about 20mm from edge of clamp 

(b) development of flat close to edge of clamp 
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Figure 13 Variation in width of flat with distance from centre line of clamp 

Figure 14 Angled crack in flat on side face of an outer layer strand 
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Figure 15 Low power SEM micrograph of cracked strand broken open to reveal fracture 
surface (final posttion of fatigue crack tip arrowed) 

apparent to a distance of at least 0.5m from the clamps. This wear resulted in the 
formation of lens shaped markings on the underside of outer layer strands. The wear was 
more severe than that between outer layer strands due to a greater amount of relative 
sliding between strands, further exacerbated by the formation of a large amount of 
fretting debris. There were no incidences of cracking with this type of wear. 
4. Considerable amounts of corrosion were present on some strands. This corrosion was 

concentrated in the region beneath the clamps to the underside of the conductor. This 
corrosion sometimes caused large reductions in the cross section of  the strands but no 
cracking was associated with corrosion so that the fretting fatigue was not related to 
the corrosion. 

5. Microcracks formed by fretting subsequently developed by mechanical fatigue to 
eventually occupy about 80% of the cross section, final strand failure then occurring 
by ductile fracture. The inclined orientation of the cracks indicated that the loading 



418 FRETTING FATIGUE: ADVANCES 

Figure 16 Cross section through strand at a flat showing multiple initiation of angled 
cracks typical of fretting fatigue 

developed in the strands was significantly influenced by local contact stress in the 
proximity of the clamp. 
6. There was no evidence to indicate that which mode of conductor loading 

(subconductor oscillation or aeolian vibration) was responsible for the cracking. 
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Figure 17a SEM micrograph of fractured outer layer strand failing from two fatigue 
cracks on either side of strand 
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Figure 17b SEM micrograph of fractured outer layer strand failing from a single fatigue 
crack 
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Figure 1. Cross section showing the construction of the conductor. 

Figure 2. The Andr6 spacer (ignore the weights shown in the foreground which were 
absent in the present study). 

Figure 3. General views of the conductors in the region of the spacer clamps 
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Figure 4. Detail of ~everely corroded region beneath clamp (conductor BO). 

Figure 5. General views of conductors in the region of the spacer clamp showing major 
cracking(a) conductor BO (b) conductor BI. 

Figure 6. Schematic showing locations of cracked, failed and severely corroded strands. 
(orientation of conductors as during service). 

Figure 7. Relationship between cracking in outer strands and position in conductor. 

Figure 8. Relationship between corrosion in outer strands and position in conductor. 

Figure 9. Partially dismantled conductor showing wear between outer and second layer 
strands responsible for lens shaped markings. 

Figure 10. Lens marking approximately 200mm from edge of clamp showing patchy 
surface oxide. 

Figure 11. Length of lens shaped markings in terms of distance from clamp centreline. 

Figure 12 Flats on side faces of outer layer strands formed by wear against adjacent outer 
layer strand. 
(a) fully developed flat about 20ram from edge of clamp. 
(c) development of flat close to edge of clamp. 

Figure 13. Variation in width of flat with distance from centre line of clamp. 

Figure 14. Angled crack in fiat on side face of an outer layer single strand. 

Figure 15 Low power SEM micrograph of cracked strand broken open to reveal fracture 
surface (final position of fatigue crack tip arrowed). 

Figure l 6. Cross section through strand at a flat showing multiple initiation of angled 
cracks typical of fretting fatigue. 
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Figure 17. SEM micrographs of two fi'actured outer layer strands 
(a) failing from two fatigue cracks from either side of the strand 
(b) failing from a single fatigue crack 
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Abstract: Fretting fatigue life of compressor dovetail for gas turbine was investigated 
using stress singularity theory. It is found that the crack initiation of fretting fatigue 
between blade dovetail and wheel dovetail occtirs at the contact edge of blade dovetail. 
The parameters of stress singularity obtained from maximum principal stress 
distribution are capable to evaluate the fretting fatigue strength with the cyclic load 
having a constant angle against the contact surface under a variable contact pressure. 
The ratio of between the intensW range of stress singularity and the critical intensity 
range of stress singularity, /X H 1 / A H c, is an effective parameter to predict the 
fretting fatigue life of compressor dovetail. 

Keywords: fretting fatigue, dovetail, stress singularity, critical intensity range of 
stress singularity 

Introduction 
An increase in the length of gas-turbine compressor blades with an increase in 

the compression ratio and the volume of gas passing through may cause fretting 
fatigue problems because of an increase in the blade centrifugal force and contact 
pressure between the blade and wheel dovetails. Constant contact stress at the edge 
between the blade and wheel dovetails leads fretting fatigue. In order to estimate the 
life-time of gas turbine compressor dovetail, a fatigue experiment was conducted and 
the stress singularity theory was applied to estimate the fretting fatigue strength of a 
compressor dovetail. 
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Experiment 
Figure 1 shows the fatigue experiment conditions. 15-Cr steel for the blade 

and NiCrMoV steel for the wheel were used. The blade dovetail was inserted into the 
wheel dovetail. During the fatigue experiment, the maximum axial force, which 
included the blade centrifugal force, was applied to both the dovetails. The cyclic 
force corresponding to the gas-bending force of the compressor blade was then 
superimposed on the axial force. The loading conditions for the fatigue experiment 
are shown in Fig. 2. Stress ratio R ranged from 0--0.91. The number of crack initiation 
cycles were detected based on the output variation from a pair of strain gauges, which 
were installed on both sides of the blade dovetail. As shown in Fig. 3, to clarify the 
effect of the contact angle between the blade and wheel dovetails (do, vetail shoulder 
angle) on the fatigue life of  the compressor blade, the kinds of dovetail shoulder 
angles of 30, 35, and 40 degrees were chosen. 

Blade dovetail 
(15Cr steel) 

i 
, j 

Figure 1--Condition of fretting fatigue test for compressor dovetail. 

B lade cenb-ifuga I force 

Figure 2 --Loading condition of fatigue (Fmin/Fmax=O ,,,0.91) 
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Analysis 
The stress around a contact edge is represented by the following equation [1]. 

cr ( r )  = H / r  ~ (1) 

Here, ty is the stress (MPa), r is the distance from the contact edge, H is the 
intensity of stress singularity, and 3. is the order of stress singularity. 

In this study, the crack initiation due to fretting fatigue was evaluated by using 
parameters H and 3.. The order of stress singularity, 3. ,was obtained from the 
stress distribution calculated by a field-element method, and 3. was obtained by 
calculations using the contact angle of the both dovetails. The dovetail region around 
the contact edge was divided into 100-/1 m-long meshes as shown in Fig. 4. The stress 
distribution was analyzed by using the successive-finite-element method and the 
intensity of stress singularity, H, and the order of stress singularity, 3. were 
calculated. The circmnferential stress distribution and the maximum principal stress 
distribution were obtained by defining the contact edge as the origin of the polar 
coordinate. 

Results 
Figure 5 shows the dovetail contact region before fretting fatigue crack 

initiation. As can be seen in the figure, many abrasion particles appeared around the 
contact area. Crack initiation was observed at the contact edge between the blade and 
wheel dovetails. These results suggest that the friction between the blade and wheel 
dovetails, which was added to the contact pressure due to a high centrifugal force, 
leads to fretting fatigue. The cracks due to fretting fatigue tend to grow along the 
direction of the maximum shear stress. 

Figure 6 shows the relationship between the number of crack initiation cycles, 
Nf, and the ratio of the repetition load to the maximum load, AF/Fmax. The time of 
crack initiation due to fretting fatigue depends on the dovetail shoulder angle, which 
means that the life of a dovetail with a shoulder angle of 30 ~ will be longer than that 
of a dovetail with a shoulder angle of 40. 

The parameters of stress singularity obtained from the circumferential stress 
distribution and the maximum principal stress distribution by the fimte-element 
method are summarized in Table 1. The circumferential stress distribution was 
obtained along the direction of crack propagation by defining the contact edge as the 
origin of the polar coordinate. The order of stress singularity, 3. o, 3. 1, tended to 
increase with an increase in the dovetail shoulder angle. While the intensity of stress 
singularity, H o, from the circumferential stress distribution increased with an 
increase in the dovetail shoulder angle, the mtensity of stress singularity, H 1, from 

the maximum principal stress distribution did not show any significant increase. The 
reason of such a discrepancy might be due to the stress distribution along the direction 
of the maximum shear stress. In the case of the circumferential stress, the force 
normal to contact surface, which directly affects the circumferential stress, decreases 
with the dovetail shoulder angle. On the other hand, in the case of maximum principal 
stress, the maximum principal stress may not depend on the dovetail shoulder angle, if 
Mohr's circle for stress around the contact area is taken into consideration. 
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Figure 3 --Structure of compressor dovetail. 
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Table 1 --Stress singulanty parameters for each dovetail angle. 
"Load; o'm=14OMPa) 

Dovetml 
Clrcumferentml stress Maximum principal stress 

shoulder angle 
~egY ...... ,~ O He ,t 1 H1 
30 0.238 167 0.278 322 

35 0.285 208 0.365 322 

40 0.309 259 0.404 335 
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Figure 5--Dovetail specimen be fore fretting fatigue crack initiation. 
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Discussion 
The predictability of crack initiation due to fretting fatigue under arbitrary 

contact conditions was investigated by comparing the intensity of stress singularity, 
H, and the order of stress singularity, ~ ,  obtained by the finite element method, with 
the critical intensity of stress singularity, H e. 

Critical intensity of stress singularity H e is the intensity of stress singularity 
that causes crack initiation when the stress of a specific distance from the contact edge 
reaches its limit. The fatigue limit (smoothed test piece), Crwo, of the 15Cr steel used 
for the blade was 780 MPa (R=0), and the threshold stress intensity factor range, A 
Kth , w a s  3.1 MPa4-'m=98 MPaf 'mm (R=0). These values are plotted in this order in 
Fig.7. Fatigue limit crwo does not depend on the distance from the contact edge and 
is constant. In contrast, threshold stress intensity factor range A Kth depends on the 
(depth) -I/2. The intersection point ofo-wo and A Kth is considered to define a 
specific distance, which corresponds to the crack initiation distance [2]. This leads to 
the following equation, 

H c=780 x 0.0025 x (2) 

The relationship between the critical intensity of stress singularity, H c, and the order 
of stress singularity, 3., is graphically shown in Fig. 8. The symbo! at )t =0 
corresponds to the fatigue limit of a [smoothed test piece], while the symbol at )t 
=0.5 corresponds to threshold stress intensity factor range A Kth. When ~. =0.5, the 
following relationship is formed. 

He ( ,!. =0.5) = a Kth/qr '2 rc (3) 

To compare A H corresponding to the cyclic force shown in Fig. 2 with A H e, we 
used R=0 for A O-~o and A Kth. In the case of 15Cr steel, A O'wo was higher and 
a Kth was lower than these values for HT60 steel (A O-wo=547 MPa (R=0), 
A Kth=7.5 MPaur'm (R=0)) [3] and for Ni-Cr-Mo steel (A Crwo=360 MPa (R=-I), 
a Kth=12.4 M P a f ' m  (R=-I)), which lead to a decrease in the specific distance from 
the contact edge needed to induce crack initiation [3]. 

The relationship between the intensity of stress singularity and the order of 
stress singularity obtained from the circumferential stress distribution (H o and,a, o, 
respectively) is plotted in Fig. 8. The solid circle, solid square, and solid triangle 
correspond to dovetail shoulder angles of 30, 35, and 40, respectively. The intensity 
ranges of stress singularity, AHo, calculated by using the ratio of the cyclic force, 
A F, to the maximum axial force, F . . . .  are shown in Fig. 9. The open symbols show 
the specimens with crack initiation, while the solid symbols show the specimens 
without crack initiation. It is recognized that the crack initiation occurs on even the 
specimens with intensity of stress singularity A H 0 being lower than A He. The 
relationship between the ratio of the intensity range of stress singularity to the critical 
intensity range of stress singularity, AHo/AHc, and the number of crack initiation 
cycles, Nf, is shown in Fig. 10. The open symbols show the specimens with crack 
initiation. The solid symbols show the specimens without crack initiation. 
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As can be seen in the figure, the deviation is smaller than that in the relationship 
between the number of crack initiation cycles, Nr, and the ratio of the cyclic load to 
the maximum load, AF/Fm~x, as shown in Fig. 6. When AHo/AHc was more than 

0.5, crack initiation occurred. 
The relationship between the intensity of stress singularity and the order of 

stress singularity obtained from the maximum principal stress distribution (H I and/l ~, 
respectively) is plotted in Fig. 11. The solid circle, solid square, and solid triangle 
correspond to dovetail shoulder angles of 30, 35, and 40, respectively. Here, the ratio 
of H1/Hc was higher than that of Ho/Hc. The intensity ranges of stress singularity, A 
H~, calculated by using the ratio of cyclic force, /XF, and the maximum axial force, 
F ,  are shown in Fig. 12. As for the circumferential stress distribution, the open 
symbols indicate the specimens with crack initiation, while the solid symbols indicate 
the specimens without crack initiation. We found that the specimens with intensity of 
stress singularity AHI lower than /XHc did not show crack initiation. Figure 13 

shows the relationship between the ratio of intensity range of stress singularity to the 
critical intensity range of stress singularity, AH1/AHc, and the number of crack 

initiation cycles, Nf. The open symbols indicate the specimens with crack initiation, 
while the solid symbols indicate the specimens without crack initiation. We found that 
the devaation was smaller than the deviation in the relationship between Nf and the 
ratio of A F/Fmax, as shown in Fig. 6 for AHo/AH~. Crack initiation occurred when 
A H 1 / A  H c was more than 1.0. These results suggest that the ratio of ZX HI//X H~ 

is effective in predicting fretting fatigue life. One of our specimens had crack 
initiation at a ratio ofA H1//X Hc slightly greater than 1.0. 

Earlier, T. Hattori and T. Watanabe [3] investigated fretting fatigue by using 
stress singularity parameters and a cyclic load parallel to the contact surface under a 
constant pressure on the contact surface. In this study, the cyclic load had a constant 
angle against the contact surface under a variable pressure on the contact surface. The 
results of this study indicate that under these conditions, fretting fatigue can be 
evaluated using the stress singularity theory. Thus, while Hattori and Watanabe used 
parameters of stress sir;gularity obtained from a circumferential stress distributmn to 
evaluate the fretting fatigue of a cyclic load parallel to the contact surface under a 
constant pressure, we used the maximum principal stress distribution to evaluate the 
fretting fatigue of a cyclic load with a constant angle against the contact surface under 
a variable contact pressure. When R=0.gl, which corresponds to a constant 
gas-bending force of a compressor blade with a ratio of /XHI//XHc bellow 1.0, there 

will be no fretting fatigue. Thus, to ensure reliability of gas turbines, the ratio of A 
H 1/A H~ must be bellow 1.0 in the start-up, shutdown, and abnormal operation of gas 
turbines. 
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C o n c l u s i o n  

The relationship between the dovetail shoulder angle and the fretting fatigue 
life of a compressor dovetail for a gas turbine by using the singularity theory was 
investigated. 
(1) Crack initiation due to fretting fatigue occurred at the contact edge of the blade 
dovetail between the blade and wheel dovetails, and progressed to the side of the 
blade dovetail. 
(2) The parameters of stress singularity obtained from the maximum principal stress 
distribution can be used to evaluate the fretting fatigue of a cyclic load with a constant 
angle against the contact surface under a variable contact pressure. 
(3) The ratio of the intensity range of stress singularity to the critical intensity range 
of stress singularity, A HI/A He, is an effective parameter to predict the fretting fatigue 
life. 

References 
[1] Bogy, D. B., Journal of Applied Mechanics, Vol. 38, (1971) p.377. 

[2] Hattofi, T., Journal of the Marine Engineering Sooety in Japan, Vol. 33, No.3 

(1998-3) pp.203-211. 

[3] Hattori, T. and Watanabe, T., The Japan Society of Mechanical Engineers, Proe. 

of M&M2000 (2000-10) pp.413-414. 



Masanobu Kubota, i Hidenori Odanaka, 2 Chu Sakae, 3 Yoshihiro Ohkomori, 4 
Yoshiyuki Kondo 5 

The Analysis of Fretting Fatigue Failure in Backup Roll and its Prevention 

and 

Reference: Kubota, M., Odanaka, H., Sakae, C., Ohkomori, Y., and Kondo, Y., "The 
Analysis of Fretting Fatigue Failure in Backup Roll and its Prevention," Fretting 
Fatigue: Advances in Basic Understanding and Applications, STP 1425, Y. Mutoh, S. E. 
Kinyon, and D. W. Hoeppner, Eds., ASTM International, West Conshohocken, PA, 2003. 

Abstract: In the present research, a fretting fatigue failure in a backup roll (BUR) was 
examined. Fretting fatigue properties of the roll material were experimentally obtained 
and the prevention of the fretting fatigue failure was proposed. BUR is one of the most 
important components in a steel making rolling mill for the control of plate thickness and 
flatness. The BUR was initially supported by oil film bearings. Recently, oil film bearings 
have been rapidly replaced by roller bearings for the purpose of high-precision rolling. 
After the replacements, fretting fatigue failures of BUR have begun to occur. Rotating 
bending fatigue tests were performed with a 40 rnm diameter shrink-fit axle to evaluate the 
fretting fatigue strength of the BUR material and to examine the improvement of the 
fretting fatigue strength of the holding part of the BUR. The effects of roller machining 
and overhanging of the contact edge on the fretting fatigue strength were investigated. 
Based on the results of this study, roller machining was applied to the holding part of the 
BUR. Furthermore, the diameter of the holding part of the BUR was increased. No failure 
occurred due to fretting in the BUR for more than four years since these countermeasures 
were applied. 

Keywords: fretting fatigue, failure analysis, steel making rolling mill, backup roll, 
shrink-fitted axle, surface rolling, overhanging of the contact edge 

Introduction 

The backup roll (BUR) is one of the most important components in the steel making 
rolling mill with regard to the quality of rolled products. A steel making rolling mill is 
shown in Fig. 1. The rolling mill consists of BURs, intermediate rolls and work rolls. 
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The BUR has an important role in controlling with high precision the thickness and 
flatness of the steel plate under the rolling load of more than 10 MN [1]. In the middle of 
1990s, a succession of BUR failure accidents occurred. The failure occurred at the axle 
part of the BUR as shown in Fig. 1, where the inner race of the roller bearing is fitted. 
The failure was due to fretting fatigue. Since the working conditions of BUR have 
become severer in response to demands for improving productivity and precision of the 
rolled products, the problem of fretting fatigue in the BUR has risen in recent years. The 
present study shows a failure analysis of the BUR, results of the fretting fatigue tests and 
changes made to the actual BUR based upon the fretting fatigue tests. 

Failure Analysis of Steel Making Backup Roll 

The need for improving work efficiency in rolling has tended toward extended campaign 
cycles and higher rolling loads [2]. An oil film bearing has been used in the steel making 
rolling mill. Recently, oil film bearing has been replaced by roller bearing for 
high-precision rolling in recent years [i]. Thus, the problem of fretting fatigue has 
occurred in the BUR. The BUR axle is assembled by a shrink fit with the inner race of 
the roller bearing. Figure 2 shows the fitted part of the BUR. 

-L_ 2060 
12 o 

Fretting fatigue failure 

Figure 1 --Structure of the Steel Making Rolling Mill 
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Outer rice Roller 

BUR roller BUR axle 

Figure 2--Shrink-Fitted Part of BUR with Roller Bearing 

Oil film bearings from 13 BURs were replaced by roller bearings. One of  these 
BURs with roller bearings failed within three years due to cracking at the BUR axle. Five 
similar failures followed the first one within 6 months. Two of  them were completely 
broken. It was estimated that the number of  cycles to failure was approximately 4 • 107. 

The surface of the BUR, which suffers from wear and spalling, is ground at regular 
interval to remove small cracks and irregularities. About 10 to 20 years of  BUR service 
life is usually determined by the decrease in the diameter by the grinding. The BUR axle 
must endure more than 10 s cycles of  rolling load during service. 

Figures 3 and 4 show a cracked BUR. Since unusual severe vibration occurred in 
the operation, the BUR was removed from the rolling mill. When the inner races of  the 

Figure 3 -- Cracked Backup Roll 
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Figure 4--Macroscopic Observation of Crack Initiation Site 

roller bearing were separated from the BUR axle, several large cracks were found along 
with rust. The rust did not cover the entire surface where the inner race was fitted 
but covered only the contact edge. This appearance shows the same for typical fretting 
fatigue failure found in fitted axles such as railway axles. The axial length of the rusted 
area was about 100 mm. The fatal cracks were initiated within the rusted area which was 
located 5 mm inside from the contact edge. The length of the largest crack was about 
one-third the circumference. Figure 5 shows the fracture surface of the BUR. There are 
distinct traces of fatigue crack growth. No material faults and manufacturing defects were 
detected at the crack initiation site. 

Figure 6 shows the rusted surface, which was observed by SEM after removal of 
the rust. Many small cracks were observed with many small pits. Figure 7 is a photo of 
these cracks in the axial section. The cracks propagated at an angle to the surface. The 
characteristics of the cracks and the pits were consistent with these observed for typical 
long-life fretting fatigue [3]. 

The maximum bending stress at the cracked part of  the BUR axle was estimated to 
be less than 130 MPa. Taking the failure life, the observations of the surface of the axle 
and cracks and the stress condition into consideration, it was concluded that the cause of 
the failure of the BUR axle was fretting fatigue. 

Fretting Fatigue Test 

A study on the fatigue strength of a fitted-axle assembly, which has its origin in the 
studies of  the wheelset for rolling stock carried out by Wh61er [4, 5], has been studied for 
more than 140 years. Nowadays, many measures to improve fatigue strength of the fitted 
axle are known. However, the fatigue strength of  the BUR axle has not been clarified 
[1]. Also the effective measures to prevent fretting fatigue failure depend on the 
structures and materials of the machines [3]. Fretting fatigue tests were performed using 
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Figure 5 -  Fracture Surface of Failed Backup Roll 

Figure 6--SEM Observations of the Rusted Surface 

Figure 7--Sectional View oJ Microcracks 
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shrink-fitted axle assemblies with a 40 mm diameter in order to examine the cause of the 
failure and to establish the measures to prevent BUR axle fretting fatigue failure. 

Experimental procedure 

Rotating bending fatigue test machines, whose load capacity is 4.4 kN and rotating 
speed is 1600 rpm, were used for the fretting fatigue tests. The test machines have a 
mechanism to align automatically the axle center. Usually the test machines are used to 
evaluate the fatigue strength of high-speed railway axles [6. 7]. 

Figure 8 shows a drawing of the shrink-fitted axle assembly used in the 
experiments. The assembly consists of an axle and boss. Both ends of the axle are 
supported by two bali bearings on the test machine. The boss is midway between the 
bearings and is given the bending load by the servo-hydraulic loading equipment. 

105 . ,  
1000 
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~ ~ M35 
o o  1 
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Figure 8 -- Drawing of Shrink-Fitted Axle Assembly Used in the Fretting Fatigue Tests 

Three kinds of axles were used in the experiments. One was manufactured by the 
same method as the actual BUR axle. The others were finished by surface rolling which 
introduces a surface compressive residual stress to the fitted part. One of the rolled axles 
had two grooves cut at the contact edges. The grooves were introduced to make the boss 
edges overhang. The rolled and overhung axle is simply named "the overhung axle". The 
condition of surface rolling and the shape of the groove are shown in Fig. 9. Compressive 
residual stress prevents growth of fatigue cracks [3, 8]. Overhanging of the boss edge 
decreases the relative slip amount [9, 10]. Therefore, it is expected that the fretting 
fatigue strength of the BUR axle may be improved by the surface rolling and the 
overhanging. Since the actual BUR has more than a 500 mm diameter at the axle part and 
weighs over 11 tons, the methods for improving the fretting fatigue strength are very 
limited. 

The contact pressure between the BUR axle and inner race of the roller bearing is 
approximately 12 MPa. Interference of the fit at such a low contact pressure is too small 
for the 40 mm-diameter axle with regard to machining tolerance; therefore, the contact 
pressure of the axle assembly used in the experiment was 24 MPa. The fretting fatigue 
limit in the experiment was defined as the fretting fatigue strength at 2 • 10 7 cycles 
considering that the fracture of  the BUR axles occurred at more than 107 cycles. 
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Figure 9 -  Rolled Axle and Overhung Axle 

The axle was made with SKD 6 forged steel. The boss was made with SFNCM 
alloy steel. Both materials are defined by Japanese Industrial Standards. The chemical 
compositions are shown in Table 1. The axle material was taken from the actual BUR. 
The boss material was the same as the actual inner race. Table 2 shows the mechanical 
properties of the materials used. Carburizing and quenching were done to the boss in 
order to make the hardness equal to that of the actual inner race. The boss is twice as hard 
as the axle in Vickers hardness. 

The distribution of the axial residual stress of the surface-rolled axle is shown in 
Fig. 10. The maximum compressive stress was approximately 1000 MPa at the surface. 
The extent of the compressive residual stress was from the surface to an approximately 
1.5 mm deep. 

Results of Fretting Fatigue Tests 

The results of the fretting fatigue tests are shown in Fig. 11. The fretting fatigue 

Table 1 --Chemical Compositions of the Materials (wt%) 
C Si Mn P S Ni Cr Mo V 

Axle (SKD6) 0.45 0.57 0.54 0.006 0.010 0.19 4.92 0.98 0.391 
Boss (SFNCM) 0.27 0.80 0.3 0.006 0.001 3.65 1.84 0.46 0.103 

Table 2--Mechanical Properties of the Materials 

Axle 
Boss 

0.2%Proof 
Strength 
(MPa) 

867 
733* 

Tensile 
Strength 
(MPa) 
1066 
858* 

Elongation 
at Fracture 

(%) 
19.0 

21.6" 

Reduction of 
Area 
(%) 
53.1 

64.0* 

Hardness 

(HV) 
339 

670** 
*Before Carburizing and Quenching, **After Carburizing and Quenching 
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Figure 10--Distribution of the Residual Stress of the Rolled Axle 

limit based on the stress to break specimen, a,,.p, of the normal axle was in the range from 
155 MPa to 172 MPa. Since the fatigue limit of the BUR material obtained by the 
rotating bending fatigue test with the 12 ram-diameter specimens was 550 MPa [2], the 
fatigue limit decreased approximately one-third due to fretting. Since the fretting fatigue 
strength of  fitted axles is significantly influenced by the diameter of the axle [11. 12], the 
fretting fatigue strength of  the actual BUR axle is assumed to be lower than that obtained 
by the experiment. 

The a,,,~ values of the rolled axle and the overhung axle were more than 182 MPa. 
The improvement in the a,,.p of both axles were considered to be attained by the restraint 
of  the fatigue crack growth due to the residual stress induced by surface rolling. 

The fretting fatigue limit based on a stress to initiate cracks, a,,fl, of the overhung 
axle was more than 97 MPa. The a,r of the normal and rolled axle were less than 
97 MPa. The overhanging of  the contact edge has a positive effect on the improvement of  
fatigue strength of the crack initiation. 

The relative slip amount of the normal axle was measured by the displacement 
sensor attached near the contact edge. Since the contact edge of  the overhung axle was 
covered by the overhung boss edge, the relative slip amount of  the overhung axle could 
not be directly measured. Therefore, the relative slip amount of the overhung axle was 
evaluated by a finite element analysis [1]. Figure 12 shows the relative slip range 
obtained by the finite element analysis and the experiments. The par~imeter controlling 
the friction between the axle and the boss in the analysis was determined so that the 
analytical slip amount coincided with the experimental one. Since the axial stress near the 
contact edge was decreased by the groove, the relative slip amount of  the overhung axle 
is small in comparison with that of  the normal axle. A decrease in the relative slip amount 
leads to a decrease in the tangential force coefficient [13]. Therefore, it can be considered 
that the ~,,,fl value of the overhung axle was improved. 
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Fretting Jatigue cracks" 

Figure 13 shows the fretting fatigue cracks. The initiation site of the fretting fatigue 
cracks was not at the contact edge but at the fretted area inside the fitted part. which 
was from 0.5 mm to 2 mm from the contact edge. The observations of  the fretting wear 
and fretting fatigue cracks show the same characteristics as the failed BUR. Since severe 
wear wore away minute surface cracks [13], the fretting fatigue cracks were observed at 
the fretted surface where the wear depth gradually decreased toward the center of the 
fitted part. 

The crack lengths measured are shown in Fig. 11. Although the o-,r value of the 
overhung axle was higher than that of  the rolled axle, the overhung axle had large cracks 
above 172 MPa in stress amplitude. When the overhung axle was manufactured, the 
grooves were cut after the surface rolling in order to keep the groove edge sharp. 
Therefore, the compressive residual stress near the groove was presumed to decrease. 
This could be the reason why the large cracks existed in the overhung axle. 

Figure 13--Fretting Fatigue Cracks' (Normal Axle, ~a = 97 MPa. N = 2 X l O 7) 

Application to the Actual BUR 

On the basis of this study, surface rolling was applied to the actual BUR. 
Furthermore, the diameter of  the BUR axle was increased in order to decrease the stress 
at the fretted part. Four years have passed and no BUR has failed after these changes 
were made. To increase the diameter of the BUR axle is a difficult task, since 
reconstructing the steel making rolling mill should be done. Although the rolled axle 
endured 2 • 10 7 cycles with the higher stress amplitude compared with the normal axle in 
the experiment, many non-propagating cracks, which are as much as 1 mm or more, 
existed in the rolled axle. It should be noted that the BUR should endure more than 1 • 
10 8 cycles of repetition load during its service life and that there is a kind of size effect on 
the fretting fatigue strength [11]. This is the reason why the increase in the BUR axle 
diameter for decreasing stress was achieved in cooperation with the roll user. Since the 
test result of  the overhung axle indicated that the improvement of  the fretting fatigue 



444 FRETTING FATIGUE: ADVANCES 

strength was less than expected, the overhanging of  the contact edge was not adopted. 

Conclusion 

Recently, to comply with the demand of  increased production efficiency, rolling 
load of the steel making rolling mill is steadily inereasing. The backup roll (BUR) of the 
rolling mill was initially supported by oil film bearings. Nowadays, the oil film bearings 
have been rapidly replaced by roller bearing for the purpose of high-precision rolling. 
After the replacements, six backup rolls successively failed. The present failure analysis 
study of the BUR and fretting fatigue tests developed countermeasures for the actual 
BUR based upon the experiments. The results obtained are as follows. 
1. The appearance of the surface of the failed BUR axle where the inner race of  the 
roller bearing was fitted showed typical fretting fatigue of the fitted axles as in railway 
wheelsets. The failure life was estimated to be approximately 4 X 10 7 cycles. The cracks 
led the BUR axle to failure initiated within the rusted area, which is located 5 mm inside 
from the contact edge in the fitted part. Many small cracks, which propagated obliquely 
to the surface, were observed together with many small pits. Stress amplitude at cracked 
part of  the BUR axle was estimated to be less than 130 MPa, which is considerably lower 
than the plain fatigue limit of the BUR material. Taking the above results of 
investigations into consideration, it could be concluded that the causdof  the BUR axle 
failure was fretting fatigue. 
2. Fretting fatigue tests were performed using shrink-fitted axle assemblies with a 
diameter of  40 ram. The fretting fatigue limit based on a stress to break a specimen, tr,,.p, 
was between 155 MPa and 172 MPa. Taking the size effect on the fretting fatigue 
strength of fitted axle into consideration, it can be considered that the fatigue strength of 
the BUR axle was not enough to survive the stress amplitude of the BUR axle caused by 
the rolling load. 
3. The o-,,,/~ value of the rolled axle and the overhung axle were more than 182 MPa. The 
a,,./~ value of the both axles were considered to be improved because of the restraint of  the 
fatigue crack propagation due to the residual stress induced by surface rolling. 
4. The overhanging of the contact edge improved the fatigue strength based on the stress 
to initiate cracks ~,./~. The relative slip amount of  the overhung axle. which was estimated 
by the finite element analysis, was lower than that of the normal axle; therefore, the 
improvement of  c&,f/ of the overhung axle is presumed to be due to decreasing of the 
tangential force coefficient with the decreasing amount of  the relative slip. However, the 
crack length of the overhung axle was larger than that of  the rolled axle. Since the 
grooves were cut after the surface rolling in order to keep the groove edge sharp, the 
compressive residual stress near the groove could be released. 
5. The surface rolling was applied to the actual BUR in order to improve fretting fatigue 
strength of the BUR axle. The diameter of the BUR axle was also increased in order to 
decrease the stress amplitude at the fretted part. Since the test results of the overhung axle 
indicated that the improvement of the fretting fatigue strength was less than expected, the 
overhanging of the contact edge was not adopted. Four years have passed and no BUR 
has failed since the above countermeasures were applied. 
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