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Chapter 1 

Background & Literature Survey 

1.1    Definitions & history 

1.1.1    Definitions 

Fretting is the application of oscillating tangential forces to two nominally clamped 

free surfaces. Although the surfaces may appear to be stationary with respect to one 

another, sections move relative to one another, creating regions of microslip. Fretting 

may cause considerable damage, both via stress effects and through the wear-induced 

formation of third body particles in the contact area. The surface damage associated 

with the wear that occurs in fretting is naturally termed fretting wear, e.g. see Wa- 

terhouse (1972, 1981). When either or both of the contacting bodies are subjected 

to repeated loads that can cause the initiation and propagation of fatigue cracks, the 

system is said to experience fretting fatigue. (This loading may be due to the stresses 

transmitted across the interface or because of oscillatory loading conditions far from 

the contact region.) Many experimentalists have demonstrated that the presence of 

fretting along with fatigue conditions can significantly reduce the life of a compo- 

nent relative to its plain (i.e., without fretting) fatigue life; cf. Forsyth (1981) and 

Hoeppner (1974a). Deleterious effects on fatigue life are exacerbated if fretting occurs 

in a chemically corrosive atmosphere; fretting in a corrosive environment is termed 

fretting corrosion; see Suresh (1998). Fretting damage refers broadly to any damage 
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mechanism occurring under conditions of fretting contact, as in Vincent (1992). 

1.1.2    Abridged summary of fretting research 

The first identification of fretting fatigue came from Eden et al. (1911) in the early 

part of this century, who noted the formation of iron oxide on the surface of a fa- 

tigue specimen in the areas contacting the grips of a test machine. Tomlinson (1927) 

performed the first scientific study of the phenomenon (again using steel) and con- 

cluded that it was related to tangential motion between contacting surfaces. Other 

researchers, e.g. Peterson (1935), Evans (1937), Almen (1937), Campbell (1938, 1939), 

helped sustain interest in fretting with their work, and knowledge of it increased so 

that by 1939 Tomlinson and co-workers could assert that fretting was purely a me- 

chanical process that involved microslip. In 1941, Warlow-Davies proved conclusively 

that fretting reduced fatigue strength. He separated the effects of fretting and the 

unknown stress concentration induced by a fretting contact when he fretted speci- 

mens in the absence of bulk stresses and compared their fatigue strength to unfretted 

specimens in subsequent fatigue tests. 

Nowell (1988) points out that after World War II, research into fretting diverged 

into two bodies: scientific literature began to distinguish fretting wear from fretting 

fatigue. Godfrey (1950) discovered that adhesion occurred in fretting contact and that 

fine debris particles broke loose and were oxidized, and Feng and Rightmire (1952) 

proposed mechanistic fretting models. Uhlig and Feng (1953) refined these ideas, and 

Uhlig (1954) developed a model that described fretting in terms of both mechanical 

and chemical variables. 

The first of many symposia on fretting fatigue was sponsored by the ASTM in 

1952, bringing together several investigators and spawning much new research. The 

phenomenon of fretting was at that time referred to as friction oxidation, wear ox- 

idation, false brinelling, bleeding, and 'cocoa'. Waterhouse, who has now researched 

fretting fatigue for over four decades, published his first paper on the topic in 1955, 

and was one of the first (1961) to discuss the possibility of the occurrence and conse- 

quences of a temperature rise in the contact zone. 
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US military concern over fretting fatigue was first tangibly manifest in Comyn and 

Furlani's (1963) literature review. According to Hoeppner (1994), real application 

of the scientific investigation of fretting fatigue to engineering practice commenced 

around 1965, with the development of the concept of a life reduction factor for fretting. 

The work of well-known fretting investigators Nishioka, Nishimura, and Hirakawa 

emerged in 1968-69, as did that of Endo and Goto. Nishioka et al.'s publications 

led them to propose a model for predicting fatigue life under fretting conditions that 

was a function slip amplitude, contact pressure, and materials. This body of work 

identified many fretting parameters that remain of interest to investigators and is 

discussed in more detail in section 1.2. Endo and Goto's first work on fretting dealt 

with environmental effects in fretting, although their later application of fracture 

mechanics to fretting fatigue is very important. Hoeppner (1994) notes that it was 

the first such attempt in the field. Similarly, it is discussed further in section 1.2. 

Work on fretting fatigue in the 1970s and 80s continued to advance understanding 

of its mechanisms, and dozens of papers dedicated to it were produced. Hurricks 

(1970) identified three stages present in fretting mechanisms: 

—> initial adhesion and metal transfer; 

—> production of debris in a normally oxidized state; 

—> steady state wear condition. 

Concurrently, further understanding of environmental effects on fretting was gained, 

e.g. Waterhouse (1971a,19716) and Hurricks (1972). The prevailing conclusion of the 

day was that fretting effects arose from mechanical surface damage. The concept of 

a fretting damage envelope was developed, as well as the idea of a damage threshold; 

cf. Hoeppner (1974). A NATO conference on fretting fatigue in aircraft components 

in 1974 added to the existing impetus to perform research. Situations that caused 

fretting, and engineering design approaches for avoiding it, received attention; cf. 

Hoeppner (1981a, 19816). 

Notable among many important developments later in the same era was the use of 

fracture mechanics to predict crack growth under fretting fatigue conditions. Along 
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with Endo's (1976) work already mentioned, Edwards' (1981) paper marks the be- 

ginning of the application of this tool to the problem. Another application-oriented 

research area came into focus via papers exploring the issue of fretting fatigue in 

orthopedic implants; cf. Brown (1981) and Cook (1983). 

In the middle to late 1980s, Johnson's (1985) excellent contact mechanics mono- 

graph solidified the understanding of one of the key components of fretting fatigue, 

namely the conditions of stress and strain resulting at the interface between two bod- 

ies. Journal literature began to call greater attention to the importance of third body 

matter in fretting; cf. Colombie (1984, 1986) and Berthier (1987). Nix (1985a, 19856) 

and Lindley (1985) produced notable case studies that incorporated fretting fatigue 

damage and the application of fracture mechanics to the propagation of cracks that 

resulted. There developed (and remains) speculation by some that a localized rise 

in temperature accompanies fretting contact, notably Attia (1985, 1986), and the 

application of fracture mechanics to fretting continued; cf. Hattori (1988). 

Interest in fretting fatigue continues, as the problem has not been solved by any 

estimation. Nowell and Hills (1990) merit mention as prominent investigators in 

this area since 1988. In his doctoral thesis, Nowell (1988) examined fretting crack 

initiation and its effect on fatigue life in an Al/4%Cu alloy. He utilized cylindrical 

fretting pads for the experimental part of his research, as the elastic fields resulting 

from cylinder-plane contact are known and hence amenable to linear elastic fracture 

mechanics (LEFM) analysis for fatigue crack growth prediction. The present work 

employs the same logic in its selection of sphere-plane contact for experimentation. 

The book on fretting fatigue by Hills and Nowell (1994) is an excellent recent re- 

finement of the application of contact mechanics, LEFM, and fracture mechanics in 

general to the problem. Discussion of various experimental methods continues in 

section 1.2. General discussion of the problem of fretting fatigue and some related 

research concludes here with Table 1.1, which lists locations of some common fret- 

ting fatigue failures and areas of concern in current research, as compiled by Suresh 

(1998). 
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1.2    Fretting experimentation 

It is apparent after a cursory review of the literature that the variables and phenomena 

involved in fretting fatigue are great in number. Del Puglia et al. (1994) list some 

thirty-one parameters monitored in their fretting tests. Earlier, Beard (1982) listed 

more than fifty parameters of concern in fretting. The paring of these variables 

to a much smaller critical list is desirable for a focused and meaningful academic 

study, but critical for application of academia's results to service conditions. This 

identification of critical fretting parameters has been either an aim or an end in all 

fretting experimentation to date. 

1.2.1    Abridged summary of fretting experiments 

The first formal experimentation dealing with fretting fatigue was Tomlinson's (1927) 

work, which as discussed earlier led him to the important conclusion that fretting 

damage related to tangential motion between two sufaces. He and other investigators 

(1939) continued experiments from which they concluded that fretting was a purely 

mechanical phenomenon that arose from microslip. Warlow-Davies (1941) solved the 

question that Tomlinson et al. could not answer, i.e. whether fretting imposed a 

strength reduction, by fretting specimens in the absence of bulk stresses and finding 

that their subsequent fatigue strength was reduced by up to 18% as compared to 

unfretted specimens. 

Following World War II, Uhlig and Ming Feng (1953,1954) performed work that 

led to a mechanical and chemical explanation for the fretting wear mechanism. Fenner 

and Field (1960) soon after this developed their popular 'bridge' fretting test pad, 

incorporating two flat surfaces that contact two distinct areas on a single side of a 

fretting specimen (see Figure 1-1) and used by many researchers; cf. Doeser (1981) 

and Edwards (1981). In contrast, Milestone (1970) pioneered the use of cylindrical 

fretting pads, which enjoy the benefit of having an analytically calculable stress field 

beneath the contact. 

Nishioka and Hirakawa's (1969a) extensive contribution to the body of exper- 
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Figure 1-1: Showing 'bridge'-type fretting pads. 

imental research in fretting fatigue utilized cylindrical steel pads contacting steel 

specimens. They reported non-propagating fretting fatigue cracks, evidence that 

while fretting damage may contribute to the initiation and early growth of cracks, 

these cracks may self-arrest under certain loading conditions. In the same work, they 

identified a critical range of slip amplitude for which fretting damage is of concern: 

minimal life reduction occurs at an amplitude below 5 ^m; a slip amplitude above 

50 ^m did not contribute to observed crack growth because extensive wear removes 

incipient cracks before they propagate. In the 5-50 ^m slip range, fatigue strength 

was as little as 1/8 that of unfretted specimens, making this range of slip amplitude 

of critical concern in fretting. These investigators (19696) found that fatigue cracks 

initiated in the high stress regions near the edge of contact and initially propagated 

at an angle oblique to the surface of the specimen. This article described an increase 

in the coefficient of friction // during the course of a test from 0.2 initially to a limit 

of 0.67 after about 100 cycles. This changing friction coefficient was observed by 

other researchers, including Milestone (1971) and Endo (1974), and remains an im- 

portant consideration in the conduct and analysis of fretting experiments. Nishioka 

and Hirakawa (1969c) further separated the crack initiation effects of fretting fatigue 

from the bulk stresses that may occur in a specimen. Increasing mean stress had 

little effect on the rate of crack initiation, but a high mean stress did reduce fatigue 

20 



life. This suggests that fretting contributes to crack initiation, but that bulk stresses 

alone are responsible for any significant propagation. In their fourth fretting paper 

(1969c?), the pair furthered knowledge of the effects of slip amplitude on fretting, 

showing first that tangential forces of a lesser amplitude than that needed to cause 

gross slip would cause microslip at the edges of contact. Tangential force and slip 

amplitude are dependent parameters, with greater force causing greater slip. This in 

turn decreases fatigue life, but the surface stresses created by the higher tangential 

force explain this effect; faster initiation of cracks is then a stronger function of the 

stresses created at the surface than it is of slip amplitude. Bryggman and Söderberg 

(1986) observed the same results, and named three distinct slip regimes: 

—> elastic slip; 

—> plastic slip; 

—► gross sliding. 

These regimes are discussed in depth in Chapter 2; fretting fatigue occurs only 

in the first two, under conditions of partial slip. The final paper in the Nishioka 

and Hirakawa series (1972) addressed material hardness and contact pressure effects. 

Hardness had a negligible influence on life; increased pressure led to a reduced life, but 

because experiments were performed with a fixed slip amplitude, the higher tangential 

forces sustained during the experiments were thought likely responsible for the life 

reduction. 

Many other experimentalists have looked at the ramifications of varying other test 

parameters, including the effects of periodic high loads during fretting [Kantimathi 

(1981)], environmental conditions, bulk stress levels [Poon (1981)], and contact size 

[Bramhall (1973)]. Often an aspect of fretting tests involves careful observation of 

some aspects of crack initiation and growth. Prost et al. (1974) discussed the initiation 

and growth phases of fretting fatigue cracks. Endo and Goto (1976) have observed the 

variation of crack growth rate under fretting conditions. The recent work of Lamacq 

et al. (1997) in predicting and observing crack initiation angles is of particular note 

because of its potential use with the crack analogue method described in this work. 
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1.2.2    Regarding palliatives 

Within the extensive body of fretting fatigue literature lie many researchers' thoughts 

and suggestions for ameliorating or eliminating the damaging effects of fretting fa- 

tigue. The conclusions reached are often contradictory. We discuss a few briefly to 

demonstrate this point. 

Chivers and Gordelier (1979) reviewed some suggested palliatives for fretting fa- 

tigue. The early work of Nishioka and Hirakawa (1968, 1969a-d!, 1972) leads to four 

basic suggestions: (i) raise the fatigue strength of the fretted components by choosing 

different materials, (ii) reduce the amount of relative slip to achieve only partial slip 

or to reduce the amplitude of partial slip present, (Hi) reduce the contact pressure, 

and (iv) reduce the coefficient of friction. Obviously, these suggestions are practicable 

to a limited degree within the constraints of aircraft engine design. Several investi- 

gators have examined the effects of chemical surface coatings on fretting fatigue life. 

Waterhouse and Allery (1965) found that phosphated coatings greatly reduced fret- 

ting fatigue performance of unlubricated components, presumably for their reduction 

of material fatigue strength. An opposite finding is discussed by Wise and Burdon 

(1965), who found that the resulting increase in friction coefficient after application 

of these coatings reduced relative motion and thus reduced the amount of damage 

produced in contacting components. They also report favorable effects on fretting 

fatigue performance from chromium coatings, while researchers such as McDowell 

(1953) report deleterious effects. Chivers and Gordelier (1979) report that all in- 

vestigators who have examined sulphidizing treatments have found them to increase 

fretting fatigue life because they increase the inherent fatigue strength of materials. 

Surface mechanical treatments, including shot peening, cold rolling, roll peening, 

etc., are generally successful at inhibiting the initiation and growth of cracks due to 

fretting, and hence increase fatigue performance. Waters (1959) published a paper 

on cold working of all types to increase fretting fatigue life, finding an increase in life 

of up to 300% for certain aluminum alloys. It is of no great surprise that virtually all 

metal components for which fretting fatigue is a concern are shot peened or (lately) 
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laser shock peened to induce a crack-closing layer of residual compressive stress at 

their fretted surfaces. 

Metal coatings, both hard and soft, have been employed to combat the damage 

of fretting fatigue. Hard metal coatings may include composites with non-metallic 

inclusions within a metal matrix, e.g., chromium or tungsten carbides in nickel or 

nickel-chrome binders. Harris (1974) reports success in limiting fretting fatigue in 

titanium up to 350°C using plasma-sprayed and detonation-gun-deposited WC in a 

cobalt matrix. Waterhouse et al. (1962) found that chromium and nickel coatings 

contain flaws that can act as crack initiation sites instead of inhibiting crack for- 

mation as desired. For soft metal coatings, Waterhouse (1972) mentions widespread 

use of cadmium in the automobile industry. Several researchers, among them Von 

Tein and Seibert (1974) and Johnson and Bill (1974), have found success with silver 

coatings. There are a great number of other workers who have looked at the effects 

of a multitude of coatings. Discussion of these will be truncated here, though, with 

the remark that in high-cycle fatigue, coatings tend to degrade or wear away rapidly. 

Any palliative effect they may have on fretting damage may be limited to a small 

percentage of the design life of a turbine blade, and they may even exacerbate the 

problem by forming wear particles that contribute to crack nucleation. 

We adopt as reasonable the outlook of Hoeppner and Gates (19816), who find that 

fretting fatigue is such a complicated problem involving so many variables that there 

will never be a universal easy fix. As with the basic tenets arising out of Nishioka 

and Hirakawa's work (mentioned above), though, there seem to be some reasonable 

findings that one would do well to consider when approaching the problem of fretting 

fatigue. Fundamentally, Endo and Goto (1969, 1974, 1976) have shown that fatigue 

cracks initiate and propagate faster under fretting conditions than they do under 

plain fatigue conditions. Wright (1970) recognized that high stresses due to asperity 

contact cause accelerated crack initiation and growth; he saw that the effect was due 

to more than a mere stress concentration. Bramhall (1973) further recognized that 

the contact stress field must be large enough to grow cracks to a size that would allow 

them to propagate under the bulk stresses present in a component; if it was not, no 
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fretting life reduction effect would be observed. Similarly, Hoeppner and Goss (1974&) 

describe a fretting fatigue threshold, i.e., they claim that there must be a minimum 

amount of damage caused by the local contact fields, or there will be no appreciable 

effect on fatigue life. 

One may observe that if the literature pertaining to fretting has thus far been 

unable to recommend a universal palliative, it has succeeded in defining trends and 

commonalties for fretting situations, and consideration of these tenets has aided the 

present investigation considerably. 

1.2.3    Material systems of interest 

Extensive fretting research has been performed on a wide range of material systems. 

Endo and Goto (1974) have studied fretting in low carbon steels, as have others, 

including Dobro (1987) and Gaul (1980a, 19806). Several researchers have examined 

7075 Al alloys — cf. Alic (1979) and Adib (1993) — as well as many types of high- 

temperature titanium and nickel aircraft alloys; cf. Ruiz (1984) and Ravich (1990). 

All of these materials are used in systems susceptible to fretting damage. As early as 

the mid-1970s, Hoeppner and Goss (1974) were examining fretting wear in Ti-6A1- 

4V and Al 7075-T6 alloys. Recently, Antoniou and Radtke (1997) have investigated 

fretting fatigue via tests designed to induce stresses approximately equal to those 

experienced by a gas turbine engine blade. 

The Ti-6A1-4V alloy has an a—ß stabilized grain structure and is typically used for 

turbine blades in the relatively low-temperature early fan stages of military turbofan 

engines. These components have exhibited particularly problematic failure tenden- 

cies. During the course of this work, Ti-6A1-4V fretting specimens have been created 

for anticipated experimental use, although no experimentation has been performed 

in the present work. 
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1.3    Motivation 

Motivation for this study arises from two distinct perspectives: in a broad sense it 

is part of an overall effort to identify and expand understanding of the mechanisms 

of fretting fatigue in ductile metals; specifically it addresses the problem of fretting 

fatigue in aircraft components. Currently the US Air Force faces serious monetary 

and force readiness problems because of fretting fatigue. A Scientific Advisory Board 

ad-hoc committee commissioned by the Air Force in 1991 found that most failures of 

titanium components in high-performance gas turbine engines in military jet aircraft 

were due to high cycle fatigue (HCF). Fretting fatigue is a form of HCF, and a partic- 

ularly worrisome cause of failure in titanium blade and disk attachments. There are 

two primary blade materials used in a modern military aircraft gas turbine engine: 

titanium alloys and nickel-based superalloys. It is necessary to use nickel-based su- 

peralloys in the later, high-temperature stages of the engine; in fact these are the only 

materials with suitable strengths at the high temperatures realized inside an engine. 

Ambient temperatures are in fact above the melting point of even these alloys, but 

airflow across the blades and through intricate internal cooling channels allow these 

components to operate without melting. However, in those parts of the engine, such 

as the fan and early compressor stages, where ambient temperatures are not as high, 

titanium alloys are favored for their superior strength-to-weight ratios (Antoniou and 

Radtke 1997). A drawback of using these alloys is that they are particularly suscepti- 

ble to fatigue life reduction due to fretting. Theoretical and analytical work presented 

here address fretting fatigue issues in these components. 

Additionally, fretting fatigue is a critical concern in aircraft structures, occurring 

between all rivets and the plates which they connect, as well as any components 

attached via a nominally tight fit. One of the most common aircraft structural alloys 

is 7075 aluminum. Conveniently, the author and coworkers have used this material 

system for verification and refinement of the experimental apparatus developed in 

the current work. It is a relatively inexpensive alloy from which to create 'practice' 

specimens, but the information collected in these preliminary tests is still of some 
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application to practical fretting fatigue problems. 

a) 

Figure 1-2: Two of the primary areas of concern for fretting fatigue in military aircraft: 

(a) riveted aluminum alloy structures and (b) gas turbine engine blades. 

Cowles (1996) reminds us that the current design techniques used with regard 

to HCF effects (and hence fretting) in Air Force aircraft are based on a Goodman 

diagram approach. Nicholas (1996), on behalf of the US Air Force, points out that 

because HCF damage mechanisms in general and fretting fatigue in particular are 

so sensitive to surface conditions and strongly interact with other damage modes, 

the Goodman diagram approach as currently practiced is too empirical to be widely 

applied to HCF with a good degree of success. The Air Force now seeks, as a replace- 

ment, a design system consisting of two phases: 

1. A means of predicting crack initiation for components subjected to HCF effects 
only that is superior to the current Goodman diagram approach. 

2. An approach, based on fracture mechanics but including HCF interaction with 
non-HCF damage mechanisms, that can be used to predict life and inspection 
intervals for the aforementioned components. 

Cowles (1996) likens the current state knowledge about how to design for HCF 

effects to creep problems of the 1950s and low cycle fatigue (LCF) concerns of the 

middle 1970s. Creep resistant nickel-based superalloys were the answer to the creep 

issue. To deal with low cycle fatigue, military gas turbine engine manufacturers de- 

veloped and employed a damage tolerant approach based on fracture mechanics to 
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prevent unexpected LCF failure. The criteria formulated collectively became the Air 

Force's Engine Structural Integrity Program (ENSIP), which has all but eliminated 

low cycle fatigue failure in Air Force aircraft and saved hundreds of millions of dollars 

in maintenance and inspection costs. Whether such success in dealing with HCF con- 

cerns will be realized in spite of its apparently high degree of mechanistic complexity 

remains to be seen, but the outlook based on progress even to date is bright. Viable 

new approaches to the problem have been put forth by various investigators [c.f. Gi- 

annakopoulos et al. (1998)], and work to determine the validity of these is progressing 

rapidly. 

While these concerns are particular to the Air Force, Hoeppner (1994) lists the 

following goals that he believes all researchers concerned with the problem of fretting 

fatigue would like to realize: 

1. Physical/chemical understanding of the phenomenon and appropriate models. 

2. Successful development of alleviation and prevention schemes. 

3. Determination of appropriate maintenance, inspection, and replacement inter- 
vals. 

4. Development of models of the various stages of fretting fatigue which permit 
application of holistic damage tolerance concepts. 

5. Standardization of test practices. 

It is with a mind to improve the overall understanding of fretting fatigue (which 

is also a critical HCF damage mechanism as identified by the US Air Force) that 

this study is undertaken. The primary material system of choice is Ti-6A1-4V, a 

material used in production gas turbine engine blades and disks. A secondary mate- 

rial, aluminum 7075 with a T6 heat treatment, was used extensively in refinement of 

the experimental method. Since it is an alloy of concern in aircraft structural fret- 

ting fatigue damage, corresponding analytical and computational analyses have been 

performed for this material, also. Advances in basic understanding of the fretting 

mechanism will be useful for all engineering alloys. 

This thesis is organized in the following manner: Chapter 2 describes the basic 

contact mechanics pertinent to this investigation of fretting, i.e. the sphere-plane con- 

tact condition.  Chapter 3 describes fretting maps constructed using various failure 
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criteria in conjunction with a knowledge of the contact stresses produced during fret- 

ting conditions. Chapter 4 describes a computational approach to the problem of 

fretting fatigue that utilizes a finite element model. Chapter 5 describes the design 

and construction of an experimental test frame for fretting fatigue tests, and Chap- 

ter 6 gives some of the results achieved with this apparatus that verify its proper 

operation. Chapter 7 describes how selected techniques of linear elastic fracture me- 

chanics (LEFM) might be further applied to fretting fatigue. Chapter 8 concludes 

the work with suggestions for further study related to the problem of fretting fatigue 

in aircraft components. 
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Application Location of fretting fatigue failure 

Steam or gas turbine engines • The seating of the turbine disk on drive shafts in 

land-based turbines 

• The dovetail or fir-tree section of aircraft jet engines 

where the blade attaches to the disk 

• The flanged joint between the disk/beveled gear and 

the drive shaft in gas turbine helicopter power trans- 

mission systems 

• Rotor-tooth contact area near gaps between stiffness 

compensation wedges in axially slotted turbogenerator 

rotors 

Cables and ropes • Fretting and rubbing in interwire contacts in: elec- 

tric power transmission lines, cable car ropes, and ma- 

rine hawsers and moorings 

Structural joints • Rivets in wing/fuselage aircraft structures 

• Splines and keyways in shafts and couplings 

• Shrink-fitted components 

Bio-implant devices • Fracture on underside of screwhead and countersink 

hole in base plates attached to bone 

• Femoral  stem  in  total  hip  replacements  where 

lesser trochometer bone is wired around femoral stem 

component 

Table 1.1: Locations of fretting fatigue failure, after Suresh (1998). 
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Chapter 2 

Review of Fretting Contact 

Mechanics 

Selection of a contact condition for modeling is of critical concern in this investi- 

gation. Available options include the use of a complete or an incomplete contact 

geometry, as described by Hills and Nowell (1994). Complete contact produces a 

contact area that is independent of load, as with a flat punch on a plane (see figure 

2a). Incomplete contact, e.g. the cylinder on a flat plate shown in figure 2b, produces 

a contact area whose size depends on the magnitude of the normal force. Although 

contact area is variable for incomplete contact, the contact pressure is in all places 

non-singular, falling continuously to zero at the edge of contact. A complete contact 

condition necessarily has singularities at its outside edges which are accommodated 

by local plasticity, and are thus more difficult to model analytically or numerically 

than nonsingular cases. 

(a) (b) 

Figure 2-1: Two main types of contact: (a) complete and (b) incomplete. 

In addition to the completeness of contact, conformality of contacting surfaces 
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is also important. The sphere-plane arrangement in Figure 26 is nonconformal for 

small normal loads, i.e., the contact area half-width (a) will be much smaller than 

the characteristic radius (R) of the sphere. In contrast, a sphere pushed into a 

complementary spherical depression with just a slightly larger radius will contact 

over a distance that is substantial in comparison to the radius of the sphere; this is 

an example of conforming contact. Nonconformal contact permits approximation of 

the sphere as a half-plane when calculating local contact stress-strain fields. 

The condition chosen for the experimental work and analysis was that of a sphere 

contacting a plane. This incomplete, nonconformal option has two advantages: 

• The elastic fields for this contact condition are known via a closed-form analytic 

solution. 

• Fretting contact in actual service conditions involves micro-scale asperity con- 

tact rather than contact of ideally flat or round components; at a small size 

scale, sphere-on-plane contact is a reasonable model of this asperity contact. 

This chapter describes sphere-on-plane contact and the elastic fields beneath the 

contacting surfaces as previously derived. 

Figure 2-2: Sphere-plane contact, coordinate system, and relevant parameters. 
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2.1    Hertzian contact problem 

Hertz (1882) analyzed the problem of frictionless normal contact between two spheres 

well over a century ago while he was studying under Helmholtz. Some optics experi- 

ments he conducted gave him a curiosity to know how glass lenses deform when they 

contact one another and led him to the solution, which he achieved entirely over his 

Christmas vacation when he was 23 years of age. Huber (1904) first solved for the 

stress fields beneath the surfaces of contacting spheres. Mindlin (1949) considered 

the problem in the case of sliding — where friction is a concern — and later, with 

Deresiewicz (1953), discussed the ramifications of changing normal and tangential 

forces during contact. For a sphere contacting a plane without friction, Hertz' theory 

predicts a circular contact surface of radius 

a = y/KNR (2.1) 

where N is the normal force, R is the radius of the sphere1, and K = 3^~^ ;2 v and E 

are Poisson's ratio and Young's modulus, respectively. Points on both bodies distant 

from the contact region approach each other a distance given by 

~KN~ 
a = 2 

R\ 
(2.2) 

and the normal tractions on the contact surface are 

3iV 
N=2^^^ (2'3) 

where p is the radial distance from the center of contact.   The maximum contact 

pressure is given by 

Thus pmax incorporates the material properties, contact geometry, and loading con- 

ditions for sphere-plane contact into a single convenient parameter. The parameters 
1The relation in Eqn. 2.1 is for two spheres with identical radii. For the case of a sphere on a 

plane, let ^ = 7?^: + £; then R = Reff = Rsphere- 
2Similarly, Hertz' relations assumed that both spheres were of the same material. For the case 

of two different materials, K = Keff = Ei    "•"    E2 
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a and pmax are particularly useful for nondimensionalizing length and stress values, 

respectively, in this investigation. 

2.2    Sphere sliding elastically on a plane 

The problem considered here necessitates consideration of friction. For sliding con- 

tact, the Amonton-Coulomb law relates tangential tractions (q) and normal pressure 

(P): 

\q\    \Q\ 

where Q is tangential force and [i is the coefficient of kinetic friction (hereafter in this 

work called the coefficient of friction). The friction force acts to oppose tangential 

motion. 

Cattaneo (1938) and Mindlin (1949) solved the case of contacting spheres sub- 

jected to a tangential force following normal contact. If, after normal indentation, 

a tangential force is applied to the indenter and monotonically increased from zero, 

solution of the subsequent mixed boundary value problem (normal traction and tan- 

gential displacement on the contact surface are given; three components of traction 

are zero on the rest of the surface) requires that slip begin at the outside edges of 

contact. Without slip, infinite tractions are required to meet the boundary condi- 

tions, a physical impossibility for non-adhering materials. The radial symmetry of 

shear tractions (r) predict that the slip associated with accommodation of tangential 

tractions will occur over an annulus. Shear tractions on the annulus of slip are taken 

to be r = fj,a3 with the same direction as the tangential force. Symmetry also dictates 

that the tangential component of displacement is constant on the region where no 

slip occurs (the 'stick zone'). A second mixed boundary value problem (now with 

tangential displacement and normal traction defined on the stick zone and all trac- 

tions given in the slip zone and remainder of the sphere) results. A solution of this 

3a denotes surface normal tractions. 
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problem gives the inner radius of the annulus of slip (c): 

c = a   1 — 
UN, 

(2.6) 

(The outer radius is given by a, the contact radius.) Shear tractions on the contact 

surface are distributed as 

3/xiV 
27TCL3 

(a2_p2)3 = P0(a2_p?)5jC<p^a 

Po 
q = — a 

,p^c (a2-Pr>-(c2-p2Y 

Points distant from the stick zone have relative displacements (S) given by 

3(2-i/)/xJV/       c2\ 

16Ga      V       a2J 

(2.7a) 

(2.7b) 

3(2 - v)ßN 
16GÖ 

1 
Q_ 

(2.8a) 

(2.8b) 

Tangential tractions and the evolution of tangential load with increasing relative 

displacement are shown in Figure 2-3. As the shear force (Q) approaches fj,N, its 

maximum value, the inner radius of the slip zone approaches the center of contact. 

When Q = fj,N, the stick zone disappears and the displacements of distant points 

is indeterminate, as global sliding also coincides with this situation. The maximum 

relative displacement between the two spheres prior to sliding is then 

3(2 - u)fxN 
8 = 

16Ga 
(2.8c) 

If a tangential force greater than zero but below the maximum value of ßN has 

been applied to the sphere and this force is decreased, the tangential tractions on the 

the slip annulus are now everywhere opposite in sense to the initial tractions. Solving 

a boundary value problem analogous to that of the initial loading problem reveals 

that slip in the opposite direction begins at the contact perimeter a and penetrates 

to an inner radius b in the interval c < b < a. As before, tangential tractions on 

the slip annulus are /j,a, but in the opposite direction of the initial loading tractions. 

Therefore, the change in tangential traction on the slip annulus upon loading in the 
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q = HO 

Figure 2-3: a) Tangential tractions on the contact zone. Outside of the stick zone 

(c < p ^ a), q is equal to the product of p, and the surface normal tractions (a), which 

fall smoothly to zero at the edge of contact, b) The evolution of tangential load (Q) 

with increasing sliding displacement for fully elastic loading. At 5^, Q = pN, the 

maximum attainable tangential force, and global sliding commences. After Mindlin 

and Deresiewicz (1953). 

opposite direction is —2pa. No more slip may occur than that experienced upon 

initial loading, so from a symmetry argument, the slip annulus experiences tangential 

displacement as a rigid body. 

Another boundary value problem, this one similar to the second one encountered 

on initial tangential loading, now presents itself. The change in tangential tractions 

is analogous to that found for initial loading: 

Aq = -^(a2-p2)\b^p^a (2.9a) 

q = — El 
a 

(a2-p2)*-(fc2-V)^ ,P< b (2.9b) 

This change is shown by the curve a-A'-B' in Figure 2-4. 

Resultant tractions for a reduction of Q are obtained by adding Eqs. 2.7 and 

Eqs. 2.9 to obtain 

Po (a2 - p2Y ,b^p^a (2.10a) 

q =  Po_ 

a (a2-p2y2-2(b2-p2Y2],^P^b (2.10b) 
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q = ^iG 

Figure 2-4: Tangential tractions on the contact zone. In this figure are represented 

the tractions and change in tractions for a load reversal, which are described in the 

pertinent text. After Mindlin and Deresiewicz (1953). 

?=-^[(a2-p2)"-2(62-p2)^ + (c2-p2)'],p^c. (2.10c) 

These are shown in Figure 2-4 by curve a-D-E-F, the sum of a-A-B and a-A'-B'. 

The equilibrium condition 

yields 

/•2TT    pa 

Q = /   qpdpdd 
Jo    Jo 

Q = ^(a3_c3)_2^(o3_6S) 

o° a° 

(2.11) 

(2.12) 

after insertion of Eqs. 2.10. 

The first term on the right of Eq. 2.12 is the initial tangential force, thus the 

second term is the unloading tangential force (Q*), and the 'counterslip' annulus is 

defined by 

Q*-Q\* b = a[l 
2fiN 

(2.13) 
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If Q = Q* (i.e., fully reversed loading), b = c and the counterslip has penetrated 

the same radial distance as the initial slip. The tractions are identical in magnitude 

to those arising from force Q, but opposite in sense. This situation is elastically 

equivalent to the loading case where Q is never applied, only Q*. If Q* = /ziV, global 

sliding in the opposite direction commences. 

Displacement of distant points relative to the surface of the stick zone is found by 

a superposition process similar to that used to determine tangential tractions upon 

unloading. It is analagous to Eqs. 2.8 (the displacement of adhered points for loading): 

5 = 2— - — - 1 
3(2 - u)ßN fnb2     6 

16Ga 

3(2 - u)fiN 

a" 

16Ga 
2   1- Q*-QV 

2^N 
-1 

(2.14a) 

(2.14b) 

The compliance (^§) upon unloading is 

dd_ 
dQ 8Ga 

v(x    Q*-Q^"3 

2fiN 
(2.15) 

Although it was not given before, the initial compliance upon loading is identical 

to Eq. 2.15 for initial unloading, i.e. Q = Q*. This load reversal compliance is 

of importance in calculating the relative displacement of contacting points at the 

surface, as described in Section 5.5. 

Upon a second and all subsequent load reversals, the behavior of tractions and 

displacements follows that of the first unloading, and a closed-loop load-displacement 

curve results for cyclic tangential loading oscillating between ±Q*. The load-displacement 

curve for initial loading continuing into fully reversed cyclic loading is given in Fig- 

ure 2-5. 

2.3    Limitations of the analysis 

The following qualifications apply to the above discussion of sphere-plane contact: 
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7-M-N 

-UN- 

Figure 2-5: Load-displacement curve for fully reversed cyclic tangential loading. Fol- 

lowing initial loading (path O-P), a closed-loop curve forms for the first and all sub- 

sequent load reversals (path P-R-S-U-P). After Mindlin and Deresiewicz (1953). 

The analysis is strictly valid for a sphere-plane combination whose materials 

have no elastic mismatch. 

If there is an elastic mismatch, the analysis is strictly valid for incompressible 

materials, i.e. those materials for which v — 0.5, if the equivalent Young's 

modulus (E*) is used. 

For the case of elastic mismatch and [i ^ 0.5, the actual solution for sliding 

contact becomes equivalent to the Mindlin solution after one full fretting cycle 

(two reversals of load). The discussion then applies to all but the first fretting 

cycle, which is generally unimportant in relation to the number of fretting cycles 
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applied in HCF. 

2.4    Contact stresses 

Hamilton (1983) has derived a closed form solution for all elastic stress fields asso- 

ciated with spheres in contact and subject to tangential tractions (a subset of this 

solution includes the solution for sphere-plane contact). The reader is encouraged to 

review this solution as well as Hamilton and Goodman's (1966) preliminary solution 

to the same problem that left the stress fields in implicit forms involving imaginary 

parts of complex expressions. Neither the approach nor the final solutions are repro- 

duced directly here, but Hamilton's expressions are an integral part of the algorithm 

used to construct the fretting maps described in Chapter 3. 

The reader with in-depth interest should see Johnson's (1985) authoritative con- 

tact mechanics text and Hills' and Nowell's (1994) tome on the mechanics of fretting 

fatigue. 
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Chapter 3 

Construction of New Fretting 

Failure Maps 

3.1    Introduction 

Vingsbo and Söderberg (1988) are among the first researchers to describe fretting 

maps. They describe three regimes of fretting surface damage: a complete stick 

regime, a stick-slip regime, and a gross slip regime. Reduction of fatigue life is limited 

in the complete stick and gross slip regimes; in the former surface damage is minimal, 

while in the latter surface damage is extensive (it constitutes fretting wear), but 

material disruption and removal with each fretting cycle tend to abrade away incipient 

cracks before they can propagate appreciably. The maps they create describe the 

transition between damage regimes as a function of two variables: normal force (N) 

vs. displacement amplitude (5), N vs. tangential force (Q), and frequency of vibration 

(/) vs. S. These maps are compared to then available experimental data, verifying 

expected general trends. One of these trends is a decreasing fatigue life up to a certain 

S (approximately equal to the gross sliding displacement) with an increase after this 

is value is exceeded, observed by both Gaul and Duquette (1980a) and Nishioka and 

Hirakawa (1969a). 

While knowledge of the particular damage regime into which a fretting loading 

condition falls is important, this information is not directly useful for life prediction. 
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The fretting maps created for this study are a design tool for fatigue life prediction 

of components subjected to fretting loads. They may more accurately be termed 

fretting failure maps. For the purposes of this work, fretting maps are constructed 

exclusively from information contained in the local elastic fields associated with fret- 

ting contact. The scope of fretting contact considered remains limited to sphere-plane 

contact, for which all elastic fields are known analytically after their derivation by 

Hamilton (1983). This is the advantage of fretting maps: they may be created with 

low computational cost for a given contact condition. 

The disadvantage is obvious as well: a tool that only incorporates elastic informa- 

tion must make use of some elastic failure criterion. Since fretting damage involves 

plasticity, the use of elastic criteria for failure prediction may seem a tenuous ap- 

proach. However, other researchers have shown that for certain types of multiaxial 

loading, elastic criteria provide good agreement with experimentation. 

3.2    Elastic criteria available 

Papadopoulos et al. (1997) have reviewed the elastic failure criteria available for 

prediction of HCF failure. They divide the approaches into four categories: 

—» critical plane approaches; 

—> criteria based on stress invariants; 

—> approaches based on stress averages in an elementary volume; 

—> mesoscopic scale approaches incorporating the change in crystal plasticity (A7P) 

within a single metal grain. 

The context of their review is to point out how the first three types of criteria fall 

short in accurately predicting failure when compared to the mesoscopic scale approach 

developed by Dang Van (1973) and improved by Papadopoulos (1987). Of particular 

focus are out-of-phase bending and torsion results, for which Papadopoulos' theory 

is well-suited.  However, the experimental data included in this work show that for 
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in-phase loading, the stress invariant-based modified Crossland criterion1 is identical 

to the considerably more complicated Papadopoulos mesoscopic criterion. Since the 

modified Crossland criterion exhibits slightly better agreement with experimental 

data than the Sines criterion (another stress invariant approach), it emerges as the 

best choice from this category of failure criteria. 

The modified Crossland criterion (hereafter referred to as simply the 'Crossland 

criterion') is 

J2 a is the cyclic amplitude of the second invariant of the stress deviator, 0H,max is the 

maximum hydrostatic stress, and K and A are constants given, respectively, by 

K = ^zl _ 73 (3.2a) 
7-1 

and 

A = t_i, (3.2b) 

where i_i is the material fatigue limit in fully reversed torsional loading and /_i is 

the fatigue limit in fully reversed bending. Eq. 3.1 accounts for the independence of 

the torsion fatigue limit from a superimposed mean torsional load. 

Aluminum alloys do not exhibit a fatigue limit per se; fatigue strength is given as 

a stress level at which failure occurs only after a very high number of cycles, often 

108 or 109. The bending fatigue limits for many engineering alloys are well known 

and reported in many sources. For Al 7075-T6, /_i is 160 MPa,2e.g. see Fuchs and 

Stephens (1980). A less commonly reported value is the torsional fatigue limit (i_i). 

The ratio of the fully reversed torsion fatigue limit to the fully reversed bending 

fatigue limit for hard metals is known to lie in the range 

4= < ^- < 0-8       or       0.577 ^ ^ < 0.8. 
y/3      f-i f-i 

1The modification is use of the square root of the second invariant of the stress amplitudes rather 

than simply the square root of J^- 
2This limit is based on 109 reversals (5 x 108 cycles) for fully reversed rotating bending. 
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In this work, the value is taken to be 0.65, implying that i_i = 104 MPa. The ratio 

£_i//-i is selected based on the work of McDiarmid (1987), who reported a value of 

0.64 for a commercial aluminum alloy. 

3.3    Physical basis 

A particular feature of the Crossland parameter commends it to this author for use 

as an HCF failure criterion: its inclusion of the hydrostatic component of stress. It is 

commonly thought that cracks nucleate at a microscopic level via the growth of per- 

sistent slip bands (PSBs) at a free surface. Repetto and Ortiz (1997) have described 

a theory of crack initiation at a microscopic scale. Roughening of material begins at 

the intersection of the free surfaces of single metal crystals and the intersections of 

PSBs that extend completely through the crystal. Dislocation pair annihilation due 

to applied stress in the material results in climb, causing a PSB to extend. Vacancy 

generation accompanies annihilation, creating a higher vacancy concentration within 

the PSB than in the bulk material comprising the crystal. Hydrostatic stress provides 

a driving force for vacancy diffusion; after transport within the crystal, vacancies are 

aided in movement to the free surface of the slip band via short-circuit or pipe diffu- 

sion. Movement of vacancies to the free surface of a PSB causes the groove between 

the PSB and the free surface to deepen and sharpen, becoming a small crack after a 

finite number of loading cycles. 

We may postulate that the kinetics of vacancy pipe diffusion along PSB bound- 

aries would be enhanced by the hydrostatic stress component within the bulk material, 

effectively increasing the driving force for this short-circuit diffusion mechanism [Cot- 

trell (1964)]. The maximum hydrostatic stress realized during a loading cycle may be 

indicative of the amount of vacancy diffusion and roughening that can occur during 

that cycle. The success of the Crossland parameter as a predictor of HCF failure may 

stem in part from its incorporation of a macroscopic stress invariant that affects the 

kinetics of crack nucleation on a microscopic level. 
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3.4    Fretting map creation 

It is desired that the failure prediction maps be simple to create and apply to fretting 

loading conditions. It is a very straightforward exercise to analytically determine the 

stress fields beneath the spherical contact sliding on a planar substrate. The stress 

invariants are then easily determined. A Mathematical (1992) program utilizing 

the stress solutions of Hamilton (1983) has been created for this purpose. Any set of 

fretting contact parameters may be accommodated, including all values of Q/ßN in 

the interval 0 < Q/ßN < 1. The program is of particular use in determining the the- 

oretical stress conditions and contact pressure distributions for the experimentation 

described in Chapter 5. 

The present work does not utilize the critical plane approach, average volumetric 

stress, or small-scale average volumetric stress approaches described by Papadopoulos 

et al. (1997), eschewing their much higher comparative computational complexity. A 

stress invariant approach does not give any indication of the orientation of fatigue 

cracks, it merely allows a fail/no fail prediction for a given loading case. 

In the creation of preliminary failure prediction maps, a conservative approach is 

taken. It is known that the maximum fretting contact stress will arise from the case 

where the tangential force developed reaches its maximum value, i.e., when Q = fxN. 

Since global sliding ensues at that point, resulting in fretting wear which as discussed 

previously is not as detrimental to fatigue life degradation as a stick-slip condition, 

the stress fields associated with service fretting contact will probably not be of such 

high magnitudes. There may be conditions that lead to stick-slip fretting contact 

where Q is less than but very close to /J,N; this is the most dangerous fretting contact 

regime, and the stress fields associated with it are conservatively estimated by taking 

Q — jj,N. For ß ^ 0.3, the maximum von Mises stress will be found at the surface 

near the edge of contact for tangential loading cases. 

The Mathematica code is used to calculate the stress fields beneath a sliding 

spherical contact. The maximum contact pressure and contact radius are normalized 

to unity; all stresses and lengths are normalized to these values, respectively.  Using 
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the appropriate components of the calculated stresses, the second invariant of the 

stress amplitudes and hydrostatic stress are extracted from these solutions. The code 

scans an area at the surface of contact over a region defined by -1.2a ^ y ^ 1.2a 

and -1.2a < x ^ 1.2a in the plane of contact to obtain the maxima of both these 

values. See Section 3.5 for an explanation of why the surface need only be considered 

to achieve the most conservative failure estimates. Values of the left-hand side of 

Eq. 3.1 normalized by p0 are a final output. 

So that a maximum amount of information may be displayed on a given fretting 

failure map, a matrix of Crossland parameter values is generated that corresponds 

to the simultaneous variation of two variables of interest. These are then plotted 

as isocontours of normalized Crossland parameter values. For example, Figure 3-1 

shows a fretting failure map based on the Crossland parameter for which the maximum 

contact pressure (p0) and coefficient of friction (//) vary simultaneously. The design 

engineer wishing to use this map would use the following procedure: 

1. Enter the plot on the left side at p0 = 1 and draw a horizontal line. 

2. Draw a vertical line up from the appropriate value of the coefficient of friction. 

3. Determine the normalized value of the Crossland parameter based on the inter- 

section point of the two lines. (In the example shown in Figure 3-1, the value 

is fa 1.2. 

4. Multiply the value determined in the previous step by the maximum contact 

pressure (Eq. 2.4) for the known contact condition to determine the Crossland 

parameter. 

5. Compare the calculated Crossland parameter with the fatigue strength for fully 

reversed torsional loading. If it is greater than or equal to t-i, the map pre- 

dicts component failure under HCF. If the value is less than i_1} no failure is 

predicted. 

It may be immediately observed that only a single value of p0, namely p0 = 1, is 

utilized to find the Crossland parameter for a given contact condition when using the 
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Figure 3-1: A Crossland criterion fretting map showing simultaneous variation of p0 

and LI. The plotted lines are isocontours of the Crossland parameter normalized by 

p0. See text discussion for a description of how to utilize this map. 

map shown in Figure 3-1. The full range of the Ordinate on this map becomes useful, 

however, if a comparative evaluation of contact conditions is desired. A design engi- 

neer may determine that present sphere-plane loading conditions lead to a prediction 

of failure according to the Crossland criterion. It is a simple matter to determine the 

border of the no-fail region on the map: this is an isocontour corresponding to 

Po = 1 (3.3) 

The necessary reduction of p0 and/or [x to achieve a no-fail prediction on the map is 

easily determined. The value of p0 may be altered by choice of material properties and 

contact geometry; adjustment of [i is achieved with lubricants or material coatings. 

When actual experimental values for aluminum alloys are used with this fretting 

map, extremely low levels of normal contact pressure must be used to reduce the 

resulting Crossland parameter values into the safe zone. These contact pressures are 
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much lower than those used in many of the experimental cases that did not result 

in catastrophic failure. This suggests that the approach used to create this map (in 

particular the fact that Q/pN is taken to be unity — the most severe case) is overly 

conservative. 

In Figure 3-2, a fretting map displaying isocontours of the normalized Crossland 

parameter is shown for varying values of both fj, and applied cyclic stress amplitude, 

i.e., the Crossland parameter has been calculated while incorporating a range of cyclic 

stresses. The Ordinate on this map corresponds to the amplitude of cyclic stresses 

applied to the substrate; the value is normalized by the maximum contact pressure 

(po). The map is utilized in a procedure similar to that described above, but the first 

step is to enter the map from the left side at a value corresponding to the ratio of 

applied cyclic stress to maximum contact pressure. 

It should be noted that the isocontours of the normalized Crossland parameter 

in this plot are much greater than those observed in Figure 3-1. In fact, use of this 

failure map with any of the actual experimental conditions tested predicts failure in 

all cases, and by a large margin. Since many fretting tests do not exhibit failure, this 

suggests that this particular map is not of great value in predicting failure. We may 

postulate that bulk stress effects are of little importance in determining whether or not 

significant damage will result because of localized fretting contact stresses. Rather, 

bulk stress levels determine whether any cracks that might nucleate will propagate 

into the substrate and result in catastrophic failure, or merely self-arrest because 

insufficient crack extension driving force exists outside of the zone of influence of the 

contact stresses. 

The final fretting map displayed (Figure 3-3) shows values of the normalized Cross- 

land parameter with simultaneous variation of coefficient of friction and the ratio 

Q/ßN. This map has proven to match most consistently the trends of experiments 

on aluminum alloys, and it indeed gives the closest approximation of actual contact 

conditions. This map demonstrates the strong dependence of the Crossland parameter 

on tangential tractions for fretting contact, and the same parameter seems to weigh 

heavily in determining the amount of damage that will result during experiments. 

48 



1.5 1 | 1 
1.4 

1.3 

1.2 

1.1 - 
, 

1.0 

|*l 0.9 - 

0.8 - 

0.7 

0.6 

0.5 - 
1.1 1.9 

2.7             1 
3.4 4.2 

5.0 

5.8 

5.6 

0.4 - 

1 1 1             1 1   ,    I 1        1 
| 

0.3 
0 0 0 1 

* 
0.2 

r 
0.3 0.4 

c app ,f\f\ 

Bulk stress amplitude normalized by po 

Figure 3-2: A Crossland criterion fretting map showing simultaneous variation of the 

amplitude of applied bulk fatigue stress (o"app) and ß. Crossland parameter values 

calculated using bulk stress values are extremely high. 

3.5    Considerations relevant to fretting failure maps 

Several characteristics of the fretting failure maps described here and important con- 

siderations for their application merit mention here: 

1. The maps described here are created using a stress invariant-based fatigue fail- 

ure predicition criterion. Therefore they are only useful for predicting whether 

or not failure is likely under a given loading condition; they offer no estimate of 

fatigue life. 

2. Maps shown in this work are created for the case of sphere-plane contact of 
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Figure 3-3: A Crossland criterion fretting map showing simultaneous variation of the 

ratio Q/fiN and ß. This map has demonstrated the most favorable comparison with 

actual experimental data. 

like materials subjected to relative sliding displacements corresponding to max- 

imum stick-slip displacement under fully elastic loading conditions (5^). The 

same conditions for validity of the Mindlin and Hamilton solutions discussed in 

Chapter 2 must exist for the maps to be meaningful. 

3. Values of stress invariants used to calculate the Crossland parameter are those 

calculated for the contact surface. Figure 3-4 is a plot of normalized Crossland 

parameter values as they vary with depth below the contact surface (normalized 

by the contact radius, a) and with p.   Note that the maximum value of the 
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Crossland parameter for any given coefficient of friction above ß = 0.3 occurs at 

the contact surface, just as the von Mises equivalent stress reaches a maximum 

value at the contact surface for stick-slip and sliding contact. Thus it is only 

necessary to consider the stress fields at the contact surface to obtain the most 

conservative estimate of the Crossland parameter. 

4. In Chapter 2, sphere-plane contact is offered as a viable model for fretting 

fatigue on two size scales. The first is macroscopic, with contacting bodies 

whose size are on the order of the blade and disk in turbine engines; the second 

is microscopic, and contacting bodies are the size of the asperities that cover 

the surface of the macroscopic components. Procedures for using the maps do 

not change, although knowledge of loading conditions must be known at the 

appropriate size scale. Application of the analytical approach at a microscopic 

scale is more likely to be successful from a statistical viewpoint. Since there are 

many more contact sites when asperities are considered than there are when 

macroscopic contact alone is examined, there is a greater chance that the entire 

contact area will exhibit behavior consistent with the theoretical prediction. 

The usefulness of the fretting failure map approach to predicting and designing 

for HCF is ultimately determined via comparison to experimental data. 

51 



0.96 

0.30 0.35 0.40 

M- 
0.45 

Figure 3-4: A Crossland criterion fretting map showing simultaneous variation of the 

amplitude of z/a and ß. The maximum Crossland parameter values are realized at 

the surface for all JJL ^ 0.3. 
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Chapter 4 

Three-Dimensional Elastoplastic 

Finite Element Analysis of Fretting 

Fatigue 

4.1    Motivation 

Elastic fields for axisymmetric sphere-plane contact are known analytically for several 

cases. The works of Huber (1908), Mindlin (1949), Mindlin and Deresiewicz (1953), 

Deresiewicz (1957), Hamilton and Goodman (1966), and Hamilton (1983) taken to- 

gether give the appropriate equations to describe the fields related to incipient full 

slip from a complete stick condition, partial slip, and steady-state full slip. Mindlin 

and Deresiewicz (1953) first described the evolution of tangential loads (Q) up to 

the point of sliding in closed form for elastic contact. Analytically intractable for its 

dual contact geometry and material property nonlinearities, though, is the evolution 

of stress-strain fields and Q with increasing tangential displacement for cases where 

plastic deformation occurs during a loading cycle. This case is of interest, occurring 

frequently in aircraft service conditions. Knowledge of the plastic strain accumulation 

behavior, for example, would permit application of a Coffin-Manson-type life predic- 

tion criterion to fretted components. The finite element computational method, as 

applied by Giannakopoulos and Suresh (1998) in their three-dimensional analysis of 
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fretting fatigue, lends itself to study of this type of plastic loading. 

4.2    Three-dimensional sphere-plate model 

The three-dimensional (3D) finite element model of sphere-plane contact developed by 

Giannakopoulos and Suresh exploits the symmetry about the principal plane contain- 

ing the direction of sliding. Rather than using the ~100,000 eight-noded, trilinear 

elements required for acceptable resolution using a 3D mesh for a straightforward 

FEM simulation, they utilize Fourier expansion of the displacement fields around the 

center of contact. The displacement field is described by a cylindrical coordinate 

system (p,z,0) whose origin is the center of contact. In this system, z is the vertical 

depth in the direction of normal indentation, p is the radial distance from the vertical 

axis, and 6 is the circumferential angle measured from the direction of sliding (see 

Figure 4-1). For convenience in reporting some results, the p-9 plane is described with 

a Cartesian coordinate system where the x-direction is parallel to the direction the 

indentor slides and the y-direction is perpendicular to the x-axis. If u, v, and w are 

Figure 4-1: (a) A schematic and coordinate system for fretting contact, (b) A view 

of the same from the top, including the cylindrical coordinate system. After Gian- 

nakopoulos and Suresh (1998). 

the radial, circumferential, and axial components of the displacements, the Fourier 
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expansion of the displacement field is given by 

M 

u(p, z,8) = J2 <{p, z) cos(2n9), (4.1a) 
n=0 
M 

v(p,z,9) = Y,<(P^)^(^9), (4.1b) 
n=0 
M 

w(p, z,e) = ^2 <(p, z) cos(2n#), (4.1c) 
n=0 

where c and s indicate the corresponding amplitudes of cosine and sinusoidal terms. 

Equations (4.1) map the 3D displacement field onto a radial-axial (p,z) plane 

of reference that contains the direction of sliding; their computational advantage is 

that they converge rapidly. M = 0 corresponds to a two-dimensional analysis of 

axisymmetric deformation. Prom J0rgensen's work (1993, 1997), it is known that 

series expansion of M = 2 produces good convergence for the 3D case. The model 

assumes linear kinematics and small strains. In the principal plane, field variables 

are resolved in terms of four-noded isoparametric elements; the number of degrees 

of freedom per node is dependent on the choice of M. The stiffness of each ring- 

element is integrated using full Gaussian integration on the radial-axial (symmetry) 

plane. The integration in the circumferential direction uses the trapezoidal rule with 

six integration points and involves products of harmonic functions of 9. A fully 3D 

solution then results with a computational cost only slightly larger than that required 

for a planar, two-dimensional solution. 

The substrate material is modeled as isotropic, linear elastic, with the option to 

introduce the associative flow rule with isotropic or kinematic strain hardening. The 

spherical indentor is approximated as a rigid paraboloid of revolution with radius 

R, where z — r2/(2R) describes the related parabola. The model can incorporate 

Coulomb friction with any value between p —> 0 (frictionless) and p —> oo (perfect 

stick) within each element, but in this analysis the friction coefficient is set constant 

on the plane of sliding. Further details of the finite element formulation are as de- 

scribed by Giannakopoulos and Suresh (1998). Contact conditions are achieved with 

displacement control of the mesh; outer mesh boundaries are moved relative to the 
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rigid, stationary indentor to create the same conditions that are realized in actual 

fretting contact. 

The methodology for determining finite element model inputs is as follows: First, 

a desired maximum normal contact pressure (pmax) is selected. Selection of pmax de- 

pends on whether the user wishes to model fully elastic contact conditions or elasto- 

plastic contact. Ponter et al.'s (1985) predictions for the steady-state behavior of 

a circular region under normal and tangential loading were consulted to determine 

whether loading conditions would be fully elastic or possibly involve stresses above 

the yield point (see Figure 4-4). A characteristic length for the mesh dimensions 

was selected, and a contact radius (a) was chosen such that the surface of the rigid 

indentor would contact no fewer than 12 nodes in the most refined mesh area upon 

initial normal loading. Contact with at least twelve nodes corresponds to a contact 

diameter that is at least half of the length of the top surface of the most refined 

section of the mesh. Maximum relative sliding displacements for all models are an 

order of magnitude smaller than contact radius, thus no portion of contact occurs 

outside of the most refined mesh section. 

After determination of pmax and a, the normal load (N) is given by 

JV=^=, (4.2) 

and the radius of the sphere (R) by 

with K defined as 

AE     ' 

as in Section 2.1. The shape of the spherical indentor is approximated in the finite 

element model as a rigid, axisymmetric paraboloid, described by 

where p' is a characteristic dimension equal to 24 times the length of the internodal 

distance of the most refined mesh section. Since this section consists of 24 elements, 
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p' is also the length of the most refined mesh section. The modeling application 

generates the appropriate parabola (which effectively becomes a paraboloid upon 

integration of the axisymmetric solution) based on the value input for z. 

The finite element model utilizes a rigid, immobile indentor geometry, meaning 

that the substrate material is effectively 'pushed' into the indentor to simulate normal 

loading, and then is moved back and forth, in the opposite direction of the tangential 

motion of the sphere. The vertical distance which the substrate material block is 

displaced toward the tip of the indentor to simulate normal loading (a1) is given by 

a '=   —-     • (4-5) 

This a' is one-half the a described by Eq. 2.2 to account for an indentor described as 

a completely rigid body that must be modeled as if it has a compliance equal to that 

of the substrate. 

Other input parameters include the appropriate elastic constants for materials be- 

ing modeled; these are given in Tables 4.1 and 4.2. For cases incorporating plasticity, 

the choice of isotropic or kinematic hardening is input directly, and the amount of 

hardening is described by linearization of the appropriate uniaxial stress-strain curve. 

The hardening curve may be modeled using as many linear segments as desired; for 

this study it was always taken to be a single continuous line. 

The utility of this model lies in its 3D nature. Fretting contact is a 3D problem; 

the mechanical response of materials subjected to it arises in part because of the 

constraints imposed by material that completely surrounds the fretting zone. Any 

two-dimensional model neglects these constraints, and its results are of limited value. 

A 3D model renders all displacements determinant, whereas a 2D model does not. 

Figure A-l in Appendix A shows a magnified displacement field created for a normal 

contact case, emphasizing the 3D form of the model. 

4.3    Analysis of elastic cases 

FEM analyses for fretting contact of a spherical Ti-6A1-4V indentor contacting a 

planar substrate of identical material were conducted for various normal loads, ball 
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diameters, and values of average friction coefficient. In all cases, contact conditions 

were chosen such that the Mises stress was everywhere well below ry. This includes 

a normal loading step as well as a subsequent tangential displacement equal to that 

when tangential force (Q) is equal to fiP (i.e., the point where global sliding com- 

mences). Thus, the onset of plasticity was not expected, and model cases where 

analyzed using the FEM model with no possibility for material plastification. Av- 

erage CPU time on a DEC 3000 32-bit processor for normal loading steps was on 

the order of 1300 s. Subsequent tangential displacements were modeled as a single 

displacement to the maximum displacement value. Processor time for the tangential 

displacement step was slightly less, on the order of 900 s. Since the model is fully 

elastic, displacement to the maximum distance in the opposite direction will yield 

fields that are a reflection about the z - y plane of those obtained for the complemen- 

tary sliding direction. Therefore only one quarter of a complete fretting cycle must 

be analyzed to fully know the fields associated with fully elastic contact conditions. 

Figure 4-2 is a picture of the von Mises equivalent stresses1 in a Ti-6A1-4V sub- 

strate beneath a 12.7 mm diameter spherical indentor of the same material. The 

normal load (N) applied is 10 N. Notice that the maximum von Mises stress is be- 

neath the contact surface at a depth z pa |a; this is true for all materials with v = 0.3. 

For the Ti alloy shown here, v is taken to be 0.321. The von Mises stress serves as an 

indicator of imminent plastic yielding. In Figure 4-2, the maximum von Mises stress is 

710 MPa, well below the material yield stress of 925 MPa. Figure 4-3 shows the same 

modeled case following tangential displacement to the maximum distance attainable 

before global sliding commences under pure elastic loading (<5^). The maximum 

von Mises stress increases in magnitude, and shifts up and toward the back edge of 

contact. The coefficient of friction (//) is fixed as 0.7, dictating that the maximum 

von Mises stress will be at the surface, as it is for all p > 0.3. 

1The von Mises equivalent stress (<r) is given by 

+ 3<7|3 + 3o|! + 3CT2
2 

in terms of all components of stress and by ä = J fsysy in terms of the stress deviators. 
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Figure 4-2: Von Mises equivalent stress (ä) for a Ti-6A1-4V sphere, <fi = 12.7 mm, 

contacting a plane of the same material with a normal load of 10 N. The maximum 

von Mises stress is below the surface at a depth z f« \a. 

In addition to a simple elastic analysis of fretting contact in the Ti-6A1-4V system, 

an elementary method of modeling residual stresses present prior to fretting contact 

is available. Residual stresses of —0.95cry (a typical value following shot or laser peen- 

ing), —0.5cry, 0.5ay, and 0.95cry were imposed by displacement of mesh boundaries. 

Normal indentation and subsequent fretting displacement were then simulated by ad- 

justing model inputs in the usual way described above. Because the accumulation 

of plastic strains in fretting contact is influenced mainly by the local contact fields, 

the imposition of residual stress in the bulk substrate does not significantly alter this 

quantity for a given loading condition. As mentioned in Chapter 3, bulk stresses be- 

come of importance in determining whether a crack that has initiated will propagate 

or self-arrest, and compressive residual peening stresses are beneficial because they 

reduce the magnitude of crack-tip opening (tensile) stresses. 

4.4    Analysis of plasticity 

To more fully exploit the capabilities of the finite element model, cases where plastic 

yielding and flow occur are also considered. Giannakopoulos and Suresh (1997) have 
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Figure 4-3: Von Mises equivalent stress (ä) for the loading case in Fig. 4-2; the 

sphere has been slid to the maximum elastic sliding displacement, with fi = 0.7. The 

maximum von Mises stress is located at the trailing edge of contact. 

analyzed plastic cases with the model described here for frictionless normal contact 

and fretting contact with a coefficient of friction (//) equal to 0.7. They found that 

the elastic shakedown limit for frictionless normal loading and unloading was 

3P ft 
2na2rv 

= 4.5. 
T„ 

(4.6a) 

Similarly, they found the elastic shakedown limit for fretting with \x — 0.7 to be 

ftnax 
= 1.4, (4.6b) 

and the shakedown limit against incremental growth of surface strains (so-called 

'ratchetting') to be 

ft = 1.5. (4.6c) 

Their findings agree with Ponter et al.'s (1985) theoretical upper limit of 

ftnax = 4.675 
T„ 

(4.7a) 

for elastic shakedown and the upper bound for incremental surface strain growth of 

1 ftnax   

Ty H 
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Material Value (s) 

Property 

°y 925 MPa 

E 115.7 GPa 

G 43.8 GPa 

V 0.321 

V 0.3, 0.5, and 0.7 

Table 4.1: Material properties of interest for Ti-6A1-4V. ay is tensile yield strength, E 

is Young's modulus, G is the shear modulus, v is Poisson's ratio, and ß is the kinetic 

friction coefficient. 

for fi > 0.3. The theoretical predictions of Ponter et al. are summarized in Figure 4-4. 

Shown are the upper bound to elastic shakedown limit against alternating plasticity, 

the upper bound to plastic shakedown limit against incremental growth, the upper 

bound to elastic shakedown limit against incremental growth of surface strain, the 

elastic limit, and the lower bound to elastic shakedown limit. 

For stick-slip conditions in elastic contact, Mindlin and Deresiewicz (1953) plot 

the development of tangential load (Q) with increasing tangential displacement (8), as 

shown in figure 4-5. Referring to Figure 4-5(a), notice that global sliding commences 

at a maximum displacement, 5siide. Figure 4-5(a) is for elastic loading, however. 

The value of 8SMe increases when material beneath the contact plastifies during the 

loading, as shown in Figure 4-5(6). Equivalently, tangential load (Q) develops more 

slowly over a given sliding displacement. 

4.4.1    Evolution of tangential load 

Giannakopoulos and Suresh (1997) have demonstrated using their finite element 

method approach how plasticity alters the evolution of T under elastoplastic loading 

conditions for one particular case of fully reversed sliding between a sphere and plane. 

Figure 4-6 compares the evolution of T as it changes with relative sliding distance 
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Figure 4-4: Steady-state behavior of a circular region under various tangential and 

normal loads. After Ponter et al. (1985). 

for an elastoplastic loading case and a case using the same loading conditions but 

without the possibility of plasticity. This 'artificial' elastic case provides a lower limit 

for the amount of relative sliding that must occur before global sliding commences. 

The presence of plasticity, though, in particular unconstrained plastic flow at the sur- 

face of contacting bodies, effectively increases the tangential compliance (dQ/d5) of 

the system. More relative displacement may occur before development of the maxi- 

mum (i.e., global sliding) tangential force because of this plastic compliance. Further, 

plasticity produces the hysteresis response shown in Figure 4-6. (The loop stabilizes 

upon the third reversal of the tangential load.) It is analytically difficult to know 

exactly how much additional sliding is possible because of plasticity. It is a function 

of the material's plastic hardenability and how much plastic flow occurs as surface 

plasticity, unconstrained by surrounding elastic material. 
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slide, pi. 

Figure 4-5: The change in maximum relative sliding displacement between a sphere 

and plane (without global sliding) for elastic loading and conditions of plasticity, (a) 

shows that Q becomes equal to \xP at a particular displacement <5siide and global 

sliding commences. In (b), plasticity allows relative motion greater in magnitude 

than the displacement 4iide shown in (a) to occur before global sliding occurs. 

The finite element model has been used to explore this phenomenon in more 

detail. The material system investigated is a high-strength aluminum alloy typically 

used as a structural material in military aircraft: Al 7075-T6. Properties are listed 

in Table 4.2. The loading condition simulated was as follows: sphere radius (R) of 

1.435 mm, normal load (JV) of 1.145 N, contact radius (a) of 0.025 mm, maximum 

contact pressure (pmSiX) of 874.7 MPa, and a relative normal displacement (a) of 

0.7143 ßm. The maximum contact pressure is chosen to be below the yield strength 

of the material; upon the initial normal loading step, minimal plasticity ensues, and it 

is limited to a small area beneath the contact surface. The material strain hardening2 

was initially specified to be relatively low (4.3% ) and was assumed to be isotropic; 

the model exhibits a nearly elastic-perfectly plastic response. 

After normal loading, the sphere is slid to its maximum elastic displacement, as 

given by Eq. 2.8c. For the initial case, where /J, was taken to be 1.3 to reflect experi- 

mental values, a complete fretting cycle was modeled with 25 sliding steps, and each 

step in 5 increments. Five steps, each of equal tangential displacement magnitude, 

were programmed for sliding from the initial starting point to the maximum positive 

2 Strain hardening is defined here as the increase in yield strength for a strain of 1.0, expressed as 

a percentage of Young's modulus for elastic loading. In the model, yield strength increases linearly 

from its value at the maximum elastic limit as a function of accumulated plastic strain. 
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Figure 4-6: Evolution of T with relative sliding displacement for a fully reversed 

loading cycle of sphere-plane contact. The solid line shows the elastoplastic case, and 

the dashed line represents identical loading conditions, but with plasticity inhibited 

in the finite element model. After Giannakopoulos and Suresh (1997). 

displacement, from the maximum displacement back to the initial starting point, from 

the starting point to the maximum negative displacement, etc. This allows the model 

to converge many more times within a given magnitude of sliding displacement than 

it did for elastic calculations, and is necessary to achieve convergence with a substan- 

tially more complex model (i.e., one that accommodates plasticity). For subsequent 

cases, the fretting cycle was modeled in only five steps, each again incorporating a 

movement to the maximum elastic sliding displacement from the starting position or 

vice versa. A higher number of increments within each step — 25 instead of only 5 — 

was used to ensure convergence throughout. Tangential force was monitored during 

the fretting cycle. For the case of ß = 1.3, modeled in 25 sliding steps, the average 

computational time required per step was 1890 s, for a total time of 47,240 s (13.1 h) 

to model a single fretting cycle. For a typical case modeled in five steps, the time 

per step increased to an average of 6829 s, with the total time to model a complete 

fretting cycle decreasing to 34,150 s (9.5 h). 

The only model parameter varied in this series was the coefficient of friction. As 

the maximum elastic sliding displacement is a function of fj,, it changed with each 

test. In addition, the value of fj,N (the maximum value of Q attainable) changes for 
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Material Value (s) 

Property 

Oy 505 MPa 

E 70.3 GPa 

G 26.1 GPa 

V 0.33 

ß 0.4, 0.7, and 1.3 

Table 4.2: Material properties of interest for Al 7075-T6. oy is tensile yield strength, 

E is Young's modulus, G is the shear modulus, v is Poisson's ratio, and p is the 

kinetic friction coefficient. 

V Ä (A*"») pN 

1.3 0.714 1.489 

1.0 0.549 1.145 

0.7 0.385 0.801 

0.4 0.220 0.458 

Table 4.3: Coefficient of friction and maximum sliding displacements used for elasto- 

plastic FEM models of fretting contact in Al 7075-T6 alloy. 

each case. Values are given in Table 4.3. 

Figure 4-7 shows the development of tangential force as a function of sliding 

displacement. For comparison the ordinate is normalized by pN; the abscissa is 

normalized by 8^.. As coefficient of friction increases, the initial dQ/d8 decreases 

so that a smaller portion of the maximum tangential load is developed within the 

first portion of the fretting cycle. Hysteresis response is more pronounced for higher 

friction coefficients, though, so that after completion of the full fretting cycle and 

returning to positive maximum displacement, the tangential force developed is sig- 

nificantly higher. The lower friction coefficient tests develop a greater percentage of 
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the maximum tangential load upon initial loading, and exhibit a small amount of 

hysteresis, with the tangential force-displacement curve nearly closing upon itself on 

returning to the maximum positive tangential displacement. 
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Figure 4-7: The evolution of tangential loads with sliding displacement for various 

coefficients of friction. The initial normal loading is identical for all cases, and strain 

hardening is modeled to be 4.3%. 

These trends are consistent with the expected effects of plasticity as observed by 

Giannakopoulos and Suresh. Higher friction coefficients will lead to the development 

of higher contact stresses, hastening the growth of plasticity. Plastic flow increases the 

tangential compliance and increases the amount the sphere may be slid before global 

sliding occurs. In addition to the hysteresis response associated with irreversible plas- 

ticity, there is an additional effect of strain hardening that causes the final tangential 

force reached at maximum displacement to be higher than it was upon initial positive 

displacement. The finite element model permits a quantitative characterization of 

the increase in compliance and (with further tests) of the effects of strain hardening. 

Note that in all force-displacement plots, an elastic response curve is given for 

reference.  This is of course an imaginary reference, and a word about its nature is 
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in order so that it is not misleading. It is most important to note that the elastic 

response will not be observed in these simulations, because loading conditions are 

deliberately chosen to cause plasticity. Therefore, relative displacements may never be 

high enough to allow development of the limit tangential load, i.e., Q = JJLN. Indeed, 

the model does not have the capability to simulate an instance of global sliding. At 

the commencement of sliding, contact boundary conditions become ill-posed with an 

unbounded displacement of the mesh, and numeric instability ensues in employing 

the finite element method. For observation of tangential load and displacement for 

cases of global sliding, precise experimentation remains the only option. 

The other elastic reference curve characteristic one must note is its false symmetry. 

In actuality, the curve shown is a set of two Mindlin curves for the development of 

tangential force for initial tangential loading; the half extending to the upper right 

corner of the plot corresponds to a loading in the positive sense, and the other half is 

for an initial loading in the opposite direction. These respective initial loadings are 

the Q and Q* of Chapter 2. A more accurate idea of the expected elastic response 

is the one portrayed in Figure 2-5, as it is noted in Chapter 2 that compliance upon 

unloading is initially identical to that observed on initial loading. The reference curves 

are included as they are to give the reader a sense of how forces developed in fully 

reversed loading approach their maximum possible magnitude throughout a loading 

cycle. 

4.4.2    Increased strain hardening 

The first load-displacement curves shown in this chapter were for models incorpo- 

rating a relatively low amount of strain hardening. Other simulations demonstrate 

the effects of increased strain hardening, which more accurately approximates an 

engineering alloy's response. Figure 4-8 shows load-displacement curves for the Al 

7075-T6 alloy modeled previously, but now strain hardening is ~15%. It can be seen 

that the trends in maximum tangential load achieved for the maximum elastic dis- 

placement remain the same as before, i.e., lower friction coefficients correspond to the 

realization of a higher percentage of the maximum possible tangential load (because 

67 



there is less plastic compliance). However, the marked difference in Q from the first 

time displacement reaches the maximum positive distance to the second time has dis- 

appeared. We may postulate that a more rapidly strain hardening material reaches 

its steady-state response to cyclic plastic loading sooner than does an alloy without 

a high degree of strain hardening. 

Two identical loading cycles are shown in Figure 4-8, both with /j, = 1. The 

simulations performed to produce this response incorporated different material yield 

strengths. The cycle which attains a higher percentage of the maximum possible 

tangential load has a ay of 505 MPa, the yield strength of Al 7075-T6; the curve 

for fj, = 1.0 that realizes a lower maximum value of Q has ay of 276 MPa, the yield 

strength of Al 6061-T6. As expected, the case where less plasticity develops, i.e. the 

alloy having a higher yield strength, develops a higher percentage of the maximum 

possible tangential load. 
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Figure 4-8: The evolution of tangential loads with sliding displacement for various 

coefficients of friction. The initial normal loading is identical for all cases, and strain 

hardening is modeled to be 15%. See related discussion. 

The usefulness of predicting the increased tangential compliance due to plastic 
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yielding in fretting contact lies mainly in its application to experimentation. The 

analytic methods used to predict experimental conditions are based on fully elastic 

solutions, which do not account for effects of plasticity. An anticipation that tangen- 

tial loads developed in fretting contact will not achieve values as high as an elastic 

analysis would predict — which is what the FEM analysis suggests — suggests to 

the experimentalist that increased relative sliding displacements are necessary to cre- 

ate the contact stress fields predicted by a purely elastic approach. Similarly, this 

indicates that the contact stress fields in service components may not be as high as 

an elastic analysis of an in situ measurement of relative sliding displacements might 

suggest, simply because of the increase in compliance caused by plastic yielding. 

4.4.3    Accumulation of equivalent plastic strains 

Knowledge of the plastic strain response of the sphere-plane system is also useful for 

life prediction. In particular, if the equivalent plastic strain increment (Ae^) per 

fretting cycle is known, component life may be predicted via a Coffin-Manson (1959, 

1960, 1962) type relation of the form 

^)    =e't(2NfT, (4.8) 
z /pi 

where e'f is the fatigue ductility coefficient3, 2N{ is the number of load reversals to 

failure, and c is the fatigue ductility coefficient4. Equation 4.8 has been found to 

describe LCF behavior of metals. However, because it predicts failure based on the 

accumulation of local plasticity, the same approach may be valid for HCF situations. 

The finite element model directly provides the equivalent plastic strain (e^) accu- 

mulated at any given loading step. Figure 4-9 depicts the accumulation of equivalent 

plastic strains throughout a loading cycle. There are plateaus in this quantity corre- 

sponding to unloading and a reduction in magnitude of tangential force. The value 

returned following the final displacement step may be taken to be the plastic strain 

increment per loading cycle.  The equation normally used for a strain-life approach 

3e'f is approximately equal to £f, the true fracture ductility in monotonic tension. 
4Equal to -0.5 to -0.7 for most metals. 
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to fatigue design, 

^ = ^£(2^ + ^(2^)' 
E    V~i,      ■    ~rv»V/    » (4-9) 

which accounts for elastic and plastic components of total strain, is not used because 

the model gives plastic strains directly. 

Figure 4-9: The evolution of equivalent plastic strain through one and a half fretting 

cycles. Plateaus in the value of plastic strain correspond approximately to load re- 

versals, where tractions have suddenly decreased in magnitude and must increase to 

cause further plastification. 

Because the hysteresis response of the system is expected to stabilize following 

one full fretting cycle, the accumulation of plastic strain will diminish in subsequent 

cycles. A more realistic life model would result from using the plastic strain increment 

observed over the second (or even third) fretting cycle. However, using the value at 

the end of the first cycle is a conservative approach for design purposes, and promises 

to be an improvement on the Goodman diagram approach. 

Plastic strain accumulation for a single fretting cycle under various loading cases 

are summarized in Table 4.4, along with the predicted number of cycles to failure using 

Eq. 4.8. All simulations are depicted in Figure 4-10 according to their classification 

using Ponter et al.'s criteria. It is desirable to determine a relationship between the 
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accumulation of plastic strain for a given fretting load condition and where it falls 

within a given regime of elastic or elastoplastic behavior. If a recognizable trend in 

any regime can be established based on a few simulations, prediction of fatigue life 

using accumulated plastic strains could be accomplished with knowledge of only the 

fretting conditions, parameters which have recently been experimentally determined. 

If valid, this approach is not limited only to sphere-plane contact, but applies to any 

axisymmetric contact geometry that the model can simulate. 
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Figure 4-10: Showing steady-state elastoplastic behavior of a circular region under 

various tangential and normal loads and into which region of predicted behavior 

fretting simulation loading conditions place them. After Ponter et al. (1985). 

Test A# (%) Pred. elastoplastic behavior Pred. fatigue life 

1 21.5 Ratchetting 3 
2 9.43 Fully reversed 15 
3 7.47 Fully reversed 23 
4 17.8 Ratchetting 4 
5 20.8 Ratchetting/fully reversed 3 
6 5.39 Fully reversed 43 
A 7.21 Fully reversed 22 

Table 4.4: Accumulation of plastic strains for fretting simulations. Each accumulation 
occurs over initial loading and two subsequent reversals, with final tangential force 
at its maximum value. Test A is a simulation of the experimental test A, described 
in Chapter 6. 

It is necessary to know which type of plastic response — a fully reversing plastic 
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strain (Aef) or a monotonically increasing strain (Aer) — to expect for cyclic plastic 

loading conditions. A fully reversed plastic strain increment is associated with LCF 

failure; a monotonically increasing plastic strain is associated with ratchetting, where 

growth of plasticity is unencumbered because a free surface is available. Kapoor 

(1994) discusses both of these mechanisms, and points out that they may compete. 

For contact conditions that are close to the border of the fully reversed flow regime 

and the ratchetting regime (as are the cases simulated here; see Figure 4-10), deter- 

mination of the prevailing failure mechanism is difficult or impossible. 

The appropriate life prediction relations are 

Nr = ec/Aer (4.10) 

for failure by ratchetting, where iVr is the number of cycles to failure under ratchetting, 

ec is a critical accumulated plastic strain, and Aer is the accumulated ratchetting 

strain per cycle; 

describes failure by LCF; it is a form of Eq. 4.8. For the Al 7075-T6 alloy modelled 

in these simulations the relevant material properties are as follows: e'/ = 0.19 and 

c = -0.52 [see Fuchs and Stephens (1980)]. 

4.5    Remarks on the approach 

The prediction of fatigue life for components subject to fretting loads may be ac- 

complished via a finite element method determination of equivalent plastic strain 

increment per loading cycle. A drawback of this approach is that it is generally 

associated with LCF failure. Further, there may be competing failure mechanisms 

operating within a fretting fatigue damage site. It will be difficult to know whether 

the ultimate failure will be due to fully reversed cyclic plastic flow or because of ratch- 

etting. If failure is by ratchetting, the critical plastic strain accumulation for failure 

must be determined.   (This quantity is not as well known for engineering alloys as 
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the constants c and e'f in the Coffin-Manson relation (Eq. 4.8 that describes the LCF 

failure associated with fully reversed plastic flow.) 

A single experimental case (test A described in Chapter 5) has been simulated us- 

ing the finite element method. The specimen tested exhibited a fatigue life of 420,000 

fatigue cycles. Application of the Coffin-Manson relation in the manner described 

predicts a fatigue life of only 22 cycles; the method seems overly conservative. More 

realistic fatigue life prediction may be obtained by monitoring the increment in equiv- 

alent plastic strain during fretting cycles subsequent to the first or second; in general 

the plastic strain increment will decrease substantially to a steady-state value after 

the first one or two fatigue cycles. 
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Chapter 5 

Design and Construction of a New 

Fretting Fatigue Test Apparatus 

5.1 Introduction 

An important aspect of this work has been the design and construction of an appa- 

ratus for performing quantitative fretting fatigue tests. The device allows accurate 

measurement and control of normal contact force, tangential contact force, relative 

displacement between contacting surfaces, and bulk fretting loads, and allows mea- 

surement of average coefficient of friction. Its design is simple, and features inter- 

changeable fretting contact pads, allowing use of various pad geometries without ma- 

jor adjustment. The device incorporates many points of adjustment for alignment and 

compliance, making it a robust frame for a wide variety of fretting-fatigue conditions 

involving different materials. This chapter addresses theoretical and practical design 

considerations for the device. The capabilities of this device are also demonstrated in 

Chapter 6 via fretting fatigue experiments conducted on a 7075-T6 aluminum alloy. 

5.2 Previous fretting fatigue test devices 

Experimental study of fretting fatigue in particular is fraught with difficulty. While 

the conditions of contact in fretting situations range from geometrically simple to very 
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complex in form, it is in all cases very difficult to replicate fretting contact conditions 

in a laboratory while maintaining a precise knowledge of what exactly the experi- 

mental conditions are. Several methods of fretting fatigue testing are available. One 

involves the use of an ordinary uniaxial fatigue test machine to hold a fretting spec- 

imen that is also laterally loaded by two fixed fretting pads. Relative displacements 

between contacting surfaces are caused by extension of the specimen and machine 

compliance. This type of frame was used by Nishioka and Hirakawa (1969a), Hoepp- 

ner and Goss (1974), Nowell (1988), and others. Another possibility is the use of 

a torsional fatigue test machine such as the one used by Endo et al. (1974), again 

laterally loading the specimen with fixed pads. Advantages of both of these machines 

are that they allow easy control of the specimen bulk stress level and permit use of 

different fretting pad geometries. Fenner and Field (1960) employed 'bridge'-type 

fretting pads, i.e., bracket-shaped contacts that produce flat contact in two places on 

each side of the specimen (see Figure 5-la). Milestone (1970), in contrast, used flat 

cylindrical pads, which give the advantage of creating a contact stress field that is 

analytically calculable in closed form. Vincent et al. (1992) criticize any fretting test 

\        / 
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Figure 5-1: a) 'Bridge'-type fretting pads and b) spherical replaceable fretting pads, 

assembly that uses fixed pads in conjunction with specimen bulk stress-induced rel- 
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ative displacements, citing a greater fretting-induced life reduction observed in tests 

than in actual service conditions, uncontrolled tribological conditions, and local over- 

stresses of the specimen caused by the fretting pad. In particular, they point out that 

the calculated displacement (due to extension or twisting of the specimen) is always 

less than the actual relative displacement between contacting surfaces because of the 

compliance of the pad supports. Their recommendation is to use the third main type 

of fretting test apparatus, one which uses a static specimen with a fixed stress level. 

Relative displacements are created by moving the fretting pads back and forth with 

an actuator. This approach also allows use of many types of contact pad geome- 

try, and perhaps a greater control over relative displacement between the contacting 

surfaces. Difficulty lies in construction of an actuator control system with which to 

move the pads. Here we also mention that controlling motion of fretting pads does 

not remove from consideration the issue of machine compliance as it relates to error in 

measured versus actual relative displacements. There remains some material between 

the point of actuator control and the point at which the pads contact the specimen; 

this also leads to a finite compliance in the pad system that must be accounted for. 

To our knowledge, no investigators have measured both tangential force and cyclic 

relative displacement during fretting fatigue tests; the apparatus described herein 

allows these measurements. Its design and construction are much simpler and more 

economical than the recently developed fretting test frames [c.f. Anton et al. (1997)], 

which utilize coordinated biaxial digital control. While such apparatus permit precise 

control of normal fretting loads synchronously and asynchronously at any phase angle 

with bulk axial specimen stress, they still suffer from serious difficulties in controlling 

cyclic displacements during fretting fatigue. 

The new test apparatus described here builds on the first type mentioned, i.e., it 

utilizes a tensile fatigue test machine with nominally stationary fretting pads. The 

design incorporates the advantages of other fretting test assemblies reported in the 

literature while overcoming many of the limitations of these frames. Notable among 

these features is use of interchangeable fretting pads. Any geometry may be uti- 

lized; one must simply create pad attachments that thread onto the permanent pad 
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Supports. The advantage is that small amounts of material may be used to create 

new fretting pads. The present work has utilized spherical fretting pads; these may 

be machined to any specified radius of curvature, but need never be larger than a 

cylinder 25 mm in diameter by ~25 mm in height (see Figure 5-16). This is highly 

desirable for testing titanium alloys and other materials that are costly to acquire 

and machine. 

Particular attention has been given in the development of this apparatus to the 

measurement of the actual relative displacements between the fretted surfaces. Rather 

than coarsely assume specimen extension at the point of contact to be equal to the 

relative displacement, an extensometer assembly has been included to record in situ 

displacement measurements between points on the fretting pad and on the specimen. 

These measurements may in turn be used to accurately determine the actual relative 

displacement at the point of contact, as described in Section 5.5. Vincent et al. 

(1992) claim that one of the key limitations of fretting test frames using fixed pads in 

conjunction with a uniaxial fatigue test machine is that the displacement developed 

during the test is solely a function of axial load applied to the specimen and a fixed 

and uncontrollable friction force. This is true for frames of a fixed compliance. It 

is noted that the present apparatus, however, offers means for adjusting compliance, 

both the compliance of the pad supports as well as the load train of the uniaxial 

test machine. This allows one to fix independently any combination of axial load, 

tangential load, and relative displacement within an envelope defined by material 

performance and machine actuator limitations. 

Important parameters to control and/or monitor in fretting fatigue tests include: 

(i) normal contact force, (ii) amplitude of relative sliding displacement, (iii) cyclic 

loading frequency and waveform, (iv) specimen residual and bulk stresses, (v) tan- 

gential load developed at the point of contact, (vi) elastic properties of contacting 

materials, (vii) environment and temperature, and (viii) microstructural changes in 

the specimen and pads. Some parameters are measured with greater ease relative to 

others, but meaningful comparison of fretting test data cannot be accomplished with- 

out accurate observation of all of these. It is with a mind to facilitate this effort that 
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we offer the following description of a fretting fatigue test apparatus, observations 

about its construction, and comments on its use. 

Section 5.3 offers a detailed description of the fretting fatigue test apparatus. Sec- 

tions 5.4 and 5.5 describe the parameters which may be measured using the apparatus 

and their measurement in practice, respectively. Section 5.6 contains observations on 

friction coefficient measurements, an area of particular experimental difficulty. Fur- 

ther experimental work is described in Chapter 6. 

5.3    Description 

5.3.1    Basic construction 

The fretting fatigue test apparatus is designed and constructed in conjunction with 

a servo-hydraulic uniaxial test system configured with a 10-kN load cell and capable 

of cyclic loading frequencies of 0-50 Hz. The actuator and load cell labeled LCI in 

Figure 5-2 are part of the servo-hydraulic test system; the remainder of the compo- 

nents in the test frame are fabricated independently and attached to it. As shown in 

Figure 5-2, the rigid base is constructed of hot-rolled steel and bolts directly to the 

base of the servo-hydraulic test machine. The top and bottom of this base are ma- 

chined to be parallel, and planarity is verified using a machinist's table. The points of 

support consist of steel bars which may be bolted anywhere along two sets of through- 

thickness slots cut out of the base. The bolts holding the points of support also attach 

the flexible plates on either side of the apparatus to the base. These cold-rolled steel 

plates may be of varying thickness and, along with adjustment of the position of their 

points of support, provide an appropriate amount of compliance for the fretting pad 

support assembly. The flexible plates attach to a stiff plate that spans the center of 

the test machine; attachment at both the points of support and the stiff plate is such 

that the plates behave as if they are beams with both ends fixed. Four load cells 

(labeled LC4, LC5, LC6, and LC7 in Figure 5-2) are threaded directly into the stiff 

plate and are used to measure tangential loads exerted on the fretting pads by the 

specimen. Linear bearings on both pairs of these load cells allow the horizontal trans- 
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Figure 5-2: Fretting fatigue test frame schematic 

lation of the cylinders that support the replaceable fretting pads. The load train for 

application of normal loads begins with an adjustable spring that extends normal to 

the vertical sides of the rigid base. Compression of the springs causes reaction forces 

that can be measured at the load cells labeled LC2 and LC3. The reaction force 

arises from resistance to cylinder motion by the linear bearing and, when the fretting 

pad contacts it, the countering force from the specimen. The resistance of the linear 

bearing is a "loss" of load in that the normal load on the specimen is necessarily less 

than that indicated by the load cells; this loss must be accounted for when calibrating 

the apparatus. Photographs of the test frame are shown in Appendix B. 

Specimens are flat-sided plates with reduced rectangular gage sections, machined 

from a 12.7 mm diameter cylindrical test specimen, and with threaded ends to facili- 

tate ease of alignment and slip-free support in the test machine. Various gage sections 

have been utilized to achieve various specimen compliances; the favored design has 

a gage length of 102 mm and a cross-sectional area of 41.6 mm2. Two bolts are 

counter-screwed against LCI and the actuator, respectively, to further decrease the 

likelihood of specimen slip relative to the uniaxial test machine. Specimens and the 

replaceable pads are shown in figure 5-3. 
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Figure 5-3:  A test specimen (top) and two fretting pads, shown with a 152.4 mm 

ruler. 

The extensometer assembly used to measure relative displacement between the 

pad and specimen is shown on Figure 5-2 to the right of the specimen and also in 

greater detail in Figure 5-4. In Figure 5-4, the first part of the holding unit for the 

extensometer is shown inserted between the replaceable fretting pad and its support 

cylinder. The horizontal length of this unit's horizontal arm may be adjusted so that 

the attachment point for the lower blade of the extensometer is the proper distance 

from the specimen, even if pads of varying thickness are used. The second part of 

the extensometer holding unit is simply a thin, rectangular (~5x20 mm) steel plate 

attached perpendicularly to the specimen with a super-glue. The upper and lower 

blades of the extensometer contact their respective holding units with knife edge 

contact surfaces. Both are held against the holding units with rubber bands that 

are looped around the specimen and permit free rotation of the extensometer blades 

relative to the holding units. In addition to the rubber bands, a super glue is applied 

along both knife edge contacts. This measure prevents sliding of the knife edges 

during the test, but does not inhibit their free rotation. 
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Figure 5-4: Schematic of the relative displacement measurement device 

5.3.2    Data acquisition 

Data are acquired from the 10-kN load cell onboard the uniaxial test machine, the 

six 100-N load cells used to measure normal and tangential loads on the specimen, 

and the extensometer strain gage. Lab VIEW® (1996) version 4.0, a PC-based, vir- 

tual instrument data acquisition system, is utilized for real-time graphical display 

and periodic storage of this information. Transducer output signals are conditioned 

with IC-based signal conditioning cards and with digital filters implemented within 

LabVIEW. 

Several LabVIEW data acquisition programs have been written for fretting tests. 

These programs are specialized to minimize computational cost for a desired applica- 

tion. Since normal loads are usually set and left constant throughout any given test, 

one program monitors only load cells 2 and 3, enabling immediate display of precise 
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real-time load values. A second program designed for use in friction coefficient tests 

monitors only load cells 1, 3, 6, and 7, and displays a real-time plot showing the sum 

of load cells 6 and 7 normalized by the value from load cell 1. A 'closed' curve (see 

Figure 5-5a) indicates a stick-slip condition, as tangential force varies directly with 

specimen elongation, but an 'open' curve (see Figure 5-56) identifies conditions of 

global sliding, with tangential forces plateauing above a given specimen displacement 

amplitude. See Section 5.5 for discussion of friction coefficient measurements. 

Axial 
force (N) 

Figure 5-5:  Showing a) 'closed' and b) 'open' plots of friction force normalized by 

axial force. 

The master data acquisition program displays and records data from all eight 

sensing devices. It permits zeroing of all load cell and strain gage readings, and 

allows a correction factor for the extensometer so that relative displacement between 

the two reference points may be accurately represented. Normal loads and friction 

loads are displayed. Plots that indicate a stick-slip or global sliding contact condition 

(as described in the paragraph above) are included for both the left and right fretting 

pads. The master program is typically used for observing and storing data from 

fretting fatigue tests. At a predetermined interval a complete data set is written to a 

spreadsheet file for subsequent analysis and observation of long-term trends. 
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5.3.3    Alignment and adjustment 

A critical concern for design of a fretting test fixture is alignment of its several com- 

ponents. Meaningful comparison of experimental results to theoretical predictions 

occurs only if a test frame is sufficiently robust to permit the realization of the theo- 

retical conditions to be duplicated. Here we describe the procedures taken to ensure 

alignment of the various components of the fretting apparatus. 

The most fundamental level of alignment in the fretting fixture is that of the frame 

itself relative to the uniaxial test machine to which it is attached. The base of the 

servo-hydraulic test machine was assumed to be flat, although subsequent alignment 

of other components means this assumption need not be true to have an aligned test 

system. As previously described, the top and bottom surfaces of the fixture base were 

verified to be plane and parallel to ±100 /an. Machining tolerances for all components 

were within ±25 /«n, thus complementary components on either side of the fixture's 

vertical axis of symmetry are nearly identical. A cylindrical brass sleeve was machined 

with an inner diameter slightly larger than the maximum diameter of the test machine 

actuator and an outer diameter slightly smaller than the circular hole cut out of the 

stiff plate on the fixture. The cylinder was made to simultaneously fit around the 

actuator and within the hole in the stiff plate while the fixture was tightly bolted to 

the test machine. Thus, the center (taken to be the center of the cut-out in the stiff 

plate) of the fixture corresponds to the center of the test machine actuator. Along 

an axis that intersects this center point, the actuator travels within a close-fitting 

cylinder that is normal to the stiff plate. Since the stiff plate is already known to be 

parallel to the fixture and servo-hydraulic test machine bases, the movement of the 

test machine actuator can be verified to be along the vertical axis of symmetry of the 

entire assembly. 

At the top of the close-fitting brass sleeve described above are cut two holes aligned 

perpendicular to the longitudinal axis of the sleeve, with diameters corresponding to 

the diameter of the pad support cylinders. With the brass sleeve in place around the 

actuator and within the stiff plate, the pad support cylinders were placed through 

the aligned holes, and their support structure (including the linear bearings and load 
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cells 4, 5, 6, and 7) was attached to the stiff plate. This ensures that the longitudinal 

axes of the cylinders are collinear. 

Overall fixture alignment may be set once and periodically rechecked by rein- 

stalling the brass sleeve. Alignment of specimens must be accomplished prior to 

every test, however. To facilitate specimen alignment, a special specimen was cre- 

ated with its sides carefully checked to be parallel to one another. This alignment 

specimen was then installed in the servo-hydraulic test machine. Ink was placed on 

the ends of fretting pads installed in the fretting fixture, and they were pushed into 

contact with the specimen. The locations of the ink spots left on the specimen sides 

were noted, and the alignment adjusted (via rotation about the specimen longitudinal 

axis) if the marks were not centered front-to-back on the specimen sides. The process 

was repeated until ink spots were centered front-to-back on the specimen sides; the 

specimen was then taken to be aligned with its sides normal to the longitudinal axes 

of the pad support cylinders. A straight edge was placed flat against either side of the 

specimen and extended to a fixed area on the actuator, where indelible marks were 

made corresponding to the location of the straight edge resting point on each side. 

Alignment of subsequent specimens is verified by installing them in the uniaxial test 

machine, then adjusting until a straight edge held against either side of the specimen 

rests on the marks made on the actuator. This technique has worked very well in 

practice; fretting scars are symmetric with respect to each other and aligned with the 

loading path of the pad support cylinders, hence they are known to be created during 

contact with the exact centers of the fretting pads. 

It is desirable to have the blades of the extensometer exactly normal to the side 

of the specimen during a test so that the measured displacement is known to be 

the relative displacement of the two points to which the blades are attached (see 

section 5.6). As described above, the point of support for the lower blade of the 

extensometer (attached between the right-side fretting pad and its support cylinder) 

may be adjusted so that it is the same distance from the edge of the specimen as the 

upper point of support (attached directly to the specimen). 
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5.3.4    System compliance 

Much of the robustness of this fretting fixture lies in its potential to have an intention- 

ally varied compliance. Desired combinations of normal force, tangential force, and 

relative displacement may be achieved by controlling the stiffness of the pad support 

assembly against tangential motion of the fretting pads. The means of controlling this 

stiffness are through the load train of the uniaxial test machine and by adjusting the 

points of support for the flexible plates of the load fixture. Load train stiffness of the 

servo-hydraulic test machine is constrained to an upper bound by the characteristics 

of the test machine control system. It may be increased, however, by the installation 

of a more compliant component between the crosshead and top of the specimen, such 

as a hollow steel cylinder with female threads to accept specimens and male threads 

that permit insertion into the test machine crosshead. An increase in compliance of 

the specimen relative to the pads is also realized by increasing the distance between 

the points of contact of the fretting pad and the upper end of the specimen gage 

section. This distance may be considered to be the effective gage length (Zeff) for the 

test. Another simple means of adjusting compliance is with the points of support of 

the flexible plates. Moving these points of support away from the center axis of the 

fretting fixture increases its compliance and vice versa. The theoretical compliance 

of the assembly may be calculated via an elastic analysis using strength of materials 

assumptions. 

In practice, though, it is necessary to ascertain the overall effective compliance of 

the test machine-fixture system (Ceff) by performing a static or dynamic test where 

no global sliding occurs. Since an increase in compliance of the specimen is equivalent 

to a proportional decrease in compliance of equal magnitude of the fretting frame, 

the overall value of ^ = Cen may be adjusted to the desired level for a given test via 

the most convenient means available.1 In general, this is accomplished by adjusting 

1 Compliance is defined as a displacement resulting from a given loading, i.e., C = j^-s. In 

this case, Cp is the extension of the specimen for a given axial load, P, or Cp = ^p. Cq is the 

displacement of the fretting pad at the point of contact due to the pad support compliance under a 

given tangential load acting parallel to the specimen longitudinal axis, or Cq = 
xPad, 
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the effective gage length of the specimen within a 'compliance envelope' created by 

a given combination of test machine load train compliance and flexible plate support 

distance,2 (h). Experience has shown that effective compliance is a linear function 

of lefi for a given combination of load train configuration and h. These functions for 

several combinations have been noted, and thus a wide range of Ces may be achieved 

with little difficulty. 

5.4    Parameters controlled during fretting tests 

The following is a list of experimental parameters which may be controlled during 

fretting experiments: 

(1) A contact load (N) is applied to either side of the specimen through the 

fretting contact pads and is controlled via compression of the loading springs over a 

distance s; it is generally held constant throughout a given test. 

(2) The specimen axial load (P) may be set with the control system for the 

servo-hydraulic uniaxial test machine. P is varied to achieve a desired shear force Q, 

which is itself dependent on P, the total compliance of the test machine system (Cp), 

and the compliance of the fretting pad supports (Cq). 

(3) The manner of controlling the tangential load (Q) depends on whether 

or not global sliding occurs. Under conditions of global sliding, the amplitude of 

Q depends on the friction coefficient ß and normal load N; in this case it may be 

controlled directly by varying N. For stick-slip conditions, variation of Q with respect 

to time will depend on the compliance of the system used to apply the specimen axial 

load (P) (i.e., the compliance of the test machine components, Cp), as well as the 

compliance of the pad supports, Cq [Endo et al. (1974), Hills and Nowell (1992)]. By 

appropriately adjusting these compliances, the amplitude of Q may be set; its value 

at any moment will be 

Q = -^P, (5-1) 

2That is, h is the distance between the points of support for the flexible plates and the points 

where the flexible plates are connected to the stiff plate. 
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where Q is positive when it acts to produce an axial load in the specimen of the same 

sense as a positive axial load (P). As discussed in the previous section, specimen 

compliance (Cp) may be changed by modifying the contact point of the fretting pads 

on the specimen (changing the effective gage length (1&) and consequently the dis- 

placement (5a) of the contact point), or by adding a compliant element between the 

test machine load cell (LCI) and the specimen. 

(4) For conditions of global sliding, the relative displacement S between contact 

points is controlled in a manner similar to that used to fix Q in stick-slip conditions. 

When Q reaches its maximum value of ßN and global sliding commences, its ampli- 

tude is indirectly related to P, N, Cp, and Cq through the relation 

8=[P + 2Q]Cp + QCq-2A (5.2) 

= [P + 2(iN]Cp + ßNCq - 2 A, 

where A is the relative displacement due to Q between the center of the contact zone 

and point D [see Figure 5-6; Johnson (1985)]. 

(5) The contact zone size a may be changed by using different contact pad 

geometries. In point and line contact, the size depends on the radii of the contacting 

spherical or cylindrical surfaces, respectively. A similar effect on contact zone size 

is realized for other pad shapes, e.g. circular flat or rounded pads. For nonconform- 

ing contact surfaces, e.g. sphere-plane contact, variation of N produces a change in 

contact size. This geometric change also produces a change of contact stresses. For 

example, in point contact with all other parameters held constant, a change in pad 

radius produces a change in the maximum surface contact stress. To maintain a 

constant value of this maximum stress for a changing pad radius, new values of Q 

and N must be applied. The equations defining the size of the contact zone (a) and 

maximum stress (p0) are 

/    3(l-^2)i?*\3 

and 

3N 
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where E* and R* are the equivalent Young's modulus and radius of the spherical 

surfaces, respectively, given by 

R' - ra (5'5ft) 

E- = -ß^r, (5.5b) 
Ei + Ei 

where the subscripts 1 and 2 refer to the bodies in contact.3 To maintain constant 

Po after changing a, N must be altered according to equations (5.3) and (5.4). 

(6) While it is a parameter (or more correctly a set of parameters) generally de- 

sired and set to be constant for all experiments, alignment is a critical consideration 

for fretting fatigue tests. The effect of misalignment differs with the type of contact 

pad used. 

• In the case of point contact, it is important to have the center of the contact 

zone at the center of the pad, along the path of sliding for the pad, and with 

the force vector of N completely normal to the plane of the specimen. Then 

loading is symmetric, with no load components outside of an axis normal to the 

specimen surface. 

• For line contact, the longitudinal axis of the cylindrical surface must be per- 

pendicular to the specimen longitudinal axis and parallel to the contact plane. 

Normal load must be distributed evenly along the line of contact. To avoid 

nonuniform distribution of loading pressure in this configuration, a connection 

allowing rotation about an axis parallel to the specimen longitudinal axis may 

be employed. 

• For planar contact with either flat or round pads, alignment is of utmost im- 

portance, as misalignment creates an asymmetric pressure distribution. Special 

care must be given to avoid rotation of the fretting pads due to shear loads Q. 

While in point and line contact this rotation produces only a small displacement 

3Eq. 5.5b holds for bodies comprised of materials having identical Poisson's ratios (v). 
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of the contact point or line via relative rolling between the specimen and pad, 

the effect is more pronounced in complete contact geometries. Sato (1992) has 

analyzed the effects of pad support stiffness in the fields developed under planar 

contacts. For all types of contact, it is essential to verify that any rotation of 

the pads due to the tangential load Q does not significantly alter the contact 

position. 

5.5    Measurement of key parameters 

The following parameters of interest may be controlled using the fretting fixture: 

(1) The contact load (N) is measured independently on each side with 100- 

N capacity load cells (LC2 and LC3), which are placed at one end of the cylinders 

through which the normal load is applied, away from the contact point. See Figure 5- 

2. 

(2) The specimen axial load (P) is measured with the load cell of the servo- 

hydraulic uniaxial test machine (LCI). Its value is monitored both by the onboard 

control systems of the test machine as well as the PC-based data acquisition software. 

(3) The tangential load (Q) is measured independently on the right side of the 

assembly by load cells LC4 and LC5, and on the left side by load cells LC6 and LC7. 

On either side, Q is the sum of the load measured by the load cells associated with 

that side, i.e., Qright = i*LC4 + ^LCS and Qieft = FLC6 + FLC7. 

(4) Measurement of the relative displacement S between the contact surfaces 

is a task of some difficulty. Many investigators have performed fretting fatigue tests 

during which they measured relative displacement of the contacts — see Nishioka and 

Hirakawa (1969a), Blanchard et al. (1991), Fouvry et al. (1995), Gaul and Duquette 

(1980), and Bryggman and Söderberg (1988) — but there are substantial differences 

among the various reference points and measurement systems they utilize. Conse- 

quently, true relative displacements may vary significantly from reported values. For 

example, Nishioka and Hirakawa (1969&,d) report in the literature cases for which 

the relationship between tangential load and measured relative displacement is essen- 
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tially linear. These results are produced because the measured displacements do not 

actually reflect relative sliding, but rather relative displacement between two points 

far enough from the contact zone that significant relative motion occurs even when 

there is no global sliding at the contact. It is misleading to report a relationship be- 

tween this relative displacement and damage accumulation; damage accumulation is 

affected by relative displacement at the contact, which may differ substantially from 

the relative displacement of these distant points. 

To ascertain a valid relationship between sliding amplitude and the resulting dam- 

age, it is necessary to perform accurate and precise measurement of the actual relative 

displacement between the contacting surfaces. The fretting apparatus described here 

permits such measurement, utilizing an extensometer specially designed with a high 

level of compliance so that it produces negligible loads under typical fretting displace- 

ments (see Figure 5-4). 

The extensometer measures relative displacement between two reference points. 

One blade of the extensometer is fixed at point B' on the specimen; the other is 

fixed directly to the pad support at C"(see Figure 5-6a). The extensometer measures 

only the relative displacement between the reference points shown in the figure. To 

calculate the actual relative displacement at the point of contact, it is necessary to 

also consider the increase in length between points A and B, the displacement (A) 

between the reference points A and D and the centers of their respective surfaces (see 

Figure 5-66), and the relative motion between points C" and D. If S is defined as the 

relative sliding distance between two arbitrary points on the surfaces of the specimen 

and pad, displacement between A and D can be represented by 

6&d = 5 + 2A (5.6) 

The value of A is related to the stresses produced by contact loads, and is given by 

*~£^Hi-$),> <"> 
where v is the Poisson ratio, |Q| is the absolute value of Q, and G is the shear 

modulus. 
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Figure 5-6: Showing a) various points on the relative displacement measurement 

assembly referred to in the pertinent discussion. The detail in b) shows displacements 

(A) between points A and D and corresponding points at the surfaces of their related 

components. 

Between D and C there is a relative motion produced by the rotation of the line 

CD. The magnitude of this rotation is a linear function of Q, but is in all cases very 

small because the distance CD is small: 

£DC = -oil-ocQ, (5.8) 

Here ZCD is the distance CD and a is a constant with linear dependence on the 

compliance Cq. The value of a may be obtained by conducting two static tests in a 

stick-slip contact situation, each one with a different distance DC (-DiCq and D2C2), 

but with the same Q, and applying the relation 

4xtl — O^DiCiQ = <5ext2 — OLID2C2Q. (5.9) 

The vertical component of the motion of point C is the same as that of point C, 

which has a very small horizontal motion. Taking into account the distance B'C, 

the horizontal motion of C has no effect on the lecture of the extensometer. Points 
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B and B' have the same vertical position. Thus, the vertical motion of C relative 

to B (#bc) is equal to the opening or closing displacement of the extensometer (<5ext). 

Additionally, the motion of A relative to B can be written 

<u=^y^ab (5-io) 

where S is the cross-sectional area of the specimen and E is the specimen Young's 

modulus. Therefore the relative displacement S is 

S = SBb-{Sext + 6I)C + 2A). (5.11) 

A final check of the accuracy of the relative displacement measuring system can be 

obtained by performing a fretting fatigue test under stick-slip conditions. For this 

case, 

öah-(öext + 5DC) = 2A, (5.12) 

where <5ab and <5Dc can be obtained from equations (5.10) and (5.8), respectively, and 

A can be calculated from equation (5.7). These calculations are accomplished by 

Lab VIEW in real time, providing a direct display of the relative displacement. 

(5) Another parameter of importance in fretting fatigue processes is the friction 

coefficient ß. Under global sliding conditions, /J, can be obtained by directly mea- 

suring the contact normal force N and the amplitude of the tangential force Q; it is 

the ratio 

Accurate measurement of the friction coefficient for stick-slip conditions is a more 

difficult task. 

Endo and Goto (1976) have shown that the friction coefficient between surfaces 

under relative sliding, global or partial, changes during a fretting fatigue test. In 

stick-slip conditions, relative sliding begins with a low value of fj, when an axial load 

P is applied. If Q is high enough initially, global sliding may be produced. The 

friction coefficient increases with increasing cycles until contact conditions are those 
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of partial sliding and \L = \Q\/N. After this, part of the contact zone does not 

experience sliding; its friction coefficient does not change. Another part — the slip 

zone — may experience a continued increase in p until it stabilizes at a certain value. 

During this process, the increase of the friction coefficient coincides with an increase 

in the size of the stick zone. Generally, it takes a small number of fretting cycles, 

with either global or partial sliding, to achieve quasi-stable value of fj,, although Endo 

and Goto (1976) and Blanchard et al. (1991) have observed that the number of cycles 

may in some cases be very high. This suggests that the value of fj, may change from 

point to point in the stick zone, and also differs at the boundary between the stick 

zone and slip zone, with smaller values in the stick zone. If p has a dependency on 

the relative sliding amplitude, it could also vary within the slip zone. 

Under such circumstances (i.e., stick-slip conditions), an increase in the amplitude 

of the axial load (P) may produce global sliding; this is coincident with an increase 

in ß in the area that was previously a stick zone where a stabilized value of /J, had 

not been achieved. This in turn may lead to a new stick-slip situation following some 

number of cycles of global sliding. The new conditions produce a smaller stick zone. 

Subsequent increases in P result in corresponding increases in ß within the stick zone 

and reduction in stick zone size. A permanent global sliding condition results after a 

final increment of P. It may be assumed that once the value of fj, has stabilized at 

any point in the slip zone, it does not change after global sliding again commences 

due to incremental increases in P. Following this assumption, the ratio \Q\/N at the 

moment of incipient global sliding after the final increment of P can be considered 

a good approximation of p within the slip zone. For point contact or line contact 

conditions, JJL can also be measured using one of the following procedures: 

Apply a cyclic load P with a constant normal load N. The compliances Cp 

and Cq must be adjusted to achieve an amplitude of the tangential load Q that 

creates a stick-slip condition. After enough cycles to ensure stabilization of the 

system, the test is stopped and the dimensions of the stick zone are measured. 
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The friction coefficient can be obtained using the relation 

b 
d 

in the case of line contact, and 

c 
a 

1 

Q_ 

Q_ 

(5.13a) 

(5.13b) 

in the case of point contact; d and b are the half-widths of the contact zone and 

stick zone, respectively, and a and c are the radii of the contact zone and stick 

zone, respectively. 

• A procedure proposed by Hills and Nowell (1992) for the case of line contact 

may also be extended to point contact. Following the application of loads P 

and N as described above and after applying enough cycles to ensure hysteretic 

stabilization, the test is stopped. Maintaining the normal load N, the amplitude 

of P is increased until global sliding commences. The tangential load at the 

moment of sliding Qsiip is recorded. If, as usual, there is global sliding at the 

beginning of this test, then the size of the stick zone has grown with a constant 

value of Q. For this case, it is valid to assume that in the stick zone, x < b, 

/j,(x) varies to satisfy 

Q = l- (5.14) 
Nfi(x) 

and that outside the stick zone, x > b, fi has a constant value. The size of the 

stick zone b has an unkown value. However, with these data and the pressure 

distribution p(x) on the contact zone, it is possible to calculate the value of ß 

that satisfies 

-^7 = /   KX
)P(

X
) dx+       ßp{x) dx, (5.15) 

where d is the outer boundary of the two-dimensional (2D) h' is the length of the 

contact line. Discussion of cases of two-dimensional (2D) contact are included 
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5.6    On the measurement of friction coefficients 

Various means of measuring the friction coefficient // merit some discussion here. 

(1) The procedure described above in Section 5.5, wherein the amplitude of axial 

load (P) is increased stepwise in small increments (and so also Q) until stabilized 

global sliding results, gives a good estimation of the average friction coefficient. Al- 

most all points on the contact surface experience partial slip conditions for at least 

some amount of time, so it is reasonable to assume that these points have similar 

friction coefficients. The procedure is applicable to any contact pad geometry. 

Accuracy of the results obtained using this method depends on the following 

factors: 

• During the measurement, all points in the contact zone are subjected to global 

sliding following increments of P; among different arbitrary points, amplitudes 

of relative sliding vary. The approach produces the same fj, that is produced in 

the slip zone during stick-slip conditions, provided that the final friction coeffi- 

cient is not dependent on the amplitude and number of cycles of relative global 

sliding. If the friction coefficient is dependent on relative sliding amplitude 

and number of cycles, then the value of /j, obtained after several increments of 

P is different from that obtained during a fretting fatigue test with a single 

amplitude of P throughout. 

• Accuracy is also dependent on the increment in P used for each loading step. 

Assuming that fj, = \Q\/N at the beginning of permanent global sliding presup- 

poses fj, to be constant throughout the contact zone, with no variation between 

the stick zone and the slip zone. Experimental deviation from this assumed 

condition produces an error, the magnitude of which depends on the size of the 

stick zone before the increment of P and on the difference between ß in the 

stick zone and /x in the slip zone. 

(2) Another method of measuring the stabilized friction coefficient for line or point 

contacts necessitates the measurement of fretting scar and stick zone sizes following 
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the application of a number of loading cycles under conditions of partial slip.  The 

following considerations are relevant to this measurement: 

• The maximum value of Q/N during the test must not be close to the value of the 

friction coefficient. In practice, it must be small enough to avoid any possibility 

of global sliding at the commencement of cyclic loading. Any occurrence of 

global sliding damages the stick zone, making it difficult to detect and measure. 

The maximum value of \Q\/N used in the test must be close to the initial friction 

coefficient. In some material systems, this value is quite small compared to the 

stable value realized in the slip zone during fretting. 

• With such small values of Q/N, high b/d or c/a ratios are necessarily produced. 

According to the relations among these ratios and //, Q, and N (Eqs. (5.13)), ß is 

very sensitive to any variation in b/d or c/a. Thus, any error in the measurement 

of stick zone size produces higher error in the estimation of //, particularly for 

point contacts. 

(3) The third procedure mentioned above was proposed by Hills and Nowell (1992) 

to measure [/, for line contacts. The method assumes that after initial global sliding, 

the contact condition transitions to become one of partial slip, and that stick zone size 

and friction coefficient vary continuously and smoothly such that // becomes constant 

in time, although different from point to point, for all points that have stopped sliding. 

If these conditions exist, the value of /j,(x) for all x in the stick zone, x < c, can be 

taken to be the value at which that point stopped sliding, i.e. when x = c. Assuming 

that all points sliding at this moment have the same friction coefficient, ß(x) can be 

expressed 

Q 
= 1 

X 

la 

2 

Nfi(x) 

The equivalent expression for point contact is written 

«  =i- 
r 

LaJ 

(5.16a) 

(5.16b) 
Nfi(r) 

where r is the radial position of the point relative to the center of the contact zone. 

Continuing with these assumptions, the value of Qsiip when global sliding commences 
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under a quasistatic load Q increasing from zero, following the application of a cyclic 

load with amplitude Q2 < Qi, may be expressed as 

p2w V   re pa 

Qslip = /        /   ß(r)rp(r)dr + /   ßrp(r)dr  d9 (5.17a) 
Jo     Uo Jc J 

where p(r) is the contact zone pressure distribution: 

p{r) = p0   1 - (-J 

Following substitution of the above expression and equation (5.16b) on Qslip, a change 

of variable r to r' = r/a, and integration from 0 to 2n, 5.17a may be written 

Qsiip = 2ira2p0 n^^/v^f- (5.17b) 

Recalling that for point contact, 

Vo = 
ZN 

2na2 

and 

c 
a 

1- Q' 3 

expression can be written 

Qsiip = SQ                 r'11     J   dr' + 11N 1- 1- Q] 
2- 
3 

Vslip        Q j        ß 

Q   ~3h+ C 5~ 
1- 1- Q 

liN 

2- 
3 

(5.17c) 

(5.17d) 

where Ix is obtained numerically as a function of Q/(/j,N) (Figure 5-7). Referring to 

Figure 5-7, the relation Q/(/iN) can be obtained after measurement of Qsiip, and thus 

\i can be found. The only source of error in the calculation of p by this procedure is the 

error in the assumption of fj,(r), which may be significant. The previous assumption 

of fj,(r) (see Eq. (5.16b)) in the stick zone can be taken as the minimum value of 

the coefficient of friction for each point in that zone. For a given value of Qslip, the 
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value of ß in the slip zone is an upper limit of fj,; the value ß = Qsup/N is a lower 

limit. When the value of Q in cyclic loading is close to Qsiip> the upper and lower 

limits are very close. For example, when Qs\\p/Q = 1-15, the lower limit for /j, is 

jj, = Qsiip/iV = 1.15Q/N; in contrast, Figure 5-7 predicts /J, — 1.25Q/N. Since the 

error inherent in this approach is less than or equal to the range between the two 

solutions, it is desirable to reduce this range as much as possible. Reduction of the 

stick zone radius during cyclic loading accomplishes this, thus it is important to begin 

with cyclic loads Q close to fiN when using this procedure. 

5.6.1    Additional pad geometries 

As discussed previously, a strength of this fretting test fixture design is that it permits 

the use of multiple fretting pad geometries with out extensive reconfiguration. For 

any type of pad geometry that does not involve sharp edges (such as cylindrical or flat 

punches with rounded edges) the pads need only be machined to specifications and 

threaded onto the end of the pad support cylinders. One additional consideration is 

essential for pads that involve sharp edges, such as bridge pads or cylindrical punches. 

The linear bearings used to hold and allow horizontal translation of the pad support 

cylinders undergo an appreciable amount of rotation each fretting cycle; the rotation 

is caused by the tangential load Q developed at the contact point, and is effectively 

Cq for the system. This does not pose a problem for incomplete contact geometries 

such as a sphere-plane configuration. However, even a small bit of rotation in a 

complete contact condition like plane-plane contact can cause one side of the fretting 

pad to gouge the fretting specimen and/or force part of the pad off the specimen 

surface, thereby creating an asymmetric contact stress distribution. For complete 

contact geometries, a different pad support mechanism is preferred. This adaptation 

utilizes two flexible plates that extend vertically, normal to the base of the fretting 

fixture. They rise quite close to the specimen, and fretting pads attach directly to 

the plates, so as to minimize the distance over which rotation may occur. The load 

application springs apply a normal force to the flexible plates, displacing them so that 

the fretting pads contact the specimen. Normal load measurement must occur via a 
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load cell placed between the fretting pad and the flexible plate so as to exclude the 

resistant force of the thin plates being acted upon by the springs. 

See Chapter 6 for verification of the fretting fixture's performance. 
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Figure 5-7: Plots of the first and second terms of Eq. (5.17d) and their sum. The sum 

(the uppermost curve) of the lower two curves may be used to determine ß directly- 

following measurement of Qsiip- 
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Chapter 6 

Experimental Results for 7075-T6 

Aluminum 

The fretting fixture described in Chapter 5 has been used for various types of fretting 

fatigue studies of a sphere-plane contact geometry. Initial tests were performed pri- 

marily for refinement and calibration of the apparatus. The alloy used for tests, Al 

7075-T6, is an important structural alloy in modern aircraft. It should be noted at 

the outset that the T6 heat treatment of this alloy has a notoriously poor resistance 

to fretting fatigue, and so other heat treatments are used for components susceptible 

to this type of damage. Regardless, the alloy is ideally suited to use for verification 

tests because it is relatively inexpensive and there is a large body of experimental 

literature available for data comparison. A partial list of tests performed and relevant 

parameters is given in Table 6.1; many of these tests are mentioned in the discussion 

that follows. 

6.1    Creation of fretting scars 

The first experimental endeavor was creation of a fretting scar whose dimensions, 

when compared to the expected dimensions predicted by Mindlin et al.'s (1949, 1953) 

theoretical work pertaining to contacting spheres under varying tangential loads, 

would verify proper operation of the fretting device. The apparatus was configured so 
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Test N (N) Q(N) P (N)    a^ (MPa) N/ Q/N 
iv 30 ±15 ±2200 ±85 480,000 0.5 
A 30 ±15 ±2200 ±85 480,000 0.5 
B 20.8 ±15 ±2150 ±83 449,500 0.72 
C 15.6 ±15 ±2200 ±85 395,000 0.96 
D 12.5 ±15 ±2150 ±83 361,000 1.2 
E 18.5 ±13.6 ±2000 ±77 551,000 0.74 
F 16 ±11.7 ±2150 ±83 530,000 0.73 
G 8.75 ±7 ±2150 ±83 3,000,000* 0.80 
H 13 ±7 ±2150 ±83 10,000,000* 0.54 
I 13.9 ±10 ±2150 ±83 803,000 0.72 
J 10.3 ±7.5 ±2150 ±83 2,940,000 0.73 
K 7.31 ±6.6 ±2150 ±83 3,450,000* 0.90 
L 8.33 ±8 ±2150 ±83 616,500 0.96 
M 8.33 ±8 ±2150 ±83 500,000* 0.96 
N 16 ±11.7 ±2550 ±54 424,000* 0.73 
0 20 ±11.5 ±2600 ±55 1,410,000* 0.58 
P 20 ±16 ±2600 ±62.5 2,186,000* 0.80 
Q 20 ±20 ±2600 ±62.5 2,500,000* 1.00 
R 24 ±20.3 ±2600 ±62.5 2,660,000* 0.84 

*no failure 'test interrupted before failure 

Table 6.1: Fretting test parameters for selected tests. 

that contact loading conditions would nominally lead to development of a stick-slip 

zone, i.e., a circular section of contact where no relative motion between pads and 

specimen would occur, surrounded by an annulus of microslip. A micrograph of the 

resulting fretting scar is shown in Figure 6-1. This fretting scar was produced by Al 

7075-T6 pads in contact with an Al 6061-T5 specimen. Because of the higher yield 

strength of Al 7075-T6 (-480 MPa compared to -320 MPa for Al 6061-T5), this was 

the last time an Al 6061 specimen was used. 

Subsequent tests of Al 7075 specimens contacted by pads of the same material 

under nominal stick-slip conditions produced fretting scars whose dimensions are in 

close agreement with theoretical predictions. More photographs of fretting scars may 

be found in Appendix C. A metric suitable for comparing experimental data to theory 

is the difference between predicted and observed contact radii. Figure 6-2 shows the 
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Figure 6-1: Fretting scars produced under stick-slip conditions. Shown in (a) is the 

scar from the Al 7075-T6 fretting pad, while (b) is the corresponding scar from the 

Al 6061-T5 specimen. In both the pad and specimen, a circle of undamaged material 

(the stick region) is seen inside an annulus of microslip. The normal load applied 

during the test was 15 N, the diameter of the sphere was 12.7 mm, and the test ran 

for 165,000 cycles. 

deviation in radius length of experimentally created fretting scars from the predicted 

lengths. It is noted that there is good agreement between observed and predicted 

values for most of the scars shown. The wide deviation exhibited in test H is likely 

due to the exceptionally high number of cycles experienced. Wear mechanisms have 

substantially changed the contact geometry and removed a good deal of material from 

the specimen. 

6.2    Measurement of friction coefficient 

Tests to determine the coefficient of kinetic friction (/i) have been performed as de- 

scribed above in Section 5.5. For the Al 7075-T6 system studied, fi has been found 

to be within the range 1.3-1.4, consistent with the findings of investigators such as 

Lamacq et al. (1997). Note that the friction coefficient at the beginning of tests is 

considerably lower than that realized at the end of a test. A finite number of fretting 
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Figure 6-2: Comparison of observed fretting scar dimensions to predicted dimensions. 

cycles must occur before the refined surface finish with which the tests are begun 

has been degraded enough to give the system its steady-state friction coefficient. For 

low values of Q/fiN (indicating a large stick region and small slip annulus), equilib- 

rium may be achieved within a few dozen cycles. For loading cases resulting in or 

approaching global sliding, equilibrium friction coefficient may be achieved only after 

10,000 cycles. 

6.3    Fretting fatigue tests 

Experiments involving fretting fatigue per se have been performed. Principal aims for 

these tests include identification of a threshold value of bulk specimen stress below 

which surface cracks initiated under the effects of the contact stress fields self-arrest. 

Further, the initial orientation of cracks, any subsequent change in orientation (e.g., 

initially oblique cracks turning to grow normal to the specimen surface), and related 

length dimensions are examined by stopping fretting fatigue tests prior to failure 

and incrementally polishing and photographing the specimen surface. Several surface 
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representations at varying depths may be reconstructed to show the crack profile. 

Since fatigue tests typically run to millions of cycles, fretting scars produced lack the 

'clean' appearance of those shown above. This may be caused both by the buildup of 

wear particles that abrade the entire contact zone as well as some number of cycles 

where the system undergoes global sliding. In such cases, fretting scars observed at 

the end of the test have an appearance similar to that shown in Figure 6-3. 

0 urn 

Figure 6-3: Micrograph of a fretting scar produced under nominal stick-slip contact 

conditions in Al 7075-T6 during a fretting fatigue test. Note that clearly delineated 

areas of stick and slip are not easily visible, as the accumulation of wear particles and 

possible global sliding have obscured them. 

The first experiments performed were to ensure that observed trends were con- 

sistent with expected experimental outcomes. Preliminary data for fretting fatigue 

tests in the Al 7075-T6 material system are shown in Figure 6-4. Two data sets are 

shown in the figure. The data points exhibiting a linear trend are for a series of tests 

wherein tangential load was held constant at 15 N and the maximum amplitude of 

applied specimen stress was 83 MPa.   The ratio Q/N was varied by changing the 
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normal load. As expected, the fatigue life under fretting conditions decreases as the 

normal load is increased. The increase in normal load corresponds to an increase in 

maximum contact pressure and the magnitude of other related elastic values. The 

data set portrayed with triangular markers is for a set of tests where the maximum 

amplitude of applied specimen stress is again 83 MPa, but now the ratio Q/N is con- 

stant at 0.75. The normal load (shown on the right ordinate scale) and tangential load 

are varied proportionally. The data exhibit a trend toward longer life at lower values 

of Q and TV. Both of these trends are predicted by the Crossland parameter-based 

fretting failure maps described in Chapter 3, and serve to validate proper operation 

of the fretting fixture. 
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Figure 6-4: Preliminary fretting fatigue test data for Al 7075-T6 specimens. Note the 

dual scales for both data sets. 

6.4    Relative displacement measurement results 

Of particular value in the experimental apparatus is its capability to measure rela- 

tive sliding displacements between the pad and specimen surface.   As described in 
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Section 5.5, some manipulation of the raw extensometer data must be performed to 

extract actual relative displacement, but this task is not difficult. Proper function 

of the relative displacement measurement system was verified first in a test known 

to exhibit stick-slip characteristics, both by theoretical prediction and by observation 

of a closed tangential load curve (see Section 5.3) during the test. Figure 6-5 shows 

plots of (a) the raw extensometer data and (b) the data after correction according to 

the procedure described in Section 5.4. As expected, the displacement is always zero, 

as there is no relative displacement at the point of contact (the surfaces are perfectly 

adhered). 

8 (mm) 5 (mm) 

Figure 6-5:  a) Raw extensometer data for a stick-slip fretting condition,   b) Data 

corrected to show relative displacements between contacting surfaces. 

Next, the relative displacement system was utilized in a manner that exploits its 

true usefulness, i.e. measuring relative displacement in a test involving global sliding. 

Figure 6-6 shows the raw extensometer data for a global sliding test as well as the 

corrected values that give actual displacements for the test. Relative displacements 

are plotted as a function of specimen axial load, thus load extrema correspond to 

maximum and minimum values of relative displacement. 

The open load-displacement curve portrayed here may be explained in the follow- 

ing manner: At a given axial load during initial loading — corresponding to the point 

at which Q exceeds [iN — relative displacement increases monotonically from zero. 

It reaches a peak value at the maximum axial load. Upon unloading, the relative 

displacement remains fixed until the opposing shear force magnitude exceeds /iN, 

109 



from whence it decreases monotonically until the minimum axial load is achieved. 

This stick-slide process is the same for all load reversals, resulting in a stable load- 

displacement curve. The initial stick is not shown in Figure 6-6, because data used to 

make the plot are taken from a series of fretting cycles that do not include the initial 

loading. Total 6 can be determined by simply subtracting the minimum value from 

the maximum value. 

0.1 T 8 (mm) 

Figure 6-6: a) Raw extensometer data for a global sliding fretting condition, b) Data 

corrected to show relative displacements between contacting surfaces. 

Comparison of experimental data collected using the present apparatus with the- 

oretical predictions and the data of other researchers has verified its capability to 

successfully conduct fretting fatigue tests that incorporate a sphere-plane contact ge- 

ometry. Further testing should serve to identify which of the life prediction techniques 

described in this work — the finite element approach to determining buildup of local 

plasticity (Ch. 4), application of the modified Crossland parameter (Ch. 3), or appli- 

cation of linear elastic fracture mechanics via the crack analogue approach (Ch. 7) — 

best describe the fretting response of aircraft alloys. 
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Chapter 7 

Potential Application of Fracture 

Mechanics 

It is the author's desire and responsibility to present to the US Air Force as much use- 

ful information pertaining to fretting fatigue as possible in this document. Because of 

recent developments in the application of fracture mechanics to the fretting problem, 

this chapter offers a description of fracture mechanics as it may be applied to fretting 

fatigue in various manners, although other work described here did not utilize fracture 

mechanics approaches. Note that in this chapter alone the symbol a denotes crack 

length (as per the standard nomenclature of fracture mechanics) instead of contact 

radius as it does elsewhere. 

7.1    Fracture mechanics overview 

7.1.1     Griffith energy and linear elastic stress analysis ap- 

proaches 

The beginnings of fracture mechanics are found in the work of Griffith (1921), who 

determined the necessary conditions for unstable crack growth in brittle solids by 

equating the loss in mechanical potential energy of a body with a growing crack to 

the increase in its surface energy due to this growth. In an infinite plate having an 
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internal through thickness crack, critical crack growth results when the strain energy 

release rate (Q) is twice the surface energy (7,,). In lieu of this energy approach, 

necessary conditions for crack growth can be gotten from a linear elastic stress analysis 

approach. Solutions for the asymptotic stress-displacement fields near the tip of a 

crack may be given in terms of expressions that involve a stress intensity factor (K) 

term, nonsingular stresses (also called T-stresses), and other higher order terms. It 

can be shown that K and Q are related by 

£ = !(^I
2
 + ^I

2
I) (7.1a) 

for plane stress loading and through 

0 = 1^(^ + ^ + 1^^ (7.1b) 

for conditions of plane strain. The indices I, II, and III associated with K denote the 

stress intensity factors associated with pure mode I, mode II, and mode III crack tip 

loading, respectively. 

7.1.2    Region of if-dominance 

Because the stress fields at a crack tip are singular, a plastic zone surrounds the crack 

tip. Its size may be estimated by determining where the local von Mises equiva- 

lent stress fields as determined by a linear elastic analysis exceed the material yield 

strength. For a mode I crack, the plastic zone radius is given by 

1   IK \ 2 r>~ s ii) (7-2a) 

for plane strain and 

1 (K^ 2 

n \ay 
rP « -    — (7.2b) 

for plane stress. 

For fatigue cracks, the crack tip experiences reversed plastic flow because the 

crack tip stresses alternate direction with reversed cyclic loading. For cracked bodies 
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partially unloaded from a far-field tensile stress, a (smaller) cyclic plastic zone within 

the monotonic plastic zone is formed at the crack tip. Its radius is 

For many crack geometries, the stress fields around the crack tip beyond the 

plastic zone are closely approximated by the K terms alone over a certain distance, 

until they begin to deviate substantially from the full stress solutions. This region is 

the zone of so-called K-dominance. The if-dominated fields are useful for predicting 

crack growth behavior under fatigue conditions if they completely contain the zone of 

inelastic behavior immediately surrounding the crack tip. Misapplying concepts that 

rely on dominant K-fields to problems where higher order terms prevail upon the full 

solution leads to dangerously nonconservative estimations of crack growth behavior. 

7.1.3    Paris 'law' 

A concept that rests on the K fields is the empirical relation between crack growth 

rate per load cycle (da/dN) and the crack growth driving force as quantified by the 

cyclic change in K proposed by Paris, Gomez, and Anderson (1961): 

^- = CAKm. (7.4) 
diV v     ' 

Here G and m are experimentally determined scaling constants affected by many 

material properties and test parameters. This theory has become the most common 

means of predicting crack growth rates for a plethora of engineering materials and 

applications. Since AK is a function of applied stress, a, and a geometrical correction 

factor (often itself varying with a), the expression may be integrated to determine 

the number of a loading cycles required to grow a crack a given length. If the length 

of the crack corresponds to a critical failure length, this technique may be used as a 

life prediction method. 
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7.1.4    Short crack problem 

Many adaptations of the Paris law make it very useful even beyond a consideration of 

simple — e.g. solely mode I, through thickness, or having faces that do not experience 

closure during loading — cracks. In spite of its unparalleled success, the nature of the 

K fields upon which it is predicated dictate that it should not be applied in certain 

circumstances. One of these limitations is the matter of short cracks. If crack growth 

rate is predicted solely on the basis of the crack driving force as given by A.K, it will 

mimic the solid curve shown in Figure 7-1. The Paris law generally approximates the 

linearly increasing crack growth rate of the second stage shown in this figure. It is 

seen that short cracks (dashed lines) in reality exhibit a much higher cyclic growth 

rate than is predicted, however. 

o 

Stage I 

short cracks 

Stage II 

short crack 
from notch 

Stage m 

logA£ 

Figure 7-1: A schematic contrasting real short crack growth rates (dashed lines), 

observed long crack growth rate behavior, and short crack behavior predicted by 

empirical relations that rely on calculated AK values. After Suresh (1991). 

Suresh and Ritchie (1984) list the following definitions available to describe short 

cracks: 
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1. Cracks near in size to a characteristic microstructural dimension such as grain 

size are micro structurally small. 

2. Cracks which have a length close to the size of the plastic zone around them 

or that are completely surrounded by the plastic strain field near a notch are 

mechanically small. 

3. Cracks which are larger than the microstructural dimension and the scale of 

local plasticity but are 1 or 2 mm or less in length are physically small. 

4. Cracks which would normally be characterized by a Paris law relation but de- 

viate from this behavior below a certain crack length because of environmental 

stress corrosion effects are chemically small. 

All of the above situations prevent successful application of empirical relations based 

on AK to predict crack growth rates. There are a host of other limitations to LEFM 

(such as mode mixity and crack closure) as well as many other more involved tech- 

niques to apply fracture mechanics to cases where LEFM does not apply (the J- 

integral tops this list), but discussion of these is not appropriate here. Instead we 

consider methods of circumventing the small crack problem that still allow the employ- 

ment of LEFM. The typical design technique employed in damage tolerant inspection 

schemes to overcome an ill-characterized small crack growth stage is that of assuming 

the presence of cracks the size of detection resolution or larger. Inspection intervals 

for components subject to LCF, for example, may be determined by integrating the 

Paris law over a crack length interval defined by a0, an arbitrary initial crack size for 

which the Paris law applies, and acrit, the critical failure crack length. (A factor of 

safety is added.) 

This technique is not so useful in preventing HCF failure, however.1 Because com- 

ponents are subject to a high number of fatigue cycles, cracks that have initiated will 

grow rapidly. In operational terms, this could mean that a crack in an aircraft turbine 

blade that was not detectable may grow to critical length over the course of a single 
1This is not meant to imply that it is not done anyway; c.f. Hattori et al. (1988) and Sato et al. 

(1986). 
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sortie. Compounding this difficulty is the reality that most components experienc- 

ing HCF are in contact with one another, making most standard inspection schemes 

impractical. The focus on ameliorating HCF effects then becomes a determination 

of how to prevent cracks from starting within a given service interval. Chapters 2 

through 6 of this work have described various ways to predict crack initiation (which 

often equates with catastrophic failure in HCF situations) through analytical, nu- 

merical, and empirical stress- and strain-based approaches. Since fracture mechanics, 

and particularly LEFM, is such a developed discipline, it is desirable to develop a 

means of utilizing the body of knowledge related to it that is practicable for dealing 

with HCF problems like fretting fatigue. 

7.2    Crack analogue concept 

Recently, Giannakopoulos et al. (1998) have shown an important link between the 

disciplines of contact mechanics and fracture mechanics that promises to have impor- 

tant practical ramifications in addressing the problem of fretting fatigue. Specifically, 

they have shown that for some contact geometries — in particular certain complete 

contact geometries — the asymptotic elastic fields derived from classical contact me- 

chanics analyses are identical to those available from linear elastic fracture mechanics 

(LEFM) solutions for analogous geometries. 

The immediate usefulness of this development is that it allows one to avoid the 

'short crack' problem. The contact zone associated with fretting contact can provide 

a non-arbitrary size scale for the application of LEFM. Indeed, the contact length may 

be taken to be a fictitious crack length already present in the system. The approach 

taken in applying this method is summarized as follows: 

1. Determine a cracked specimen configuration that is geometrically equivalent, via 

an appropriate coordinate transformation, to a sharp-edged punch contacting 

a planar specimen of the same material. (Giannakopoulos et al. have applied 

this method to a rectangular punch contacting a flat substrate and a cylindrical 

punch contacting a flat substrate; these geometries and their crack analogues 
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are shown in Figures 7-2 and 7-3, respectively.) 

2. Use classical contact analysis to find asymptotic solutions for elastic fields at 

the edges of sharp contact. 

3. Use LEFM to determine elastic fields for the analogous cracked body. Assume 

that the body is subjected to a compressive load equal in magnitude to the 

normal load (N) that the punch exerts on the planar substrate. The scalar 

amplitude of the crack tip singular fields is given by the stress intensity factor 

(K). 

4. Take the various components of the stress fields found in the two preceding steps, 

equate them, and solve for K as a function of N, the cracked body geometry, 

and the characteristic punch dimension. 

5. Determine K for the cracked body as a function of N and its geometry; reference 

any standard fracture mechanics text or handbook. 

6. Prove quantitative equivalence between the contact and fracture mechanics so- 

lutions by showing that steps 4 and 5 lead to identical results. 

Giannakopoulos et al. focus their analysis on the region at a corner of the sharp- 

edged indenter. It is probable that cracks will initiate at an angle 9 below the surface 

and outside the contact area, as shown in Figure 7-2a. Analogously, a kinked crack 

oriented at an angle <j> will likely form at the tips of the mode I cracks as shown in 

Figure 7-26. The two crack orientations are equivalent via the coordinate transform 

7T - 6 = (p for 0 ^ 9 ^ 7T. 

Further details pertinent to the crack analogue method, including normal (mode 

I in the crack analogue) and tangential (mode II) loading, the superposition of bulk 

substrate loading (T-stress), the three-dimensional analogue, and limitations of the 

approach are left to Giannakopoulos et al. (Note also that this approach is not limited 

solely to LEFM application. For some cases, it may be extended to encompass the 

two-parameter approach involving the J-integral and triaxiality parameter.2)   We 

2The triaxiality parameter is commonly denoted Q; c.f. O'Dowd and Shih (1991). 
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Figure 7-2: a) A flat punch contacting a planar substrate and b) its crack analogue, a 

double-edge cracked plate with uncracked ligament size equal to the punch dimension. 

turn immediately to the application of the method to the problem of fretting fatigue. 

Many fretting contact conditions in service meet the criteria listed below, which are 

assumptions made in the static analysis upon which the crack analogue approach 

rests. 

• The substrate is semi-infinite with respect to the punch and is linear elastic and 

isotropic with small-strain deformation at all times. 

• Small-scale yielding occurs at the sharp edges of contact so that the plastic or 

damage zone is small compared to the contact area, i.e., rp < a/5. 

• Gross sliding does not occur between the punch and the substrate, and partial 

slip at the outer edge of contact does not significantly affect the asymptotic 

solutions obtained from contact mechanics. 
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Figure 7-3:   a) A cylindrical punch contacting a planar substrate and b) its crack 

analogue, a circumferentially cracked cylindrical rod. 

Following initiation of a crack in the contact region due to contact loads, its 

advance will be controlled by the amplitudes of local stress intensity factors, Afci and 

Ak2, which are related to the remote K\ and Ku, respectively, by (c.f. Cotterell and 

Rice 1980): 

h = On(0)ATi + ai2{4>)Ku 

h = 02i(4>)Ki + a22((f>)Ku. (7.5a) 

The dimensionless parameters to a first approximation in (f> for the infinitesimal kink 
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are 

onW = - I 3cos- + cosy j , 

,,s        3 f .   <f>      .   3<A 
«12(0) = -- I sin - + sin — j , 

/^      1^.0      •   3<A ö2i(0) = ^ [sm- + smy I , 

a22(0) = - f3cos| + cosyj . (7.5b) 

Equations 7.5 show that &i arises from Kn. The influence of local contact loads 

that provide a large Aki to advance the crack rapidly after its initiation rapidly 

diminish as the crack grows out of the local contact stress fields. At a distance lc 

(see Figure 7-3 for a schematic representation), the crack will tend to reorient itself 

normal to the applied cyclic stress (crapp). If at lc the applied cyclic loads create 

a tensile opening stress intensity factor greater than the effective mode I threshold 

stress intensity factor (AKth), the crack will change direction3 and continue growing 

in mode I, perpendicular to crapp. If not, the crack will arrest. 

Fretting of the dovetail fitting at the attachment of an aircraft engine turbine blade 

to the disk is amenable to analysis using the crack analogue approach. It is a complex 

biaxial loading condition accompanied by cyclic bulk loading. These characteristics 

may be accommodated by combining mode I and mode II solutions and incorporating 

the T-stress, respectively, in the present approach. Several experimental studies of 

the onset and progression of cracks near the fretting contact region are available for 

various engineering alloys (including Ti-Al alloys; see Antoniou and Radtke 1997), 

and Giannakopoulos et al. have shown that the crack analogue approach exhibits 

good agreement with this experimental data. 

7.3    Life prediction methodology 

The final outcome of the application of the crack analogue approach to fretting fatigue 

is the development of a life prediction methodology.   Giannakopoulos et al. (1998) 

3The change in orientation would actually occur gradually over a finite distance. 
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Figure 7-4: Analysis of cracking patterns in fretting fatigue using the crack analogue 

model. A surface crack initiates at an angle </> to the contact surface, advancing 

a distance lc. With sufficient applied stresses (crapp), the crack will reorient itself 

normal to the applied load and penetrate to a depth hc, whereupon catastrophic 

failure ensues. 

accomplish this by dividing the crack growth process into two stages: 

• Stage I: A surface crack initiates under contact loads at an angle (p to the contact 

surface. It grows until reaching a critical length lc. 

• Stage II: The crack has oriented itself normal to 0-app, and this cyclic stress 

controls further crack growth. 

Initial crack growth is postulated to occur along a direction for which the local mode 

II stress intensity factor vanishes, and the Paris law will describe this regime as 

m = Cl{Ahr'' (7.6) 

where C\ and my are material constants representative of the growth of small surface 

flaws and the local mixed mode loading conditions, and I is the instantaneous crack 

length measure along its initial growth plane. 

121 



Stage II crack growth is characterized by 

-^ = C2(AA;1)
m2 = C2 (l.l2A<7appx/^)m2, (7.7) 

with C2 and m2 empirical constants representative of the growth of a long edge crack 

in the substrate material from an initial length I = lc sin 0 to a final length hc. 

The total life to failure then consists of two parts, N± and 7V2, corresponding 

to near-surface flaw propagation in stage I and mode I crack growth due to Affapp 

in stage II. Ni refers to the number of oscillations of the punch on the substrate, 

while N2 is the number of applied stress oscillations; neither frequency is necessarily 

dependent on the other. Eqs. 7.6 and 7.7 may be integrated to determine Nx and N2: 

flc        dl I 

"l-J0 cx mr * cx (Ahr (7'8a) 

No = 
hc dl 

, rn2 / /—V 
icSind> C2 (l.l2AaappVrt) 

- cÄi.nL^r ■ fe^) • K^«^"-A?-"a,/2l ■ ™"<2 

1 ,      hc = *-ln-——7,m2 = 2. (7.8b) 
C2(1.12Aaapp^)2       ^mf ^       > 

If u1>c and ^2>c are the cyclic frequency of pad oscillations and the cyclic frequency 

of applied stress, respectively, total time to failure (if) for a fretting fatigue condition 

is given by 

Nx      N2 
tf = W + — + —, (7.8c) 

where tinc is the incubation period required to initiate a surface crack described ade- 

quately by Ci and mi. For a conservative life estimate, this term may be neglected, 

as it is difficult to know the loading history of any given component, making it almost 

impossible to know the probability that a crack will nucleate in it within a given time 

increment. 
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7.4    Recommendation 

The reasonable inspection scheme to develop based on this approach is one that re- 

furbishes components subject to fretting fatigue at intervals that are shorter than 

the predicted life. Complexity of the problem may be exacerbated by LCF damage 

occurring at engine spin-up at the beginning of sorties, e.g., but the potential useful- 

ness of this life prediction methodology remains high, and further determination of 

loading conditions and material properties that will allow its full implementation as 

the basis for an inspection scheme merit further investigation. 

123 



124 



Chapter 8 

Conclusions, Recommendations, 

and Future Work 

8.1    Conclusions 

A three-pronged approach to the problem of fretting fatigue is offered in this work. 

The first is a quantitative approach that assumes fretting contact may be approxi- 

mated by a sphere-plane geometry, and utilizes the known contact mechanics solutions 

for the stress fields associated with this type of contact. Fretting failure maps have 

been constructed that may be used to predict whether a given sphere-plane fretting 

fatigue loading condition will result in catastrophic failure. They are based on a mod- 

ified Crossland criterion that incorporates the amplitude of the second invariant of the 

stress deviator and the maximum hydrostatic stress. Use of the Crossland criterion 

as calculated using the ratio Q/fJ-N and the appropriate value of friction coefficient 

yields fail/no-fail predictions that compare favorably with experimentation. 

The second approach is a computationally intensive model that calculates quan- 

tities that may not easily be found using analytical means. A finite element model of 

sphere-plane fretting contact has been utilized to predict the accumulation of equiva- 

lent plastic strains during a fretting cycle. This information may be used to predict life 

in fretted components via a Coffin-Manson-type relation. Comparison of this method 

to experimental data has shown it to be an overly conservative method; improvement 

125 



is likely if the accumulation of plastic strain during fatigue cycles subsequent to the 

first cycle is monitored and used in the Coflin-Manson life model. 

The third aspect of this work is experimental. The design, construction, and 

use of an improved fixture for performing fretting tests have been described. The 

apparatus permits use of varied contact pad geometries, and allows precise control and 

measurement of key fretting parameters. Of particular note is that both tangential 

loads and relative displacements may be accurately controlled and measured in situ. 

Various methods of measuring the friction coefficient over a fretting contact surface 

are provided. The performance of the apparatus has been verified through the creation 

of fretting scars with dimensions that closely match theoretical predictions, as well 

as through fretting fatigue tests. 

For completeness, a review of the crack analogue approach used in adapting LEFM 

principles to the contact mechanics associated with fretting fatigue is included, along 

with a related life prediction methodology. This technique is another promising ana- 

lytical development that has become available recently. 

8.2 Recommendations 

All of the approaches to the study of fretting fatigue in military aircraft components 

described here merit further study to evaluate their level of agreement with collected 

experimental data. The crack analog approach offers promise as an aspect of design 

criteria for components subject to HCF damage. Experimental work should continue, 

particularly using specimens made of the alloy Ti-6A1-4V, which is of interest because 

it is commonly used in the early fan stages of the F-100 turbofan engines utilized in 

many military jet aircraft. 

8.3 Future work 

Utilization of the analytical computer programs created in this work should continue 

as a means of determining experimental conditions, i.e. stress fields due to contact, 
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bulk stresses, maximum tangential contact forces, and expected relative displace- 

ments, prior to conducting tests. Comparison of experimental data to the Crossland 

parameter maps will be useful for verification of the approach as a viable approach 

to component design. 

Further computational fretting simulation using the finite element model of Gi- 

annakopoulos and Suresh (1997) is necessary. These tests should serve to monitor the 

accumulation of plastic strains due to fretting contact in several regimes of contact- 

induced plasticity, elastic shakedown, and fully reversed elasticity as described by Pon- 

ter (1985). Comparison of the Coffin-Manson relation-based life prediction method 

should be compared with experimental results. In particular, the plastic strain incre- 

ment should be obtained for fretting cycles subsequent to the first cycle, or preferably, 

the second cycle. This value will be closer to the actual steady-state value, and will 

perhaps lead to more accurate use of the Coffin-Manson relation as a life prediction 

method for fretting in the context of HCF damage. 

In the course of this work, several Ti-6A1-4V specimens and fretting pads have been 

created. These should soon be tested in the experimental frame. New experiments 

should: 

• Attempt to determine the deleterious effects of fretting on plain fatigue life of 

Ti-6A1-4V. 

• Undertake and refine the use of fretting pads of non-spherical geometries for 

conducting fretting tests. Of particular interest will be overcoming the problem 

of 'gouging' with sharp-edged geometries. A first measure to overcome this 

difficulty may be utilizing flat punches with rounded edges. 

• Observe the orientation, change in growth angle, and critical failure length of 

cracks nucleated from fretting scars. This data will be of use in determining 

the usefulness of the crack analogue method as a life prediction technique for 

fretting fatigue. 
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Appendix A 

Finite Element Results 

This appendix contains graphical output of interest from the finite element model. 

A.l    Nature of the model 

Figure A-l shows the 3D nature of the model by displaying magnified displacement 

fields for a typical fully elastic contact condition. 

A.2    Elastic finite element results 

Figures A-2 through A-5 demonstrate the results obtained from the finite element 

model for completely elastic simulations. The equivalent von Mises stresses in these 

simulations never approach the material yield strength, making consideration of plas- 

tic yielding unnecessary. Observe that the maximum von Mises equivalent stress 

(ä) occurs beneath the surface at a depth of one-half the contact radius for normal 

contact, but transitions to the trailing edge of contact for tangential sliding with a 

coefficient of friction of 0.3 and above. 
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Figure A-l: A depiction of the displacement fields (magnified 75 x relative to the 

scale of the picture) created for one case of normal contact, showing the 3D nature of 

the finite element model. Axes coordinates are normalized by contact radius, so that 

-1 and 1 on the x/a axis define the contact zone. 

A.3    Plastic finite element results 

Figure A-6 shows simulation ouputs for fretting contact cases modeled with the po- 

tential to exhibit plastic yielding; in (a) are the von Mises equivalent stresses for an 

aluminum substrate subject to a normal load such that the maximum stress level 

is slightly above the material yield strength. Part (b) shows the equivalent plastic 

strains for the corresponding loading case. Note that the maximum plastic strains 

correspond to the location of maximum von Mises equivalent stress, and that no 

plasticity occurs at the surface. 
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Figure A-2: Von Mises equivalent stress (a) for normal loading of a Ti-6A1-4V sub- 

strate by a sphere such that ä is well below uy. 

Figure A-3: Von Mises equivalent stress (<r) for the loading case in Fig. A-2; the 

sphere has been slid to the maximum elastic sliding displacement, with [i = 0.3. The 

maximum von Mises stress is located at the trailing edge of contact; fj, of 0.3 and 

above will always result in a transition of the maximum von Mises stress from below 

the surface to the surface for sliding sphere-plane contact. 
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Figure A-4: Von Mises equivalent stress (ä) for the loading case in Fig. A-2; the 

sphere has been slid to the maximum elastic sliding displacement, with ß = 0.5. The 

maximum von Mises stress location (and its shift away from beneath the center of 

contact) is more pronounced. 

Figure A-5: Von Mises equivalent stress (ä) for the loading case in Fig. A-2; the 

sphere has been slid to the maximum elastic sliding displacement, with ß = 0.7. The 

trend observed in Figures A-3 and A-4 continues. 
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Figure A-6: Showing a) von Mises equivalent stress fields for the normal loading of an 

Al 7075-T6 substrate by a sphere of the same material such that ä is slightly above 

Oy and b) equivalent plastic strains for the same loading condition. 
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Appendix B 

Experimental Protocol 

This appendix describes details relevant to conducting successful fretting tests using 

the experimental apparatus. It is intended as a reference for those who will in the 

future make use of the fixture for their own fretting tests. 

B.l    Test frame materials 

The choices for all materials used in construction of the fretting frame were based 

compliance and weight considerations. The choice of thick (12.7 mm) hot-rolled 

steel for construction of the base was driven by the desire for a very stiff frame that 

would not deform appreciably under the loading it would experience. The same 

characteristics were sought for the the adjustable points of support. The springs were 

chosen to have a high enough spring constant to exert the desired range of loads with 

an equilibrium displacement of not more than 20 mm; they are of a typical spring 

steel. The flexible plates are of cold-rolled steel on the order of 1.6 mm thick. The stiff 

plate is made from a high-strength aluminum alloy, as are the linear bearing housings. 

Both these components are in motion throughout the test, and it is desirable for them 

to have low masses to minimize intertial effects. The pad support cylinders are of a 

low-carbon steel; a better altenative would be an aluminum alloy of lesser density, 

again because of the potential intertial effects of moving parts. The compliant member 

sometimes used in the load train may be of many materials, as its weight does not 
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affect the tests, but it is thin (with a radius approximately twice that of a specimen's 

radius) and made of low-carbon steel for the tests described in this work. A schematic 

of the basic fretting test frame is shown in Figure B-l. 

m Contact pads 
ES Aluminum stiffener plate 
c^m Load cells 
F—i Load application ass'ly (permits 6 DOF alignment) 

/////// 

m Load application screw 
—] Reusable contact pad holders 
ma Flexible plates (1/16" steel) 
o Aluminum linear bearing holders 

VffMrm 

-to* 

Figure B-l: Fretting test frame schematic 

Although it is not shown in the schematic, the compliant member that may be 

included in the load train during testing is shown in Figure B-2, a photograph of the 

entire experimental assembly. 

B.2    Fretting specimens and pads 

The fretting specimens used are typical cylindrical uniaxial test specimens with par- 

allel flat surfaces in the gage section. They are shown in Figure B-3. Note that the 

gage length may be varied for experimental convenience. For example, in the case 

of aluminum alloy specimens, a gage length of 15.2 cm was most typically utilized 

because it gave a broader range of possible specimen compliance and allowed easy 

installation of the extensometer. Fretting pads are machined from cylindrical stock 

(if available), and have one flat end and one end machined with a specified radius of 

curvature. These are shown in Figure B-4. 
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Figure B-2: Photograph of entire test frame. 

The hatched regions shown in Figure B-4 correspond to those regions which are 

chemically milled to achieve final surface finish (if chem-milling is used for a particular 

set of specimens). For the specimens, use of chem-milling implies that both sides of 

the gage section are treated. 

B.3    Specimen and pad preparation 

The properties of the alloys selected for testing are shown in Tables 4.1 and 4.2. A 

major factor in the selection of an aluminum alloy for fixture refinement and testing 

lies in the cost of material and preparation. Machining and chem-milling costs alone 

for the 11 fretting specimens and 24 pads created were approximately $ 11,000. A 

batch of about one dozen 7075-T6 specimens and corresponding pads can be procured 

for under $ 500. 
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Figure B-3: Fretting fatigue test specimens 

tT   "H   »VI 

Figure B-4: Spherical fretting pads 

The Ti-6A1-4V specimens and pads created (but not yet utilized) for this effort 

were manufactured in accordance with the standard procedures prescribed for work 

in the context of the Multi-University Research Initiative (MURI) on "High-Cycle Fa- 

tigue," Air Force Office of Scientific Research Grant No. F49620-96-1-0478. A forging 

of raw material was requested for release from the University of Dayton Research In- 

stitute (UDRI). Metcut Research, Inc. was the primary contractor for machining and 

assumes responsibility for adherence to final specifications. Specimens were machined 

in accordance with GE document number RP1055-S, which specifies vacuum stress 

relief after machining and chem-milling to achieve final surface finish. Vacuum stress 

relief and chem-milling were accomplished by outside subcontractors to Metcut, Inc. 
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Although the threaded sections of existing specimens were not properly masked dur- 

ing the chem-milling process, resulting in visible discolorization of parts of the surface, 

the specified tolerances were achieved, and the specimens are acceptable for testing 

without further modification. 

Machining of the aluminum specimens and pads was accomplished at the MIT 

Central Machine Shop. Pads and specimens are received with a #4 finish. Both 

of the flat sides of the specimen gage length and pads are subsequently polished by 

hand prior to testing. A steel bar, approximately 46 cmx38 mmxl2.7 mm is tightly 

wrapped at one end with a 102 mm x 12.7 mm piece of polishing medium. A pivot 

point is created at the opposite end of the bar by wrapping masking tape around a 

ball of paper. The section of the wide (38 mm) side of the bar with polishing medium 

on its surface is used for polishing. The steel bar holds the polishing medium flat 

against the surface of the specimen, ensuring that planarity of the gage section faces 

is maintained. 

The polishing media used are 800-, 1200-, 2400-, and 4000-grit abrasive papers, 

followed by a suspension of 0.3 /xm alumina (A1203) in ethanol. The suspension is 

poured onto pieces of cotton, which may be wrapped around the steel bar in the same 

manner as the sandpaper. Aprroximately 200 polishing strokes per side are done for 

each polishing step. Periodic rinsing of the specimen surface and polishing surface is 

done with water for all steps involving abrasive papers. Ethanol is used before and 

during polishing with the alumina suspension. 

Pads are prepared using the same number of polishing steps as specimens. Pol- 

ishing media are supported by several layers of soft cloth, which permits them to 

conform to the surface contour of the pads as they are polished. Polishing motion 

is in a circular direction, and the polisher should rotate the pad in his hand period- 

ically to ensure uniform coverage, as well as checking the surface visually. Uniform 

polishing of pads is of paramount importance in keeping radial dimensions intact. 

Both specimens and pads are cleaned ultrasonically for 5-10 minutes after polish- 

ing is completed to remove residual alumina and other debris. Surfaces are checked 

for uniform surface finish using an optical microscope, and should have a mirror finish 
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Figure B-5: Close-up of half of the experimental apparatus, showing the extensometer 

assembly and attachments. 

to the naked eye. 
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Appendix C 

Fretting Scars 

This appendix shows and describes selected fretting scars produced during experi- 

ments. Tests are referred to by the labels given in table 6.1. FigureC-1 shows how 

the buildup of fretting wear debris may obscure a fretting scar after its initial re- 

moval from the fretting fixture. Subsequent ultrasonic cleaning removes this debris 

and reveals the true characteristics of the scar. 

Figure C-2 shows a fretting scar resulting from a stick-slip contact condition. In 

contrast to Figure 6-1, the annulus of microslip for this case is large, so that the 

dimension c is less than \a. 

Figure C-3 shows both sides of a single specimen (for test K). The right side of the 

specimen developed a crack that advanced from the contact perimeter to the edges of 

the specimen. However, the crack was stable under bulk loading conditions, and the 

test was stopped prior to catastrophic failure. Specimens such as these may be used 

to determine crack initiation and propagation angles, which are useful for verification 

of the crack analogue method of fretting fatigue life prediction. 
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Figure C-l: A fretting scar from the test G specimen, a) before and b) after ultrasonic 

cleaning. 
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Figure C-2: Both a) and b) show micrographs of a fretting scar on the left side of the 

test H specimen. The stick and microslip zones are easily evident in spite of the fact 

that this specimen experienced more than 107 fatigue cycles. 
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Figure C-3: Showing a) the left side of the specimen used in test K and b) the right 

side of the same specimen (where a crack is visible). 
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