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Mehanika in znacilne oblike fretinga*

Mechanics and Characteristic Forms of Fretting

Mitjan Kalin - JoZe VizZintin

Ena izmed oblik obrabe, ki znatno zmanjsuje trajnost strojnih delov, je tudi fretinska obraba. Freting
je delovanje, ki povzroca poskodbo, ko se dve telesi, ki sta v stiku, relativno gibljeta z majhno amplitudo
pomika v drsni smeri. Kljub dolgoletnemu poznavanju samega pojava, pa so podrobnosti Se neraziskane.
Predvsem velja to za razlicne pojavne oblike ter njihovo odkrivanje in odpravijanje. V prispevku so predstavijene
znacilnosti porazdelitve napetosti v fretinskih stikih, znacilne oblike povrsinskih poskodb ter druge znacilnosti,
ki locijo freting od normalnega izmenicnega drsenja.
© 1999 Strojniski vestnik. Vse pravice pridrzane.

(Kljuéne besede: freting, mehanika, znacilnosti, napovedi)

One of the wear forms which significantly limits the operating life of various machine components
and structures is fretting wear. Fretting is the action which causes damage when two contacting bodies are
subject to a relative oscillatory sliding motion of small displacement amplitude. Although the fretting phenom-
enon has been recognised for decades, many details about the process are still unknown. This is especially true
for different fretting features, their prediction and prevention. In this paper, fretting contact mechanics, specific
surface damages and other fretting particularities which distinguish fretting from normal reciprocating sliding
are presented.
© 1999 Journal of Mechanical Engineering. All rights reserved.
(Keywords: fretting, mechanics, characterization, prediction)

O fretingu je prvi¢ v zgodovini porocal Fretting was first reported by Eden [1] in
Eden s soavtorji [1] leta 1911, ko je naSel na jeklenih 1911 who found that brown oxidised debris were
vzorcih naprave za preskusanje utrujanja rjave formed in the steel grips of their fatigue machine in
oksidne delce. Podrobneje je proces raziskoval contact with a steel specimen. The first investiga-
Tomlinson [2], ki je v ta namen zgradil tudi tion of the fretting process, however, was conducted
preskusalisce. Tako je leta 1927 definiral pojem by Tomlinson [2] in 1927, when two machines were

“korozijski freting” (Fretting Corrosion), ko je
opisal obliko poskodbe, ki je nastala na vzorcih po
preskusu. Ta definicija fretinga in oblike fretinsSkih
poskodb se je uveljavila zaradi rdeckasto-rjavega
prahu - oksida (o -Fe,0,), ki pogosto spremlja
tovrstne poskodbe na jeklenih materialih. Kasneje
so ugotovili, da se freting pojavlja tudi na materialih,
ki ne oksidirajo, npr. na zlatu in platini ([3] in [4]),
kar pomeni, da sam izraz ni najustreznejsi. Kljub
temu pa je korozijski freting ostal za dolga leta v
veljavi kot izraz, ki je popisoval razlicne pojavne
oblike fretinga.

constructed to produce a small amplitude rotational
movement between two annuli in the first case and
an annulus and a flat in the second. Since the re-
sultant debris on the steel specimens was the red
iron oxide, (¢ -Fe,0,), formed as a result of a
chemical reaction with oxygen in the air, he coined
the phrase “fretting corrosion”. Later it was found
that fretting damage can occur also on materials
which do not oxidise, like gold and platinum ([3]
and [4]), which contradicts the first definition. Nev-
ertheless, the term fretting corrosion remained for

V literaturi je dandanes najpogostejsa many years the only definition for the different fea-
definicija fretinga, ki pravi, da je “freting” tures of fretting damage.
delovanje, ki povzro¢a fretinsko poskodbo, ko sta Nowadays, the most frequently used defi-
dve telesi, ki sta v stiku, izpostavljeni nition of fretting is the action which causes fretting
medsebojnemu relativnemu izmeni¢nemu gibanju damage when two contacting bodies are subject to a
z majhnimi amplitudami v drsni smeri” ([S] in [6]). relative oscillatory sliding motion of small displace-
Taks$no gibanje se, po sploSno privzeti ment amplitude” ([5] and [6]). The required relative
terminologiji, imenuje tudi “zdrs”. tangential displacement is often called “slip”.

* Poleg izraza “freting” se lahko uporablja tudi izraz “torna obraba”, ki ga je poznal Ze prof. Struna, nekdanji predsednik
Terminoloske komisije pri SAZU, pri svojem predmetu Teorija trenja, obrabe in mazanja. (Op.ured.)
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Mechanics and Characteristic Forms of Fretting

Mehanika in znacilne oblike fretinga -

Kljub temu ostaja v tej definiciji Se
nedorecen pojem “majhna amplituda”, oziroma kje
so razlike med obiCajnim izmeni¢nim drsenjem in
fretingom. Razlika je v tesni povezavi z velikostjo
stiéne povrsine in njeno obliko ter temeljnimi
znacilnostmi fretinga. V splosnem velja, da se freting
pojavlja pri amplitudah, ki so manj$e od 130 um [5],
nikakor pa ne presegajo 300 um [7]. Pri vecjih zdrsih
preide odziv materialov v znacilen odziv za normalno
drsenje. Prav majhne amplitude doloc¢ajo tudi drugo
glavno znacilnost fretinga in to je nizka relativna
hitrost med telesoma v stiku, najpogosteje okrog
1 mm/s ([5] in [8]).

Znotraj te formulacije lo¢imo tri osnovne
oblike fretinga in s tem povezane poSkodbe:

— fretin&kakorozijaje oblika freting poskodbe, pri
kateri so nastajajo¢i obrabni delci kemijski
reakcijski produkti elementov triboloskega stika
(91,

— fretinska obraba popisuje vsakrsno obrabo ali
poskodbo povrSineg, ki je posledicafreting procesa
([5]in[9),

— fretindko utrujanjepomeni utrujanje materialov
v stiku zaradi cikli¢nih sprememb napetosti v
razmerah za freting [6].

V zadnjih letih, ko postaja razumevanje
fretinskega procesa popolnejese, se vse bolj uporabljata
zgolj izraza fretinsko utrujanje in fretinska obraba, in
sicer predvsem v povezavi s posameznimi rezimi ([ 7],
[10] do [12]) fretinga. Problem poimenovanja
posameznih oblik fretinga izhaja predvsem iz pogosto
tezko dolocljive locnice med njimi ter iz socasnega
obstoja ve€ pojavnih oblik hkrati ([5], [13] in [14]).

1 MEHANIKA FRETINGA
1.1 Elasti¢ni stik

Za razumevanje mehanike fretinga je v tem
prispevku podrobneje prikazan najpreprostejsi elasti¢ni
model ([15] in [16]), ki temelji na Hertzovi elasti¢ni teoriji
[17]. Zaradi jasno definiranega napetostno-deforma-
cijskega stanja je v modelu obravnavan stik idealno gladke
krogle zravno in idealno gladko ravno ploskvijo. V skladu
s tem je po sliki 1 sti¢na povrsina takih dveh teles krog z
radijem a, katerega velikost je odvisna od normalne sile
F,, polmera krogle R ter elasticnega modula £ in
Poissonovega Stevila v materiala:

Although a definition and understanding of fret-
ting is already well established, the lack of a very strin-
gent definition still remains in the term “small” ampli-
tude, which does not define a transition between fretting
and normal reciprocating sliding conditions. The differ-
ences are closely connected with the size of the contact
area compared to the relative displacement, its shape and
the basic characteristics of fretting. It is generally accepted
that fretting occurs at amplitudes smaller than 130 um
[5], but not larger than 300 um [7]. At larger amplitudes
the response of materials transforms to typical sliding
behaviour. Furthermore, it is the small amplitude which
defines the other main characteristic of fretting, i.e. a low
relative velocity between the contacting bodies, which is
usually in the range of 1 mm/s ([5] and [8]).

There exist three main forms of fretting and
related damage:

— fretting corrosion isthe type of fretting damage
which occurs when the resulting debris is a
chemical reaction product formed from the
congtituents of the surface and the environment [9],

— frettingwear definesany type of wear or surface
damage which originatesfrom thefretting process
([5] and [9)),

— fretting fatigue represents fatigue of materials
due to cyclic changes of the stress field under
fretting conditions [6].

In recent years, as the understanding of the
fretting process has improved, fretting wear and fret-

damage, primarily in connection with specific fret-
ting regimes ([7], [10] to [12]). The problem in de-
fining certain fretting damage arises from the fact
that sometimes only a tiny line of separation exists
between the fatigue and wear, or both are even si-
multaneously present ([5], [13] and [14]).

1 MECHANICS OF FRETTING
1.1 Elastic contacts

In order to explain fretting mechanics, a
simple elastic model ([15] and [16]) based on Hert-
zian theory [17] will be used here. A stress-strain field
can be very well defined at the contact of an ideally
smooth ball and a flat surface. Accordingly, the con-
tact surface of these two bodies is a circle, having a
radius a, as seen from Figure 1. The value of a de-
pends on the normal force £, the radius of the ball R,
the elastic modulus E, and the Poisson number y:

a:3/3(1_‘2/;)FNR ).

Porazdelitev normalnega tlaka p(7) po sti¢ni
povrsini se lahko zapise v odvisnosti od razdalje iz
sredisca 7 v obliki

The distribution of normal pressure p(r) over
the contact area as a function of a certain radial dis-
tance » from the centre is given by:

o(r) = o 1L @).

\
\
\
\
|
\
|
\
|
\
|
\
|
\
|
\
|
\
|
\
|
\
|
\
|
\
|
\
|
\
|
\
|
\
|
\
|
\
|
\
|
\
|
\
\

ting fatigue are mostly used for defining the fretting | @
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
|
\
|
\
\
|
\
\
|
\
\
|
\
\
|
\
\
|
|
\
\
|
\
\

— \

2na’ a |
|
\

AR
stran 171 WVIESTINIIK
\
[
[

|

8.7.99, 15:41

‘ Kalin-1.p65 171



o STROJNISKI
VESTNIIK stran 172
[

‘ Kalin-1.p65

zdrs / slip

/
N up(o) |
\ /
(r
krogla / @)
sphere +-3
«— > r
ravnaploskev/| ~__A __ 7 Fr
halfspace F, >
2a
2a

Sl. 1. Elasticni model stika pod vplivom normalne in drsne sile
Fig. 1. Elastic model for surface contact under normal load and tangential force

Ce se stik obremeni hkrati e z drsno
silo F;, se pri tem vnese na povrsino strizno
napetost 7(r), katere porazdelitev je definiral

Mindlin [18] z naslednjo enacébo:
t(r)=

Iz enacbe (3) je razvidno, da ima strizna
napetost singularno to¢ko na zunanjem robu stika
(r = a), kar pomeni, da bi bila na tem mestu napetost
neskon¢no velika. Ker pa strizna napetost ne more
preseci napetosti, ki je na celotnem stiku definirana
kot:

Fr

" onava?—r?

If a small cyclic tangential force F; is su-
perimposed on the normal load, some microslip can
occur at the outer edges of the contact circle and a

distribution of the shear tractionz(r), defined by
Mindlin [18], can be expressed in the following form:

3).

From the Equation (3) it is clear that the
point of singularity of the tangential force is at the
outer rim of the contact (I = &), which means that at
this point the value of the tangential force reaches
infinity. Since the shear traction 7(r) cannot overcome
the stress on the whole contact area, defined as:

7(r) < pp(r) 4),

sledi, da pride zunaj mejnega kroga s polmerom
r=a’<a do zdrsa:

it follows that at a radius larger than r =a’ < a, slip
occurs:

a’=a 3/1— uFFT 5).
N

To pomeni, da ima pri drsni sili F<uF,
sticna povrsina v svojem srednjem delu krog z
radijem @’, ki miruje in je v t.i. sti¢cnem podro¢ju, ter
zunanji del povrsine v obliki kolobarja, ki zdrsuje.

V podro¢ju kolobarja, ki zdrsuje
(&’ <r <a), je strizna napetost podana z enacbo:

_ 3uFy
2na’

7(r)

172

When the tangential force F.<uF is ap-
plied, a contact surface has, in its inner part, a circle
of radius @’ which is a stick zone. The outer part of
the surface, in the form of an annulus, is a slip zone.

Surface traction distribution across the an-

nulus in the slip zone (2" <r < &) can be defined as:

/1_2 (6),
a

8.7.99, 15:41
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v podro¢ju mirovanja - stiku (r <a”) pa z: while within the stick zone (r <a”) by:

3uF rz a’ r?
0= e Nla - a’z} O

Iz izvajanja enacb (1) do (7) in slike 1 je

From Equations (1) to (7) and Figure 1 it can

razvidno, da se z uvajanjem drsne sile pri¢ne zdrs be seen that in the transient phase of applying the tan-
na zunanjem robu sti¢ne povr$ine in se z veCanjem gential load, microslip starts at the outer rim of the con-
drsne sile $iri v obliki kolobarja proti sredisc¢u tact circle and penetrates inwards as the slip annulus
sti¢nega kroga. Ko velikost drsne sile doseze pogoj forms. It is shown that the inner radius of the annulus
F, = uF,, se v skladu z enacbo (5) delni zdrs v stiku approaches zero when the applied tangential force ap-
spremeni v popolni zdrs prek celotne stiéne proaches the friction force F, = uF,. This is the condi-
povrsine. tion for incipient gross slip over the entire contact area.
1.2 Elasto-plasticni stik 1.2 Elastic-plastic contacts

Bolj splosen opis mehanike v fretinSkem A more general description of the fretting
kontaktu v primerjavi z elasticnim modelom pa sta process compared to the elastic model was developed
razvila Odfalk in Vingsbo [19]. V elasto- by Odfalk and Vingsbo [19] who included the contri-

bution of plastic deformation. The consideration of
elastic-plastic deformation behaviour of asperity junc-
tions implies that the contact surface is divided into
three zones, where the contact conditions are modi-
fied as shown in Figure 2. Under traction, the asperi-
ties are deformed elastically in a central stick zone,
which is surrounded by a yield annulus in which the
asperities have yielded plastically but have not frac-
tured. The yield annulus, in turn, is surrounded by a
slip annulus where the asperities are subjected to shear
fracture in the same sense as in the elastic model.
Therefore, in the elastic-plastic model Odfalk

plastiénem modelu sta predpostavila, da je skupni
drsni pomik sestavljen iz treh komponent, poleg
elasti¢ne in zdrsne Se iz pomika zaradi plasti¢ne
deformacije v fretinskem stiku. Do le-te lahko
pride zaradi plasti¢ne deformacije v dotikih
vr$ickov ter plastiéne deformacije samega
osnovnega materiala v stiku. Tudi rezultati
preskusov so potrdili, da je ta teorija dober
priblizek dejanskemu stanju.

Glede elasto-plasti¢ne teorije je treba sti¢ne
razmere s slike 1 nekoliko spremeniti. Podrocje

mirovanja, v katerem se vrSicki deformirajo zgolj and Vingsbo pre-supposed that the displacement is made
elasti¢no, se navzven nadaljuje v kolobar, v katerem up of three components, i.e. elastic displacement between
je znacilna predvsem plasti¢na deformacija vrsickov. the protrusion and the half-space (flat), plastic deforma-
Kolobar plasti¢nega tecenja je obkrozen s kolobarjem tion in the bulk of the contact zone, and slip in the slip
ze v elasti¢ni teoriji definiranega zdrsnega podrodja, annulus. The shear traction 7(r ) distribution curve in Fig-
ki se na zunanji strani kon¢uje z mejo sticnega ure 2 demonstrates the yield annulus by the rounded tran-
podroé¢ja. Shematsko je bistvo elasto-plasticnega sition between stick and slip zones, as compared to the
modela prikazano na sliki 2. sharp transition for the elastic case, Figure 2.

zdrsni kolobar /
slip annulus
stik / stick

\\/ \ kolobar tecenja /
yield annulus
\_/

krogla /
sphere +/- 8
«—> r
ravna ploskev /" ~~__ _A___--" F,
halfspace F —_—
N

Sl. 2. Elasto-plasticni model fretinskegs stika
Fig. 2. Elastic-plastic conditions in a fretting contact
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2 ZNACILNOSTI FRETINGA
2.1 Fretinski rezimi

Prav elasto-plasti¢na teorija fretinskega
stika je potrdila Ze prej zaznane pojave plastifikacije
[7] in omogocila Se stvarnejSo razlago porazdelitve
podrocij mirovanja in zdrsa. Povezavo sti¢nih
podrocij z amplitudo pomika je prvi dolocil Vingsbo
([71, [10] in [11]), ko je definiral razli¢ne fretinske
rezime. To je bil pomemben korak pri razpoznavanju
fretinga, saj pomeni osnovo za definiranje sticnih
razmer v odvisnosti od odziva materiala na nov nacin,
v posebnih diagramih, izrazenih kot “fretinSke
sheme” ([7], [10] do [12], [19] in [20]), ki so
predstavljeni kasneje.

I. ReZim mirovanja (8’ = a)

Znacilen je za najmanjSe amplitude
pomikov, tako da sta kolobarja teCenja in zdrsa
zanemarljiva. V procesu se energija skorajda ne
izgublja, tako da prikaze diagram F, — § premico,
slika 3(a). Sti¢ne razmere doloca elasti¢na
deformacija osnovnega materiala ter vr$ickov v
podroc¢ju mirovanja prek celotnega sticnega kroga
(&’ = a), slika 4(a).

Poskodbe povrSine so minimalne in je
zanje potrebno veliko Stevilo obremenitvenih
ponovitev, vedje od 10°. Zaradi tega se ta rezim
vcasih imenuje tudi “rezim majhne fretinske
poskodbe” [7].

I1. ReZim delnega zdrsa (0<a’<a)

Z nara$cajo¢o amplitudo pomika dobi
plasti¢na deformacija pomembnejso vlogo.
Pojavi se tako v osnovnem materialu znotraj
mirujocega podrocja, kakor tudi na vrSi¢kih v
obrocu tecenja. Hkrati pa se v obrocu zdrsa
pojavi relativni zdrs med elementoma v stiku in
pojavi se strizenje - lom vrsickov tudi v tem
podroc¢ju. Diagram F, — §, prikazan na sliki 3(b),
se spremeni v histerezno zanko, katere povrSina
pomeni izgubo energije trenja zaradi zdrsa in
plastifikacije. V stiku so znacilni pogoji z dvema
podro¢jema, slika 4(b).

Najbolj znacilna poskodba v tem rezimu
je fretinsko utrujanje, ki se pojavlja na meji med
obema podro¢jema. Za to podrocje so znacilne
utrujenostne posSkodbe. Vplivi obrabe so
minimalni.

2 CHARACTERISATION OF FRETTING
2.1 Fretting regimes

It was the elastic-plastic theory of fretting
contact which confirmed the before-seen features of
plastic deformation in such contacts [7] and allowed a
more realistic explanation of the stick and slip zones.
A connection of the contact zones with the amplitude
of oscillation was determined by Vingsbo [7],[10] and
[11] by defining various fretting regimes. This was an
important step forward in the understanding of fret-
ting since it provided a background for presenting the
contact conditions and the response of materials in a
new way, i.e. through fretting maps ([7], [10] to [12],
[19] and [20]), which will be discussed later.

I. Stick regime (8’ = a)

The stick regime is characteristic of the lower
amplitudes of oscillation. The displacement is accommo-
dated by elastic deformation of the asperities. The slip and
yield annulus are negligible. No energy is dissipated in the
process, as seen from the F; — § curve (line), Figure 3(a).
Contact conditions are determined by the elastic deforma-
tion of the bulk material and asperities in the stick zone
across the entire contact circle (2" = @), Figure 4(a).

In the stick regime, there is very limited sur-
face damage caused by oxidation and wear, and an
absence of fatigue crack formation has been observed
for some studied systems up to 10° cycles. Conse-
quently, wear occurring in the stick regime is some-
times called “low damage fretting” [7].

I1. Partial slip regime (0<a’<a)

With increasing amplitude of oscillation, plas-
tic deformation of the contact surface becomes more
important. There is still a central stick region where the
asperities elastically deform, and an outer annulus re-
gion where microslip occurs. Thus, plastic deforma-
tion occurs in terms of plastic yield of asperities in the
yield annulus and in terms of asperities fracture in the
slip zone. The F; — § curve, shown in Figure 3(b),
changes shape from a line to a hysteresis loop. Its area
corresponds to dissipated energy due to friction and plas-
tic deformation. The contact area is characterised by
two regions, as presented in Figure 4(b).

In the partial slip regime, wear and oxidation
effects are small, and accelerated crack growth may re-
sultin strongly reduced fatigue life. The highest alternat-
ing stress occurs at the surface boundary between the
stick and slip zones, hence it is at this point where fatigue
cracks would be expected to initiate. Therefore, it is the
annular microslip region where damage with character-
istic fatigue cracks occurs in this fretting regime.
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I11. Rezim popolnega zdrsa (a’ = 0)

Ko amplituda pomika doseze kriticno
vrednost, da se za¢no pogoji za F, = uF,, tedaj
koeficient trenja pade z najve¢je vrednosti, kjer
obstaja stati¢ni koeficient trenja, na nizjo vrednost,
ki ustreza kinetiénemu koeficientu trenja. Histerezna
zanka se v diagramu F, —§ deformira, kakor
prikazuje slika 3(c), saj se koeficient trenja spremeni
v vsaki polovici cikla enkrat, in sicer v trenutku, ko
je pomik vecji od kriti¢ne vrednosti, in se pojavijo
razmere popolnega zdrsa.

V skladu s sliko 4(c) je celotno podrocje
stika izpostavljeno zdrsnim razmeram, kar se z
vidika poskodb v stiku kaze z znatno obrabo.
Utrujanje je zaustavljeno s prevladujocim
obrabnim mehanizmom, zato se ta rezim fretinga
vCasih imenuje tudi rezim fretinske obrabe. V
primeru prevladujaoce oksidacije se poimenuje
tudi fretinska korozija, Ceprav se zaradi soCasnega
pojavljanja ve¢ tipov obrabe raje uporablja kar
izraz fretinska obraba.

IV. ReZim izmeni¢nega drsenja

Z vecanjem amplitude premika prehajajo
fretinske razmere s popolnim zdrsom v izmeni¢no
drsenje. Mejne razmere med obema rezimoma so
dolocene z obrabnimi mehanizmi in stopnjami obrabe,
znacilnimi za drsenje, ter oblikami drsne obrabe ([21]
in [22]). Slika 5 prikazuje stopnje obrabe v razlicnih
fretinskih rezimih za razliéne tipe jekel, predstavljene
z obrabnim koeficientom K z dimenzijo ena.

V. MeSani fretin$ki rezim

V nedavno objavljenih odkritjih [12] je
predstavljen in predlagan $e nov rezim, imenovan
mesani fretinski rezim. Pojavlja se tako v podro¢ju
delnega zdrsa kakor popolnega zdrsa, zato so zanj
znacilne poSkodbe utrujanja in obrabe. Rezultati
kazejo, da povzroca prav ta rezim najvecje poskodbe
v fretinskih stikih. Karakterizira ga elipti¢na oblika
histerezne zanke. Znotraj razmer meSanega rezima
fretinga se lahko veckrat dosezejo razmere za delni
ali popolni zdrs.

2.2 Dolo¢itev fretin§kih rezimov

Tocke prehoda med posameznimi
fretinSkimi rezimi lahko dolo¢imo s spremembami
morfologije obrabne povrsine ali izracunanimi
kriteriji, ki uporabljajo eksperimentalne podatke
trenja in pomika ali zgolj teoreti¢éne modele. Prehod
iz reZzima stika v delni zdrs ustreza odprtju fretinske
histerezne zanke. V stiku se vsa vlozena energija
akumulira v elasticno deformacijo, tako da se ni¢
energije ne izgubi. Povrsina histerezne zanke je zato
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I11. Gross slip regime (a’ = 0)

‘When the amplitude reaches a critical value, and
the condition F; = uF, is satisfied, the coefficient of fric-
tion (static) drops from its maximum value to a lower value,
which corresponds to the kinetic coefficient of friction. A
hysteresis loop represented by the F, — § curve in Figure
3(c) changes its shape in accordance with a coefficient of
friction shift in every half cycle. This occurs at the mo-
ment when the displacement overcomes the critical value
and the gross slip conditions are satisfied. The entire con-
tact area is in the macroslip region, Figure 4(c).

In the gross slip regime, there is severe sur-
face damage by wear, assisted by oxidation, and fret-
ting fatigue is suppressed by the continuous elimina-
tion of the contact fatigue cracks through the wear
process. This type of wear is usually termed fretting
wear. As mentioned above, the term fretting corro-
sion can be used when oxidation takes place, but due
to more general considerations and the frequent si-
multaneous occurrence of different surface damage
features, fretting wear is now generally preferred.

IV. Reciprocating sliding regime

When the amplitude of oscillation is high
enough, the wear mechanisms and wear rate became
equal to those in reciprocating sliding ([21] and [22]).
The point at which this occurs is referred to as the
transition to the reciprocating sliding regime. Figure
5 shows wear rates for various fretting regimes for a
wide range of steels, represented by the non-dimen-
sional wear coefficient K.

V. Mixed fretting regime

Recently, a new fretting regime was suggested
[12], to complement the already presented basic fret-
ting regimes. It is named the mixed fretting regime since
it occurs in partial slip and gross slip regimes, thus both
fretting wear and fretting fatigue damage are observed.
It was reported that this type of fretting regime could
cause the highest degree of fretting damage; it is
characterised by the elliptic shape of the hysteresis loop,
and by the fact that partial slip and gross slip conditions
can be established alternately many times.

2.2 Determination of fretting regimes

The points of transition between fretting re-
gimes can be determined by observable changes in wear
scar morphology or by calculated criteria which use fric-
tion-displacement data from tests or purely theoretically
obtained values. The transition from stick to partial slip
regime corresponds to an opening up of the fretting
hystersis loop. In the stick regime, the energy is accom-
modated by elastic deformation and no energy is dissi-
pated, making the area of the loop equal to zero. Thus, a
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S1. 3. Diagrami F; —§ za razlicne fretinske reZime, (a) stik, (b) delni zdrs, (c) popolni zdrs
Fig. 3. F; — 0 plots for different fretting regimes; (a) stick, (b) partial slip, (c) gross slip
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Sl. 4. Shematski prikaz sticnih razmer pri razlicnih fretinskih rezimih; (a) stik, (b) delni zdrs, (c) popolni zdrs
Fig. 4. A schematic of the contact conditions in different fretting regimes, (a) stick, (b) partial slip

* it *

(stick-slip), (c) gross slip
E 10-14__
S . sy
= popolni zdrs |zdmen|_cno
(<5} .
= stik | delnizdrs | grossslip reenje
~ stick | partial slip reciprocating
© sliding
B 1n-15
S 107
o
: /
=]
w
-16
10 i i i i i i
1 3 10 30 100 300 1000
pomik / displacement um

Sl. 5. Sprememba stopnje obrabe pri razlicnih fretinskih reZimih [7]
Fig. 5. Variation in fretting wear rate with displacement amplitude [7]

ni¢. Ko pa se z odprtjem histerezne zanke pojavi value for the dissipated energy that is greater than zero
izguba energije, pomeni to prehod v rezim delnega corresponds to the transition from the stick regime to the
zdrsa. Prehod iz delnega v popolni zdrs pa je nekoliko partial slip regime. However, the determination of the
tezje dolocljiv. Na tem mestu bosta predstavljeni dve transition from partial to gross slip is slightly more com-
metodi, s katerima je mogoce dolociti ta prehod. plicated, and two methods will now be discussed.

V skladu z izsledki, ki sta jih predstavila According to Vingsbo and Schon [11], the point
Vingsbo and Schon [11], je tocko prehoda v popolni of incipient gross slip, in terms of displacement ampli-
zdrs mogoce doloéiti iz krivulje trenje - pomik ali tude can be found from either the friction force-displace-
izratunom izgube energije. Ko narascajoci pomik § ment relations or from frictional energy dissipation. When
doseZe kriti¢no vrednost popolnega zdrsa O, pride the increasing displacement, §, has reached the critical
do padca drsne sile £, na kriti¢no vrednost £, . , ki gross slip value, O, there is a drop in tangential force,
ustreza prehodu med stati¢nim in kineticnim F, toacritical value, F, ., that corresponds to the transi-
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koeficientom trenja. Ta tocka (O, F,
definira kriti¢no koordinatno to¢ko prehoda.

Ugotovljeno je bilo [11], da je kriticno
koordinatno tocko prehoda lazje dolociti s
kriterijem izgube energije. Ce prikazemo
izgubljeno energijo £, v odvisnosti od pomika §,
vedno pri dolo¢enem Stevilu ciklov, se izkaze, da
pri nekem pomiku pride do nenadnega zvecanja
naklona krivulje dE /d § izgube energije. Pomik,
pri katerem do tega pride, imenujemo kriti¢ni
pomik J, in pomeni to¢ko prehoda med delnim
in popolnim zdrsom. Primer takega prehoda je
prikazan na sliki 6.

Natancen popis analiti¢nih izrazov in
primerjav med razli¢nimi kriteriji je podan v
literaturi [20].

) torej

tion from the static to kinetic friction. Hence, the point
that coincides with the position (5CR s Fy ) 18 classi-
fied as the critical transition co-ordinate.

However, it was found [ 11], that the critical tran-
sition co-ordinate is easier to discern with a dissipated
energy criterion. If the dissipated energy, £, is plotted as
a function of displacement, §, taken every time from the
same certain number of cycles, it generally shows a mono-
tonically increasing pattern. But, it was revealed that at a
certain displacement, there is always a sudden increase
in the slope dE /d § of the energy curve for roughly the
same O as the O, of the force curve, described above.
Thus, the sudden increase in the slope of the energy curve
indicates the point of incipient gross slip (Figure 6).

A detailed description in terms of analytical
expressions and comparison between different crite-
ria, including system-free, differential and theoretical
mapping transition criteria is given by [20].

140
120 +
100 +
80 T
60 T
40 +
20
0 1

=
—

Scr

izgubljena energija Ed /
dissipated energy Ed

0 20 40

60 80 100

um

amplituda pomika d /
displacement amplitude &

Sl. 6. Diagram izgube energije v odvisnosti od amplitude pomika, ki kaze prehod med delnim in popolnim
zdrsom (vrednosti so priblizne)
Fig. 6. Dissipated energy-displacement diagram showing the transition from partial to gross-slip regime
(approximate values)

2.3 Fretin§ke sheme

Glavni razlog, da je freting Se vedno
precejs$nja neznanka kljub dolgoletnim raziskavam
in da je eksperimentalne podatke tezko primerjati, je
v zapletenosti samega procesa ter Stevilnih
parametrih, ki nanj vplivajo ([8], [23] do [40]). Prav
zaradi tega je tudi v praksi tezko napovedati dobo
trajanja fretingu izpostavljenih razli¢nih strojnih
elementov, saj je ta odvisna od specifi¢nih delovnih
in sti¢nih razmer. Vingsbo [7] pa je pokazal, da je
mogoce iz eksperimentalnih podatkov na podlagi
dinami¢nih meritev drsne sile ter amplitude pomikov
razlikovati oziroma razpoznati razlicne fretinske
rezime, ki imajo pa vsak svojo znacilno obliko
poskodbe in mehanizem njenega nastanka. Ta
ugotovitev pomeni dobro podlago za napovedovanje
mogocih poskodb in dobe trajanja strojnih elementov,
ki delujejo v fretinskih razmerah.

Fretinska shema je diagram, ki prikazuje
fretinske rezime kot funkcijo dveh spremenljivk z
mejami, kjer naj bi prislo do prehoda med

177

2.3 Fretting maps

One of the major reasons that fretting still
remains an industrial problem in spite of numerous
investigations is that the experimental results are dif-
ficult to compare because of the complexity of the
process itself and the many influencing parameters
([8], [23] to [40]). Because of so many contact and
working conditions, it is also difficult to predict the
working life of a machine component which is sub-
jected to fretting. Vingsbo [7] showed that it is pos-
sible from the experimental data, based on dynamic
measurements of tangential force and displacement,
to distinguish and recognise different fretting regimes,
which are characterised by different surface damage
as discussed before. This is a promising finding for
the prediction of possible surface damage and the
working life of various machine components, work-
ing under different fretting conditions.

A fretting map is an illustration that por-
trays the pertinent regimes in two variables, where
the regime boundaries represent the critical values
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posameznimi rezimi [7]. Glede na $tevilne vplivne
parametre je mogoce sestaviti ve¢ fretinskih shem,
npr. pomik-normalna sila, pomik-frekvenca, pomik-
obraba itn. Se posebej uveljavljena je shema, ki
prikazuje razli¢ne rezime v odvisnosti od normalne
sile in amplitude pomika (sl. 7).

Zamisel fretinskih shem je razsiril Vincent
[41], ki je predlagal uporabo dveh tipov fretinskih
shem: fretinske sheme delovnih razmer in fretinske
sheme odziva materiala (sl. 8). FretinSke sheme
delovnih razmer predstavljajo diagram normalne sile
proti pomiku ali frekvenci gibanja. Na tej shemi je
mogoce dolociti tri podrocja, ki definirajo stik, delni
zdrs in popolni zdrs. FretinSke sheme odziva
materiala pa predstavljajo napetost ali ekvivalentno
napetost v stiku nasproti amplitudi pomika. Podrocja,
ki jih lahko razberemo s te sheme, so: podrocje brez
poskodb, podrocje razpok in podrocje nastajanja
obrabnih delcev - obrabno podrocje.

Freting sheme so torej namenjene predvsem
interpretaciji eksperimentalnih rezultatov ter
dolo¢anju okvirnih delovnih razmer, v katerih naj bi
se ob upostevanju dolocenega triboloskga sistema
lahko izognili pojavu fretinga.

for the transition from one regime to another [7]. Ac-
cording to many influencing parameters, various fret-
ting maps can be plotted, such as displacement-normal
force, displacement-frequency, displacement-wear, etc.
Figure 7 shows one of the most informative and widely
used maps, describing fretting regimes as a function of
normal load and displacement amplitude.

The concept of fretting maps has been ex-
tended by Vincent et al. [41], who suggested the use of
two types of fretting maps: running condition fretting
maps (RCFM) and material response fretting maps
(MRFM), Figure 8. The running condition fretting maps
they proposed plot the normal load versus displacement
amplitude for a given frequency. The three zones iden-
tified in the RCFM are stick, partial slip and gross slip.
The material response fretting map, on the other hand,
plots stress or equivalent stress versus amplitude. The
three zones identified in the MRFM are (1) no degrada-
tion, (2) cracks, and (3) particle detachment-wear zones.

Fretting maps are therefore used for inter-
pretation of the experimental data and determining
the boundaries for tribological and working param-
eters in order to get an appropriate fretting regime or
even to avoid it.
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Sl. 7. Fretinska shema normalna sila - amplituda pomika [7]
Fig. 7. Displacement amplitude - normal force fretting map [7]
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S1. 8. Shematski prikaz fretinskih shem delovnih razmer (a) in fretinskih shem odziva materialov (b) za tri
razlicne dolzine testov (prvih deset ciklov, prvih sto ciklov, nekaj tisoc ciklov) [41]
Fig. 8. Schematic presentation of Running Condition Fretting Map - RCFM (a) and Material Response Fret-
ting Map - MRFM (b) for three test durations (first ten, first hundred and first few thousand cycles) [41]
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2.4 Prilagoditev hitrosti pri fretingu

Zamisel prilagoditve hitrosti pri fretingu
pomeni, da se relativni pomiki in razlika relativnih
hitrosti med telesi v stiku prilagodijo na razli¢nih
mestih v stiku, v skladu z razlicnimi oblikami gibanja
([8], [14] in [32]). Stiri osnovne oblike gibanja (M1-
M4) za prilagoditev hitrosti so elasticna deformacija,
lom, strizenje in kotaljenje, medtem ko je mest v stiku
pet (S1-S5), kakor prikazuje slika 9.

mesta prilagoditve hitrosti /
velocity accomodation sites

2.4 Velocity accommodation in fretting

The concept of velocity accommodation means
that the relative displacement and velocity difference be-
tween the contacting bodies are accommodated at differ-
ent sites and according to different modes ([8], [14] and
[32]). The four basic accommodation modes (M1-M4)
such as elastic deformation, fracturing, shearing and roll-
ing and the five accommodation sites (S1-S5) in the con-
tact are schematically indicated in Figure 9.

oblike gibanja za
prilagoditev hitrosti
velocity accomodation modes

= rvo telo / first body  S1
S oo pl . ) Y / M1 A\ elasti¢no / elastic
00 AA || = P gst na tretjem telsu S2
_____________ third body screen Ini prelom /
. M2 | | normalrg prtl:( om
— osnova tretjega telesa/ g3 normal breaking
00 I third body bulk _ ,
B _O_O_/?/\_ "_ T T T plast na tretjem telesu / sS4 M3 — striZenje / shearing
— thi .. .
— ird body screen M4 OO kotaljenje / rolling
00 M\ Il = | prvotelo/ firstbody S5

S1. 9. Mesta in oblike gibanja za prilagoditev hitrosti v stiku [41]
Fig. 9. Velocity accommodation sites and modes [41]

Kombinacija omenjenih $tirih oblik
gibanja in petih mest v stiku omogoca 20 razli¢nih
mehanizmov prilagoditve. Spremembe v
mehanizmu prilagoditve hitrosti in materialnih
lastnosti pa se kazejo na razvoju koeficienta
trenja.

Razli¢ni mehanizmi so na razli¢nih mestih
v stiku lahko tudi hkrati. To je npr. zelo znacilno za
delni zdrs. Merjena sila trenja je skupek razli¢nih
mehanizmov prilagoditve hitrosti in spreminjanja
materialnih lastnosti.

2.5 Logaritermski diagrami trenja

Potem, ko so se fretinske sheme izkazale
za ustrezno metodo pri razpoznavanju predvsem
celotnih razmer - okvirov fretinskega procesa, se je
razvoj teorije fretinga zacCel usmerjati v
razpoznavanje fretinga znotraj posameznega rezima.
Izjemno uporabno orodje so logaritemski diagrami
trenja [8] in [41], ki popisujejo drsno silo v
odvisnosti od amplitude pomika, hkrati pa sta obe
spremenljivki prikazani Se v odvisnosti od Stevila
ponovitev (sl. 10).

Logaritemski diagrami trenja razkrijejo
dejanski razvoj koeficienta trenja med freting
poskusom. To pa omogoca, da se koeficient trenja
poveze z vplivnimi parametri pri fretingu in sticnimi
razmerami v vzro¢no-posledi¢no zvezo.

179

The combination of modes and sites results
in 20 individual velocity accommodation mecha-
nisms (VAM). Changes in the operative velocity ac-
commodation mechanisms as well as in the material
properties are reflected in the evolution of the mac-
roscopically measured friction behaviour.

Different mechanisms may be operative simul-
taneously at different locations in the contact zone. This
generally happens, for instance, in contacts subjected to
partial slip conditions. The macroscopically measured
tangential force thereby reflects the integral action of all
velocity accommodation mechanisms operative at the
fretting contact, as well as the material properties involved.

2.5 Friction logarithmic diagrams

When fretting maps confirmed their applica-
bility as tools for recognising global fretting conditions
in terms of running conditions or material response on
a macroscale, a new approach was developed, i.e. fric-
tion logs [8] and [41], which helped to gain an under-
standing of the contact conditions on a microscale. Fric-
tion logs, sometimes called fretting logs, are three di-
mensional graphs that give the variation in the coeffi-
cient of friction versus displacement stroke length and
time or number of cycles (Fig. 10).

Friction logs reveal the actual development
of the coefficient of friction during the fretting ex-
periment. This allow the coefficient of friction to be
correlated to other influencing factors and different
contact conditions.
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SL. 10. Znacilni logaritemski diagrami trenja, ko so (a) opazni obrabni delci, (b) opazne razpoke [41]
Fig. 10. Representative friction log when (a) debris is formed and when (b) cracks are present [41]

3 SMERI RAZVOJA PRI NAPOVEDOVANJU
IN PREPRECEVANJU FRETINGA

Logaritemski diagrami trenja dejansko razkrivajo
dogajanje v posameznem obremenitvenem krogu med
celotnim fretinskim procesom, torej v odvisnosti od stevila
ponovitev. To omogoca, da se lahko spremembe koeficienta
trenja povezejo z razlicnimi vplivnimi dejavniki ter
spremembami razmer v stiku. Prav definiranje fretinga v
pogledu povezovanja delovnih razmer z mogocimi
poskodbami temelji na raziskavah na podrocju
logaritemskih diagramov trenja in pomeni velik napredek
zadnjih let na podrocju razumevanja fretinga ([42] do [46]).
To pa je poleg razvoja same teorije mehanike fretinga ter
vplivov nanastanek in razvoj razpok freting utrujanja ([47]
do [53]) trenutno najbolj razgibana usmeritev raziskav. Vse
to pa vodi k izpopolnjevanju ze uveljavljenih kriterijev za
nastanek in razvoj freting utrujanja ([54] do [56]) ter v
konéni fazi k modeliranju, napovedovanju in s tem tudi
prepreCevanju fretinSkega utrujanja.

Poleg raziskav na podro¢ju utrujanja potekajo
poglobljene raziskave tudi na podro¢ju fretinske obrabe
([57] do [60]) ter iskanju metod za natanénejso dolocitev
prehoda med obema vrstama poskodb ([13], [14], [20]
in [61]). Vendar pa je v primeru fretinske obrabe polozaj
precej drugacen, saj modeliranje v pogledu analiticnega
popisa mehanizmov in kriterijev nastanka poskodb ter
hitrosti, velikosti in drugih njihovih lastnosti ni mogoce.
Vzrok za to je predvsem v izjemni odvisnosti obrabe od
Stevilnih delovnih in sticnih razmer, saj Ze najmanjSe
spremembe, npr. samo vlaznosti zraka, povsem
spremenijo mehanizem in stopnjo obrabe ([62] do [68]).
Fretinska obraba je znatno odvisna od kemijskih in
tribokemijskih reakeij ([69] do [78]), ki jih Zzal ni mogoc¢e
popisati dovolj natancno, da bi imele enacbe bistveno
vrednost pri popisu procesa. Prav zato sta eksperimentalno
delo in sistemati¢nost raziskav na tem podrocju toliko
pomembnejsi za razpoznavanje razli¢nih vplivov in
odzivov v rezimu fretinske obrabe. Raziskave so torej
usmerjene predvsem na dolocene primere uporabe, pri

3 TRENDS IN FRETTING PREDICTION
AND PREVENTION

Friction logs enabled fretting conditions to
be defined in a way that working conditions could
be correlated to the possible forms of surface dam-
age. This is one of the greatest improvements in un-
derstanding fretting in recent years ([42] to [46]). In-
vestigations in this field are nowadays the most in-
tensive field of fretting fatigue research, along with
investigations on fretting mechanics in terms of ef-
fects on the fretting fatigue crack initiation and growth
([47] to [53]). Both fields have lead to the improve-
ment of the already-established criterias for fretting
fatigue damage ([54] to [56]) and to the modelling,
prediction and consequently the prevention of fret-
ting fatigue.

The other main research activities are in the
fields of fretting wear ([57] to [60]) and finding bet-
ter methods to distinguish the transition between fret-
ting wear and fatigue more accurately ([13], [14],
[20] and [ 61]). However, the situation in fretting wear
research is significantly different than in fretting fa-
tigue. Modelling, in terms of an analytical descrip-
tion of different mechanisms or criteria for damage
initiation, growth rate and other relevant character-
istics, is not possible. The reason is primarily due to
the variety of influencing working parameters and
contact conditions, which with only small changes
can completely change the wear mechanisms and
wear rates ([62] to [68]). Fretting wear is strongly
dependent on chemical and tribochemical reactions
([69]to[78]), which cannot be analytically modelled
accurately enough to result in equations which can
give relevant results in defining the wear process.
That is why systematic experimental work and re-
search is so crucial for recognising different influ-
ences and responses in the fretting wear regime. Vari-
ous investigations are therefore focused on the spe-
cific applications where fretting wear occurs; conse-
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katerih se problemi fretinske obrabe pojavljajo. Zato
so tako eksperimentalne razmere kakor materiali in
druge sti¢ne razmere vnaprej dolocene in odvisne od
danih zahtev. V tem pogledu sta tudi razprSenost
raziskav v ve¢ smeri in s tem povezana
nesistemati¢nost skoraj nujni, pa tudi razumljivi.

4 SKLEPI

— Pojav fretingakot oblike poskodbe povrsin se Se
Siri, kljub intenzivnim prizadevanjem zanjegovo
odpravljanje.

— Fretinskaposkodba se pojavljazaradi fretinSkega
utrujanja in fretinske obrabe, ki se med seboj
dopolnjujetain velikokrat delujeta tudi hkrati.

— Na podro¢ju utrujanja se odvijajo raziskave v
smeri izpopolnjevanja sedanjih kriterijev za
nastanek utrujenostnih razpok ter posledi¢no
modeliranju in napovedovanju utrujanja

— Na podroéju fretinSke obrabe se raziskave
izvajajo za to¢no doloc¢eno uporabo z znanimi
materiali ter v znanih delovnih in zunanjih
razmerah.

quently, experimental parameters, materials and con-
ditions are defined by the specific requirements of
each investigation. Unfortunately, despite the moun-
tains of data accumulated, the wide variation in ex-
perimental conditions makes the experiments mostly
non-comparable.

4 CONCLUSIONS

- Fretting as a form of wear is still increasingly
encountered, although alot of research activitiesare
going on in terms of its prediction and prevention.

- Fretting damage is a result of fretting fatigue or
fretting wear, which compete with each other and
many times act simultaneously.

- Inthe field of fretting fatigue, improvement of
the already established criteriafor fretting fatigue
damage and finally, to modelling, prediction and
consequently prevention of fretting fatigue arethe
main research activities.

- Fretting wear, however, is mostly studied for a
specific application, with known materials,
operating and environmental conditions.
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