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Model utrujanja zobnih bokov z upostevanjem parametrov mehanike loma
A Fracture Mechanics Model of Gear Flanks Fatigue

SRECKO GLODEZ - JOZE FLASKER

V prispevku je predstavijen nov model za preracun zobnikov glede na jamicenje zobnih bokov.
Za analizo nastanka in $irjenja utrujenosine razpoke v dotikalnem podrocju je uporablien nadomesini
model dveh valjev, katerih polmera ustrezata krivinskima polmeroma zobnih bokov v poljubni
opazovani tocki na ubirnici. Napetostno polje v dotikalnem podrocju in odvisnost fakiorja intenzivnosti
napetosti od doliine razpoke sta dolodena z metodo koncnih elementov. Po rezultatih numericne
analize in po materialnih parametrih zobnikov je dolodena doba trajanja zobnih bokov kot vsota
potrebnega Stevila obremenitvenih ciklov za nastanek razpoke in potrebnega Stevila obremenitvenih
ciklov za razsiritev te razpoke od zacetne do kriticne dolzine. V modelu je za opis nastanka razpoke
uporabljena teorija gibanja dislokacij na ponaviljajodih se drsnih ravminah, medtem ko je za opis
Sirjenja razpoke uparabf;ena teorija kratkih razpok, kjer ima zelo pomembno viogo predvsem
mikrostruktura materiala.

Predstavijen model je uporablien za dolocitev dobe trajanja valjaste zobniske dvojice z ravnimi
zobmi, na kateri so bili opravijeni tudi prakticni preizkusi. Primerjava numericnih in eksperimenialnih
rezultatov kaZe dobro ujemanje. Na podlagi tega lahko sklepamo, da je predstavijeni model primeren
za preracun zobnikov glede na jamicenje zobnih bokov, feprav bo treba model Se dopolniti z dodatmimi
teoreticnimi, numericnimi in predvsem eksperimentalnimi raziskavami.

Kljufne besede: zobniki, izrauni, modeli preraduna, mehanika loma, utrujanje zobnih bokov

A new model for determination of the fatigue pitting resistance of gear flanks is presented in this
paper. An equivalent model of two cylinders, with diameters equal to the appropriate curvature radii
of gear flanks at any point on the engagement line, is used to study the process of fatigue crack
initiation and crack propagation in the contact area. The stress field in the contact area and depend-
ence of the stress intensity factor on the crack length are determined by the finite element method. On
the basis of numerical results and with consideration of some particular material parameters, the
service life of gear flanks can then be determined as the sum of the number of stress cycles required
for crack initiation and the number of stress cycles required for a crack to propagaie from the initial
to the crifical crack lengih. In this model the theory of dislocation motions on persistent slip is used to
describe the process of crack initiation. The crack growth is described using the short crack growth
theory, in which the microstructure of a material pﬁ.}s an important role.

The model presented is used for determination of the service life of a real spur gear pair which
has been also experimentally tested. The comparison of the numerical and experimental results is in a
good agreement. It can be concluded that the model presented is appropriate for calculation of the
pitting resistance of gear flanks. However, the model could be still further improved by some addi-
tional theoretical, numerical and above all, experimental research.

Keywords: gears, calculations, calculation models, fracture mechanics, gears flanks fatigue

0 UVOD

Na zobnikih sta v praksi zaradi utrujanja
materiala pri ponavljajo¢i se obremenitvi znani
predvsem dve poskodbi: jamicenje zobnih bokov in
zlom zoba v korenu [1] do [3]. V predlozenem delu je
obravnavano jamiéenje zobnih bokov, pri éemer je
predstavljen numeriéni model za doloitev dobe
trajanja zobnih bokov glede na jamienje. Jamiéenje
s¢ kaZe v obliki majhnih jamic na povriini zobnih
bokov, kakor to prikazuje slika 1.

Za doloéitev odpornosti zobnih bokov proti
Jamicenju se dandanes v praksi uporabljajo predvsem
standardni postopki (DIN, AGMA, IS0 itn.), ki so
zasnovanina primerjalni analizi med dejanskim bo¢nim
tlakom na razdelnem krogu ali notranji to¢ki enojnega
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0 INTRODUCTION

Twao kinds of tooth damage can occur on gears
under repeated loading due to material fatigue- the
pitting of gear teeth flanks and teeth breakage in the
tooth root [1] to [3]. In this study, however, only the
pitting phenomenon is addressed and the developed
numerical model is used for determination of pitting
resistance, i.e. the service life of gear teeth flanks.
The pitting of gear teeth flanks is characterised by
the occurrence of small pits on the surface, as shown
in figure 1.

Several classical standardised procedures (DIN,
AGMA, IS0, ete.) can be used for the approximate
determination of the pitting resistance of gear teeth
flanks. They are commonly based on the comparison
of the contact stress o, at the pitch point or at the
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Sl 1. Pojav jamicenja na zobnih bokih
Fig. 1. Pitting phenomenon on gear teeth flanks

ubiranjag, in dopustnim bo¢nim tlakom a;,,. Dejanski
boéni tlak mora biti v tem primeru manjii od
dopustnega botnega tlaka (o, < g,,.). Dejanski in
dopustni boéni tlak sta odvisna od Stevilnih vplivnih
koeficientov, ki ustrezajo dejanskim obratovalnim
razmeram zobnidke dvojice (dodatne notranje in
zunanje dinamiéne obremenitve, slika noSenja
ubirajo¢ih zobnikov, material zobnikov, povriinska
hrapavost itn.). Najpomembneja vplivna veli¢ina pri
dolo&anju dopustnega boénega tlaka je trajna boéna
trdnost materiala zobnikov o, . ki je definirana kot
najvedji dejanski boéni tlak na zobeh zobnikov, pri
katerem po doloenem Stevilu obremenitvenih ciklov
ne bo prislo do poskodb zobnih bokov zaradi jami¢enja
[1]. Trajna boéna trdnost je torej materialna veliina,
ki jo dolo€imo s preizkusi na referenénih zobnikih
dvojicah. Zgoraj omenjeni standardni radunski po-
stopki temeljijo izkljuéno na preizkusih na referenénih
zobnikih, pri €emer upostevajo le konno stanje v
procesu utrujanja zobnih bokov, ko se poSkodbe Ze
pojavijo. Celoten proces utrujanja materiala vsebuje
e druge faze in ga lahko razdelimo na:

- gibanje in kopicenje dislokacij,

- nastanek razpoke,

- Sirjenje razpoke,

- nastanek konénih okvar.

W tem prispevku je predstavljen nov numeriéni
model, ki upoiteva vse Stiri faze utrujenostnega
procesa in tako pomeni bolj realistiéno dologitev
odpornosti zobnih bokov na jamienje. Model je
primeren tudi za preradun drugih strojnih elementov,
ki obratujejo v podobnih razmerah, saj upoSteva
razline kombinacije Kotalnega in drsnega gibanja
dotikajocih se povriin. Na tej podlagi lahko dologimo
potrebno Stevilo obremenitvenih ciklov N za pojav
Jami¢enja na zobnih bokih kot vsoto potrebnega Stevila
obremenitvenih ciklov N za nastanek utrujenostne
razpoke in potrebnega Stevila obremenitvenih ciklov
N, za raziritev te razpoke od zacetne do kritiéne
dolZine, ko se pojavi nenadzorovana nadaljnja rast

razpoke:

inner point of a single tooth pair engagement, with
the permissible contact stress of the gear material
a,,.. 1 he contact stress must be lower than or equal
to, the J:renmsslble contact stress (o, < g,.). The
stress determination depends on a number of dif-
ferent coefficients that allow for proper considera-
tion of real working conditions (additional internal
and external dynamic forces, contact area of en-
fl{ﬂh%lﬂg gears, gear material, surface roughness, etc.).
most in g»ortant parameter, when determining

the permissible contact stress, is the reference con-
tact stress of the gear material o, _, which is de-
fined as the maximum stress that can be applied to
gear teeth flanks for a certain number of stress cy-
cles without the danger of the pitting occurrence
[1]. The reference contact stress is a material pa-
rameter, which can be determined by experimental
testing of reference gears. The standard procedures
are exclusively based on the experimental testing
of the reference gila.rs and they relate only to the
final stage of the fatigue process in the gear contact
area, i.e. the occurrence of pitting. However, the
complete fatigue process of metal materials actu-
ally consists of the following stages:

- travelling and build-up of dislocations,

- crack initiation,

- crack growth,

- the occurrence of final failure.

In this study a new numerical model is presented,
which considers all four stages of the fatigue pro-
cess and therefore provides for a more reliable de-
termination of the pitting resistance of gear teeth
flanks, or any other mechanical element subject to
similar working conditions. The model also takes into
account the varying combinations of rolling and slid-
ing contact conditions, which are characteristic of
gears. In this way the number of stress cycles N,
required for pitting on gear flanks to occur, can be
determined from the number of stress cycles N, re-
quired for fatigue crack initiation and the number of
stress cycles N, required for a crack to propagate
from the initial fo the critical crack len gth, when un-
controlled crack growth is expected:

N=N,+N, .
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1 NASTANEK UTRUJENOSTNE RAZPOKE
PRI DOTIKALNI OBREMENITVI

MNastanek utrujenostnih razpok je ena od
najpomembnejsih faz v procesu utrujanja materiala.
Lega in nafin nastanka utrujenostne razpoke sta
odvisna od mikrostrukture materiala, napetosti ter
mikro in makro geometrijske oblike elementa [4]. V
splodnem pride do nastanka utrujenostne razpoke na
mestu najvecje napetosti v materialu. Glede na
razlitne kombinacije drsnega in kotalnega gibanja
elementov v kontaktu je lahko &as nastanka razpoke
zelo razlien, razpoka pa se lahko pojavi na dotikalni
povriini ali pod njo (sl. 2) [5]. Razpoke, nastale v
globini H od 0 do 2 pm, so ozna&ene kot povriinske
razpoke. Ko je H enak 2 pm do 0,4b, govorimo o
podpovriinskih razpokah (b je poloviéna Sirina
dotikalne ploskve). Nastanek razpok v globini, veéji
od 0,4b, oznaéimo kot notranje razpoke, saj postane
robni pogoj dotikalne povriine zanemarljiv. V primeru
dobrega mazanja (majhen koeficient trenja) se pojavi
najvedja primerjalna napetost zaradi dotikalne
obremenitve ubirajocih se zobnikov vedno v dolo¢eni
globini pod dotikalno povrSino, kjer lahko pri¢akujemo
tudi nastanek zafetnih utrujenostnih razpok. Za
primer, ko je koeficient trenja pu<0,05, se pojavi
najvetja primerjalna napetost v globini priblizno
H=0,7b pod dotikalno povr$ino [6]. To pomeni, da
lahko v tem primeru zanemarimo vpliv robnega pogoja
povrsine in nadalje obravnavamo teorijo nastanka
notranjih razpok v materialu.
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| FATIGUE CRACK INITIATION
DUE TO CONTACT LOADING

The initiation of fatigue cracks represents one
of the most important stages in the pitting process.
The position and mode of fatigue crack initiation de-
pends on the microstructure of a material, the type of
stress applied and the micro- and macro-geometry
of the specimen [4]. Cracks are usually initiated in
the area of the largest stress. Depending on the dif-
ferent combinations of rolling and sliding contact con-
ditions, the crack initiation periods can be very dif-
ferent, and a crack can be initiated either on or under
the surface (Fig. 2) [5]. Cracks initiating at a depth
H ranging from 0 to 2 pm are classified as surface
cracks. Cracks initiating at a depth from 2 pm to 0.45
are called subsurface cracks (b is the half-width of
the contact area). Cracks initiating at depths greater
than 0.4b correspond to the regimes of internal crack
initiation, since the boundary effects are negligible.
Under favourable lubrication conditions (small coef-
ficient of friction) the maximum equivalent stress due
to the contact of matching gears is always sited at a
certain depth under the contacting surfaces, where
the initial cracks can be expected to appear. In cases
when the coefficient of friction is u<0.05, the posi-
tion of the maximum equivalent stress is approxi-
mately H=0.7b under the contact surface [6]. This
means that the boundary effects can be neglected in
this case and the internal crack initiation theory can
be applied.

Es, va

zaCetna razpoka
(initial crack)

v

51, 2. Nastanek urrujenosine razpoke pri kontakmi obremenitvi
Fig. 2. Fatigue crack initiation under contact loading

Z vidika mikrostrukture materiala lahko
nastanejo razpoke vzdolZ drsnih ravnin pri gibanju
dislokacij, vzdolZ kristalnih mej ali ob vkljuékih v
materialih (sl. 3) [4]. Vtem prispevku je uporabljena
teorija nastanka razpok vzdolz kristalnih mej.

From the standpoint of the microstructure of the
material, microcracks can be initiated along slip bands
by dislocation motion, along grain boundaries, or along
inclusion interfaces (Fig.) 3 [4]. In this paper the
theory of fatigue crack initiation along slip bands is
used.



a)

drsna ravnina
(slip band)

e

kristalno zmo
(crysial grain)

b)

5.Glodel - 1.Flatker

vkljucek
(inclusion)

kristalna meja
(grain boundary)

SlI. 3. Fizikalni nacini nastanka uirujenosine razpoke

a) vzdolZ drsnih ravnin, b) vzdolZ kristalnih mej, c) ob vkljuckih v materialu
Fig. 3. The physical modes of fatigue crack initiation

a) along slip bands, b) along grain boundaries, c) along inclusion interface

1.1 Nastanck mikrorazpok vzdolZ drsnih ravnin

V prispevku je za dolocitev potrebnega Stevila
obremenitvenih ciklov NV, za nastanek utrujenostnih
razpok vzdolZ drsnih ravnin uporabljena teorija proste
Gibbsove energije, ki je dejansko razlika med
akumulirano energijo dislokacij in energijo v trenutku
nastanka razpoke [5] in [7]. Po zgoraj omenjeni teoriji
zavzame prosta Gibbsova energija najvedjo vrednost
pri kritiénem Stevilu obremenitvenih ciklov, ki je
definirano kot potrebno Stevilo ciklov N za nastanek
razpoke. V primeru cikli¢ne obremenitve (sl. 4a) je
najvedja strizna napetost Arpodana kot [7]:

At=1

kjer sta r___in r__najvedja in najmanja strizna
napetost pri cikliéni obremenitvi.

n

max

kristalno zrno
{(crystal grain)

1.1 Microcrack initiation along slip bands

Here the concept of Gibb's free energy change -
from a state of dislocation dipole accumulation along
a slip layer (persistent slip band- PSB) to a state of
crack initiation along this layer - is used for the deter-
mination of stress cycles N required for fatigue crack
initiation [5] and [7]. In some theoretical assump-
tions, Gibb’s free energy change achieves a maxi-
mum value at a critical number of cyclic loading which
is defined as the crack initiation cyclic number N .
Consider a cyclic loading as shown in figure 4a the
loading shear amplitudeis Argiven by [7]

t (2),

Hin

where r__and r__are the maximum and the mini-
mum stress of the cyclic loading.
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51. 4. Madel drsne ravnine v kristalnem zrnu
a) l.?mhljcn vzorec napetosti, b) drsna ravnina
Fig. 4. The model of the slip band in crystal grain
a) applied stress pattern, b) slip band
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(ilede na navedene predpostavke sta Mura in
Nakasone predlagala analitiéni model za dolo€itev
potrebnega Stevila obremenitvenih ciklov za nastanck
utrujenostne razpoke, ki temelji na teoriji gibanja
dislokacij na ponavljajoéih se drsnih ravninah (slika
4b) in dejansko opisuje spremembe v mikrostrukturi
materiala pri delujoéi obremenitvi. V modelu je prosta
Gibbsova energija definirana kot [7]:

AG=-W,-W, +2a,y

kjer je W, akumulirana deformacijska energija
dislokacij po N obremenitvenih ciklih in W, sprosena
mehanska energija za odprije zatetne razpoke dolZine
a,. Ustrezne enatbe za dolotitev energij W, in W,
navajata Mura in Nakasone v ustrezni strokovni
literaturi [7].  je povriinska energija razpoke in lahko
zavzame vrednosti 1 N/m za zelo krhke materiale
oziroma 1{¥ N/m za zelo Zilave materiale. Potrebno
Stevilo obremenitvenih ciklov N za nastanek
utrujenostne razpoke potem dolofimo z mini-
miziranjem proste Gibbsove energije glede na Stevilo
obremenitvenih ciklov SAG/AN = 0, karda [7]:

Model of Gear Flanks Fatigue

Following this assumption, Mura and Nakasone
proposed an analytical model for determining the
number of stress cycles required for fatigue crack
initiation, which is based on the theory of dislocation
motion on persistent slip bands (Figure 4b), and which
also describes the changes in the material microstruc-
ture due to the applied load. In their model, the Gibb’s
free-energy is given by [7]:

(3),

where W is the accumulated strain energy of dislo-
cations after N cycles of loading, W', is the mechani-

cal energy release due to the opening up of an em-
bryonic iitial crack a . Appropriate equations for
evaluation of energies W, and W, have been pro-
vided by Mura and Nakasone [7]. » is the surface
energy of the crack and can take the values between
| N/m for very brittle materials and 10° N/m for very

tough materials. The number of stress cycles N re-
quired for the crack initiation is obtained from the

minimisation of Gibb's free energy in relation to the
number of stress cycles GAG/ 8N = 0, which results

in [7]:
2-f

b !

v 81 3 f
h[lug Tz Ekﬁtéh-{)

kjer so: Ar=r__ -r__amplitudna strizna napetost na
drsni ravnini, 7 kriti¢na strizna napetost materiala, &
- Sirina drsne ravnine, 2/ - dolZina drsne ravnine in
koeficient nepovraéljivosti dislokacij. Eksperimentalno
dologene vrednosti koeficienta nepovraéljivosti
dislokacij / so majhne in znadajo 10* za majhne
plasti¢ne deformacije, do 10" pa za vedje plasti¢ne
deformacije [5]. Vrednost za Ardoloimo na podlagi
normalne dotikalne obremenitve p(x) in torne
obremenitve g(x) in jo lahko nadomestimo z najvecjo
strizno napetostjo ali primerjalno napetostjo po Misesu
[5]. V modelu je uporabljena druga moZnost.

2 SIRJENJE UTRUJENOSTNE RAZPOKE
PRI DOTIKALNI OBREMENITVI

V predloZenem modelu je uporabljena teorija
Sirjenja kratkih razpok. Pri modeliranju Sirjenja takih
razpok moramo upoitevati blokiranje drsne ravnine
dislokacij na kristalnih mejah in moZnosti za nastanek
novih drsnih ravnin v sosednjem kristalnem zrnu. Po
tem sklepamo, da ima Sirjenje kratkih razpok nezvezen
karakter, kar je hkrati temeljnega pomena v predloZeni
teoriji. V vsakem kristalnem zrnu se hitrost Sirjenja
razpoke zmanj3uje s pribliZzevanjem razpoke kristalni
meji. V trenutku, ko pride zaradi koncentracije
napetosti pred razpoko do nastanka nove drsne
ravnine v naslednjem kristalnem zrnu, se hitrost
Sirjenja razpoke ponovno poveéa. Tako so v zadetni

(4),

where Ar=r_ -t__is the applied stress amplitude
on the slip layer, 7 is the frictional stress of the mate-
rial, & is the width of the slip band, 2/ is the length of
the dislocations pileup, and fis the irreversibility fac-
tor of the dislocations pileup. The experimentally de-
termined values of the irreversibility factor fare small,
ranging from 10 for small plastic strain amplitudes
to 107" for large plastic strain amplitudes [5]. The value
of Arcan be determined by the contact pressure pix),
and the friction force g(x), and can be represented
by maximum shearing stress or by Mises equivalent
stress [5]. Here, only the latter stress is considered.

2 FATIGUE CRACK PROPAGATION
DUE TO CONTACT LOADING

The developed model takes into account the short
crack growth theory. The modelling of such crack
growth should take into account the successive block-
ing of the plastic zone by slip barriers, e.g. grain
boundaries, and subsequent initiation of the slip band
in the following grain. This implies the discontinuous
character of the crack growth process, which plays
a fundamental role in the developed model. In each
grain, the crack growth rate decreases as the crack
approaches the grain boundary. However, at the mo-
ment when the stress concentration ahead of the crack
is able to initiate the slip band in the next grain, the
crack growth rate increases. The initial period of short
crack growth is characterised by large variations in
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fazi Sirjenja kratkih razpok opazna precejsnja nihanja
parametra n=alc, kjer sta a - poloviéna dolZina
razpoke in ¢ - polovi¢na dolZina razpoke in plastiéne
cone pred vrhom razpoke, ki se razteza do meje
sosednjega kristalnega zma (sl. 5). Ko parameter n
doseZe kritiéno vrednost n=n_se pojavi tudi dejanski
prehod plasti¢ne cone v naslednje kristalno zrno.

8.Glode? - 1. Flagker

the parameter n=alc, where a is the half crack length,
and ¢ is the half crack length together with the length
of plastic zone extension ahead of the crack, which
always extends to the grain boundary (Fig. 5). When
the parameter » reaches the critical value n=n_ the
plastic zone is actually extended to the following grain.

\ kristalna meja

E::::}a Tl | '( (crystal boundary)
e ple G ol LI
SRR D
LTI (platios
I s ]
et it 118 e =

D ... premer zrna (grain diameter)

Sl. 5. Razpoka v

rvem kristalmem zrnu

Fig. 5. The crack in first crystal grain

PredloZeni model temelji na modificiranem
modelu BSC (Bilby, Cottrell in Swinden [8]) Sirjenja
kratkih razpok, v katerem je hitrost Sirjenja razpoke
da/dN proporcionalna plastiénemu pomiku vrha
razpoke .-15” [9]:

da
dN

kjersta C inm_materialni konstanti, ki ju dolo¢imo
cksperimentalno. Z vidika numeriénih preraéunov je
primerno izraziti plasti¢ni pomik vrha razpoke Ad, s
faktorjem intenzivnosti napetosti pri utrujenostni
obremenitvi AX. To odvisnost sta podala Navarro in
Rios v obliki [10]:

kjer sta G - strizni modul in k=1 ali (1-v) v odvisnosti
od tega, e upostevamo vijatno ali robno dislokacijo,
v je Poissonovo Stevilo. Kriti¢ni parameter n1_je podan
z enacho [10]:

T

=C, (85T

Jl=n?

cn,

The developed model is based on the modified
BCS model (Bilby, Cottrell and Swinden [8]) of short
crack growth, where the crack growth rate da/dN is
proportional to the plastic displacement at the crack
tip A8, [9]:

(3),

in which C_ and m_ are material constants that can
be determined experimentally. However, in view of
the numerical simulation, it is beneficial to express
the plastic displacement Aé  in terms of the stress
intensity factor AK. This refgtiﬂnship has been pro-
vided by Navarro and Rios [10] in the following form:

AK -Ja (6).

]

where (& is the shear modulus, and x=1 or (1-¥),
depending on whether screw or edge dislocations are
being considered, with v being the Poisson ratio. The
critical parameter n_is given by [10]

(-5

(7),
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kjer sta o - meja plasticnosti in K, - mejni faktor
intenzivnosti napetosti. Enaébo (7) lahko reimo
iterativno z Newtonovo metodo v treh ali Stirih
korakih, ée vzamemo n =1 kot zaetno vrednost.

Ce imamo znano funkeijsko odvisnost AK=f{a),
lahko dolo€imo potrebno Stevilo obremenitvenih ciklov
za razSiritev kratke razpoke od zaletne dolZine a_do
poljubne dolZine a po naslednjem postopku:

1) Stevilo kristalnih zm z , pravokotno na razpoko,
izraéunamo z delitvijo dolZine razpoke a s premerom
kristalnega zrna D;. z=a/D (sl. 6).

2) Potrebno &tevilo obremenitvenih ciklov za raz-
Siritev razpoke skozi vsako posamezno Kristalno zmo
dolofimo z integracijo enacbe (5):

J

kjer dolo¢imo integracijski meji @, in a, v po-
sameznem zmu na podlagi kritiCnega parametra n .
Drsna ravnina se namre¢ razsiri v naslednje kristalno
2mo samo v primeru, ko doseZe parameter n kritiéno
vrednost n=n .

3) Skupno Stevilo obremenitvenih ¢iklov dolo¢imo
5 preprostim sestevkom:

i da
T
-1 r‘ﬂ(ﬁﬁpf]

in which o, is the yield stress and K, is the threshold
stress intensity factor. This equation can be solved
iteratively by Newton’s method in three or four it-
erations by taking » =1 as the initial value.

When the relationship AK=fla) is known, the
number of stress cycles required for the short crack
propagation from the initial crack length a, to any
chosen crack length a can be determined in the fol-
lowing way:

1) The number of grains z transversed by the crack
is caleulated by dividing the crack length & by the
typical grain diameter D, i.e. z=a/D (Fig. 6).

2) The number of stress cycles required for a crack
to propagate through each grain is obtained by the
integration of Eq. (5)

il ) e e (8),

where integration limits @, and a, are determined in
each grain on the basis of a critical parameter n,
since the plastic zone extends to the next grain only
when the parameter n in a grain reaches the critical
value n=n .

3) The corresponding total number of stress cy-
cles is then calculated by a simple addition

Ny=YNjs j=123,.z 9).
J=1
zmo 1 zmo 2 zrmo 3 (zrno z)
(grain 1) (grain 2) (grain 3) grain z
j=1, =1 =2, i=3 j=3, =5 j=z, i=2z-1
c=D/2 e=3D/2 c=5D/2 c=i.[)f2

vrh razpoke

{crack tip)‘\h

smer F;irljenja razpoke
(direction of the crack growth) |

-
a-=d.

>

Sl. 6. Shematski prikaz Sirjenja kratke razpoke
Fig. 6. Schematic representation of short crack propagation
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3 SIMULIRANJE DOTIKALNIH
PROBLEMOV NA ZOBNIKIH

Da bi laZe upoitevali parametre dotika dveh
zobnih bokov, je pri numeriénih analizah koristno
nadomestiti zobnidko dvojico z nadomestnim modelom
dveh valjev (sl. 7). Nadomestna valja imata enaka
polmera kakor sta krivinska polmera zobnih bokov v
opazovani to¢ki na ubirnici. Po tej predpostavki je
mogoée pri obravnavi dotika dveh zobnih bokov
uporabiti Hertzovo teorijo, pri kateri je normalna
obremenitev povriin v dotiku podana z naslednjo
analitiéno enadbo [6]:

px)= z—;'j;i Jb? —x?

kjer pomenita: F, - normalno silo na enoto dolZine
valjev (Sirine zoba) in b - poloviéno Sirino dotikalne
ploskve, ki je podana z ena&bo [6]:

b=

kjer sta R* - nadomestni polmer in £ - nadomestni
modul elasti¢nosti po enacbah:

8F, R’
7E

3 SIMULATION OF CONTACT
PROBLEMS IN GEARS

In order to make it easier to study gear contact
parameters in numerical computations it is most use-
ful to replace the complicated gear pair geometry with
an equivalent two cylinder model (Fig. 7). The equiva-
lent cylinders have radii which are the same as the
curvature radii of gear teeth flanks at any chosen
point on the engagement line. This enables the use of
the Hertz contact theory, where the distribution of
contact pressure in the contact area can be analyti-
cally determined by [6]:

(10),

in which F, is the normal force per unit length of
equivalent cylinders (gear width) and b is the half-
width of the contact area, which is given as [6]:

: (11),

where R’ is the equivalent radius, and £ is the equiva-
lent Young’s modulus defined as

2E\E,

M EI(I ol v,1}+ El(] < uf) 02
R'= 'Riﬂjz; (13).

Z upoitevanjem Coulombovega zakona trenja
lahko dolo€imo torno obremenitev g(x) zaradi drsenja
zobnih bokov kot produkt normalne obremenitve p(x)

in koeficienta trenja g

Utilising the Coulomb friction law, the tangen-
tial loading g(x) due to sliding of gear teeth flanks
can be easily determined from the normal loading p(x),
and the coefficient of friction g by:

q(x)=u -p(x)_

(14).

B3, v

8L 7. Nadomesini model dveh valjev
Fig. 7. Equivalent model of two cylinders
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4 PRAKTICNI PRIMER

Predstavljeni model je bil uporabljen za dolo€itev
odpornosti proti jamienju zobnih bokov valjaste
zobnitke dvojice, na kateri so bili opraviljeni tudi testni
preizkusi, Material zobnikov je bilo jeklo za pobolj3anje
AISI 4130(0,43 %C, 0,22 %51, 0,59 %Mn, 1,04 %Cr,
0,17 %Mo), vrtilni moment pa je znasal 7=183,4 Nm.
Druge podatke zobniske dvojice navaja preglednica 1.
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4 PRACTICAL EXAMPLE

The developed model is used for the numerical
determination of the pitting resistance of a real spur
gear pair, which has been experimentally tested. The
gear pair is made of flame hardened steel AISI 4130
(0.43 %C, 0.22 %51, 0.59 %Mn, 1.04 %Cr, 0.17
%Mo) and is subjected to the loading torque 7=183.4
Nm. The main gear data are given in Table 1.

Preglednica 1: Osnovni podatki valjaste zobniske dvojice

Tablel: Basic data of a spur gear pair

Veli¢ina (Parameter) Pastorek (Pinion) Zobnik (Gear)
Normalni modul (Normal module) M, = 4.5 mm

Stevilo zob (Number of teeth) n=16 l =24
Ubirni kot (Pressure angle) o, = 20°

K oeficient profilne premaknitve
{Cmﬁicimtpc-f proﬁ::: displacement) i i
Medosje (Centre distance) e=91.5 mm

Sirina zoba (Tooth width) Bi=B; = 14 mm

Material zobnikov - meja plastiénosti (yield stress): a, = 900 MPa
{Gear material) - povr3inska trdota (surface hardness): = 55 HRe
ATSI 4130 ) Eﬁ?ﬂ?ﬁé m‘:‘éﬂfﬁ.’éiﬁﬁm Ky=269 MPa~/mm

- velikost zma (grain size): 0=0,05 mm

4.1 Numeritna doloditev
dobe trajanja zobnih bokov

Najvetji bocni tlak zobniske dvojice p_ je bil
dolofen s standardnim postopkom po DIN 3990 [1].
Za obravnavano zobni%ko dvojico je ta tlak
p(=o,)=1406 MPa. Na podlagi te vrednosti lahko iz
enacbe (10) izratunamo normalno silo F,_ tako da
vzamemo p =p(x=0). Za obravnavano zobnisko
dvojico znasata Krivinska polmera v notranji todki
enojnega ubiranja (najbolj neugoden primer)
R=10,270 mm za pastorek in £,=24,655 mm za
zobnik. Z upoStevanjem priporogene vrednosti
koeficienta trenja za zobniike dvojice z dobrim
mazanjem 4 = 0,04 [11] je bila z uporabo ena&b (10)
in (14) za dologitev obremenilnih veli¢in dolofena Se
primerjalna napetost v dotikalnem podrogju, pri éemer
je bil uporabljen numeriéni model na sliki 8.
Izratunana najvedja Misesova primerjalna napetost
v dotikalnem podroéju in njena lega znasata
(7, =798 MPa in H=0,126 mm pod dotikalno
povriino [12].

4.1 Numerical determination
of the service life of gear teeth flanks

The maximum contact pressure p_on gear flanks
has been determined using the standard procedure
DIN 3990 [1] for the treated gear pair, and is equal
to p (=, )=1406 MPa. In this way the normal force
at contact area F, can easily be determined from
p.=p(x=0) using Eq. (10). The curvatures of the pin-
ion and gear in the inner point of a single tooth pair
engagement (the worst loading case) are equal to
R,=10.270 mm for the pinion and R =24.655 mm for
the gear. Taking into account the recommended value
for the coefficient of friction in gears with good lubri-
cation u = 0.04 [11], and using Eqgs. (10) and (14)
for determining the contact loading parameters, the
maximum equivalent stress and its position were ob-
tained by using the finite element model shown in
Fig. 8. The finite element analysis of the discretised
model gave the value of the maximum equivalent
Mises stress (q, ), =798 MPa at depth H=0.126
mm under the contact surface [12].
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lokalna mreza
(local mesh)
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obremenitve (loadings)

Sl 8. Model kondnih elementov
Fig. 8. Finire element model

V modelu predpostavimo, da pride do nastanka
utrujenostne razpoke v sredini kristalnega zrna na
mestu najvecje primerjalne napetosti, to je v globini
H=0,126 mm pod dotikalno povrsino. Potrebno 3tevilo
obremenitvenih ciklov za nastanek razpoke doloé¢imo
po enatbi (4), pri éemer upostevamo izraunano
najvedjo primerjalno napetost (4, ), =798 MPa kot
delujoo amplitudno napetost Arv kristalnem zrnu.
Kriti¢na strizna napetost materiala 7, je odpornost
materiala proti gibanju dislokacij in je za kovine enaka
1}325 MPa [5] in [7]. DolZina drsne ravnine 2/ je
enaka premeru kristalnega zra (2/=D). Povprefen
premer zrna D=50 pum je bil doloéen s poprejdnjimi
metalografskimi raziskavami materiala [12]. Sirina
drsne ravnine 4 je znailna lastnost mikrostrukture
materiala in zna%a za kovinske materiale ;=0.3 nm.
Za obravnavani material in z upo3tevanjem majhnih
plasti¢énih deformacij lahko za koeficient
nepovracljivost dislokaci) predpostavimo vrednosti

J=107" do 107, medtem ko lahko za povr§insko energijo

razpoke vzamemo =1 do 10 N/m [5], [7]. Z
upoitevanjem pravkar podanih vrednosti znaSa
potrebno Stevilo obremenitvenih N za nastanck
utrujenostne razpoke dolzine a =0,025 mm po enacbi
(4) N =3x10 do 3x10° ciklov.

In the model, it is assumed that the crack is
initiated in the middle of the grain positioned at the
point of maximum equivalent stress computed above,
i.e. at depth H=0.126 mm under the contact surface.
The number of stress cycles N required for the crack
initiation can then be determined by Eq. (4), where
the computed maximum equivalent stress
{qu}m=?93 MPa is used as the applied stress am-
plitude Arto the grain. The maximum shear stress t
is material resistance to the motion of dislocations
and, for metals is equal to 7,225 MPa [5] and [7].
The dislocation pileup Iengtﬂ 2/ can be equalled to
the grain diameter (2/=D), where the average value
of the grain diameter D=50 mm has been previously
determined [12]. The width of the slip band 4 is a
typical parameter of the material microstructure, and
for metals assumes the value of 5=0.3 nm. For the
treated material with relatively small plastic strain
amplitudes, the irreversibility factor is taken to be in
the range /~10" to 107, and the crack surface en-
ergy to be in the range j=1 to 10 N/m [5], [7]. Using
this data set the number of stress cycles N, required
for the crack initiation of length g =0.025 mm is, ac-
cording to Eq. (4), determined to be in the range NV =
3=10° to 3=10° ¢ycles.
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Madomestni model na sliki § je bil uporabljen
tudi za numeriéno analizo Sirjenja razpoke.
Predpostavljena zaceina razpoka dolzine a, v prvem
zrnu je v modelu postavljena na mesio najvecje
primerjalne napetosti na globini H=0,126 mm pod
dotikalno povrsino. Slika 9 (korak 1) prikazuje lokalno
mreZo konénih elementov okrog zatetne razpoke, pri
femer so okrog razpoke uporabljeni posebni lomni
konéni elementi. Pri numeriéni analizi Sirjenja razpoke
je bila uporabljena metoda VCE [13]. § to metodo
izraéunan faktor intenzivnosti napetosti je zelo majhen
na zaletku, vendar se pozneje poveéuje s Sirjenjem
razpoke v smeri torne obremenitve v dotikalnem
podrodju. Ko se razpoka pribliza dotikalni povrsini (sl.
9, korak 11), je vrednost faktorja intenzivnosti napetosti
Zze mnogo vedja kakor na zacetku, vendar Se vedno
manj3a od lo ilavosti materiala zobnikov (K =
2620 MPa+/mm [14]). Nadaljnje numeri¢ne analize
so pokazale, da faktor intenzivnosti napetosti v drugem
vrhu razpoke (levo) preseZe lomno Zilavost K, bri
ko razpoka doseZe dotikalno povriino. Na pﬂdl'lzlgi te
ugotovitve sklepamo, da lahko dolzino razpoke g=0,3
mm, ko ta doseZe dotikalno povriino, v nadaljevanju
obravnavamo kot kritiéno dolZino a.

Korak 1 (Step 1)

a, = 0.025 mm; AK = 331 MPa+'mm
i 8 e i i
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An equivalent model shown in Fig. 8 is also
used for numerical simulations of fatigue crack propa-
gation. The assumed initial crack of length a_ in the
first grain is positioned at the point of the maximum
equivalent stress at depth //=0.126 mm under the
contact surface. The local finite element discretisation
around the initial crack is shown in Fig. 9 (step 1),
where special fracture finite elements are used around
the crack tip. During the finite element analysis using
the VCE method [13], the computed stress intensity
factor is very small at first but later increases as the
crack propagates through the material in the direc-
tion of the tangential contact loading. When the crack
approaches the contact surface (Fig. 9, step 11), the
value of the stress intensity factor is much higher,
although still lower than the fractu ghness of
the gear material (K, = 2620 MPa~/mm [14]). Nu-
merical simulations have shown that at the moment
when the crack reaches the contact surface, the stress
intensity factor in the other crack tip (left) exceeds
the critical value K . This implies that when the crack
reaches the contact surface the corresponding crack
length ¢=0.3 mm can be taken as the critical crack
length a .

Korak 11 (Step 11)
_}sfd‘_ /

.-—’_I —
a =03 mm; AK =1204 MPa/mm FV
£/ Ty e i i v \

51 9. Numericno simuliranje Sirfenja utrujenostne razpoke
Fig. 9. Numerical simulation of fatigue crack propagation

MNa podlagi dobljenih numeriénih rezultatov
lahko po metodi najmanjiih kvadratov doloéimo
funkeijsko odvisnost med faktorjem intenzivnosti
napetosti AK in dolzino razpoke a, ki je za obravnavani
primer enaka:

AK = 257,67 +2907,78a + 827,05a°

Glede na povpreéno velikost kristalnega zrna
D=0,05 mm in izratunano kriti¢no dolZino razpoke
a=0,3 mm, dolo¢imo Stevilo vseh kristalnih zm v smeri
rasti razpoke; z=a /D=6. Z zdruZitvijo enacb (6) in
(15) lahko potem izrazimo plastiéni pomik vrha
razpoke Ag kot funkeijo dolZine razpoke a v obliki:

AS _21-v)

The functional relationship between the stress
intensity factor AK and the crack length a can then
be determined on the basis of the discrete numerical
results by using the least square method, and is found
to be equal to:

(15).

Since the average grain diameter is equal to
£=0.05 mm and the computed critical crack length
equals @ =0.3 mm, the number of grains transversed
by the crack is then z=a /D=6. By combining Eqs.
(6) and (15) the crack tip plastic displacement AS
can be expressed as a function of the crack length a

(16),

" Gir

gRCn
-AK
v
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kjer so: G=8=10* MPa strizni modul, +=0,3 Poissonovo
stevilo in e=iD/2. Z vstavitvijo enacbe (16) v enatbo
(8) lahko z upoitevanjem eksperimentalno doloéenih
materialnih konstant C =120,57 in m =3,069 [14]
izraéunamo potrebno Stevilo obremenitvenih ciklov za
razSiritev razpoke skozi vseh Sest kristalnih zrn:

“ da
Ml ittt
1 -.I c,(a8,)"

kjer sta integracijski meji @, in a, v posameznem
kristalnem zrnu dolofeni na p-::-élagi kritiénega
parametra n, ki ga dolotimo poprej po enathi (7) za
vseh Sest zrn. Rezultati Sirjenja utrujenostne razpoke

za vseh $est zrn so razvidni iz preglednice 2.

§.Glode? - 1.Flatker

where G=8x10* MPa is the shear modulus, =03 is
the Poisson’s ratio and ¢=iD)/2. Using Eq. (16) and
Eqg. (8), and taking the experimentally determined
material constants C' =120.57 and m =3.069 [ 14], the
number of stress cycles required for crack propagation
through all six grains can then be determined by:

=h U

Y| (" St an.
mﬂ-

7\ C,(85,)

where the integration limits @, and &, are dependent
in each gmin on the critical parameter » , which was
determined by solving the Eq. (7) for all six grains.
The numerical results of crack growth simulation
through all six grains are summarised in Table 2.

Preglednica 2: Rezultati Sirjenja kratke razpoke skozi kristalna zrna
Table 2: Results af short crack growth across crystal grains

N0 indeks

(grain) | (index) ¢ Im He dp) 5y M N

f i
1 1 0.025 .89 ap/ 2=0,0125 a,=0.223 2.831.10°
2 3 0.075 078 | a;=0.0223 a,=0.0585 3.562-10°
3 5 0.125 0.76 az=0.0585 ay=0.0950 1.013-10°
4 7 0.175 0.85 ay=0.0950 a,=0.1487 7.134-10"
5 9 0.225 0.92 as=0.1487 a:=0.2070 5.373.10°
6 11 0.275 095 |as=02070 a;=0.2612 3.757-10°

NN+ Ny+ Nyt Ngt Not Ng = 3.451-10°

Skupno potrebno Stevilo obremenitvenih ciklov
N za pojav jamiéenja zobnih bokov, ko doseZe razpoka
dotikalno povriino, izratunamo po enatbi (1). Po
numeriénih rezultatih dobljeno Stevilo ciklov zna%a:
N=N+N_= (310" do 3x10°%) + 3,451x10°® =
=3,454x[0° do 3,751 ¥ 10° obremenitvenih ciklov.

4.2 Preizkusi

Preizkusi na testni valjasti zobniki dvojici so
bili izvedeni na preizkusni napravi FZG [15] v
standardnih razmerah in temperaturno nadzorovane-
ga mazanja. Zobniki so bili obremenjeni z enakim
vrtilnim momentom kakor pri preraunih in vrtilno
frekvenco pastorka n=2175 min". lzvedeni so bili
Stirje preizkusi na enakih zobniskih dvojicah, vsi z
novim mazivom istega tipa (INA-EPOL SP 220 s
kinematiéno viskoznostjo v, =2,2x10* m¥s in
Vig= 1,792 107 m?/s [12]). Med preizkusom so bili v
dolocenih casovnih presledkih izvedeni pregledi zobnih
bokov glede na jamicenje. Preizkus smo konéali, ko
so bile ugotovljene jamice na povriini zobnih bokov
velikosti okrog 0,5 mm. Hkrati je bilo s tem doloen
pripadajoce Stevilo obremenitvenih ciklov. Rezultati
preizkusov so bili potem statistiéno obdelani (preg)3)[12].

The numerically estimated total number of
stress cycles N required for the occurrence of pit-
ting, i.e. the moment when the crack reaches the
surface, can then be determined according to Eq. (1)
as N=N+N = (3=10° to 3x10°) + 3.451x10° =
=3.454x10°to 3.751x10° stress cycles.

4.2 Experimental testing

Experimental testing of the spur gear pair was
performed on the FZG-test rig [15]. The standard
lubrication is temperature controlled dip lubrication.
The gears were subjected to the operational loading
torque, and the number of revolutions of the pinion
n=2175 min". Four test runs were performed on
four equal gear pairs, always with a new lubricant of
t|'IIE same type (INA-EPOL SP 220 with kinematic
viscosity v, =2.2x10% m¥s and v,_=1,79>10"* m¥
s [12]). The test runs were interrupted at certain load
cycle intervals and the gears were inspected for to
any occurrence of pitting on gear teeth flanks. When
pits of the size about 0.5 mm were observed on any
tooth flank, the test run was stopped and the corre-
sponding number of loading cycles was recorded. The
e:-r.laerimi:ntal results were then subjected to statisti-
cal analysis. The results are shown in Table 3 [12].
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4.3 Primerjava numeriénih in
eksperimentalnih rezultatov

Ce primerjamo numeri&ne rezultate za potrebno
Stevilo obremenitvenih ciklov za pojav jamicenja
zobnih bokov N=3 454x]10° do 3,751x10°
obremenitventh ciklov, s statistiéno obdelanimi
eksperimentalnimi rezultati N =2,629=10° do
3,765=10° obremenitvenih ciklov za 90% verjetnost
(gl. preglednico 3), lahko ugotovimo, da se ti kar dobro
ujemajo. Tudi primerjava velikosti in oblike jamic na
povrsini zobnih bokov kaZze dobro ujemanje, kar lahko
ugotovimo s slike 10.
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4.3 Comparison of numerical
and experimental results

Comparing the numerically estimated total
number of stress cycles required for the occurrence
of pitting, N=3.454=10° to 3,751 =10° stress cycles,
with the statistical representation of the experimen-
tally determined number of stress cycles, e.g. N
=2.629=10° to 3.765=10" stress cycles with 90%
probability (see Table 3), one can observe a reason-
able concordance of results. The comparison of pit
shapes on the contact surfaces is even more con-
vincing, see Fig. 10.

Preglednica 3: Primerjava numericnih in eksperimentalnih rezultatov
Table 3: Comparison of numerical and experimental results

MNumeriéni model Preizkus
(Mumerical model) (Experiment)
N Veretnost (Probability) N
] POV) ]
0.5 2 2.90010° - 3.49410°
0.7 2.771-10° - 3.622-10°
3.454-10%- 3.751-10° 0.9 2.629-10° - 3.7685-10°
0.95 2.590-10° - 3.803-10°
0.99 2.558-10° - 1.835-10°

0.1 mm

0.1 mm
i

0.1 mm

rrpE—

Sl. 10. Primerjava numericno a) in eksperimentalno b), c), d. el

dolocenih oblik jamic na

dotikalnih povrsinah

Fig. 10. Comparison of numerically a) and experimentally b), ¢), d), e)
obtained pit shapes on the contact surfaces
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5 SKLEPI

Vem prispevku je predstavljen nov model za
prerafun zobnikov glede na jamicenje zobnih bokov.
Model obravnava proces utrujanja zobnih bokov in
vkljutuje pogoje nastanka in Sirjenja utrujenostne
razpoke v dotikalnem podroéju zobnih bokov.
Napetostno polje v dotikalnem podrogju in odvisnost
faktorja intenzivnosti napetosti od dolZine razpoke sta
dolocena z metodo konénih elementov, pri emer je
za doloéitev funkcijske odvisnosti med faktorjem
intenzivnost napetosti in dol#ino razpoke uporabljena
metoda navideznega podaljika razpoke. [z rezultatov
numeriéne analize in iz materialnih parametroy
zobnikov je dologena doba trajanja zobnih bokov kot
vsota potrebnega Stevila obremenitvenih ciklov za
nastanek razpoke in potrebnega Stevila obremenitve-
nih ciklov za razdiritev te razpoke od zadetne do
kriticne dolZine, ko razpoka dose#e dotikalno povriino
in povzrodi nastanek jamicenja. Predstavljen model
Jje uporabljen za doloéitev dobe trajanja valjaste
zobnitke dvojice z ravnimi zobmi, na kateri so opravljeni
tudi praktiéni preizkusi. Primerjava numeriénih in
cksperimentalnih rezultatov kaZe dobro ujemanje.

Iz napisanega lahko sklenemo, da je predstavijen
model primeren za preracun zobnikov glede na
Jjamitenje zobnih bokov, éeprav bo treba model e
dopolniti z dodatnimi teoretiénimi, numeriénimi in
predvsem eksperimentalnimi raziskavami, saj so te
kljuéni del predstavljenega modela.

5 CONCLUSIONS

A new model for determining the pitting resist-
ance of gear teeth flanks is presented in this paper.
The model simulates the fatigue process of gear teeth
flanks, i.e. it includes the conditions required for crack
initiation, and then the simulation of fatigue crack
propagation. The stress field in the contact area and
dependence of the stress intensity factor on the crack
length are determined by the finite element method,
where the required functional relationship between
the stress intensity factor at the crack tip and the
crack length is determined by using the virtual crack
extension method. On the basis of numerical results,
and with consideration of some particular material
parameters, the service life of the gear teeth flanks
is then determined from the number of stress cvcles
required for internal crack initiation and from the
number of stress cycles required for a crack to propa-
gate from the initial to the critical crack length, when
the crack reaches the surface and pitting occurs.
The model is used for determining the pitting resisi-
ance of a real spur gear pair that has been experi-
mentally tested. The comparison of the numerical and
experimental results shows a reasonable agreement.

It can be concluded, therefore, that the numerical
presented model is appropriate for determining the
pitting resistance of gear flanks. However, the model
could be further improved by additional theoretical,
numerical and, above all, experimental research, since
it relies mostly on experimentally determined mate-
rial parameters.
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6 POMEN OZNACB

dolZina razpoke

poloviéna $irina dotikalne ploskve
dolzina razpoke in plastiéne cone
koeficient nepovraéljivosti dislokacij
Sirina drsne ravnine

poloviéna dolZina drsne ravnine
normalni modul

materialna konstanta

koeficient razsiritve razpoke
normalna obremenitev

najvedji botni tlak

torna obremenitev

Stevilo zob

Stevilo kristalnih zm

materialna konstanta

premer kristalnega zrna

modul elastitnosti

nadomestni modul elasticnosti
normalna sila na enoto dolZine
striZzni modul

oddaljenost od dotikalne povriine
faktor intenzivnosti napetosti
mejni faktor intenzivnosti napetosti
kritiéni faktor intenzivnosti napetosti
Stevilo obremenitvenih ciklov
krivinski polmer

nadomestni krivinski polmer
vrtilni moment

akumulirana energija dislokacij
mehanska energija za odprije razpoke
povriinska energija razpoke
plastiéni pomik vrha razpoke
koeficient tipa dislokacije
koeficient trenja

Poissonovo Stevilo

primerjalna napetost

meja plastiénosti

dotikalna napetost

dopustna dotikalna napetost
imenska dotikalna napetost
kritiéna strizna napetost materiala
prosta Gibbsova energija
dejanska amplitudna napetost
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6 NOTATION

crack length

half width of the contact area
crack length together with the plastic zone
irreversibility factor of dislocations
width of a slip band

half length of slip band

normal module

material constant

crack extension parameter

normal loading

maximum contact pressure
friction loading

number of teeth

number of grains

material constant

crystal grain diameter

Y oung's modulus

equivalent Young's modulus
normal force per unit length

shear modulus

depth under the contact surface
stress intensity factor

threshold stress intensity factor
critical stress intensity factor
number of stress cycles

curvature radius

equivalent curvature radius

torque

accumulated strain energy of dislocations
mechanical energy for the crack opening
surface energy of the crack
plastic displacement at the crack tip
dislocation type parameter
coefficient of friction

Poisson ratio

equivalent stress

vield stress

contact stress

permissible contact stress
reference contact siress

frictional stress of the material
Gibb's free energy

applied stress amplitude
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