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OSTECENJA BOKOVA ZUBA ZUPCANIKA UZROKOVANA
KOTRLJAJNO-KLIZNO-KONTAKTNIM ZAMOROM MATERIJALA
ROLLING-SLIDING-CONTACT FATIGUE DAMAGE OF THE GEAR

TOOTH FLANKS

Robert BASAN — Marina FRANULOVIC — Markus LENGAUER - BoZidar KRIZAN

SaZetak: Bokovi zuba evolventnih zupcanika izlozZeni su tijekom zahvata ciklickom djelovanju kontaktnih pritisaka te
kombinaciji kotrljanja i klizanja. Spomenuto opterecenje moze izazvati specificnu vrstu zamora materijala koja se
naziva kotrljajno-klizno-kontaktni zamor. U radu su opisane faze procesa zamaranja materijala izlozenog djelovanju
ciklickih optereéenja. Klasificirana su zamorna ostecenja boka zuba zupcanika te su za svaku vrstu navedeni njezini
uzroci i znacajke. Navedene informacije mogu posluziti kao pomo¢ pri sprecavanju ili naknadnoj identifikaciji i
uklanjanju problema sa zamornim ostecenjima zupcanika u prijenosnicima snage.
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Abstract: During the meshing of involute gears, their teeth flanks are subjected to cyclic contact pressure loading and
simultaneous rolling and sliding. The mentioned loading can induce a specific type of material fatigue that is
commonly denoted as rolling-sliding-contact fatigue. In this work, individual phases of fatigue occurring due to the
cyclic loading are described. Furthermore, different types of fatigue damage of gear teeth flanks are classified and for
each type, its causes and features are given. The information presented can be used for prevention or subsequent

identification and remedial action in the case of fatigue damage of gears in power transmissions.
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1. UVOD

Bokovi zuba zupCanika u zahvatu cikli¢ki su izloZeni
izrazito visokim kontaktnim pritiscima i kombiniranom
djelovanju kotrljanja i klizanja. Zbog kriti¢nosti tih
opterecenja, ostecenja bokova zuba su, pored lomova
zupcanika pri radu [1].

Dijele se na povrsinski inicirana ostecenja i na ona koja
su inicirana ispod povrSine boka zuba. Na pojavu
povrsinski iniciranih oSteCenja znaCajan utjecaj imaju
hrapavost povrsine i postojeéa povrSinska ostecenja, pa
su stoga oStecenja CeS¢a kod zupcanika s grubljom
povrsinskom obradom boka zuba koji uz to rade u
problemati¢nim uvjetima podmazivanja. Kod
visokooptereCenih ozubljenja s otvrdnutom i glatkom
povrsinom boka zuba, za Ciju se izradu primjenjuju
kvalitetni materijali, ce$¢a su oStecenja koja se iniciraju
ispod povrsine [2].

1. INTRODUCTION

During operation, gear teeth flanks are submitted to the
cyclic action of exceptionally high contact pressures and
the combination of rolling and sliding. Due to the nature
of such loading, damage of the teeth flanks, in addition to
tooth breakage at the base, is one of the most frequent
causes of gear failure [1]. The resultant damage can be
divided into surface initiated damage and subsurface
initiated damage. Surface initiated damage is
significantly influenced by surface roughness as well as
existing damage and imperfections of the surface; hence,
they appear more frequently on gears with a coarser flank
surface finish, especially those that operate in conditions
of problematic lubrication. Highly loaded gearings are
usually manufactured from high quality materials and
they usually feature surface-hardened and smooth teeth
flanks. Subsurface damage development  is
typically encountered in such gearings [2].
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Kod povrsinski otvrdnutih elemenata vazno je uociti da
se od tvrde povrsine prema meksoj jezgri osim tvrdoce
mijenja i s njom povezana zamorna ¢vrstoca materijala.
Zbog toga osim o intenzitetu i raspodjeli naprezanja
polozaj kriticno optereCenih mjesta ovisi i o raspodjeli
vrijednosti tvrdo¢e odnosno zamorne ¢vrstoce materijala,
koje su postignute nakon njegove toplinske obrade.
Nepovoljan medusobni odnos naprezanja 1 granice
teCenja kakav se Cesto javlja na prijelazu izmedu tvrdoga
povrsinskog sloja i mekse jezgre moze dovesti do znatnih
lokalnih plasti¢nih deformacija materijala. Povremena
preopterecenja, koja su u pogonu neizbjezna, mogu tu
pojavu dodatno intenzivirati, $to u pravilu dovodi do
akumulacije oSteenja i u konacnici do inicijacije
ispodpovrsinskih pukotina. Tako nastale pukotine u
velikom broju slucajeva odredeno vrijeme napreduju
ispod povrSine boka zuba, dok se ne ispune uvjeti za
njihovo skretanje prema povrsini zuba ili u dubinu prema
suprotnom boku, nakon ¢ega dolazi do kona¢nog loma i
otkidanja vecega komada materijala pa i cijelog zuba.
Utjecaji koji znacajno doprinose nastanku spomenutih
oStecenja bokova zuba zuplanika jesu neodgovarajuca
dubina otvrdnutoga povrsinskog sloja, neodgovarajuci
profil tvrdoce po dubini otvrdnutog sloja i po visini zuba,
preniska tvrdoca jezgre, povremena preopterecenja
ozubljenja te nepravilnosti u zahvatu zuba izazvane
netoénostima pri izradi 1 montazi [1 - 3]. Kako je veé
neizravno naznaceno, osnovni uzroci pojave spomenutih
ostecenja bokova zuba, jesu ciklicki promjenjiva
naprezanja i deformacije materijala, odnosno njegovo
zamaranje.

2. ZAMOR MATERIJALA UZROKOVAN
CIKLICKIM OPTERECENJEM

Pojmom zamora materijala (pri izotermnim uvjetima i
temperaturama koje ne prelaze 1/3 njegova talista)
oznacava se proces njegova kumulativnog, progresivnog
ostecivanja izazvanog periodickim, odnosno ciklickim
djelovanjem optere¢enja uslijed kojih se u materijalu
pojavljuju cikliCka naprezanja i deformacije. Ako
vrijednosti naprezanja prelaze granicu tecenja materijala
u Sirem podrucju, razvoj oStecenja, njegovo znacajno
prosirenje te konacni lom nastupaju ve¢ nakon relativno
niskog broja ciklusa opterecenja (priblizno manje od
10000). U tom slucaju rije¢ je o tzv. niskociklicnom
zamoru materijala (engl. low cycle fatigue — LCF).

Medutim, zamor materijala i njime uzrokovan konacni
lom mogu biti izazvani i ciklickim optere¢enjima koja u
materijalu  uzrokuju nazivna naprezanja Cije su
vrijednosti nize od granice tecenja materijala. Plasticne
deformacije su tada izrazito lokalizirane i javljaju se tek u
neposrednoj blizini koncentratora naprezanja. Broj
ciklusa opterecenja potreban za razvoj pukotina

One of the essential features of surface hardened
elements is the change of hardness from the surface to the
core, which is followed by a corresponding change in the
fatigue strength of the material. This is one of the reasons
that positions of critical locations depend not only on
stress magnitude and distribution, but also on hardness,
i.e., the material hardness or fatigue strength distribution
that is achieved following heat treatment. An unfavorable
ratio between stress and yield stress, which is very often
encountered in the transition area between a harder
surface layer and a softer core, can result in significant,
local plastic deformations of the material. Occasional
overloads, which are inevitable during operation, can
intensify this phenomenon further, which in the end
results in damage accumulation and, subsurface crack
initiation. Cracks initiated in this manner in a large
number of cases advance below the surface for a certain
period of time, until conditions are met either for their
deflection towards the surface or for their deflection
toward the opposite flank. This, in the end, can result in
the separation and the breaking off of the larger pieces of
the flank material, and in some cases, even of large
sections of the tooth. Influential factors that can
contribute significantly to the initiation and development
of this kind of tooth flank damage are inappropriate depth
of the hardened layer, improper hardness profile in the
hardened layer and along the tooth height, insufficient
core hardness, occasional overloads during operation,
and errors in mesh due to manufacturing and assembly
faults [1 - 3]. As already indirectly indicated, the
principal causes of such damage occurrence are cyclic
stresses and strains, i.e. material fatigue.

2. MATERIAL FATIGUE INDUCED BY
CYCLIC LOADING

The term material fatigue (at isothermal conditions and at
temperatures that do not exceed 1/3 of melting
temperature) is used to denote the process of cumulative
and progressive damaging of the material caused by
cyclic stresses and strains induced by cyclic loading.

If the stresses exceed the yield stress in larger volumes of
the material, damage development, its significant
advancement and final failure occur after a relatively low
number of loading cycles (approximately less than 10000
cycles) and this type of fatigue is denominated as low
cycle fatigue (LCF).

However, fatigue, consequent damage and final fracture,
i.e. failure, can also be caused by cyclic loading where
the stresses can be significantly lower than the yield
stress of the material. Related plastic deformations are
particularly localised and appear only in the immediate
vicinity of stress raisers, i.e. stress concentrators. A
number of load cycles sufficient for the development of
cracks, as well as subsequent increase up to their critical
size, can be quite high (more than 10000 cycles),
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i njihov rast do kriticne veli¢ine u takvim okolnostima
moze biti 1 izrazito visok (ve¢i od 10000), te se takav
oblik zamora naziva visokocikli¢nim zamorom materijala
(engl. high cycle fatigue - HCF). 1 kod jednog i kod
drugog oblika zamora proces zamaranja materijala moze
se podijeliti u Cetiri faze (slika 1):

1. inicijacija pukotine

2. rast kratkih pukotina

3. rast dugih pukotina

4. lom.
pri ¢emu su kod niskocikli¢nog i visokocikli¢nog zamora
relativni udjeli pojedinih faza u broju ciklusa opterecenja
do loma, a time i njihove vaznosti, bitno razliciti.
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Slika 1.

hence this type of fatigue is called high cycle fatigue
(HCF). Regardless of the fatigue type in question, the
fatigue process can be divided into four distinct phases
(Figure 1):

1. crack initiation

2. growth of short cracks

3. growth of long cracks

4. fracture.
Relative duration of individual phases and hence, their
importance in considering fatigue phenomenon in case of
low cycle fatigue and high cycle fatigue are quite
different.
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]
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1
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Faze u procesu zamora materijala s obzirom na inicijaciju i rast pukotine [4]

Figure 1. Phases in process of material fatigue regarding crack initiation and growth [4]

Inicijacija pukotine

U materijalu se uslijed opterecenja javljaju naprezanja
koja u blizini koncentratora naprezanja poput ukljucaka,
mikroSupljina, povrSinskih zareza i greSaka u kristalnoj
strukturi mogu poprimiti vrlo visoke vrijednosti i izazvati
lokalne plastiéne deformacije. Opetovanim djelovanjem
optereCenja na takvim mjestima dolazi do ciklickog
deformiranja 1 o$te¢ivanja materijala, akumulacije
oStecenja te u konacnici i do inicijacije pukotine [5].
Naprezanja iznad granice teenja uzrokuju znacajne
plasti¢ne deformacije pa ako pukotina i ne postoji otprije,
ona se u pravilu inicira ve¢ nakon nekoliko izmjena
opterecenja. U sluCaju poviSenog intenziteta i opsega
plasti¢cnih  deformacija, s njima povezana mjesta
inicijacija pukotina u pravilu su mnogobrojnija i
jednoliko raspodijeljena. Kod visokociklicnog zamora
nazivne vrijednosti naprezanja su niske te su, osim na
mjestima lokalnih koncentracija naprezanja, deformacije
elastiCne. Zbog toga do eventualne inicijacije pukotine
dolazi tek nakon vrlo velikog broja ciklusa opterecenja.
Pritom se pukotine iniciraju pretezito u neposrednoj

Crack initiation

Due to the action of loading, stresses and strains develop
in the material. Inclusions, microvoids, surface dents and
imperfections and irregularities in the materials crystal
structure can act as stress concentrators so that in their
vicinity, values of stresses can reach very high values
causing material to deform plastically. Repeated action of
such loading causes material to deform cyclically, which
in turn leads to damage and its accumulation and,
ultimately to crack initiation [5]. As already mentioned,
stresses above the yield stress of the material are related
to more pronounced plastic deformations, so that even if
a crack or a crack-like defect does not exist, it may be
initiated after a couple of loading cycles. In the case of
more intense and more widespread plastic deformations,
crack initiation locations are usually numerous and
evenly distributed across the affected zone. In the case of
high cycle fatigue, nominal stresses are relatively low, so
that except around stress concentrators, deformations
tend to be elastic. Therefore, cracks are initiated after an
number of loading cycles, and then prevalently at
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okolini stranih ukljucaka, mikroSupljina, zareza i drugih
greSaka u kristalnoj strukturi, ¢ija brojnost i raspodjela
moze znacajno varirati od uzorka do uzorka. Budu¢i da
se pukotine pretezno iniciraju na tek nekoliko takvih,
najkritinijih mjesta, statisticki rasap vrijednosti
parametara zamora (mjesta i vremena do inicijacije
pukotine) znacajno je veéi nego je to slucaj kod
niskocikli¢nog zamora materijala [6 - 7].

Rast kratkih pukotina

Rast kratkih pukotina obuhvaca period od zavrSetka
inicijacije pukotine do njezina rasta preko nekoliko
kristalnih zrna materijala. Buduéi da se i inicijacija i rast
kratkih pukotina odvijaju na isti nacin, djelovanjem
smi¢nih naprezanja odnosno smi¢nih deformacija, vrlo ih
je tesko razlikovati i razluciti, te se nerijetko ove dvije
faze promatraju zajedno i nazivaju zajednickim imenom
faza inicijacije pukotine.

Rast dugih pukotina

Ako nakon zavrSetka inicijacije i rasta kratkih pukotina
ne dode do njihova zaustavljanja, u njihovu razvoju
nastupa faza koja se naziva rast dugih pukotina. Sama
pukotina, a posebice njezin vrh postaje vrlo izraZzen
koncentrator naprezanja te u odlucujucoj mjeri utjece na
raspodjelu naprezanja i deformacija u materijalu koji je
okruzuje. Orijentacija 1 smjer Sirenja pukotine se
mijenjaju pa u ovoj fazi one napreduju okomito u odnosu
na globalni smjer djelovanja glavnog normalnog
naprezanja (slika 1). Budu¢i da ova faza rasta pukotine
traje sve dok pukotina ne dostigne kriticnu veli¢inu,
nakon cega nastupa konacni lom, ona se uobicajeno
naziva i fazom podkriticnog rasta pukotina [6 - 7].

Lom

Ova faza zamora materijala koja obuhvaca vrijeme
propagacije pukotine od trenutka kad ona dostigne svoju
kriticnu veli¢inu (ovisnu o materijalu, geometriji tijela,
vrsti  optereCenja) do kona¢nog loma, u velini je
slucajeva iznimno kratka. Zbog toga se to vrijeme ne
uzima u obzir prilikom odredivanja trajnosti odnosno
proracunavanja ukupnog broja ciklusa opterecenja do
loma.

3. ZAMORNA OSTECENJA MATERIJALA
BOKA ZUBA I NJIHOVA KLASIFIKACIJA

Za vrijeme trajanja zahvata bokovi zuba zupcanika
medusobno se odvaljuju, pri ¢emu se istodobno kotrljaju
i, u vecoj ili manjoj mjeri, klizu jedan po drugom. Buduc¢i
da se pritom s pogonskog na pogonjeni zupcanik osim
gibanja prenosi i snaga, povrsine bokova zuba u kontaktu
medusobno su pritisnute normalnim silama, a zbog trenja
dodatno su opterecene i pripadnim tangencijalnim silama
[8]. Zbog velike slicnosti geometrije tijela u kontaktu,
uvjeta kontakta te vrste 1 nacina djelovanja
opterecenja, gotovo identicna oSteCenja pojavljuju se i
kod valjnih lezajeva te kotaca i tracnica [9 - 10].

locations of inclusions, microvoids and imperfections in
increased the material’s crystal structure. The number
and distribution of these elements can vary notably
within the material of a single specimen as well as among
different specimens. Since, cracks are initiated only at a
few critical locations, statistical scatter of material fatigue
parameters (crack locations, time to crack initiation) is
significantly higher than is the case in low cycle fatigue
[6 -7].

Growth of short cracks

The phase of short crack growth contains the period
between the end of crack initiation and the beginning
spread across several crystal grains. Since both—the
initiation and the short crack growth phase—are
governed by the same mechanism, i.e. by the action of
cyclic shear strains and stresses, it is very difficult to
make a clear distinction between them. They are
commonly considered to be a continuous process called
the crack initiation phase.

Growth of long cracks

Unless cracks cease to advance after the initiation and
short crack growth phase, the so-called growth of a long
crack ensues. In this case, the crack itself, and
particularly its tip, becomes a very pronounced stress
concentrator and starts to significantly influence stress
and strain fields in its immediate proximity. Crack
orientation and growth direction tend to change in order
to become principally perpendicular to the global
direction in which the principal normal stress acts (Figure
1). Since this phase lasts until the moment when the
crack reaches its critical size, which is usually followed
by sudden and final fracture, it is also known as the
subcritical crack growth phase [6 - 7].

Fracture

This phase in the process of material fatigue denotes the
period between the crack reaching its critical size (which
is material-, geometry- and load-dependent) and the
moment of final fracture. In the majority of cases, this
phase is quite short and is thus, usually not taken into
consideration in durability calculations, i.e. in the
determination of the number of load cycles to
fracture/failure.

3. FATIGUE DAMAGE OF THE TOOTH
FLANK AND ITS CLASSIFICATION

During the mesh, tooth flanks of involute spur gears
perform a relative motion comprised of simultaneous
rolling and, to a variable degree, sliding. Since aside from
movement, power is also transmitted from pinion to
wheel during the mesh, surfaces of flanks in contact are
mutually pressed by normal force and due to friction,
they are also affected by corresponding tangential forces
[8]. Due to similarity regarding the geometry of damage
are encountered in rolling bearings as in rails/wheels [9 -
10]. The name by which this type of fatigue and
consequent damage is identified the contacting bodies,
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Uobicajeni naziv za proces zamaranja materijala u takvim
uvjetima te njime izazvana oS$tecenja je kotrljajno-klizno-
kontaktni zamor materijala (engl. rolling sliding contact
fatigue - RSCF).

U ISO normi kojom su klasificirana ostec¢enja zupcanika
[11], oSteéenja povrsinskog sloja materijala uzrokovana
zamorom navedena su kao jedna od osnovnih kategorija.
Iako do zamora i oSte¢ivanja povrsinskog sloja materijala
boka zuba dolazi uslijed njegova dugotrajnog ciklickog
kotrljajno-kliznog  opterecivanja, zbog razliCitosti
geometrije ozubljenja, uvjeta zahvata, znacajki materijala
i njegove toplinske obrade, spomenuta se oStecenja mogu
manifestirati na razliite nacine. Njihova detaljnija
podjela navedena je u tablici 1.

the conditions of contact as well as type and loading
action, practically identical types of is rolling-sliding-
contact fatigue (RSCF).

In the ISO standard, which classifies various damage
types found in gears [11], damage of the surface material
layer is listed as one of the principal categories.
Generally, fatigue and fatigue-induced damage of the
surface layer occur as a result of (usually prolonged)
cyclic action of rolling-sliding contact loading. However,
such damage can manifest itself in a number of different
forms due to the differences in teeth geometry, meshing
conditions, material characteristics and type and
parameters of heat treatment. Their more detailed
classification is given in Table 1.

Tablica 1. Klasifikacija zamornih ostecenja povrsinskog sloja materijala boka zuba prema ISO 10825

Table 1.

Classification of fatigue damage of gear teeth flanks according to 1SO 10825 standard

Zamorna oste¢enja boka zuba zupcanika / Fatigue damage of gears tooth flank

Jamicenje / Pitting

Inicijalno jamicenje / Initial pitting

Progresivno jamicenje / Progressive pitting

Mikrojamicenje / Micropitting

Flake pitting

Spalling

Case crushing

Hyde [3] te Pederson i Rice [12] su kao moguce uzroke
nastanka odredenih vrsta ostecenja dali razlicite odnose
profila smi¢ne zamorne ¢vrstoce povrSinski otvrdnutog
materijala i raspodjele smi¢nog naprezanja izazvanog
kotrljajno-klizno-kontaktnim optereéenjem (slika 2).
Mjesta na kojima smi¢no naprezanje prelazi smicnu
su mjesta

zamornu ¢vrstoéu materijala  vjerojatna
nastanka zamornih oSteéenja.

Naprezanje / Stress

Hyde [3] and Pederson and Rice [12] have given
simplified relations between the shear fatigue strength
profiles of surface-hardened materials and the
distribution of shear stresses caused by rolling-sliding-
contact loading as possible causes of fatigue damage
(Figure 2). Locations at which the shear stresses exceed
the shear fatigue strength are the most likely sites for
damage initiation.

Udaljenost od povrsine / Distance from surface

smi¢na zamorna ¢vrstoca /
shear fatigue strength

Slika 2.

smi¢no naprezanje /
shear stress

Moguci odnosi smicne zamorne ¢vrstoce i smicnog naprezanja i najvjerojatnije mjesto i oblik ostecenja:

a) bez ostecenja, b) povrsinsko ostecenje (jamicenje), c) oStecenje neposredno ispod povrsine (flake pitting,
spalling), d) ostecenje duboko ispod povrsine (case crushing) (prema [3])

Figure 2. Possible relations between shear fatigue strength and shear stress and the most likely location and form of
damage: a) no damage, b) surface damage (pitting), c¢) damage immediately below surface (flake pitting,
spalling), d) damage in deep subsurface layers (case crushing) (according to [3])
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Jamicenje (engl. pitting) je opceniti naziv za oSteCenje
povrsine bokova zuba u vidu pukotina odnosno jamica,
¢iji promjer moze iznositi od nekoliko desetinki
milimetra do nekoliko milimetara, a u slucaju velikih
ozubljenja i viSe (slika 3). Neovisno o vrsti, jamienju su
izlozeniji zubi pogonskog zuplanika zbog <Ceséeg
ulaZzenja u zahvat i to posebice njihovi dijelovi oko i
ispod kinematskog kruga zbog ukupno nepovoljnije
kombinacije visine i nacina djelovanja opterecenja na
tom dijelu bokova zuba.

Slika 3. Jamicenje na bokovima zuba [13]
Figure 3. Pitting on gears teeth flanks [13]

Inicijalno jamicenje javlja se samo u pocetnim fazama
rada zupCastog para i to na mjestima koja su zbog
lokalnih geometrijskih nepravilnosti i hrapavosti povrsine
boka izlozena vecim kontaktnim pritiscima i izravnom
metalnom kontaktu. Nakon zagladivanja povrsine bokova
zuba u kontaktu optereCenje se raspodjeljuje na veéu
povrsinu, a naprezanja u povrSinskom sloju materijala
smanje se ispod razine kod koje dolazi do oStecivanja, te
se jamicenje zaustavlja.

Progresivno jamicenje uzrokovano je zamorom
materijala i inicijacijom mikropukotina na povrsini ili
ispod nje. Rastom i eventualnim spajanjem pukotina te
njihovim izbijanjem na povrsSinu dolazi do odvajanja i
otkidanja manjih ili ve¢ih komadi¢a materijala nakon
¢ega na tim mjestima ostaju jamice razliitih promjera i
dubina (slika 4). Kao naj¢eséa mjesta nastanka povrsinski
iniciranog jamicenja navode se mikroneravnine
uzrokovane strojnom obradom bokova (glodanje,
brusenje), greske i/ili strani ukljuéci u materijalu te
toplinskom obradom uzrokovani poremecaji u strukturi
materijala. U sluaju ispodpovrSinski iniciranog
jamicenja, pukotine preteZzno nastaju u podrucju u kojem
smi¢no naprezanje uzrokovano kotrljajno-kliznim
optere¢enjem dostize svoje najvece vrijednosti. Buduci
da progresivno jamiéenje ne uzrokuju samo lokalne
nepravilnosti i hrapavost bokova zuba, ono napreduje i

Pitting is a general term that denotes crack-like damage
of gear teeth flanks in the form of small pits whose
diameter can range from a couple of tenths of a
millimeter in smaller gears, up to several millimeters in
gears with large modules (Figure 3). Regardless of
gearing type, pinion teeth are more susceptible to this
type of damage as they enter the mesh more often than
the teeth of the wheel. Part of the tooth flank immediately
below the pitch line is particularly at risk due to an
adverse combination of loading magnitude and

rolling/sliding conditions.

Initial pitting usually appears in the first phases of gear
pair operation, i.e. running in, and primarily areas that are
subjected to increased surface pressures and even limited
metal-to-metal contact due to the local geometrical
irregularities and surface roughness. After initial
smoothing of mating flank surfaces, loading is distributed
across a wider area of tooth flank. This effectively lowers
surface pressures and stresses in surface layers below the
critical level and prevents further formation of pits.

Progressive pitting is primarily caused by fatigue of the
surface material and by initiation of microcracks at and
below the surface. Growth and coalescence of individual
cracks and their reaching of the surface causes separation
and breaking off of smaller and larger pieces of the
material, leaving dents and pits in the flank’s surface
(Figure 4). The locations on which such cracks are most
likely to initiate are surface irregularities and machining
marks (milling, grinding), material defects and inclusions
and distortions in the material structure caused by heat
treatment. In the case of subsurface initiated pitting,
cracks appear predominantly in an area in which shear
stresses caused by rolling-sliding loads reach their
highest values. Since progressive pitting is not caused
primarily by local defects and tooth flank surface
roughness, it continues to grow and advance even after
initial running-in processes and the smoothing-out of the



Eng. Rev. 30-2 (2010) 37-46

43

nakon zavrSetka pocetnog zagladivanja povrsina bokova
Kontinuiranim $irenjem jamiCenja smanjuje se nosiva
povrsina bokova zuba. U izrazenijim slucajevima moze
do¢i do gubitka izvornog profila zuba, a time i do
prekomjernih vibracija te porasta dinamickih opterec¢enja
koja mogu uzrokovati i konac¢ni lomi zuba odnosno
stradavanje zupcanika.

Slika 4. Progresivno jamicenje na bokovima zuba [13]
Figure 4. Progressive pitting on gears teeth flanks [13]

Mikrojamicenje oznacava pojavu velikog broja plitkih
mikropukotina i jamica dubine do nekoliko mikrona zbog
kojih zahvaceni dijelovi povrSina boka zuba poprimaju
smrznuti“ ili mat-sivi izgled (slika 5).

contacting surfaces is finished. Pittings progress further
reduces the effective load carrying area of the flank. In
more extreme cases, this can lead to the serious
deterioration of the original flank profile and to excessive
vibrations and dynamic loads during the mesh, which can
even cause tooth fracture and gear failure.

e

,
L A

Micropitting denotes the appearance of a large number
of shallow microcracks and small pits with depths on the
order of several microns that cause the affected surface to
appear “frozen” (Figure 5).

Slika 5.  Mikrojamicenje [14]
Figure 5. Micropitting [14]
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Uslijed izravnog kontakta, vrhovi neravnina se dijelom
plasti¢no deformiraju, a dijelom otkidaju, Sto vrlo brzo
dovodi do ostecenja plitkog povrSinskog sloja materijala
zuba i stvaranja spomenutih mikropukotina.

Cijeli proces moze biti dodatno potpomognut i
intenziviran manjkavim uvjetima podmazivanja jer
toplina stvorena tijekom zahvata dodatno smanjuje
viskoznost ulja i stanjuje uljni film. To moze dovesti do
njegova probijanja i izraZenijeg metalnog kontakta na
Sirem podrucju pa i na cijeloj povrsini bokova zuba. lako
ovaj oblik oSte¢enja povrSine sam po sebi nije izrazito
kriti¢an te u slucaju dobrog podmazivanja moze do¢i do
njegova zaustavljanja, postoji moguénost da u odredenim
uvjetima daljnje Sirenje na taj nacin iniciranih
mikropukotina dovede do ozbiljnijeg oStecenja povrsine.
Engleskim pojmom flake pitting (engl. flake = pahuljica,
tanki list) oznaCava se oStecenje trostranog oblika na
Sirem podrucju boka zuba kako je prikazano na slici 6.
Nastaje odvajanjem tankih ljuskica materijala od
osnovnog materijala zuba.

Direct contact causes the tips of surface
microirregularities to be partly deformed plastically and
to be partially sheared off, which promptly leads to
damage in the shallow surface layer that results in the
mentioned microcracks. The whole process can be further
intensified if lubrication conditions are not adequate
because direct metal to metal contact generates additional
heat, which further reduces oil viscosity and thinning of
the oil film. This can eventually lead to the breakdown of
the oil film and an increase in the direct contact between
flanks across the wider area. This form of damage by
itself is not particularly detrimental, and in the case of
good lubrication, it usually does not progress further.
However, under certain conditions it can spread further
and cause more pronounced and critical damage of the
gear tooth flank.

By the term flake pitting, characteristic, triangle-shaped
damage of a larger area of the tooth flank is denoted.
Relatively thin pieces of flank material peel off of the
tooth base material, leaving a characteristic shallow pit
behind, as shown in Figure 6.

Slika 6. Flake pitting [14]
Figure 6. Flake pitting [14]

Engleski pojam spalling (engl. spall = krhotina) naziv je
za ispodpovrSinski inicirano oStecenje sli¢no tzv. flake
pittingu koje se takoder u pravilu prostire preko vecih
dijelova povrsine boka zuba, ali kod kojeg su ljuske vece
debljine (slika 7). Inicirane pukotine se u pocetku Sire
ispod povrsine zuba i to paralelno s njom, da bi nakon
dostizanja odredene veli¢ine skrenule prema povrsini
zuba. Kod zupcéanika s povrsinski otvrdnutim zubima
nakon toga dolazi do odvajanja veceg komada
povrsinskog sloja zuba, pri cemu na boku ostaje znacajno
oStecenje u obliku plitke jame ¢ije se dno u pravilu nalazi
na prijelazu izmedu tvrdog povrsinskog sloja materijala i

Spalling is the name for subsurface initiated fatigue
damage, which is rather similar to the already mentioned
flake pitting. It also usually stretches over larger portions
of the tooth flank, but with spalls being generally of
greater thickness (Figure 7). Initiated cracks grow and
advance parallel to the surface and after reaching a
critical size, deviate toward the flank’s surface. At gears
with surface hardened teeth flanks, very often larger
pieces of the material fall off, leaving significant damage
in the form of a shallow pit. The bottom of the pit is
usually located at the transition layer between the harder

surface material and the softer core. When this type of
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mekse jezgre. Kod prokaljenih ili neotvrdnutih zupcanika
rije¢ je 0 masovnim nakupinama povezanih i medusobno
preklapajucih plitkih jamica slicnih onima kod jamicenja,
ali ve¢ih izmjera.

Slika 7. Spalling [13], [15]
Figure 7. Spalling [13], [15]

Engleskim nazivom case crushing oznacava se
specificno ostecenje uzrokovano znacajnim
preopterecenjima, koje se pojavljuje uglavnom na zubima
s cementiranim bokovima. Ispod otvrdnutog povrsinskog
sloja materijal se u zna¢ajnoj mjeri plasticno deformira,
$to dovodi do inicijacije zamornih pukotina. Opetovano
djelovanje opterecenja potice njihovo Sirenje paralelno s
povrsinom boka te nakon odredenog vremena skretanje
prema jezgri i/ili prema povrsini zuba (slika 8). Zbog
svega navedenog, u zahvacenom dijelu, jezgra prestaje
pruzati adekvatan oslonac povrsinskom sloju te se on u
velikim komadima odvaja od osnovnog materijala zuba.

Slika 8. Case crushing [13]
Figure 8. Case crushing [13]

4. ZAKLJUCAK

Zahvat evolventnih zupéanika putem kojeg dolazi do
prijenosa gibanja i snage s jednog zupcanika na drugi,
vrlo je sloZzen. Na znacajke i vrijednosti naprezanja i
deformacija kojima je materijal bokova zuba

damage occurs on through-hardened or non-hardened
gears, in more advanced stages it typically manifests
itself in the form of a large number of shallow,
overlapping pits, similar to those encountered in pitting,
but of greater dimensions.

The term case crushing indicates a specific type of
damage, which is most often the consequence of
excessive overloads and appears primarily in the case of
hardened teeth flanks. Below the case-hardened surface
layer, material deforms plastically, which leads quite
rapidly to the initiation of fatigue cracks. Repeated
subsequent (over)loads cause these subsurface cracks to
initially advance parallel to the surface and after awhile
to deviate toward the core and/or toward the surface
(Figure 8). Due to this, in the affected area, the softer
core no longer gives support to the surface layer, which
starts to break off in the form of rather large pieces of
material.

4. CONCLUSION

The mesh of involute gears, through which motion and
power are transmitted, is very complex. Stresses and
strains in the teeth flanks material and its durability are
influenced by a large number of factors such as gearing
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zupcanika u radu podvrgnut te na njegovu trajnost
izravno utjeCu geometrija ozubljenja, kinematika
zahvata, vrsta 1 vrijednost optereéenja, znacajke
materijala i povrSine bokova, uvjeti podmazivanja te niz
drugih veliCina, koje sve zajedno definiraju uvjete u
kojima se odvija zahvat zupCanika.

Osim navedenog, za korektno i uspjesno konstruiranje i
dimenzioniranje zupcanika, posebice s obzirom na
trajnost, potrebno je dobro poznavati i moguca osStecenja
te mehanizme koji dovode do njihovog nastanka. U tom
smislu u ovom radu opisane osnovne znacajke kotrljajno-
klizno-kontaktnog zamora materijala boka zuba
zupcanika te uzroci pojave i znacajke s njim povezanih
oSte¢enja mogu posluziti kao pomo¢ pri sprecavanju ili
naknadnoj identifikaciji 1 uklanjanju potencijalnih
problema kod zupcastih prijenosnika snage.
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