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Numeriéno doloevanje debeline utrjene povrsinske plasti pri zobniSkih
dvojicah

Numerical Determination of Hardened Surface Layer Thickness on Gears

SRECKO GLODEZ - JOZE FLASKER

V prispevku je predstavljen postopek za dolocevanje optimalne debeline utrjene povrsinske
plasti na zobnih bokih. Potrebna debelina trde plasti je dolocena glede na maksimalno primerjalno
napetost, ki se pojavlja v kontaktu dveh zobnih bokov. Pri dobrem mazanju se pojavlja maksimalna
primerjalna napetost na doloceni razdalji pod povrsino kontakta. Velikost in poloZaj maksimalne
primerjalne napetosti v kontaktnem podrocju sta dolo¢ena numericno z metodo koncnih elementoy.
Pri numericnih izracunih je kontakt dveh zobnih bokov nadomeicen z ekvivalentnim modelom dveh
valjev, katerih polmera ustrezata krivinskima polmeroma zobnih bokov v poljubni tocki na ubirnici.
Ekvivalentna valja sta obremenjena z normalno in tangencialno obremenitvijo, ki sta prej doloceni z
uporabo Hertzove teorije. Na podlagi teh izracunov sta doloceni velikost in poloZaj maksimalne
primerjalne napetosti v kontaktnem podrocju glede na bocni tlak, koeficient trenja in ekvivalentni
polmer zobnih bokov. Minimalna potrebna debelina utrjene povrsinske plasti za preprecitev poSkodb
zobnih bokov je potem dolocena v odvisnosti od velikosti in poloZaja maksimalne primerjalne napetosti
v kontaktnem podrocju.

A new technique for determining the optimum thickness of the hardened surface layer on gear
flanks is presented in the paper. The required hardened layer thickness is determined in relation fo
the maximum equivalent stress that appears in the layer due to contact with the maiching gears.
Under favourable lubrication conditions the maximum equivalent stress always appears at a certain
depth under the contacting surfaces. The amplitude and position of the maximum equivalent stress in
the gear contact region is determined numerically by the finite element method. The computational
analyses of the gear contact problem are performed by using the equivalent model of two cylinders
that have the same radii as is the curvature radius of the gear flanks at any point on the engagement
line. The equivalent cylinders are subjected to real normal and tangential tractions that are deter-
mined by the Hertz contact theory. The results from such numerical analyses provide the basis for
determination of how the amplitude and position of the maximum equivalent stress depend on the
contact pressure, friction and equivalent curvature radius of gear flanks. This relationship is then
used for evaluation of the required thickness of the surface-hardened layer, which is needed for
prevention of any surface damage, such as pitting, occurring on the gear teeth flanks.

0 UVOD 0 INTRODUCTION

In demanding gear assemblies the gears are

Za zahtevna zobniska gonila se v sploSnem
uporabljajo povrsinsko utrjeni zobniki, ki imajo trdo
povrsino, odporno proti obrabi, in Zilavo jedro, odporno
proti zlomu v korenu zoba. Navedene zahteve
doseZemo z ustrezno toplotno obdelavo. Za preprecitev
nastanka poskodb na povrsini zobnih bokov mora biti
debelina trde povrSinske plasti tak$na, da se pojavlja
maksimalna napetost v kontaktnem podro¢ju vedno
v utrjeni plasti in je hkrati manj$a od lokalne meje
plasti¢nosti povr§inske plasti. Slednja se dolo€i s
preizkusi pri ¢istem nategu ali Cistem strigu. Napetost,
ki ustreza meji plasti¢nosti pri omenjenih preizkusih,
se v prakti¢nih primerih v splo$nem doloé¢i z uporabo
ustreznega kriterija po eni izmed porusitvenih hipotez.
Zavedino kovinskih materialov se Se najvec uporablja

usually made of hardened steel. Steel hardening is a
process of surface thermal treatment that results in a
very hard surface layer with increased wear resist-
ance, and a tougher inner body that is more resistant
against fracturing. To prevent any fatal surface dam-
age occurring on gear teeth flanks due to extensive
wear, the thickness of the hardened layer should be
such that the maximum applied stresses are always
positioned in the hardened layer and are at the same
time lower than the local yield stress. The yield stress
of the material is obtained from a pure one-dimen-
sional tension or from shear experimental testing. The
load at which plastic yielding begins in realistic struc-
tures is related to the uni-axial yield stress through
the appropriate yield criterion. For most metallic
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Misesov kriterij, po katerem je primerjalna napetost  materials the Mises’ strain energy criterion is the

[41: best choice and is postulated as [4]:
e 7 2 ¢ Kerh, @ \2 .f'
O EM = ﬁxﬁ(ﬁl ~0y) +(0y-03) +(03-0)) =0, =31, L)
kjer s0 0, 0, in o, - glavne normalne napetostl 7 - where 0, 0,and o, - are the principal stresses, and
meja plastlénostl materiala pri ¢istem strigu in 0' S and 0' - are the yield stress of the material in

meja plastiénosti materiala pri ¢istem nategu. v 51mple shear and simple tension respectively. The
splo$nem so razmere pri kontaktni obremenitvidveh  contact conditions between matching gear teeth are
zobnih bokov zelo zapletene, tako da vpliva na  complex and many parameters influence the equiva-
primerjalno napetost o, v kontaktnem podro¢juve¢ lent stress o~ appearing in the contact area of two

dejavnikov (sl. 1) [7]. gear flanks.  They are summarised in Figure 1 [7].
Hertzov kontakt (Hertz contact) | mazanje
u=0; R=0; h,=0; 6,=0; AS=0 | (lubrication)

trenje [ zaostale napetosti
(friction) > | (residual stresses)

povréinsl_c'a'x-h_r;f:é;ost X, AN tcm.peratl.ﬁ'a.
(surface roughness) ke (temperature)

SL. 1. Vpliv nekaterih velicin na porazdelitev primerjalne napetosti po Misesu o, v kontaktnem
podrocju dveh zobnih bokov

Fig. 1. The influence of various factors on the distribution of the eqivalent Mises stress o in the
contact area of two gear flanks.

Pomemben dejavnik na trdnost zobnih bokov je The hardness distribution in the surface layer
tudi potek trdote v povrsinskem sloju. Ce upostevamo,  is another important parameter, especially its distri-
da je lokalna trdnost materiala (npr. meja plasti¢nosti) ~ bution in the surface layer, if it is assumed that the
sorazmerna trdoti [7], lahko pri proudevanju bodne local strength of the material (yield stress) is propor-
trdnosti primerjamo obremenitev v kontaktnem tional to the material hardness [7]. A typical distribu-
obmogju s potekom trdote v povrsinskem sloju, kakor {mn of local strength of the material in the surface
je to prikazano na sliki 2. Ta prikazuje tri poteke L2Y€T i illustrated in Figure 2. Figure 2 also shows

ol : ; three distributions of the Mises' equivalent stress o
primerjalne napetosti po Misesu o v kontaktnem through the hardened surface laye? in the contact are4

podro€ju dveh zobnih ‘bokov, v odvisnosti od  of gear teeth flanks for different combinations of the
nadomestnega polmera R’ in maksimalnega bo¢nega  equivalent curvature radius R and maximum con-

tlaka p_(pogl.1). Pri majhnih bo¢nih tlakih in velikih  tact pressure p, ('see Section 1). For small contact
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krivinskih radijih je prlmer_]alna napetost o, =f(p .
R ) v celotnem podroéju manj$a od lokalne trdnosti
materiala. S povecanjem bo¢nega tlaka oziroma
zmanj$anjem krivinskega polmera pa postaneta
primerjalni napetosti o, -"f(pl R’)ino, =fp
R)) v dolo¢enem podroclu poé povrsmoﬁi?onta
vedji od lokalne trdnosti materiala. V tem podrocju
lahko pri¢akujemo tudi nastanek poskodb, kakrs$na je
na primer jami¢enje zobnih bokov. Po tem lahko
sklepamo, da moramo pri definiranju poteka trdote v
povr§inskem sloju zobnih bokov upostevati tako
maksimalni bo¢ni tlak p kakor tudi ekvivalentni
nadomestni polmer R".

pressures and large curvature radii the equivalent
stresso, =f(p, . R’) is always lower than the lo-
cal strength of the material. However, by increasing
the contact pressure or reducing the curvature ra-
dlus the equivalent stresses o, =f(p  , R, ) and
PRl A 7o ‘) become higher than the local yield
11m1t ata cer‘tam depth under the surface. Initial dam-
age such as cracking can be expected to occur in
such regions. Thereafter it can be concluded that the
hardness distribution in the surface layer should be
dependent on the maximum contact pressure p and
equivalent curvature radius R’ of gear teeth flanks.

CeM potek trdote
T (hardness distribution)

Saa(Por, R'2)

oam(Pot, R 1)

Po2 = Pot
R32>R,

oddaljenost od kontaktne povrSine H
(distance from the contact surface) .

Sl. 2. Porazdelitev primerjalne napetosti o,, pod kontaktno povrino

Fig. 2. Distribution of the equivalent stress o,

1 SIMULIRANJE KONTAKTNIH
PROBLEMOV PRI ZOBNIKIH

Zaradi poenostavitve numeri¢nih izradunov je
upraviéeno nadomestiti kontakt dveh zobnih bokov z
ekvivalentnim modelom kontakta dveh valjev (sl. 3)
[1]. Pri tem morata polmera nadomestnih valjev
ustrezati krivinskima polmeroma zobnih bokov v
poljubni opazovani to¢ki na ubirnici. S tem je
omogo&ena uporaba Hertzove teorije, po Kkateri je
porazdelitev tlaka v kontaktnem podro¢ju podana s

[4]:

2F
PO == 3 b? -2

kjer je F - normalna sila na enoto Sirine nadomestnih
valjev (Sirine zob zobnikov) in b - polovi¢na §irina
dotikalne ploskve, ki je podana z [4]:

8Fy R’
nE'

under the contacting surface

1 SIMULATION OF CONTACT
PROBLEMS IN GEARS

For the purpose of easier consideration of gear
contact parameters in numerical computations it is
very useful to replace the complicated gear pair ge-
ometry with an equivalent model of two cylinders
(Fig. 3) [1]. The equivalent cylinders have radii the
same as is the curvature radius of gear teeth flanks
at any chosen point on the engagement line. This ena-
bles the use of the Hertz contact theory, where the
distribution of contact pressure in the contact area
can be analytically determined by [4]:

),

in which F| - is the normal force per unit length of
equivalent cylinders (gear width) and b - the half-
width of the contact area, which is given as [4]:

3),
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kjer sta R" in E’ ekvivalentni polmer in ekvivalentni

modul elasti¢nosti po enacbah:

where R’ is the equivalent radius and E’ is the
equivalent Young’s modulus defined as:

B S, N )
Ez(l—vl )+El(1—v2 )
v _RiRy (5).
R+R,

Normalna sila na enoto $irine valjev . je
odvisna od maksimalnega bo¢nega tlaka p =
= p (x=0) in je podana z enacbo:

Fy =

Tangencialno obremenitev v kontaktnem
podro&ju g(x) zaradi drsenja zobnih bokov dobimo s
Coulombovim zakonom na podlagi normalne
obremenitve p(x) in koeficienta trenja s :

The normal force ' is a function of the maxi-
mum contact pressure p = p (x = 0) and can be de-
termined by:

' 2nR'p’

y (6).
E

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

g(x)=p- p(x) (7).
b) 4
F
p Ey, vy
Ry Po
p(x)
xL
i 2b b
R,
¥ £, vy
Fyn
UIOISDOT Mifel

SI. 3. Model kontakta dveh zobnih bokov: (a) in nadomestni model dveh valjev (b)
Fig. 3. Contact model of two gear flanks: (a) and egivalent model of two cylinders (b)

Z uporabo enacb (2) in (7), ki definirata zunanji
obremenitvi pri kotalno-drsnem kontaktu zobnih bokov
pri obratovanju zobniske dvojice, lahko simuliramo
razmere v kontaktnem podro&ju z metodo konénih
elementov brez uporabe posebnega algoritma za
reSevanje kontaktnih problemov [2].

Ce napetosti v kontaktnem podro&ju pri
obratovanju zobniske dvojice preseZejo mejo te€enja,
nastanejo plastiéne deformacije in s tem zaostale
napetosti. Za primer ravninskega deformacijskega
stanja pri kontaktu dveh zobnih bokov lahko

By using egs. (2) and (7) for the external load-
ing one can then simulate rolling and sliding contact
conditions between matching gear teeth by using the
general purpose finite element codes without imple-
mentation of special algorithms for solving the con-
tact problems [2].

If the yield limit is exceeded due to contact
loading of the gear flanks, some plastic deformation
will take place and thereby introduce residual
stresses. When the plane strain condition of the gear
contact problem is taken into account, the residual
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zanemarimo komponenti zaostalih napetosti (z,) in
(7 ) , medtem ko postanejo preostale komponente
neodvisne od osi x in z. Zaradi napetostnega stanja
na prosti povrSini odpadeta tudi napetostni komponenti
(o) in(z ) , tako da se sistem zaostalih napetosti
skréina:

stresses (7). and (sz ), can be neglected, and the

remaining stress components become independent of

x and z. It is not possible for the residual stresses to

be in equilibrium with a traction free surface (o;)r

and (7 ) , and the only possible equilibrium of re-
. Xy r '

sidual stresses is therefore reduced to:

(02), = i), (02), =/ (o)) =(5s) =(r)z) =(5a), =0 (8).

Glavne napetosti kot kombinacija kontaktnih
in zaostalih napetosti so potem [4]:

The principal stresses due to the combination
of contact and residual stresses are then [4]:

gi= %[cx +(0'x)r +cy]+%\/[cx +(0’x)r —cyr +4-:xy2

Lo 140 %[CFX +(cx)r +0'y] - %\/[o‘x +(‘3x),. —Gy]Z +4'rxy2 (9).

e "[Ux *(o3): +o'y]+(c

Pogoj plastificiranja materiala v kontaktu dveh
zobnih bokov z upostevanjem zaostalih napetosti se
potem dolo¢i po enacbi (1).

2 PRAKTICNI PRIMERI

Pri numeriénih izraunih, obravnavanih v tem
poglavju, so za maksimalni bo¢ni tlak p in
ekvivalentni polmer R’ uporabljene nekatere znadilne
vrednosti (preglednica 1), ki ustrezajo zobniskim
dvojicam z normalnim modulom m <7 mm, §tevilom
zob z < 25 in prestavnim razmerj:am u<5.Zavse
izraCune je uporabljen modul elasti¢nosti £=2,06 -10°
MPa in Poissonovo razmerje v =0,3. Z upostevanjem
priporo¢ene vrednosti koeficienta trenja u= 0,04 za
zobniske dvojice z dobrim mazanjem [5] in z uporabo
enacb (2) in (7) za dolocitev kontaktnih obremenitev,
dolo€¢imo maksimalno primerjalno napetost (O’W)mh_
in njen polozaj (oddaljenost od kontaktne povrsine H)
z uporabo numeri¢nega modela na sliki 4. Rezultati
teh izraGunov so navedeni v preglednici 1.

obremenitev  p(X)

2),

In this way the yield condition, taking into con-
sideration residual stresses in the contact area of gear
teeth flanks, can be determined by eq. (1).

2 PRACTICAL EXAMPLES

For the computational experiments treated in
this section some typical values for the maximum
contact pressure p and equivalent curvature radius
R’ have been used (Table 1), which are valid for the
contact of gear pairs with a normal modulus m <7
mm, number of teeth z <25 and gear ratio u < 5."For
all examples Young’s modulus E = 2,06 -10° MPa
and Poisson's ratio v= 0,3 have been used. Taking
into account the recommended value for the coeffi-
cient of friction in gears with good lubrication =
0,04 [5], and using eqs. (2) and (7) for determination
of contact loading parameters, the maximum equiva-
lent stress (o, ) and its position (depth A under
the contact su?fa'é"é’) have been determined by using
the finite element model shown in Figure 4. The re-
sults of this computation are summarised in Table 1.

podpore
(restraints)

Sl. 4. Numeric¢ni model za dolocitev (0, )
Fig. 4. Numerical model for determination of (o, ), and H

in H

maks
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Preglednica 1: Maksimalna primerjalna napetost (o, ) . in njena lega
(oddaljenost od kontaktne povrSine H) za razli¢ne kombinacije p_ in R*

Table 1: The maximum equivalent stress (o,, )

and its position

(depth H under the contact surface) for different combinations of p,in R*

maksimalni boéni | maksimalna primerjalna oddaljenost od kontaktne povriine H v [mm]
tlak (maximum napetost (maximum (depth H under the contact surface in [mm])
contact pressure) equivalent stress)
| nadomestni polmer (equivalent radius) R [mm] |
p, MPa (Op)mx MPa 6 8 10 14 20
1000 562 0.074 0.098 0.124 0.173 0.247
1200 680 0.089 | 0.119 | 0.148 | 0.208 0.297
1400 795 0.104 | 0.139 | 0.173 0.242 0.346
1550 882 0.115 0.153 0.192 0.268 0.384
1700 968 0.126 0.168 0.210 0.294 0.421
koeficient trenja (coefficient of friction): p=0.04
zaostale napetosti (residual stresses): (0,),=(c.),=0

Rezultati iz preglednice 1 kazejo, da je
maksimalna primerjalna napetost (o, ) neodvisna
od ekvivalentnega polmera R’, medtem Ko se znatno
zvetuje z botnim tlakom p . Po drugi strani pa se
spreminja lega maksimalne primerjalne napetosti,
oziroma oddaljenost H od kontaktne povrSine, tako z
vecanjem p kakor tudi z ve¢anjem R’

Rezultati za (o,,). .. in Hv preglednici 1
veljajo samo za vrednosti koeficienta trenja x= 0,04.
Za preostale vrednosti koeficienta trenja u lahko
potem dolo€imo vpliv trenja na napetostno polje v
sticnem podroc¢ju, pri ¢emer poprej izraunamo
tangencialno obremenitev po enacbi (7). Rezultate
teh izraCunov prikazuje slika 5 [3]. Za majhne vrednosti
koeficienta trenja x (< 0,05) je vpliv tangencialne

obremenitve na potek primerjalne napetosti o,

majhen in ga lahko zanemarimo. Z veanjem
koeficienta trenja se povecuje tudi primerjalna
napetost o_ , njen maksimum (0y) s, PA € hkrati
pomika proti kontaktni povr$ini. Pri Vrednosti H1=0,25
se pojavi (o, ) _ Ze na povrsini kontakta, njena
vrednost pa se nagafo povecuje z nadaljnjim ve¢anjem
koeficienta trenja 4 Pri zobniskih dvojicah z dobrim
mazanjem znasa srednji koeficient trenja u ~ 0,04
[5], [8], kar pomeni, da se pojavlja maksimalna
primerjalna napetost vedno v dologeni globini pod
kontaktno povrsino (pregl. 1).

Za dolocitev vpliva zaostalih napetosti na
napetostno polje v kontaktnem podro¢ju dveh valjev
so bile najprej po metodi konénih elementov izraéunane
napetostne komponente o, o in z_v povriinskem
sloju. V nadaljevanju se po enacbi (9f)i<ot kombinacija
kontaktnih in zaostalih napetosti (o) in (o) dologijo
Se glavne napetosti v kontaktnem pé rodj u, na podlagi
teh pa po enacbi (1) primerjalna napetost po Misesu
o,,, Rezultate teh izratunov prikazuje slika 6, in sicer
zarazli¢ne vrednosti zaostalih napetosti (o) in (o).

The results in Table 1 show that the maximum
equivalent stress (o, ) s independent from the
equivalent radius R‘,bgut significantly increases with
the maximum contact pressure p . On the other hand,
the position of (o, ) i.e. the depth A under the
contact surface, changes with p and also with R".

The results for (o, )  and H in the Table 1
hold only for the coefficient of friction 4=0,04. When
different values for u are used for the determination
of tangential loading g(x) in eq. (7), the influence of
the coefficient of friction on the stress field in the
contact area can be determined. The results of such
simulations are shown in Figure 5 [3]. For small val-
ues of 1 ( <0.05) the influence of tangential loading
on the equivalent stress o, in the contact area is
very small and can be negfécted. With increase of
the coefficient of friction the equivalent stress o, ,
also increases and its maximum (o, ) . moves clo-
ser to the contact surface. At u~ 055 the (T,
reaches the contact surface and rapidly increases
with further increase of 4 Considering the recom-
mended value for the coefficient of friction x =~ 0,04
in gears with good lubrication [5], [8] it can be ex-
pected that the maximum equivalent stress will be
always at the certain depth below the contact sur-
face (Tab. 1).

To determine the influence of residual stresses
on the stress field in the contact area of two cylin-
ders, the stress components o, o and 7_ through
the hardened surface layer were computed first by
using the finite element method. The principal stresses
due to the combination of the contact stresses and
residual stresses (o) and (o) can then be calcu-
lated according to equations (9) and the equivalent
von Mises’ stress o, according to eq. (1). The re-
sults of these computations are shown in Fig. 6 for
different values of the residual stresses (o) in (o ).
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O EM

[ p,=1550 MPa
R*=10mm |
| E,=E,=206 GPa :

|
:

SL. 5. Vpliv koeficienta trenja na primerjalno napetost o,
v kontaktnem podrocju dveh valjev

Fig. 5. The influence of the coefficient of friction on the equivalent stress o,

EM
in the contact area of two cylinders

S slike 6 lahko ugotovimo negativen vpliv
nateznih zaostalih napetosti, ki povedujejo primerjalno
napetost o_  in pozitiven vpliv tla¢nih zaostalih
napetosti, zaradi katerih je primerjalna napetost e
v kontaktnem podroc¢ju manjsa.

From Figure 6 it can be concluded that tensile
residual stresses are not desirable since they amount
to higher equivalent stress o_ , while compressive
residual stresses help to reduce the total equivalent
stress o, .

1400
MPa ks DMPa].
o - foc SV | = =300
X K “Xxm ‘ o -150
i
1000 ‘\‘ *N"‘“\x | a0
P (e S5 i sl <3
800 ; G O o ety 200 %
GEM ."H.—-.__.____h. L o, -T:'!"X
600 o A "‘11
o \‘“1 e
R . . o \ "“1\_
400 (p,=1550MPa | ~a ey
| TE- T
| R*=10 mm i TR .
200 | E,=E,=206 GPa | “'“t--;ﬂ_,;

! V,=v,=0.3 |
| J
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SL. 6. Vpliv zaostalih napetosti (c),

T 1 I I i

05 06 07 0.8 mm 1

H
in (o) na primerjalno napetost O,

v kontaktnem podrocyu dveh valjev

Fig. 6. Influence of the residual stresses (o) and (o,), on the equivalent stress o35
in the contact area of two cylenders
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3 SKLEPI

V predlozenem delu je predstavljen racunski
postopek za dolo€itev potrebne debeline utrjene
povrsinske plasti zobnih bokov glede na maksimalno
primerjalno napetost v kontaktnem podro¢ju pri
obratovanju zobniske dvojice. Napetostno polje v
kontaktnem podro¢ju je dolo¢eno numeri¢no po
metodi kon¢nih elementov, pri ¢emer je kontakt dveh
zobnih bokov nadomes¢en z ekvivalentnim modelom
dveh valjev. Primerjalna napetost v kontaktnem
podrodju dveh valjev je dolo¢ena z uposStevanjem
normalne obremenitve (Hertzov tlak), tangencialne
obremenitve (koeficient trenja) in zaostalih napetosti.
Rezultati izratunov kazejo, da je vpliv koeficienta
trenja med kontaktnimi povrSinami pomemben Sele
pri vrednostih, ve¢jih od 0,1 (sl. 5). Na podlagi tega
velja ugotovitev, da se pojavlja pri dobrem mazanju
(u=~0,04) maksimalna primerjalna napetost vedno
v dolo€eni globini pod kontaktno povrsino. Za
prepreditev poSkodb oziroma nastanka razpok v
kontaktnem podrodju mora biti maksimalna
primerjalna napetost v celotnem podro¢ju manjsa od
lokalne trdnosti materiala (potek trdote v povrsinskem
sloju). V predloZzenem delu je analiziran tudi vpliv
zaostalih napetosti na napetostno polje v kontaktnem
podro&ju dveh valjev. Rezultati teh izratunov kazejo,
da imajo natezne zaostale napetosti negativen in tla¢ne
zaostale napetosti pozitiven vpliv na potek primerjalne
napetosti v kontaktnem podrogju.

Na podlagi tako dolo¢ene maksimalne
primerjalne napetosti v kontaktnem podroéju (o, Oa)
in njene oddaljenosti od kontaktne povrs§ine lahko
potem predpiSemo minimalno potrebno trdoto zobnih
bokov in debelino povrSinsko utrjene plasti.

4 POMEN OZNACB

b - polovi¢na Sirina dotikalne ploskve
m_ -normalni modul
p(x) -normalna obremenitev

p,  -najvegjibotni tlak

q(x) -tangencialna obremenitev
“u - prestavno razmerje

z - Stevilo zob

E - modul elasti¢nosti

E'  -nadomestni modul elasti¢nosti
F,  -normalna silana enoto dolZine
H - globinapod kontaktno povrsino
R - krivinski radij

R"  -nadomestni krivinski radij

y7i - koeficient trenja

3 CONCLUSIONS

The computational procedure for determining
the required thickness of the hardened layer of gear
teeth flanks in relation to the maximum equivalent
stress that appears in the layer due to the contact of
matching gears is presented in this paper. The finite
element method is used for determination of the stress
field in the contact area, where the gear contact prob-
lem is replaced by an equivalent model of two cylin-
ders. The equivalent stress in the contact area of two
cylinders is calculated by considering of normal load-
ing (Hertzian pressure), tangential loading (coefficient
of friction) and residual stresses. The results of these
computations show that the coefficient of friction be-
tween contacting bodies plays an important role only
when it is higher than 0.1 (Fig. 5). It can be con-
cluded that under favourable lubrication conditions
(1=~ 0.04) the maximum equivalent stress due to the
contact of meshing gears always appears at a cer-
tain depth under the contacting surfaces. To prevent
any occurrence of internal crack initiation or mate-
rial damage, the maximum equivalent stress must al-
ways be lower than the local strength of the material
(hardness in the surface layer). The influence of re-
sidual stresses on the stress field in the contact area
of two cylinders is also studied in this paper. The
results of these computations show that tensile re-
sidual stresses have a negative influence and
compressive residual stresses a positive influence on
the equivalent stress distribution in the surface layer
of contact bodies.

On the basis of computationally determined
maximum equivalent stress (0, ), 0d its depth
under the contact surface p051t10n the minimum re-
quired hardness and thickness of the surface hard-
ened layer can easily be estimated.

4 NOTATION

b - half-width of the contact area
AT normal modulus
p(x) -normal loading

p, - maximum contact pressure
q(x) -tangential loading

u - gear ratio

z - number of teeth

E - Young's modulus of elasticity
E®  -equivalent Young’s modulus

F_ -normal force per unit length

H - depth under the contact surface
R - curvature radius

R*  -equivalent curvature radius

y7, - coefficient of friction
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v -Poisson ratio
- Poissonovo razmerje ' o .. -principal stresses

1%
o, ,, -glavne napetosti o-:'m - residual tensile stress
o, - zaostala natezna napetost o,,, -equivalent Mises stress
o, -primerjalnanapetost po Misesu o,  -yield stress in pure tension
o,  -mejaplastiCnosti pri istem nategu 7 -residual shear stress
r - zaostala strizna napetost z  -yield stress in pure shear
7 -mejaplasti¢nosti pri Cistem strigu
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