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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The prog¢edures used to develop this document and those intended for its further maintenance_afe
describefl in the ISO/IEC Directives, Part 1. In particular the different approval criteria neededfor the
different| types of ISO documents should be noted. This document was drafted in accordance with the

editoriallrules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attentionq is drawn to the possibility that some of the elements of this document may»be the subject pf
patent rights. ISO shall not be held responsible for identifying any or all such patentrights. Details pf
any patept rights identified during the development of the document will be in the_Introduction and/¢r
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list of patent declarations received (see www.iso.org/patents).

e an endorsement.

w.iso.org/iso/foreword.html.
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calculation.

edition of ISO/TS 6336-20 cancels and xeplaces ISO/TR 13989-1.

V.

e name used in this document is information given for the conveniénce of users and does npt

xplanation on the voluntary nature of standards, the-meaning of ISO specific terms arjd
bns related to conformity assessment, as well as infermation about ISO's adherence to the
ade Organization (WTO) principles in the TechnicaliBarriers to Trade (TBT) see the following

ument was prepared by Technical Committee ISO/TC 60, Gears, Subcommittee SC 2, Geqr

1l parts in the ISO 6336 series canrbe’found on the ISO website. See also the Introduction for gn
overview.
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Introduction

The ISO 6336 series consists of International Standards, Technical Specifications (TS) and Technical
Reports (TR) under the general title Calculation of load capacity of spur and helical gears (see Table 1).

— International Standards contain calculation methods that are based on widely accepted practices

and have been validated.

— TS contain calculation methods that are still subject to further development.

— TR contain data that is informative, such as example calculations.

The procedures specified in ISO 6336-1 to ISO 6336-19 cover fatigue analyses for gear rating. The
ptocedures described in ISO 6336-20 to ISO 6336-29 are predominantly related-foythe tripological
behaviour of the lubricated flank surface contact. ISO 6336-30 to ISO 6336-39”include |example
cqlculations. The ISO 6336 series allows the addition of new parts under appropfiate numbers fo reflect
khowledge gained in the future.
Requesting standardized calculations according to ISO 6336 without Teferring to specific parts
r¢quires the use of only those parts that are currently designated as International Standards (fee Table
1|for listing). When requesting further calculations, the relevant part or parts of ISO 6336 n¢ed to be
specified. Use of a Technical Specification as acceptance criteria for a specific design needs to He agreed
irf advance between manufacturer and purchaser.
Table 1 — Overview:0f'ISO 6336
. . Techni-
Calculation of load capacity of spur and helical'gears International Tec_h_mca_ll cal
Standard Specification
Report

Hart 1: Basic principles, introduction and general ififluence factors X

Hart 2: Calculation of surface durability (pitting) X

Hart 3: Calculation of tooth bending strength X

Hart 4: Calculation of tooth flank fracture load capacity X

Hart 5: Strength and quality of materials X

Hart 6: Calculation of service life:under variable load X

Hart 20: Calculation of scuffing load capacity (also applicable to bevel

and hypoid gears) — Flashytemperature method X

(Replaces ISO/TR 13989-1)

Hart 21: Calculatien of scuffing load capacity (also applicable to bevel

and hypoid gears)= Integral temperature method X

(Replaces ISQ/TR 13989-2)

Hart 22: Caleulation of micropitting load capacity X

(Replaces ISO/TR 15144-1)

Hart.30: Calculation examples for the application of ISO 6336-1, X

I"’f) 6336 "_)’ L("’f) 63326.3 Q.".'d Isn 633265

Part 31: Calculation examples of micropitting load capacity X

(Replaces: ISO/TR 15144-2)

At the time of publication of this document, some of the parts listed here were under development. Consult the ISO website.

Since 1990, the flash temperature method has been enriched with research for short exposure times,
consideration of transition diagrams, new approximations for the coefficient of friction, and completely
renewed load sharing factors. In 1991, the extension of Blok’s flash temperature formula made it

directly applicable to hypoid gears.

The integral temperature, presented in ISO/TS 6336-21, averages the flash temperature and

supplements empirical influence factors to the hidden load sharing factor. The resulti

ng value

approximates the maximum contact temperature, thus yielding about the same assessment of scuffing

© IS0 2017 - All rights reserved
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risk as the flash temperature method of this document. The integral temperature method is less
sensitive for those cases where there are local temperature peaks, usually in gearsets that have low
contact ratio or contact near the base circle or other sensitive geometries.

The risk of scuffing damage varies with the properties of gear materials, the lubricant used, the surface
roughness of tooth flanks, the sliding velocities and the load. In contrast to the relatively long time
of development of fatigue damage, one single momentary overload can initiate scuffing damage of
such severity that affected gears may no longer be used. According to Blok[12][13][14][15][16][17] high
contact temperatures of lubricant and tooth surfaces at the instantaneous contact position may effect a
breakdown of the lubricant film at the contact interface.

The inteffacial contact temperature is conceived as the sum of two components.

— The|interfacial bulk temperature of the moving interface, which, if varying, does' s6 only
comparatively slowly. The bulk temperature, 6V, is the equilibrium temperature of the surface pf
the gear teeth before they enter the contact zone. For evaluating this component, itthay be suitably
averpged from the two overall bulk temperatures of the two rubbing teeth. The\latter two bulk
temperatures follow from the thermal network theoryl18].

— The fapidly fluctuating flash temperature of the moving faces in contact.-The flash temperature fis
the dalculated increase in gear tooth surface temperature at a given pointalong the path of contaft
resufting from the combined effects of gear tooth geometry, load, friction, velocity and materipl
progerties during operation. Special attention has to be paid to the doefficient of friction. A commdn
pracice is the use of a coefficient of friction valid for regular working conditions, although it may bye
stat¢d that at incipient scuffing, the coefficient of friction has3ignificantly higher values.

The conjplex relationship between mechanical, hydrodynamical, thermodynamical and chemicpl
phenomgna has been the object of extensive research and,experiment. Experimental investigations
may induce empirical influence factors. A direct substitution of empirical influence factors may
enforce the related functional factors in the main formula to be fixated to average values. However,
correct fireatment of functional factors (e.g. coefficient of friction, load sharing factor, thermal contaft
coefficient) keeps the main formula intact, in confirmation with the experiments and practice.

Next to tthe maximum contact temperature,the progress of the contact temperature along the path pf
contact grovides necessary information to the gear design.

vi © ISO 2017 - All rights reserved
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Calculation of load capacity of spur and helical gears —

Part 20:
Calculation of scuffing load capacity (also applicable to
bevel and hypoid gears) — Flash temperature method

=

Scope

This document specifies methods and formulae for evaluating the risk of scuffing, based ¢n Blok's
contact temperature concept.

The fundamental concept is applicable to all machine elements with moving contact zones. The flash
tgmperature formulae are valid for a band-shaped or approximately band-shaped Hertzian contact
z¢ne and working conditions characterized by sufficiently high Pécletniimbers.

2| Normative references
T

he following documents are referred to in the text in Such a way that some or all of theif content
constitutes requirements of this document. For dated-references, only the edition cited applies. For
uhdated references, the latest edition of the referenced-document (including any amendments) applies.

[

40 1122-1, Vocabulary of gear terms — Part 1: Definitions related to geometry

190 6336-1, Calculation of load capacity of spur’and helical gears — Part 1: Basic principles, intfoduction
nd general influence factors

Q

Pt
Lo

0 10300-1:2014, Calculation of load capacity of bevel gears — Part 1: Introduction and general
ifffluence factors

[0 10825, Gears — Wear and.damage to gear teeth — Terminology

3| Terms and definitions, symbols and units

3|1 Terms and definitions
For the purpeses of this document, the terms and definitions given in [SO 1122-1 and ISO 10825 apply.
190 and IEC maintain terminological databases for use in standardization at the following addresses:

— “1EC Electropedia: available at http://www.electropedia.org/

— ISO Online browsing platform: available at http://www.iso.org/obp

3.2 Symbols and units

The symbols used in the formulae are shown in Table 2. The units of length, metre, millimetre and
micrometre, have been chosen in accordance with common practice. To achieve a “coherent” system,
the units for By, ¢y and Xy have been adapted to the mixed application of metre and millimetre or
millimetre and micrometre.

© IS0 2017 - All rights reserved 1
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Table 2 — Symbols and units

Symbol Description Unit
a Centre distance mm
b Facewidth, smaller value for pinion or wheela mm
beff Effective facewidth mm
by Semi-width of Hertzian contact band mm
Bm Thermal contact coefficient N/(mm1/2-m1/2:s1/2-K)
Bwm1l Fhernratcontactcoeffictentof pimton N 225+~
Bwm2) Thermal contact coefficient of wheel N/(mm1/2-m1/2'51/2,;\14§\\
Ca1 Tip relief of pinion pum q>)
Ca2 Tip relief of wheel pum qp :
Ceffl Optimal tip relief A@)’ "
Ceq1l Equivalent tip relief of pinion Cn im
Ceq2 Equivalent tip relief of wheel P G)V um
Cr Root relief of pinion f'\\\ um
Cr2 Root relief of wheel \%U pum
M1 Specific heat per unit mass of pinion (s\\\ ]/(kgK)
M2 Specific heat per unit mass of wheel A<( - ]/(kg-K)
cy Mesh stiffness % N/(mm-um)
dy Reference diameter of pinion ) \\\\ ) mm
dy Reference diameter of wheel O, mm
da1 Tip diameter of pinion ‘\\S\v mm
da2 Tip diameter of wheel . 0,® mm
Eq Modulus of elasticity of pinion AQ\V N/mm?2
Ep Modulus of elasticity of wheel | Y N/mm?2
Er Reduced modulus of elasticity.Q\C)v N/mm?2
Fex External axial force . N
Fn Normal load in wear teAs@ : N
Fy Nominal tangential(fe%c)e‘ N
Hip Auxiliary dimené‘i'qnv mm
Hy Auxiliary di}p@‘fan mm
ham Tip heigh{iﬁQ{ean cone of pinion mm
hami Tip hqi@'l'\l,n mean cone of wheel mm
Ka An@‘gtion factor —
Kol | @Sﬁsverse load factor (scuffing) —
Kpg o"\ Face load factor (scuffing) —
KHea Transverse load factor (Contact SIress) —
Kug Face load factor (contact stress) —
Kmp Multiple path factor —
Ky Dynamic factor —
mp Normal module mm
nq Revolutions per minute of pinion r/min
np Number of mesh contacts —
Péq Péclet number of pinion material —
Péy Péclet number of wheel material —
The term wheel is used for the mating gear of a pinion.

© ISO 2017 - All rights reserved
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Table 2 (continued)

Symbol Description Unit
Q Quality grade —
Ra1 Tooth flank surface roughness of pinion pum
Ra2 Tooth flank surface roughness of wheel um
Rm Cone distance of mean cone mm
mi Reference radius in mean cone of pinion mm
2 Raf, radiiio T o oo B £zl il /A
T mL INCICTUITICU T AUIUOS TIT TITIUAIT LUINICU UL vviIiIIL Ul 1T .
R 7
SB Safety factor for scuffing —Ay\\
SFz6 Load stage (in FZG test) X
t1 Contact exposure time of pinion q‘QfLS
t Contact exposure time of wheel Al v us
te Contact exposure time at bend of curve - us
tmax Longest contact exposure time e us
u Gear ratio ,.&\ —
uy, Virtual ratio K \J —
Vg Sliding velocity rs\\\ m/s
Vg1 Tangential velocity of pinion A{( - m/s
Vg2 Tangential velocity of wheel O\) m/s
N
VgsC Sum of tangential velocities in pitch point \\\ m/s
NJ
Vi Pitch line velocity O, m/s
WBn Normal unit load ) \\g\v N/mm
WBt Transverse unit load @ N/mm
; N\
Xbut,r Buttressing factor ) —
Xbut,A Buttressing value , D\ —
Xput,E Buttressing value \‘\C\)t —
A
X Geometry factor @) —
X Approach facto@ : —
N \Y
XL Lubricant fq,s@ —
XM Thermo-plq?ffc factor K:N-3/4.s-1/2.m-1/B-mm
Xmp Mul‘E_i.@\ﬁ/alting pinion factor —
XRr R@t@r‘less factor —
Xs ‘Qu‘\o/rication system factor —

Xw ) Structural factor —
Xep Angle factor —

. Xr Load sharing factor —
JX@ Gradientof the scuffing temperature =
zZ1 Number of teeth of pinion —
Z2 Number of teeth of wheel —
a1 Transverse tip pressure angle of pinion °

[0 2%) Transverse tip pressure angle of wheel °

at Transverse pressure angle °
wn Normal working pressure angle °
Awt Transverse working pressure angle °
ayl Pinion pressure angle at arbitrary point °

The term wheel is used for the mating gear of a pinion.
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Table 2 (continued)

Symbol Description Unit
B Helix angle °
Bb Base helix angle °
Pbm Base helix angle in midcone °
Pw Working helix angle °
I'a Parameter on the line of action at point A —
Iaa Parameteronthetineof actionatpointAh —
I'aB Parameter on the line of action at point AB — = A\
T'ay Parameter on the line of action at point AU — a>
I's Parameter on the line of action at point B — qg -
I'BB Parameter on the line of action at point BB n‘.Q), v
I'p Parameter on the line of action at point D G‘l)i
I'pp Parameter on the line of action at point DD . -~
I'pg Parameter on the line of action at point DE ,.&\v —
I'g Parameter on the line of action at point E \O)U —
T'EE Parameter on the line of action at point EE r‘\\\ —
T'ey Parameter on the line of action at point EU A{( - —
I'm Parameter on the line of action at point M O —
Iy Parameter on the line of action at arbitrary point \\\ N —
Y1 Angle of direction of tangential velocity of pinionO:\V —
y2 Angle of direction of tangential velocity of wba\\_&\v —
61 Pitch cone angle of pinion . ‘® °
62 Pitch cone angle of wheel K\ °
Ea Transverse contact ratio _, Y —
£ Overlap ratio \‘\C\)'t —
gy Total contact ratio . O —
Noil Absolute (dynamic) Vis@ty at oil temperature mPa-s
OB Contact temperaturﬁ.o\ °C
OBmalx Maximum conta?b{e\ﬁperature °C
O Flash tempe‘ra\@)\é/ K
Ofim Average Qaq"ﬂ‘emperature K
Ofimax Maxirp\QMash temperature K
OfimalkT MQ@XJm flash temperature at test K
Om . @mvtemperature °C
Owmi O/\\ Interfacial bulk temperature °C
Om1 —Buik temperature of pimiorn teeth €
Om2 Bulk temperature of wheel teeth °C
OmT Bulk temperature at test °C
Ooil Oil temperature before reaching the mesh °C
Os Scuffing temperature °C
Osc Scuffing temperature at long contact time °C
AM1 Heat conductivity of pinion N/(s'K)
Am2 Heat conductivity of wheel N/(s°K)
u Coefficient of friction in pin-and-ring test —

The term wheel

is used for the mating gear of a pinion.
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Table 2 (continued)

Symbol Description Unit
Um Mean coefficient of friction —
V1 Poisson's ratio of pinion material —
V2 Poisson's ratio of wheel material —
PM1 Density of pinion material kg/m3
PM2 Density of wheel material kg/m3
Prefc Transverserelativeradius-ef eurvatureatpiteh-point FrHTT
Pyl Radius of curvature at arbitrary point of pinion mm
Py2 Radius of curvature at arbitrary point of wheel mim
Prely Relative radius of curvature at arbitrary pointy mm

)X Shaft angle °

(0] Quill shaft twist °

Tihe term wheel is used for the mating gear of a pinion.

4 Scuffing and wear

4|1 Occurrence of scuffing and wear

When gear teeth are completely separated by a full fluid film of lubricant, there is no contact
the asperities of the tooth surfaces, and usually, there'is no scuffing or wear. Here, the coef]
fifiction is rather low. In exceptional cases, a damage similar to scuffing may be caused by
thhermal instability[19] in a thick oil film, which phénomenon is not treated here.

For thinner elastohydrodynamic films, incideftal asperity contact takes place. Accordingly, as {
film thickness decreases, the number of contacts increases. Abrasive wear, adhesive wear on
bgcomes possible. Abrasive wear may o¢cur due to the rolling action of the gear teeth or the
of abrasive particles in the lubricanti"Adhesive wear occurs by localized welding and su
detachment and transfer of particles'from one or both of the meshing teeth. Abrasive or adhes
nmlay not be harmful if it is mild and’if it subsides with time, as in a normal run-in process.

I contrast to mild wear, §cuffing is a severe form of adhesive wear that can result in prq

briod, a short transient)/overloading can result in scuffing failure.

p

kcessive aeratigm)or the presence in the lubricant of contaminants such as metal paj
stispension, op-water, also increases the risk of scuffing damage. After scuffing, high-speed geay
stiffer high levels of dynamic loading due to vibration which usually cause further damage by
pltting ortooth breakage.

1} m@st cases, the resistance of gears to scuffing can be improved by using a lubricant with 4

damage to the gear teeth. In contrast to pitting and fatigue breakage which show a distinct incubation
E

between
ficient of
h sudden

he mean
scuffing
presence
bsequent
ive wear

gressive

ticles in
stend to
scuffing,

nhanced

antisscuff additives.

NOTE The less correct designation Extreme Pressure (EP) is replaced by anti-scuff.

It is important however, to be aware that some disadvantages attend the use of anti-scuff additives:

corrosion of copper, embrittlement of elastomers, lack of world-wide availability, etc.

The methods described are not suitable for “cold scuffing” which is in general associated with low
speed, under approximately 4 m/s, through hardened heavily loaded gears of rather poor quality.
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4.2 Transition diagram

The lubrication condition of sliding concentrated steel contacts, which operate in a liquid lubricant, can
be described[201[21][22][23] in terms of transition diagrams. A transition diagram, according to Figure 1,
is considered to be applicable to contacts functioning at constant oil bath temperature.

At combinations of normal force, Fy,, and relative sliding velocity, vg, which fall below the line A1-S, in
region I (see Figure 1), the lubrication condition is characterized by a coefficient of friction of about 0,1
and a specific wear rate of 10-2 mm3/(N-m) to 10-6 mm3/(N-m) (i.e. volume wear per unit of normal
force, per unit of sliding distance).

If, with Mg not above a value according to point S, the load is increased into region I, a transition, info
a second condition of lubrication occurs. This mild wear lubrication condition is characterized by|a
coefficiept of friction of about 0,3 to 0,4 and a specific wear rate of 1 mm3/(N-m) to 5 mm3/(N:m).

Y Y

0,001 0,01 0,1 1 10 X

Key
relatjve sliding velocity, vg, in m/s

X

Y nornpal force, F,
a  “No yvear” or extremely mild wear.
b

Mild|wear.

(g}

Scuffing — severe wear.

Figure 1 — Transitiondiagram for contraform contacts with example of calculated contact
temperatures

If load if increased still further, a transition into a third condition of lubrication, region III, occurs at
intersecfion<ofthe line A2-S. This region is characterized by a coefficient of friction equal to 0,4 to 0,b.

The weaf fate, however, is considerably higher, i.e. 100 mm3/(N-m) to 1 000 mm3/(N-m), than in regions
[and I, eTm—t_h—d_t__Fh_l_l_FF_lTﬂ—)In € WOITI SUrfaces show evidence of Severe wear in the form of sculfing. It load Increases at

relative sliding velocities beyond point S, a direct transition from region I to region III takes place.

There is strong evidence that the position of the line A1-S-A3 depends upon lubricant viscosityl[24] as
well as upon Hertzian contact pressurel20][21]. At combinations of Fy, and vg that fall below this line,
it is believed that the surfaces are kept apart by a thin lubricant film which is, however, penetrated
by roughness asperities. In this context, the term “partial elastohydrodynamic lubrication” has been
used[21].,

In region II, liquid film effects are completely absent. This region is identical to the region of “incipient
scuffing”[25]. There is evidence that the transition which occurs at intersecting the line A2-S is
associated with reaching a critical value of the contact temperature. This is the fundamental concept
according to References [12], [13],[14],[15],[16],[17],[18] and [19].

6 © IS0 2017 - All rights reserved
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The transition diagram shown is applicable to newly assembled, i.e. unoxidized steel contacts, as occur
in gears, cams and followers, etc. It has been found that the diagram is applicable to four-ball as well as
to pin-and-ring test results.

Along curve A1-S to A3, the temperature ranges from an oil bath, overall bulk and interfacial bulk
temperature of 28 °Catvg = 0,001 m/s to a contact temperature of 498 °Catvg =10 m/s. This temperature
behaviour strongly suggests that the collapse of (partial) elasto-hydrodynamical lubrication does not
occur at a constant contact or interfacial bulk temperature, for instance, being associated with melting
of chemisorbed material. Instead, the pronounced decrease of load carrying capacity with increasing
sliding velocity is supposed to be due to decreasing viscosity[24]1[26][27][28][29],

Cpntrary to the above, calculated contact temperatures along curve A2-S to A3 tend to attain alconstant
vilue, e.g. in the case of AISI 52100, steel specimens are approximately 500 °C (seecFigurd 1). This
stiggests that the II-III transition is associated with a transformation in the steel,(causing the wear
nmlechanism of surfaces to change from mildly adhesive to severely adhesive, perhaps inyolving a
njechanism of thermo-elastic instability[30][31].
T

herefore, the results indicate scuffing is associated with a critical.magnitude of the contact
tgmperature. For steel lubricated with mineral oils, the critical magnitude does not depend| on load,
velocity and geometry, and equals near 500 °C.

o

3 Friction at incipient scuffing

Al shown in the transition diagram in Figure 1, in the case{of scuffing, the coefficient of frictjon leaps
flom about 0,25 to about 0,5. The corresponding contacttemperature proves to be about 50( °C. This
contact temperature is the sum of a measured interfacial bulk temperature of 28 °C and a calculated
lash temperature of 470 °C. During the flash temperature calculation, the coefficient of frigtion just
before transition, u = 0,35 is used. If this method-has to be applied not only for pin-and-ring fests but
so (during the design stage) for gear transmissions, one shall agree upon the choice of the value of the
critical magnitude of the contact temperature€on one hand and the value of the coefficient of ffiction to
be used in the calculations on the other.

—

o8]

Algear load capacity can be predicted
— on the safe side, with the coeffi¢ient of friction of u = 0,50,

— accurately, with the coéfficient of friction between y = 0,25 and y = 0,35, dependent on the
lubricant, and

— according to previous practice, with a low coefficient of friction of regular working conditions,
provided thatthelimiting contact temperature is correspondingly low.

p—

1} terms of prévious practice, for non-additive and low-additive mineral oils, each combinatjon of oil
nd rolling materials has a critical scuffing temperature which, in general, is constant regardlgss of the
operating.conditions, load, velocity and geometry.

5]

For_high-additive and certain kinds of synthetic lubricants, the critical scuffing temperatjure may
wellvary from one set of operating conditions to another. So, this critical temperature shal| then be
determined for each such set separately from tests which closely simulate the operating condition of
the gearset.

5 Basic formulae

5.1 Contact temperature

As already mentioned in the introduction, the contact temperature is the sum of the interfacial bulk
temperature, Oy, (see 5.4) and the flash temperature, Oy, (see 5.2), as shown in Formula (1):

© IS0 2017 - All rights reserved 7
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@Bmax

Qoil
Omi
Op

Aa Ca Ea
Key

a  Positjon on the path of contact.

Figure 2 — Contact temperature along the path of contact

Only the(flash temperature varies along the path of contact (see Figure 2).
The maxjmum contact temperature is calculated in Formula (2):

OB mbx =OMi + Ofimax 3

where
Ofnmpx is the maximum value of Oy, being loeated either at the approach path or at the recess path.
Predictign of the probability of scuffing is possible by comparing the calculated maximum contaft

temperafure with a critical magnitude. This critical magnitude of the contact temperature can Qe
evaluatefl from any gear scuffing test;\or can be provided by field investigations.

For a reliable evaluation of the ‘seuffing risk, it is important that an accurate value of the gear bulk
temperature be used for the-analysis.

8 © IS0 2017 - All rights reserved
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5.2 Flash temperature formula

The flash temperature formula of Blok[12][14][16][32] in a most general representation, for (approximately)
band-shaped contact and tangential velocities differently directed (as for hypoid gears), see Annex A, is

calculated in Formula (3):

‘leXr*X]WBn abs(vg1 —ng)

J(2:by) .BM1'W+BMZ'W

Fprcylindrical or bevel gears, with band-shaped contact and parallel tangential velocities, thg general
¢presentation (see Annex A) is calculated in Formula (4):

Oq =1,11- (3

—

HmXFX]WBn abs(vgl_VgZ)

V2 by 'BMl'\/@"‘BMZ’\/@

Oq=1,11-

(4)

of, in an equivalent representation, as shown in Formula (5):
abs \[py \/pyZ/u)
O =2,52- .Um Xp-Y(Xr-we) ’,(60] (5)
prely
wihere

Um is the mean coefficient of friction (see Clause 6);

XM is the thermo-elastic factor (see Annex A);

XM =50 KN-3/4-s-1/2.m-1/2.mm for commonly applied steel;
X is the approach factor (see Clause'8);

Xr  istheload sharing factor (see Clause 9);

wpt is the transverse unit load (see 5.3), in N/mm;

np  isthe revolutions-Per' minute of pinion, in r/min;
prely is the local relative radius of curvature, in mm, as calculated in Formula (6):

pyl ’pyZ

Prely & (6)
iy pyl + pyZ
py1 . dSythe local radius of curvature of pinion flank, in mm, as calculated in Formula (7):
1+I
Py1 =— -a-sina,, (cylindrical gears) (7)
1ITUu
py2  isthelocal radius of curvature of wheel flank, in mm, as calculated in Formula (8):
u—-1I y
Py2 zm-a-sinawt (cylindrical gears) (8)

For bevel gears, see Formulae (37) and (38).

For an adapted representation, see Annex A.

© IS0 2017 - All rights reserved 9
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Two Péclet numbers have to be sufficiently high, which is satisfied in almost all cases where scuffing
may occur. For lower Péclet numbers, the heat flow from the contact band into the gear teeth causes a
different temperature distribution for which Formulae (3) to (6) are not valid.

Vg1 by pm1-cmr S

Pé, = 5 9
! A1 -sinyy ©)
Vg by - -C
pé, - g2 "PH P.Mz M2 ¢ (10)
Az -siny,
where

pMm1 | is the density of pinion material, in kg/m3;

pmz2 | isthe density of wheel material, in kg/m3;

cM1 | is the specific heat per unit mass of pinion, in ]J/(kg-K);
cmz | is the specific heat per unit mass of wheel, in ]/(kg-K);
AM1 | is the heat conductivity of pinion, in N/(sK);

AMmz | is the heat conductivity of wheel, in N/(s-K).

For cylindrical and bevel gears, sin y1 =siny1 = 1.

5.3 Transverse unit load

The trangverse unit load for cylindrical gears and bevelgears is calculated in Formulae (11) and (12):

F
wge FKa Ky -Kpg -Kpg Kp ?t (cylindri¢al gears) ap

wge FKp Ky -Kpg-Kpy -K

mp

Fy
—— (bevel gears) (1
beff

where
Fy is the nominal tahgential force on pitch circle, in N;
b is the facewidth, in mm, as shown in Formula (13):
bos =0,85-b (13)

Ka | ds,the application factor (in accordance with ISO 6336-1 for cylindrical gears, ISO 10300-1 for

1 1 Y
uTvilrgldl sy,

K, is the dynamic factor (in accordance with ISO 6336-1 for cylindrical gears, ISO 10300-1 for
bevel gears);

Kgp s the face load factor, as shown in Formula (14):
Kgp = Kyp (in accordance with ISO 6336-1 for cylindrical gears, ISO 10300-1 for bevel gears) (14)

Kpq is the transverse load factor, as shown in Formula (15):

KB = Kng (in accordance with ISO 6336-1 for cylindrical gears, ISO 10300-1 for bevel gears)(15)

10 © IS0 2017 - All rights reserved
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Kmp is the multiple-path factor.

The multiple-path factor, Kyp, accounts for the maldistribution in multiple-path transmissions
depending on accuracy and flexibility of the branches. If no relevant analysis is available, the following

may apply:
— for epicyclical gear trains with np planets (np > 3), as shown in Formula (16):

Kmp =1+0,25- n -3

(16)

th

[¢]

4 Distribution of overall bulk temperatures

he friction loss most typical of gear transmissions:is the one caused by the meshing zone. In th
le heat is generated mainly by tooth friction. The mechanical “pumping” energy expended for

xpulsion of superfluous oil may sometimes\be far from negligible. The other unavoidable frig
from the bearings, either of the rolling(or the sliding type. In high-speed gear transmission
parings may well generate much more.frictional heat than gears. Other heat sources are oil

hd friction from seals. All the aboveheat sources have the following features in common:

he thermal intercennection allows calculation concepts such as:

for dual tandem gears with quill shaft twist, &, degrees under full load, as shown in Formu

<1422

for double helical gears with an external axial force, Fex, as shown in Forpiula (18):

F,
Kopp =1+ —2—
F, -tanf8

for other cases, as shown in Formula (19):
K mp = 1

in each of these sources,.the fluid friction depends on some oil viscosity representati
operating condition;

all of the heat sources’are thermally interconnected through transmission elements to t
such as the ambientair or the cooling system.

finite elément methods for discrete components;
bondgraph methods;

thermal network analogue methodsl[18].

la (17):

(17)

(18)

(19)

s source,
sideways
tion loss
s, sliding
Churning

ve of the

he sinks,

© IS0 2017 - All rights reserved
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The interfacial bulk temperature, @\, may be suitably averaged from the two overall bulk temperatures
of the teeth in contact, ®p1 and Op2. Formula (20) is valid to a good approximation (at high values of the
Péclet numbers):

On = Bum1 Vg1 ‘Om1 +Bmz Vg2 ‘Om2
Mi =

(20)
Bm1 Vg1 +Bmz Vg2
: : - BMiyver : : .
In a fairly wide range of the ratio —F——,2 simple arithmetic average is valid to a reasonable
BM2 Vg2
approxiration in Formula (21):
1

Opmi =§'(@M1 +62) (2P

Bulk temperatures in excess of 150 °C for long periods may have an adverse effecbon the surfage
durability.

5.5 Rdugh approximation of a bulk temperature

N

For very|rough inquiry, the bulk temperature may be estimated by the.sum of the oil temperature
taking irffto account some impediment in heat transfer for spray lubrieation, and a part which depends
mainly op the flash temperature, of which the maximum value is taken.

Oy $Oi +0,47 - Xs X Oy (2R)

where

Xs is 1,2 for spray lubrication;

Xs is 1,0 for dip lubrication;

Xs | is 1,0 for meshes with additioral spray for cooling purpose;
Xs | is 0,2 for gears submergedin oil, provided sufficient cooling;

X = Ly for a piniofs With np mating gears (2B)
mp| — 2 p p g8

Ofm| isthe average of flash temperature along path of contact, in °C, calculated as Formula (24):

E
| oq-dr,
Opr=T4 (24)
N Ig-T,

However, for a reliable evaluation of the scuffing risk, it is important that instead of a rough
approximation, an accurate value of the gear bulk temperature be used for the analysis.

6 Coefficient of friction

6.1 General

Several factors influencing the friction between gear teeth vary throughout a meshing cycle. On one of
the two mating tooth faces, the relative motion is uniformly accelerating, on the other, it is uniformly
decelerating. Only at pitch point position pure rolling occurs. In any other meshing position, combined
rolling and sliding will occur. Also, the load acting on two mating tooth faces will vary from one meshing

12 © IS0 2017 - All rights reserved
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position to another. These conditions cause a continuous variation of the film thickness, the lubrication
regime and the coefficient of friction. Even in a similar meshing position, the coefficient of friction may
vary for different teeth and different time.

The local coefficient of friction is considered to be a representative quantity valid for the local point
concerned, smoothing various influences. The geometrically determined variation of the local coefficient
of friction is difficult to calculate or to measure, hence, instead of a local value, a representative mean
value of the coefficient of friction will be applied.

A mean value (along the path of contact) of the coefficient of friction has commonly been applied, and
eyen that value is uncertain. Too often, in test reports on friction, important influential quantities were
neglected, for instance, the bulk temperature which determines the inlet viscosity and therefore, the
Iybrication regime.

The mean coefficient of friction, uy, depends on the geometry of the path of contact, the tgngential
velocities, the normal load, the inlet viscosity (which is identical with viscesity at tepth bulk
tgmperature), the pressure-viscosity coefficient, the reduced modulus of:-elasticity, thel surface
roughness and the normal relative radius of curvature.

NPTE The mean coefficient of friction is defined as the mean value of the\local coefficients of friction along
the path of contact. Although the actual local coefficient of friction at the-pitech point will differ from [the mean
coefficient of friction defined for the whole path of contact, that mean coefficient of friction can be expressed in
tgrms related to the pitch point.

Depending on further investigations, other quantities and{influences may have to be accounted for,
efther in the formula or in the description of the field of application. The number of quantities may be
réduced by dimension analysis[33], and a possible neglectof some minor influential quantities,

The coefficient of friction may be measured or estimated according to various methods. Theg limiting
contact temperature shall be chosen correspondingly to the coefficient of friction.

6/2 Mean coefficient of friction, method A

The coefficient of friction at the onset of scuffing may be measured in gear tests or pin-and-ring tests.
The limiting contact temperature s correspondingly high.

3 Mean coefficient of friction, method B

bed, the final calculation of the coefficient of friction may be made with some appropriate|formula,
i.e. one containing a“value of absolute (dynamic) viscosity, 11, that corresponds to the gear bulk
témperature. THelimiting contact temperature is correspondingly low (see Clause 10).

6
Afcording to previous, practice, whereby low coefficients of friction of regular working condifions are
u
i

6/4 Mean coefficient of friction, method C

Iflat the'start of a calculation the bulk temperature is not yet known, the mean coefficient of ffiction of
common working conditions may be estimated by Formula (25):

0,2

f, =0,060- — Bt x .xp (25)
Vgsc " PrelC

where

wgt is the transverse unit load [see Formula (11) or (12)], in N/mm;

vgsc is the sum of tangential velocities at the pitch point, in m/s, as shown in Formula (26):

VgSC :2‘Vt -SinO{Wt (26)

© IS0 2017 - All rights reserved 13
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Vt

PrelC

XL

is the pitch line velocity, in m/s (if v¢ > 50 m/s, substitute the value 50 in Formula (26),
instead of vy);

is the transverse relative radius of curvature, in mm (see Formula (6) for I'y = 0);

is the lubricant factor computed in Formula (27):

-0,05

X.=10-(n oil) for mineral oils;

¥, =06-(n 109 for water soluble polyglycols;

7 Parameter on the line of action

The poirfts on the line of actionlare indicated by a dimensionless linear parameter, I'y, with the value
of -1 in the tangent point on the)pinion base circle and the value of 0 in the pitch point[33] (see Figure 3

where 1,1 is the dynamic viscosity at oil temperature, ], in mPa-s:

is the roughness factor calculated in Formula (28):

where

< T O

X.=07-(n Oil)'o'o5 for non-water soluble polyglucols;
27)
X1.=08-(n Oil)-O,OS for polyalfaolefins;

0,05

XL=13-(ny) for phosphate esters;

XL=15(n Oil)'o'o5 for traction fluids;

0,25
R.1+R ’

Ra1 is the tooth flank surface roughness, R;, of pinion, for newly manufactured gears,
in um (for adequately run-in gears, Ry1 may reduce to about 60 % of its initial valug);

R2 is the tooth flank surface roughness, R, of wheel, for newly manufactured gears,[in
um (for adequately run-inrgears, Ry2 may reduce to about 60 % of its initial value).

—

14

Figure 3 — Parameter on the line of action
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At an arbitrary point on the path of contact, see Formula (29):

yl
tano .

tano

Ly

At the lower end point of the path of contact, see Formula (30):

tano

(29)

(30)

Af the lower point of single pair tooth contact, see Formula (31):

_ tanoy 1 2-r

B=
tano . Z1 -tana,

Af the upper point of single pair tooth contact, see Formula (32):

Z; tanag 1 2.7

FD ==
Zl tanawt Z1 -tanawt

Af the upper end point of the path of contact, see Formula (33):

tan Otal

g 1

tan o,

where the tip pressure angles are defined by Formula€¥34) and (35)

2
tano,, = a1 -1
dq-cosoy
2
tano,, = _ i -1
d, -cosor;

The parameters of bevel gears§ either may be calculated with the geometry of virtual quant]
40 10300-1:2014, Annex.A, or with the following formulae (valid also if the shaft angle, »' =
bt equal to 90°).

=N

Af an arbitrary point’on the path of contact, use Formulae (36), (37), and (38):

B tan Otyl

tan o,

ry

PyY =Ry -tand; -sino -(1+Fy)

(31)

(32)

(33)

(34)

(35)

ities, see
1+ 09, is

(36)

(37)

Py2 =Rp -tand; -sina '(u—Fy)

At marked points of the path of contact, use Formulae (39), (40), (41) and (42):

_ tand, [tanaaz 1]

tand; | tanoa,

_ tanog,, 1 2-T-c0s0q

B
tano, zq -tana,

© IS0 2017 - All rights reserved
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tand, [ tana 2-T-coso
p=—— 2. a2 _q |p2 21 (41)
tand; | tano, Z,-tano
tano
rg=——-23_1 (42)
tanor,
where the tip pressure angles are defined by Formulae (43) and (44):
i €656 ¥
tandf, -1 “43)
1+hy,1 €050 /Iy
cosa ’
tandf, t -1 (44)
1+hyy €080y /I
where
01 is the pitch cone angle of pinion;
62 is the pitch cone angle of wheel;
Rm is the cone distance of mean cone (midface of teeth), in nim;

hamil is the tip height in mean cone of pinion, in mm;
hamd is the tip height in mean cone of wheel, in mm;
m1 is the pitch radius in mean cone of pinion, innmm;

'm2 is the pitch radius in mean cone of wheel, in mm.

8 Approach factor

The appfoach factor takes empirically into account an increased scuffing risk in the beginning of the
approach path, due to mesh startingwithout any previously built up oil film. Its influence is relatively
strong fdr large gears.

The app1oach factor is,

— if the pinion drivesithe'wheel (speed reducing), as shown in Formulae (45) and (46):

X; =[L for I, =0 (4%)

3
Coff —C -
Goreff ~~a2 ( y \ , provided X; > 1, for I, < 0 (46)
50 V E—1 A)

— ifthe wheel drives the pinion (speed increasing), as shown in Formulae (47) and (48):

X]:

X, =1 for I'y <0 47)

3

Ceif —Ca1 r

Xy =1+ EffSO (1" YF ],providedezl,forFy>0 (48)
E~1 A
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where
Ceff isthe optimal tip relief (see Annex B), in um;
Ca1  is the tip relief of pinion, in um;

Ca2  isthe tip relief of wheel, in um;

Ty IS The parameter of arbitrary point (See Clause 7J;
I'n  isthe parameter of point A (see Clause 7);

I'g  isthe parameter of point B (see Clause 7).

9 Load sharing factor, Xr

9|1 General

The load sharing factor, X1, accounts for the load sharing of succeeding pairs of meshing teeth.
sl[‘aring factor is presented as a function of the linear parameter,(ly, on the path of contactl44].

Dlue to inaccuracies, a preceding pair of meshing teeth may-¢ause an instantaneous increase or
of the theoretical load sharing factor, independent of the\instantaneous increase or decrease c
irffaccuracies of a succeeding pair of meshing teeth atialater time. The value of Xt does not e}
(for cylindrical gears), which means full transverse single tooth contact. The region of transver
tgoth contact may be extended by an irregularly varying location of a dynamic load.

The load sharing factor, X1, depends on the type of gear transmission and on the profile modifi
case of buttressing of helical teeth (no profile modification), the load sharing factor is combing
blittressing factor, Xpyt,rl44l.

2 Spur gears with unmodified profiles

9

The load sharing factor for-aispur gear with unmodified profile is conventionally supposed f{
d|scontinuous trapezoidal shape (see Figure 4). However, due to manufacturing inaccuracieg
pfth of double contact;the load sharing factor will increase for protruding flanks and dec
other flanks. The representative load sharing factor is an envelope of possible curves (see Figu

1

2/3

The load

decrease
aused by
cceed 1,0
se single

ration. In
bd with a

o have a
, in each
rease for
re 5).

1/3

|
|
|
|
|
|
| |
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|
|
|
|
f
|
|
| |
A AB B

Figure 4 — Load sharing factor for cylindrical spur gears with unmodified profiles and
grade <7
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Figure

A-2 1 I'y-Ty

15 3 I'g—T,4

31,0

A-2 1 I'g-T
o +—-

15 3 I'g-Ty

b — Load sharing factor for cylindrical spur gears with unmodified profiles and(qualit)

grade =8

forTa<Ty<TIB

for'g<I'y<Ip

for'p<I'y<TE

i§ 7 for quality grade < 7, according to ISO 1328-1;

i§ the quality grade for grade = 8, according:t&’1SO 1328-1.

9.3 Spur gears with profile modification

i

|
|
|
I
I
|
|
!
D

<

(49)

(59

(5D

[ ] A

|
|
|
|
|
|
|
|
|
|
|
|
D

Figure § —Load sharing factor for cylindrical spur gears with adequate profile modification op
driving and driven gear
XpoiyTla for [p<ly<Tl 52
= orlpslys<
" rg-r, Asly=1B (52)
Xr=10 for'g<I'y<Ip (53)
xp—tEly for lp<ly<Tl 54
= or[pslys<
" rp-rp p=ly=’E (54)
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1/3
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A
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I'g-TI'y
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Xp=t llyT A
3 3 Ig—T,
Xp=1,0
I'es-TI
I'g-TI'p
I'cs-I
Xr:l 177"y
33 I'y-Tp

=

1/3

igure 7 — Load sharing factor for cylindrical spur gears with adequate profile modific
the addendum of the driven gear and/or the dedendum of the driving'gear

for 'A< Ty <TB

for Fap<TI'y<Tg

for'g<Iy<Ip

for I'p < I'y < I'pE

for g <I'y < T'g

1

m

AB

m e — — — — — — —— —

igure-8— Load sharing factor for cylindrical spur gears with adequate profile modific
the addendum of the driving gear and/or the dedendum of the driven gear

DE E

ation on

(55)

(56)

(57)

(58)

(59)

htion on

r, -TI
Xp=t4l yTTA
33 I'g—T,
r. -r
szy—A
I'g—T'y
Xr=1,0
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fOFFABSFySFB

forFB<Fy<FD

(60)

(61)

(62)
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I'c-r
Xl_:1+l.u for I'p < I'y < I'pg

3 3Tg-TIHp
x.-Te"Ty for lpg<Ty<T
= or < <
L pE<Iy<TE

9.4 Buttressing factor, Xyt

(63)

(64)

Helical gearsmay haveabuttr essing effectmear-theend points#A andEofthe path of contactduetothe
oblique dontact lines. This applies to cylindrical helical gears with no profile modification.

X but,A

\ 1

X but,B

A AU AB B

The buttfessing is expressed by means of a factor, Xpyt,r{(see Figure 9), marked by the following valugs

in Formylae (65) and (66):

Figure 9 — Buttressing factor; Xpyt,r

I'ad-T'Aa=Tg—-Tgy=0,2mm-sinf for cylindrical gears (65)
I' ad—T A=T g —T'gy =0,2mm-sin By for bevel gears (66)
with
Xputs = Xputg =13 ifep=1,0 67)
Xputls =Xpurp =1+035€p ifeg<1,0 (68)
Xputau = Xpyery =10 (69)
I'y-Ty
Xputr&Xbuta ~ == (Xpura —1) for I'n < I'y < I'ny (70)
=AU 7 A
Xpuer =10 for Fay < I'y<T'gy (71)
I'g-r,
Xputr = Xputg == (Xpurg —1) for ey <I'y < T'g (72)
I'g —TI'gy
where
gg is the overlap ratio.
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9.5 Helical gears with ¢4 < 0,8 and unmodified profiles

Helical gears with a contact ratio £, 2 1 and overlap ratio &g < 0,8 still have poor single contact of tooth
pairs. Hence, they can be treated similar to spur gears, considering the geometry in the transverse

plane, as well as the buttressing effect (see Figure 10).

=
>
c
>
o]
w e . e e e e e}

Figure 10 — Load sharing factor for cylindrical helical gears withg <'0,8 and unmod
profiles, including the buttressing effect

The load sharing factor is obtained by multiplying the Xr in Glause 9 with the buttressir
Xput,r in 9.4.

6 Helical gears with g < 0,8 and profile modification

hirs. Hence, they can be treated similar to spuwgears, considering the geometry in the tr

9
Helical gears with a contact ratio £, 2 1 and overlap ratio s < 0,8 still have poor single contacf
p
plane (see Figure 11, Figure 12 and Figure 13).

| |
I |
| |
| |
| |
| |
| |
| |
| |
| |
| |
L I
B D

A AB

Figure 11 —Load sharing factor for cylindrical helical gears with ¢5 < 0,8 and adequate
modification

ified

g factor,

of tooth
ansverse

profile

-

Figure 12 — Load sharing factor for cylindrical helical gears with ¢4 < 0,8 and adequate

profile

modification on the addendum of the driven gear and/or the dedendum of the driving gear
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The load sharing factor is obtained by multiplying the Xr in Clause 9 with the buftiressing factd

Xbut,D ln

9.7 Hglical gears with £ > 1,2 and unmodified profiles

The butt

gq 21 and ep > 1,2, is assumed to act near the ends A and E along the helix teeth over a constant lengt
which cofrresponds to a transverse relative distance of 0,2 mm sinfp-(sée 9.4 and Figures 9 and 14).

Figure 14 — Load sharing factor for'cylindrical helical gears with ¢4 > 1 and unmodified profile

The load
buttress

Xr3— Xpuer, (7

where

Ea

6336-20:2017(E)
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|
|
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|
|
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|
|
|
|
|
|
B

|
|
|
|
|
:
|
A AU AB D

fication on the addendum of the driving gear and/or the dedendum of the driven gear

9.4.

ressing effect of local high mesh stiffness at the end of oblique contact’lines for helical gears wif

AN e /|

sharing factor is obtained by multiplying the value 1/g4, representing the mean load, with t}
ng factor, Xpyt -

1

€q

stthe transverse contact ratio.

13 — Load sharing factor for cylindrical helical gears with £5 < 0,8 and adequate profile

i:T

1

)

9.8 Helical gears with ¢4 > 1,2 and profile modification

Tip relief on the pinion (respectively wheel) reduces Xr in the range DE-E (respectively A-AB) and
increases Xr in the range AB-DE (see Figure 15, Figure 16 and Figure 17). The extensions of tip relief at
both ends A-AB and DE-E of the path of contact are assumed to be equal and to result in a contact ratio
gq = 1 for unloaded gears (see Figure 15).
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| |
A AR B D DE E

Figure 15 — Load sharing factor for cylindrical helical gears with ¢4 > 1,2 and adequate|
modification on driving and driven gear

-1 I -I
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|
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Figure 16 — Load sharingfactor for cylindrical helical gears with ¢4 > 1,2 and adequate

profile

(74)

(75)

(76)

profile
y gear

(77)

(78)

modification on the addendum of the driven gear and/or the dedendum of the driving
e -1 r,-r
xp=| L") | “y7ia for Iy < Iy < Iag
gO! Zea[8a+1) FAB_FA
£q-1
Xr=i+—( o 1) for 'ag < I'y < I'pg
£y 2:€y(€q+1)
T G, =10 |
Xp=|—+—% — |'X for 'pp < Iy <T'g
r L‘a 2-£a-(£a+1)J butl Y
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9.9 Heg

Due to th
this into
the load
profiles)
to be per]

Xr(4

9.10 Na

For narr
by linear

in 9.11. Remember Xut for narrow bevel gears, &, < 2, with profile modification C; 2 Ceff , the logd

sharing f

9.11 W

17 — Load sharing factor for cylindrical helical gears with ¢ > 1,2 and adequate profil¢

fication on the addendum of the driving gear and/or the dedendum of the driven gear
1 (e —1)
-y - X for'a<Ty<IagB 80
[sa 2.6, (e, +1)| " PuT Y ©)
e, -1
L+M fOFFAB<FySrDE (6519
€y 2:€4(g,+1)

1 e, -1 I'g-r
{ + (g —1) :| B y fOI‘FDE<FySFE (82)

lical gears with 0,8 <ep< 1,2

e fact that gears are not infinitely stiff, the overlap ratio changes depending on the load. To take
account, for helical gears with calculated overlap ratios 0,8 < eg < 1,2, an interpolation betwegn
sharing factor Xr(eg = 0,8) for &g = 0,8 (see“9.5 for unmodified profiles and 9.6 for modifigd
and Xt (ep = 1,2) for eg = 1,2 (see 9.7 forcunmodified profiles and 9.8 for modified profiles) has
formed. For helical gears with 0,8 < &g <"1,2, Xr is calculated as shown in Formula (83):

1,2-¢ Sﬂ —0,8

L N _ e oB —12)..p 77
5)=Xr(e5=0,8) > +Xr(ep =1,2) 03 (83)

rrow bevel gears

pw bevel gears, €). <2, with a profile modification of C3 < Ceff, the load sharing factor, X, is found
interpolation/between Xr as calculated (for C; = 0) in 9.5, and Xr as calculated (for C; = Ceff)

actor, X1, is\calculated as in 9.11.

dedevel gears

For wid

i) 1 o] ad] 43 ] £31 pa A3 yal yal P Wal Val 4] 1 d ala H
UTVTCI sccu D, Cy = &, vVIlIll UlJLllllCll lJl UITICT ITITUUITICAUIVUIL, ©aT = Uelf AIIU Ug /= Uerf, LIIU 1UAU SIIATl 11 g

factor is assumed to be parabolic[35] (see Figure 18).
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A M E

Figure 18 — Load sharing factor for bevel gears with optimal profile modificatio

The midpoint, M, is defined by Formula (84):

_I'p+T7g

r
M 2

The load sharing factor for optimal profile modification is calculated in Formula (85):

Xpr=————""—"—"—— for Ca1 = Ceff, Caz = Ceff

[

fl the profile modification, Cy1, differs from Cjyp, then the“sections AM and ME shall be ¢
s¢parately with a discontinuity at point M (see Figure 19).

For undersized profile modification, an interpolatiojs made between the factor for unmodifig
wfith buttressing effect according to 9.7, and the parabola for optimal profile modification.

]

br oversized profile modification, the parabéla has a new end points AA or EE.

A AU M EEE

Figure 19.—<TLoad sharing factor for bevel gears with undersized profile modification
and oversized profile modification near E

For-Undersized profile modification, X is found by linear interpolation between X for optim

(84)

(85)

hlculated

d profile

near A

hl profile

modification according to Formula (85), and Xr for unmaodified profile according to Formula (

73). This

interpolation is to be made stepwise from A to M with the influence of C;2, and from M to E
influence of Ca,1.

with the

For oversized profile modification, new end points AA and EE are found as shown in Formulae (86) to (91):

£ C
Fpap=Tp+=%(Fg—Ty)| 22-1
6 Cefr

£ Cq
FEE:FE_?O"(FE_FA)‘[Ca _1]
eff

Xr=0 for A< Ty <Tpa
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2
15 3 (Fy—Tm)
Xp=—"- <1- > (89)
806 4’_C32/Ceff (FAA_FM)
2
r,—I'y
XFZE. 3 . 1_( y )2 (90)
€q 4=Ca1/Cef (FEE_FM)
Xl—-:') fm‘FEE<Fy<FE (Q)
10 Scuffing temperature and safety
10.1 Scpffing temperature
The scuffing temperature is the contact temperature at which scuffing is likely to gccur with the chosgn

combina
value for

Fion of lubricant and gear materials. The scuffing temperature is assumed to be a characterist]
the material-lubricant-material system of a gear pair, to be determined by gear tests with t}

same material-lubricant-material systeml[36].

When uj
operatin

When us
research
for the

correlati
influencq

10.2 Sti

The scuf
extended
structur

@S —
where

OmT

Ofim

ing a low-additive mineral oil, the scuffing temperature is assumed to be independent
b conditions in a fairly wide range.

ing a mineral oil or a synthetic oil with anti-scuff or\friction-reducing additives, extendg

naterials and the operating conditions concerngéd. Special attention shall be paid to t}
pn between test conditions and actual or design-conditions. The correlation may be strong
d by properties shown in the transition diagtam (see Figure 1).

ructural factor

fing temperature of low-additivexmineral oils that is determined from test gears may |
to different gear steels, heat.treatments or surface treatments by introducing an empiric
hl factor, as shown in Formulay(92):

Omr + Xw - Ofimaxt €

is the bulk temperature of test gears, in °C;

xT _ is-the maximum flash temperature of test gears, in K;

Xw

is still needed to determine the nature of a possible rion-constancy of the scuffing temperatuy

iC
1e

d

1e
y

is the structural factor (see Table 3).
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Table 3 — Structural factor

Material Xw
Through hardened steel 1,00
Phosphated steel 1,25
Copper-plated steel 1,50
Bath or gas nitrided steel 150
Hardened carburized steel, with austenite content
— less than average 1,15
— average (10 % to 20 %) 1,00
— greater than average 0,85
Austenite steel (stainless steel) 0,45

However, this approximation is restricted to methods using the coefficient of friction for
working conditions (see 6.4) together with an average value of the thermo-elastic factor (see (
The structural factor may be superfluous if methods are used. c€eiisidering realistic valug
copefficient of friction and the thermo-elastic factor.

10.3 Contact exposure time

If was shown by tests[37] that the scuffing temperature* of gears lubricated with anti-scuff
be influenced by the contact exposure time, that is-the time during which a point on a toot}
exposed to the Hertzian contact band of the meshifigtooth 1.

The decisive contact exposure time, tyax, for @pair of tooth flanks is the longest of t1 and ¢;.

2-by
tmax 2I’Ll =

Vgl

2-by
Emax 202 =

ng

The dependence of the scuffing temperature, @s, on the contact time is approximated as
Flgure 20 by a curve,.consisting of two straight lines.

@S=@SC+XG'XW'(tc_tmax) for tmax < tc

Og =8s; for tmax = te
where

common
lause 8).
ps of the

oils may
| flank is

(93)

(94)

hown in

(95)

(96)

Osc is the scuffing temperature at long contact times, in °C;
Xo  isthe gradient of the scuffing temperature, in K/us;
Xw isthe structural factor;
tc is the contact exposure time at the bend of the curve, in us;
tmax isthe contact exposure time of meshing teeth, in us.
The following values may be applied for oils:

— without anti-scuff additives: Xg = 0 K/us, t. =0 us;
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— with anti-scuff additives: Xg = 18 K/us, t; = 18 ps.

Os

Figure

10.4 Sc

The sculf
L-42[40],

The test

test resullt is expressed in other terms, then a relation shall be given as shown in Formula (97):

@S —
where

Xw
XL

SFzG

0 18 us tmax

20 — Influence of contact exposure time on the scuffing temperature for anti:seuff oils

nffing temperature in gear tests

fing temperature may be determined in gear tests, such as Ryderl38], FZG-Ryder[39], FZ
FZG A/8,3/90[41],

result shall be expressed in a scuffing temperature, together with the test conditions. If t}

80+(0,85+1,4 Xy )- X1, -(Spzc ) ©

is the structural factor (see Table 3);
is the lubricant factor, [see Formula (27)];

is the load stage, according to FZGA/8,3/90 test, where scuffing occurs.

However
is assum|
be made

10.5 Safety range

In contrast to the lafigitime for development of fatigue damage, a single momentary overload ca3
initiate scuffing of such severity that affected gears may no longer be fit for use. This should be careful
considerpd whenhoosing an adequate safety range, especially for gears required to operate with hig
pitch lin¢ velocities.

In cases

oil data tend to vary much with regard to Srzg, a load stage variation of +1 is common, and
d that the oil somewhatdeteriorates during an oil shift interval. Therefore, calculations m3
ith one load stage less than the specification.

1

1

it
1y

y

ith a short contact exposure time, tyax, and safety conditions based on an increased scuffiy

g

temperature, Os > Os., (see 10.3) that contact exposure time, tmax, shall not increase, unless the

transmit

ted power is lowered adequately.

A safety factor may be defined by Formula (98):

SB:

28

8S _@oil
@Bmax - @oil

(98)
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where

Os scuffing temperature, in °C;
OBmax 1s the maximum contact temperature, in °C;

Ooil is the oil temperature, in °C.

H ; i TST P IS very
cfmplicated, and the use of a safety factor expressed in any quotient of temperatures. mpy cause
confusion.

Therefore, in addition to the specification of the test load stage (see 10.4), it is @dvised tq express
the concept of safety as a demanded minimum difference (for instance, 250 K)(bétween the| scuffing
t¢mperature and the estimated maximum contact temperature.

© IS0 2017 - All rights reserved 29


https://standardsiso.com/api/?name=8eb4df6d0244cdec467f8fa6707fc538

ISO/TS 6336-20:2017(E)

Annex A
(informative)

Flash temperature formula presentation

A.1 General

Since thd first publication of the original flash temperature [see Formulae (12) and (14)], Blok made the
following conversions:

— step|from width to semi-width of Hertzian contact band and substitution of 0,83-\/521,17 for
parapbolic friction heat distribution by 1,11 for elliptic friction heat distributionld&l;

— extepsion to unequally directed tangential velocities[32] [see Formula (26)}
For convgnience, the following exact conversions were made:

— some quantities were expressed in other quantities, for instance, the.séemi-width of Hertzian contagt
band and the radii of curvature;

— somg parts of the formula were concentrated in separate factors, for instance, the thermo-elastjic
factqr (see A.4).

For practical applications, the following adaptive conversions were made:
— redefinition of factors, for instance, the load sharing factor (see Clause 9);

— addifion of empirical factors, for instance, the)approach factor (see Clause 8).

A.2 General case

In a mogt general case of tooth cortact (e.g. hypoid gears), the successive contact areas will assunje
the shapp of tapered bands (see-figure A.1). Moreover, the two tangential velocities, vg1 and vg2, are
directed|at unequal angles, yr-and y;, with respect to the longitudinal axis of such an area. In simplé¢r
cases (e.g. cylindrical gears);the angles reduce into y1 = y2 = /2.

The distfibution of the contact pressures over some cross-section in a tapered contact area may he
approxirhated by the’seémi-elliptical distribution that would occur over a substitute band-shapegd
contact area interposed between two parallel surfaces, while having a uniform width equal to the
aforementionedlocal width (see Figure A.1).
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[Figure A.1 — Substitute band-shaped contact area, with two tangential velo¢ities in di
directions

The actual Hertzian contact zone of hypoid gears may supposed to be @liptical and the t{
velocities are neither coincident nor perpendicular to a major axis of the contact zone. How
elliptical contact may be rather elongated in having a sufficiently highlelliptical ratio, or it may
shape of a somewhat tapered band.

]

her words, let either velocity have a component along themajor axis.

For determining the maximum flash temperature sotight, the actual elliptic contact zong

of the ellipse (see Figure A.1).

Npte that the maximum contact pressure here, like the minor axis, may be directly propor
the cubic root of the load, instead of the square root. In some cases, the Hertzian formulae h
aflapted for elongated point contact[42].

Tp summarize, the present proceduréwould appear justifiable to a reasonable approximation
r¢ason lies in the feature that, for the actual sufficiently elongated elliptic contacts under tH
defined kinematic conditionsyone may expect the actual maximum flash temperature to o
ppint fairly close to the miner<axis concerned.
T
\%

he flash temperature-formula of Blok[12][14][16][32] for substitute band-shaped contact and t{
blocities differently-directed is:

MU Xy X1 -wgy -abs(vgl —ng)
1 1 1
(2-by)2 -Buq -(vgl -sinyl)Z + By '(ng -sinyz)Z

Oq =1,11¢

where

fferent

ingential
ever, the
have the

Elther tangential velocity is to show a direction deviating not’too much from that of the minofr axis. In

may be

siibstituted by a band-shaped contact zone of which the' width, 2by equals the length of the mfinor axis

tional to
hve to be

A major
e above-
ccur at a

ingential

(A1)

Om 1S the mean coelficient of Iriction,
X] is the approach factor (see Clause 8);
Xr  istheload sharing factor (see Clause 9);

wpn is the normal unit load, in N/mm, as shown in Formula (A.2):

_ WBt
coSQly,,, -cos B,

WBn
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where

wgt is the transverse unit load (see 5.3), in N/mm;
awn is the normal working pressure angle, in degrees, as shown in Formula (A.3):

Olyn =arcsin(sino,, -cos By, ) (A.3)

Bw [is the working helix angle, in degrees, as shown in Formula (A.4):

3., =arctan [%] (A.4)

COS Lyt

by | isthe semi-width of Hertzian contact band, in mm;
vg1 | is the tangential velocity (vector) of pinion, in m/s;
vg2 | isthe tangential velocity (vector) of wheel, in m/s;
Bwm1| is the thermal contact coefficient of pinion (see A.4), in N/@@m1/2-m1/2.s1/2.K);

Bum2| is the thermal contact coefficient of wheel (see A.4), in'N/(mm1/2-m1/2-s1/2.K);

Y1 is the angle of direction of tangential velocity of pinion, in degrees;

Y2 is the angle of direction of tangential velocity of wheel, in degrees.

A.3 Cylindrical gears
The flash temperature formula adapted for.¢ylindrical gears reads as shown in Formula (A.5).

NOTE To avoid possible misinterpretation of the unit of the rotational frequency, the formula is expresse¢d
in pitch lipe velocity and centre distance,\instead of more logically, the rotational frequency and centre distande.
The old-fashioned interpretation of i is revolutions per minute with the unit r/min. Any attempt to redefLIIle
"revolutiqns per time" in order to obtain a coherent system of units fails, since the unit 1/s has a double meaninjg,
either 36)° angle/s or radian/s, The deeper cause of this ambiguity in the international system of units is|a
lacking dimension for the quantity angle and an ill-considered omission of the unit radian in too many cases. The
solution if to reduce the "quaritity" revolution into the "phenomenon" rotational frequency with the frequeng¢y
unit, Hz.

1
3,2 _
On o ¥ni Xy X (X wp )4~ (A.5)
aZ
where

Um is the mean coefficient of friction (see Clause 6);

XM is the thermo-elastic factor (see A.4);

Xj  is the approach factor (see Clause 8);

X isthe geometry factor

for an external gear pair, calculated in Formula (A.6):
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