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ANSVAGMA 2101-C95, Fundamental Rating Factors and Calculation Methods for Involute Spur and
Helical Gear Teeth

The following editorial correction has been made to ANS/AGMA 2101-C95 Fundamental Rating Factors
and Calculation Methods for Involute Spur and Helical Gear Teeth.

This change, discovered after publication, has not been made in the printing of this document. The change is
shown below.

Users of ANSI/AGMA 2101—C95 are encouraged to cut out this sticker and insert it in the Standard.
The equation can be placed over the existing equations.
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Foreword

[The foreword, footnotes, and appendices in this document are provided for informational purposes only and
are not to be construed to be a part of AGMA Standard 2101-C95, Fundamental Rating Factors and
Calculation Methods for Involute Spur and Helical Gear Teeth.)]

This standard presents general formulas for rating the pitting resistance and bending strength of spur and
helical involute gear teeth using ISO symbology and Si units, and supersedes AGMA 2001-B88.

The purpose of this standard is to establish a common base for rating various types of gears for differing
applications, and to encourage the maximum practical degree of uniformity and consistency between rating
practices withinthe gearindustry. It provides the basis from which more detailed AGMA application standards
are developed, and provides a basis for calculation of approximate ratings in the absence of such standards.

The formulas presented in this standard contain factors whose values vary significantly depending on
application, system effects, gear accuracy, manufacturing practice, and definition of gear failure. Proper
evaluation of these factors is essential for realistic ratings. This standard is intended for use by the
experienced gear designer capable of selecting reasonable values for rating factors and aware of the
performance of similar designs through test results or operating experience.

In AGMA 218.01 the values for Life Factor, Zy and Yy, Dynamic Factor, K,, and Load Distribution Factor, Ky,
were revised. Values for factors assigned in standards prior to that were not applicable to 218.01 nor were the
values assigned in 218.01 applicable to previous standards.

The detailed information on the Geometry Factors, Z; and Yy, were removed from ANSI/AGMA 2001-B88, the
revision of AGMA 218.01. This material was amplified and moved to AGMA 908-B89, Geometry Factors for
Determining the Pitting Resistance and Bending Strength for Spur, Helical and Herringbone Gear Teeth. The
values of Z and Z; have not been changed from previous Standards.

In ANSI/AGMA 2001-B88 the Allowable Stress Number section was expanded. Metallurgical quality factors
for steel materials were defined, establishing minimum quality control requirements and allowable stress
numbers for various steel quality grades. Additional higher allowable stress numbers for carburized gears
were added when made with high quality steel. A new rim thickness factor, Kz, was introduced to reduce
allowable bending loads on gears with thin rims. Material on scuffing (scoring) resistance was added as an
annex. ANSI/AGMA 2001-B88 was first drafted in January, 1986, approved by the AGMA Membership in
May 1988, and approved as an American National Standard on September 30, 1988.

This standard, ANSI/AGMA 2101-C95, is a revision of the rating method described in its superseded
publications. The changes include: the Miner’s rule annex was removed; the analytical method for load
distribution factors, Ky, was revised and placed in an annex; nitrided allowable stress numbers were
expanded to cover three grades; nitrided stress cycle factors were introduced; through hardened allowable
stresses were revised; application factor was replaced by overload factor; safety factors Sy and Sp were
introduced; and, life factor was replaced by stress cycle factor and its use with service factor redefined.

Caution: The dynamic factor has been redefined as the reciprocal of that used in previous AGMA standards and is
relocated to the denominator of the power equation.

This AGMA Standard and related publications are based on typical or average data, conditions, or
applications. The Association intends to continue working to update this Standard and to incorporate in future
revisions the latest acceptable technology from domestic and international sources.

The first draft of this revision was made in February, 1992. This version was approved by the AGMA
Membership in July, 1994. It was approved as an American National Standard on January 12, 1995.

Suggestions forthe improvement of this Standard will be welcome. They should be sent to the American Gear
Manufacturers Association, 1500 King Street, Suite 201, Alexandria, Virginia 22314.
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AMERICAN NATIONAL STANDARD

ANSI/AGMA 2101-C95

American National Standard —

Fundamental Rating
Factors and Calculation
Methods for Involute
Spur and Helical

Gear Teeth

1 Scope

1.1 Rating formulas

This standard provides a method by which different
gear designs can be theoretically rated and
compared. It is not intended to assure the
performance of assembled gear drive systems.

These fundamental rating formulas are applicable
for rating the pitting resistance and bending
strength of internal and external spur and helical in-
volute gear teeth operating on parallel axes. The
formulas evaluate gear tooth capacity as influenced
by the major factors which affect gear tooth pitting
and gear tooth fracture at the fillet radius.

The knowledge and judgment required to evaluate
the various rating factors come from years of accu-
mulated experience in designing, manufacturing,
and operating gear units. Empirical factors given in
this standard are general in nature. AGMA applica-
tion standards may use other empirical factors that
are more closely suited to the particular field of ap-
plication. This standard is intended for use by the
experienced gear designer, capable of selecting
reasonable values for the factors. It is not intended
for use by the engineering public at large.

1.2 Exceptions

The formulas of this standard are not applicable to
other types of gear tooth deterioration such as plas-
tic yielding, wear, case crushing and welding. They
are also not applicable when vibratory conditions
exceed the limits specified for the normal operation

of the gears (see ANSI/AGMA 6000-A88, Specifi-
cation for Measurement of Lateral Vibration on
Gear Units).

The formulas of this standard are not applicable
when any of the following conditions exist:

— Damaged gear teeth.

— Spur gears with transverse contact ratio, g,,
less than 1.0.

— Spurorhelical gears with transverse contact
ratio, g,, greater than 2.0.

— Interference exists between tips of teeth and
root fillets.

— Teeth are pointed.
— Backlash is zero.

— Undercut exists in an area above the theo-
retical start of active profile. The effect of this un-
dercut is to move the highest point of single tooth
contact, negating the assumption of this calcula-
tion method. However, the reduction in tooth root
thickness due to protuberance below the active
profile is handled correctly by this method.

— The root profiles are stepped or irregular.
The ¥y factor calculation uses the stress correc-
tion factors developed by Dolan and Broghamer
[19]. These factors may not be valid for root
forms which are not smooth curves. For root pro-
files which are stepped or irregular, other stress
correction factors may be more appropriate.

— Where root fillets of the gear teeth are pro-
duced by a process other than generating.

— The helix angle at the standard (reference)
diameter* is greater than 50 degrees.

Scuffing criteria are not included in the body of the
standard, but a method to evaluate scuffing risk is
included as annex A. This information is provided
for evaluation by users of this standard, with the
intent to include a scuffing evaluation method in a
future version of this standard.

Design considerations to prevent fractures emanat-
ing from stress risers on the tooth profile, tip

[1 Numbers in brackets refer to the reference number listed in annex G, bibliography.
* Refer to ANS/AGMA 1012~F90 for further discussion of standard (reference) diameters.
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chipping, and failures of the gear blank through the
web or hub should be analyzed by general machine
design methods.

1.3 References

The following standards contain provisions which,
through reference in this text, constitute provisions
of this American National Standard. At the time of
publication, the editions indicated were valid. All
standards are subject to revision, and parties to
agreements based on this American National Stan-
dard are encouraged to investigate the possibility of
applying the most recent editions of the standards
indicated:

AGMA 246.02A, Recommended Procedure for
Carburized Aerospace Geating.

AGMA 427.01, Information Sheet — Systems
Considerations for Critical Service Gear Drives.

AGMA 908-B89, Information Sheet — Geometry
Factors for Determining the Pitting Resistance and
Bending Strength for Spur, Helical and Herring-
bone Gear Teeth.

AMS 2300G, Cleanliness, Premium Aircraft-
Quality, Magnetic Particle Inspection Procedure.

AMS 2301G, Cleanliness, Aircraft-Quality Steel
Magnetic Particle Inspection Procedure.

ANSI/AGMA 1012-F90, Gear Nomenclature, Def-
initions of Terms with Symbols.

ANSI/AGMA 2000-A88, Gear Classification and
Inspection Handbook - Tolerances and Measuring
Methods for Unassembled Spur and Helical Gears
(Including Metric Equivalents).

ANSI/AGMA 2004-B89, Gear Materials and Heat
Treatment Manual.

ANSI/AGMA 2007-B92, Surface Temper Etch
Inspection After Grinding.

ANSIAGMA 6000-A88, Specification for Meas-
urement of Lateral Vibration on Gear Units.

ANSI/AGMA 6033-A88, Standard for Marine Pro-
pulsion Gear Units, Part 1, Materials.

AMERICAN NATIONAL STANDARD

ANSI/AGMA 9005-D94, Industrial Gear Lubrica-
tion.

ASTM A48-93a, Specification for Gray lron Cast-
ings. :

ASTM A388-91, Practice for Ultrasonic Examina-
tion of Heavy Steel Forgings.

ASTM AB34-90, Specification for Carburizing
Steels for Anti-friction Bearings.

ASTM A535-85 (1992), Specification for Special
Quality Ball and Roller Bearing Steel.

ASTM A536-84 (1993), Specification for Ductile
Iron Castings.

ASTM A609-91, Practice for Castings, Carbon,
Low Alloy and Martensitic Stainless Steel, Ultra-
sonic Examination Thereof.

ASTM A866-92, Specification for Medium Carbon
Anti~friction Bearing Steel.

ASTM B148-93, Specification for Aluminum
Bronze Castings.

ASTM E112-88, Test Methods for Determining the
Average Grain Size.

ASTM E428-92, Practice for Fabrication and
Control of Steel Reference Blocks used in Ultra-
sonic Inspection.

ASTM E709-91, Practice for Magnetic Particle
Examination.

2 Definitions and symbols

2.1 Definitions

The terms used, wherever applicable, conform to
ANSI/AGMA 1012-F90 and reference [2].

2.2 Symbols

The symbols used in the pitting resistance and
bending strength formulas are shown in table 1.

NOTE: The symbols and definitions used in this stan-
dard may differ from other AGMA standards. The user
should not assume that familiar symbols can be used
without a careful study of these definitions.
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Table 1 — Symbols used in gear rating equations

ANSI/AGMA 2101-C95

First Ref.
Symbol Description Units Used Clause
a Operating center distance mm Eq2 51.1
b Net face width of narrowest member mm Eq1 5.1.1
Co Gear ratio factor — Eq6 - 5.14
Csr Service factor for pitting resistance — Eq 29 10
dy1 Operating pitch diameter of pinion mm Eq1 5.1.1
Eq Modulus of elasticity for pinion N/mm? Eq 30 12
Ep Modulus of elasticity for gear N/mm?2 Eq 30 12
Fy Incremental dynamic tooth load N Eq 20 8.1
Fmax | Maximum peak tangential load N Eq 45 16
F Transmitted tangential load N Eq 18 7.1
Hp Brinell hardness of pinion HB Eq 32 141
Hpy Brinell hardness of gear HB Eq 32 14.1
Femin :\Air;irt'num total case depth for external nitrided gear mm Eq 44 16.1
ee
hemax | Maximum effective case depth mm Eq 43 16.2
hemin  |Minimum effective case depth for external mm Eq 42 16.1
carburized and induction hardened gear teeth
he Gear tooth whole depth mm Eq 17 525
K Contact load factor for pitting resistance N/mm?2 Eq6 5.1.4
Kz Allowable contact load factor N/mm?2 Eq9 5.1.4
Ky Rim thickness factor — Eq 10 5.2.5
Ky Stress correction factor — Eq 45 16.4
Ky Load distribution factor — Eq 1 15.1
Kye Mesh alignment correction factor — Eq 37 15.3
Kume | Mesh alignment factor — Eq 37 15.3
Kyme | Lead correction factor —_ Eq 37 15.3
Kypr | Pinion proportion factor — Eq 37 15.3
Kypm | Pinion proportion modifier —_— Eq 37 15.3
Ky Load distribution factor under overload conditions —_ Eq 45 16.4
Kiig Transverse load distribution factor — Eq 35 15.2
Kyp Face load distribution factor — Eq 35 15.3
K, Overload factor —_ Eq1 9
K Size factor — Eq1 20
Ksr Service factor for bending strength — Eq 29 10.
K, Dynamic factor — Eqg 1 5.2.1
K, Yield strength factor — Eq 45 16.5
L Life hours Eq 47 171
mg Back-up ratio — Eq17 5.2.5
ny Transverse metric module mm Eq 10 5.2.1
my, Normal mettic module, nominal mm Eq 11 5.2.1
n Number of load cycles — Fig 17 17
P Transmitted power kw Eq 18 7.1
(continued)
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Table 1 (continued)

AMERICAN NATIONAL STANDARD

First | Ref.
Symbol Description Units Used Clause

P, Allowable transmitted power for gear set kw Eq 29 10
Pay Allowable transmitted power for bending strength kW Eq 14 523
Payy Allowable transmitted power for bending strength kW Eq28 10

at unity service factor
P,; Allowable transmitted power for pitting resistance kW Eq5 51.3
P,y Allowable transmitted power for pitting resistance kW Eq 27 10

at unity service factor
Px Axial pitch mm Eq 11 5.2.1
Oy Transmission accuracy level number — Eq 21 8.3.2
q Number of contacts per revolution — Eq 47 17.1
R:1 Pinion surface finish um Eq 34 14.2
S Bearing span mm Fig 6 15.3
S1 Pinion offset mm Fig6 15.3
S Safety factor — bending — Eq 13 11
S Safety factor — pitting — Eq 4 11
San Normal tooth thickness at the top land of gear mm Eq 43 16.1
T Transmitted pinion torque Nm Eq 18 71
R Gear rim thickness mm Eq 17 525
Uay Allowable unit load for bending strength N/mm? Eq 16 5.2.4
U, Core hardness coefficient — Eq 44 16.1
Uy Hardening process factor — Eq 42 16.1
U, Unit load for bending strength N/mm? Eq 15 5.2.4
u Gear ratio (never less than 1.0) — Eq2 5.1.1
Vpa Absolute value of pitch variation um Eqg 21 8.3.2
Ve Pitch line velocity at operating pitch diameter m's Eq 18 71
vimax | Pitch line velocity maximum at operating pitch m/s Eq 26 8.3.2

diameter
V1 Poisson'’s ratio for pinion — Eq 30 12
V2 Poisson’s ratio for gear — Eq 30 12
Yy Geometry factor for bending strength —_ Eq 10 6.2
Yy Stress cycle life factor for bending strength — Eq 13 17
Yz Reliability factor — Eq4 18
Yy Temperature factor — Eq 4 19
Z Adjusted number of pinion or gear teeth — Eq 21 8.3.2
7] Number of teeth in pinion — Eq7 5.1.4
7 Number of teeth in gear — Eq7 514
Z Geometry factor for pitting resistance — Eq1 6.1
Zg Elastic coefficient [N/mm2]0.6 Eq1 12,
Zy Stress cycle life factor for pitting resistance — Eq 4 17.
Zp Surface condition factor for pitting resistance — Eq 1 13.
Zy Hardness ratio factor for pitting resistance —_ Eq4 17.
Ot Operating transverse pressure angle — Eq 42 16.1
g Helix angle at standard pitch diameter — Eq 11 5.2.1

(continued)
4
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Table 1 (concluded)

First Ref.
Symbol Description Units Used Clause

B Base helix angle — Eq 42 16.1

oF Bending stress number N/mm2 Eq 10 5.2.1
oy Contact stress number N/mm?2 Eq1 5.1.1
OFp Aliowable bending stress number N/mm?2 Eq13 522
oyp Allowable contact stress number N/mm?2 Eq4 512
as Allowable yield stress number N/mm? Eq 45 16.4
i Speed pm Eq 47 171

] Pinion speed rem Eq5 5.1.3

3 Application 3.4 Manufacturing quality

3.1 Rating practices

Pitting resistance and bending strength rating prac-
tices for a particular field of gearing may be estab-
lished by selecting proper values for the factors
used in the general formulas of clause 5.

Where applicable AGMA application standards ex-
ist, they should be used in preference to this stan-
dard. Consult AGMA Headquarters for current list
of applicable standards. Where no applicable
AGMA application standard exists, numerical val-
ues may be estimated for the factors in the general
formulas, and the approximate pitting resistance
and bending strength ratings calculated.

3.2 Implied accuracy

Where empirical values for rating factors are given
by curves, curve fitting equations are provided to fa-
cilitate computer programming. The constants and
coefficients used in curve fitting often have signifi-
cant digits in excess of those inferred by the reliabil-
ity of the empirical data. Experimental data from ac-
tual gear unit measurements are seldom repeatable
within a plus or minus 10 percent band. Calculated
gearratings are intended to be conservative, butthe
scatter in actual results may exceed 20 percent.

3.3 Testing

The preferred method to predict overall system
performance is to test a proposed new design.
Where sufficient experience is available from
similar designs, satisfactory results can be obtained
by extrapolation of previous tests or field data.

NOTE: When suitable test results or field data are not
available, values for the rating factors should be cho-
sen conservatively.

Rating factors should be evaluated on the basis of
the expected variation of component parts in the
production run. The formulas of this standard are
only valid for appropriate material quality and
geometric quality that conforms to the manufactur-
ing tolerances. Defects such as surface cracks,
grinding temper, or tooth root steps may invalidate
calculations of pitting resistance and bending
strength.

3.4.1 Geometric quality

The rating formulas of this standard are only valid if
the gear tooth and gear element support accuracies
assumed inthe calculations are actually achieved in
manufacture (see clause 8).

Gear tooth accuracy considerations include: invo-

lute profile, tooth alignment (lead), tooth spacing
and tooth finish,

Gear element support considerations include: gear
case bore alignment, bearing eccentricities and
shaft runouts.

3.4.2 Metallurgy

The allowable stress numbers, oyp and opp,
included herein are a function of melting, casting,
forging and heat treating practice. Hardness,
tensile strength, microstructure and cleanliness are
some criteria for determining allowable stress
numbers. Allowable stress numbers in this stan-
dard are based on 107 cycles, 99 percent reliability
and unidirectional loading.

The allowable stresses are only valid for materials
and conditions listed in this standard (see clause
16). For example, materials such as aluminum or
stainless steel may encounter lubrication problems
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that invalidate calculations of pitting resistance and
bending strength.

Variations in microstructure account for some vari-
ation in gear capacity. Higher levels of cleanliness
and better metallurgical control permit the use of
higher allowable stress numbers. Conversely,
lower metallurgical quality levels require the use of
lower allowable stress numbers.

3.4.3 Residual stress

Any material having a case-core relationship is
likely to have residual stresses. |If properly
managed, these stresses should be compressive at
the surface and should enhance the bending
strength performance of the gear teeth. Shot
peening, case carburizing, nitriding, and induction
hardening are common methods of inducing
compressive pre-stress in the surface of the gear
teeth.

Grinding the tooth surface after heat treatment may
reduce the residual compressive stresses. Grind-
ing the tooth surface and root fillet area may intro-
duce tensile stresses and possibly cracks in these
areas if incorrectly done. Care must be taken to
avoid excessive reduction in hardness and changes
in microstructure during the grinding process.

3.5 Lubrication

The ratings determined by these formulas are only
valid when the gear teeth are operated with a
lubricant of proper viscosity for the load, gear tooth
surface finish, temperature, and pitch line velocity.

Lubricant recommendations are given in ANSI/
AGMA 9005-D94, Industrial Gear Lubrication.

3.5.1 Oil film thickness

Field results and laboratory tests have shown that
pitting resistance of gear teeth can also be affected
by elastohydrodynamic (EHD) oil film thickness,
see [9] and [18]. This appears to be a nonlinear
relationship where a small change in film thickness
in the critical range makes a large change in pitting
resistance. Oil film thickness depends on viscosity,
load, temperature, and pitch line velocity. Annex A
provides a method to estimate EHD film thickness.

M 0b87575 0003763 998 W
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This standard does not provide a method to
estimate the minimum film thickness required.

Lubrication problems are not common in industrial
gears in the speed range of 5 to 50 m/s, but show up
from time to time in aerospace gearing and in
marine gearing. This may be due to high tempera-
tures, inadequate additive package in the oil, size of
the pinion, inadequate oil viscosity, or tooth finish
characteristics.

The ratings are valid only for those lubrication
conditions which allow the gears to operate without
experiencing appreciable wear.

3.5.2 Low operating speeds

The design of slower gears, from a lubrication
standpoint, should be based on application require-
ments such as hours of life, degree of reliability
needed, and acceptable increase in noise and vi-
bration as the gear teeth wear or deform Field ex-
perience and test stand experience can be used to
select design parameters and lubricant criteria to
meet the application.

Slower speed gears, with pitch line velocities less
than 0.5 m/s, require special design consideration
to avoid premature failure due to inadequate lu-
brication.

At low surface speeds [below 0.5 m/s pitch line ve-
locity or 20 rpm input speed] the gear designer may
expect some pitting and wear to occur during the
gear life when using these rating practices for other
than surface hardened gearing. Methods and limits
for determining acceptable wear at low speeds
should be based on the field or test experience of
the manufacturer. The rating of gear teeth due to
wear is not covered by this standard.

Slow speed gears, with pitch line velocities greater
than 0.5 nvs but less than 5 m/s frequently require
special design considerations, even when the lubri-
cants used conform to ANSI/AGMA 9005-D94 rec-
ommendations. (ANSI/AGMA 9005-D94 does not,
at present, cover the complexities of elas-
tohydrodynamic oil film thickness and its relation to
load rating).
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3.6 Temperature extremes
3.6.1 Cold temperature operation

When operating temperatures result in gear
temperatures below 0°C, special care must be
given to select materials which will have adequate
impact properties at the operating temperature.
Consideration should be given to:

— Low temperature Charpy specification.

—  Fracture appearance transition or nil ductility
temperature specification.

— Reduce carbon content to less than 0.4
percent.

— Use of higher nickel alloy steels.

— Using heating elementsto increase lubricant
and gear temperatures.

3.6.2 Hot temperatures

Consideration must be giventothe loss of hardness
and strength of some materials due to the temper-
ing effect of gear blank temperatures over 150°C.

3.7 Oscillatory motion

The formulas in this standard are only valid for
gears that rotate in one direction, or gears that re-
verse direction with several rotations between re-
versals, provided that adequate consideration is
given to the dynamic loads that are developed dur-
ing reversals. The formulas are not valid for ap-
plications such as robotics or yaw drives where
gears are subjected to small oscillatory motion.

3.8 Non-uniform loading

Non-uniform loading may require the use of Miner's
Rule for analysis (see 7.2).

3.9 Other considerations

In addition to the factors considered in this standard
which influence pitting resistance and bending
strength, otherinterrelated factors can affect overall
transmission performance. The following factors
are particularly significant.

3.9.1 Service damaged teeth

The formulas of this standard are only valid for un-
damaged gear teeth. Deterioration such as plastic
deformation, pitting, micropitting, wear, or scuffing

invalidate calculations of pitting resistance and
bending strength.

3.9.2 Misalignment and deflection of foundations

Many gear systems depend on external supports
such as machinery foundations to maintain align-
ment of the gear mesh. If these supports are initially
misaligned, or are allowed to become misaligned
during operation through elastic or thermal deflec-
tion, overall gear system performance will be
adversely affected.

3.9.3 Deflection due to external loads

Deflection of gear supporting housings, shafts, and
bearings due to external overhung, transverse, and
thrust loads affects tooth contact across the mesh.
Since deflection varies with load, it is difficult to ob-
tain good tooth contact at different loads. Generally,
deflection due to external loads reduces capacity.

3.9.4 System dynamics

The dynamic response of the system results in addi-
tional gear tooth loads due to the relative accelera-
tions of the connected masses of the driver and the
driven equipment. The overload factor, K,,, is in-
tended to account for the operating characteristics
of the driving and driven equipment. It must be rec-
ognized, however, that if the operating roughness of
the driver, gearbox, or driven equipment causes an
excitation with a frequency that is near to one of the
system’s major natural frequencies, resonant vibra-
tions may cause severe overloads which may be
several times higher than the nominal load. For
critical service applications, it is recommended that
a vibration analysis be performed. This analysis
must include the total system of driver, gearbox,
driven equipment, couplings, mounting conditions,
and sources of excitation. Natural frequencies,
mode shapes, and the dynamic response ampli-
tudes should be calculated. The responsibility for
the vibration analysis of the system rests with the
purchaser of the gearing. For more information, re-
fer to AGMA 427.01, Information Sheet — Systems
Considerations for Critical Service Gear Drives.

3.9.5 Corrosion

Corrosion of the gear tooth surface can have a sig-
nificant detrimental effect on the bending strength
and pitting resistance of the teeth. Quantification of
the effect of corrosion on gear teeth is beyond the
scope of this standard.
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4 Criteria for tooth capacity

4.1 Relationship of pitting resistance and
bending strength ratings

There are two major differences between the pitting
resistance and the bending strength ratings. Pitting
is a function of the Hertzian contact (compressive)
stresses between two cylinders and is proportional
to the square root of the applied tooth load. Bending
strength is measured in terms of the bending
(tensile) stress in a cantilever plate and is directly
proportional to this same load. The difference in
nature of the stresses induced in the tooth sutface
areas and at the tooth root is reflected in a
corresponding difference in allowable limits of
contact and bending stress numbers for identical
materials and load intensities.

The analysis of the load and stress modifying fac-
tors is similar in each case, so many of these factors
have identical humerical values.

The term “gear failure” is itself subjective and a
source of considerable disagreement. One observ-
er’s failure may be another observer’s wearing-in.
For a more complete discussion, see ANSI/AGMA
110.04, Nomenclature of Gear Tooth Failure Modes
[3].

4.2 Pitting resistance

The pitting of gearteeth is considered to be a fatigue
phenomenon. Initial pitting and progressive pitting
are illustrated and discussed in ANSI/AGMA
110.04.

In most industrial practice non—progressive initial
pitting is not deemed serious. Initial pitting is
characterized by small pits which do not extend
over the entire face width or profile height of the
affected teeth. The definition of acceptable initial
pitting varies widely with gear application. Initial
pitting occurs in localized, overstressed areas. It
tends to redistribute the load by progressively
removing high contact spots. Generally, when the
load has been reduced or redistributed, the pitting
stops.

The aim of the pitting resistance formula is to deter-
mine a load rating at which progressive pitting of the
teeth does not occur during their design life. The
ratings for pitting resistance are based on the for-
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mulas developed by Hertz for contact pressure be-
tween two curved surfaces, modified for the effect
of load sharing between adjacent teeth.

4.3 Surface conditions not covered by this
standard

Conditions such as micropitting, electric discharge
pitting, wear and scuffing are not rated by this stan-
dard but could be a problem. See ANSVAGMA
110.04 for more information.

4.3.1 Micropitting

Micropitting is one type of gear tooth surface
fatigue. It is characterized by very small pits on the
surface of the material, usually less than 20 pm
deep, that give the gear tooth the appearance of
being frosted or grey in color. This deterioration of
the surface of the material is generally thought to
occur because of excessive Hertzian stresses due
to influences from gear loading, material and its
heat treatment, the type of lubricant, and degree of
lubrication.

Micropitting is most frequently observed on surface
hardened gear teeth, although it can develop on
through hardened gear teeth as well. Gear sets op-
erating at moderate pitchline velocities, 4 to 10 m/s
are commonly affected, but micropitting has been
seen on gear sets running at other velocities as well.
Micropitting generally occurs in the dedendum of a
speed reducing pinion, but it can develop anywhere
along the active profile of a tooth.

4.3.2 Electric discharge pitting

Electric discharge pitting is not a gear tooth rating
problem, however, it is a distressed condition of the
tooth surface. To the naked eye, the tooth surface
may not be distinguishable from micropitting as the
gear teeth exhibit the same so—called “frosted” ap-
pearance. ltis caused by either static or stray elec-
tricity conducted through the gear mesh due to inap-
propriate electrical grounding or inappropriate gear
motor isolation. If neglected, gear failure can occur.

4.3.3 Wear capacity of gears

The wear resistance of mating gears can be a dic-
tating performance limitation, particularly in low
speed, heavily loaded gears. Gear wear is a difficult
phenomenon to predict analytically.
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Wear may occur when the oil film that separates the
contacting surfaces of mating gear teeth is not
adequate (see annex A).

Wear in low speed applications may be tolerable.
Wear in high speed applications could be cata-
strophic where the magnitude of dynamic loading
that can occur from nonconjugate gear tooth action
is excessive.

4.3.4 Scuffing

Scuffing is severe adhesive wear on the flanks of
gear teeth. The adhesive wear is a welding and
tearing of the metal surface by the flank of the mat-
ing gear. [t occurs when the oil film thickness is
small enough to allow the flanks of the gearteeth to
contact and slide against each other.

Scuffing is not a fatigue phenomenon and it may oc-
curinstantaneously. Annex A provides a method of
evaluating the risk of a gear set scuffing. This risk is
a function of oil viscosity and additives, operating
bulk temperature of gear blanks, sliding velocity,
surface roughness of teeth, gear materials and heat
treatments, and surface pressure.

4.4 Bending strength

The bending strength of gear teeth is a fatigue
phenomenon related to the resistance to cracking at
the tooth root fillet in external gears and at the
critical section in internal gears. Typical cracks and
fractures are illustrated in ANSI/AGMA 110.04.

The basic theory employed in this analysis as-
sumes the gear tooth to be rigidly fixed at its base. If
the rim supporting the gear tooth is thin relative to
the size of the tooth and the gear pitch diameter, an-
other critical stress may occur not at the fillet but in
the root area.

The rim thickness factor, K, adjusts the calculated
bending stress number for thin rimmed gears.

The user should ensure that the gear blank
construction is representative of the basic theory
embodied in this standard. Gear blank design is
beyond the scope of this standard (see 5.2.5).

The bending strength ratings determined by this
standard are based on plate theory modified to
consider:

— The compressive stress at tooth roots
caused by the radial component of tooth loading.
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— Non-uniform moment distribution resulting
from the inclined angle of the load lines on the
teeth.

— Stress concentrations at the tooth root fillets.

— The load sharing between adjacent teeth in
contact.

The intent of the AGMA strength rating formula is to
determine the load which can be transmitted for the
design life of the gear drive without causing rootfillet
cracking.

Occasionally, wear, surface fatigue, or plastic flow
may limit bending strength due to stress concentra-
tions around large, sharp cornered pits or wear
steps on the tooth surface.

5 Fundamental rating formulas
5.1 Pitting resistance
5.1.1 Fundamental formula

The contact stress number formula for gearteeth is:

Ky Zg
oy =2Zg ‘/F, KoKy Ks 5 7 (1)

where

oy is contact stress number, N/mm?2;

Zp is elastic coefficient, [N/mm2]%5 (see
clause 12);

F; is transmitted tangential load, N (see
clause 7);

K, isoverload factor (see clause 9);

K, is dynamic factor (see clause 8);

K; s size factor (see clause 20);

Ky s load distribution factor (see clause15);

Zr is surface condition factor for pitting resis-
tance (see clause 13);

b is net face width of narrowest member, mm;

Z; is geometry factor for pitting resistance
(see clause 6);

dy1 is operating pitch diameter of pinion, mm.

dy, = u%l-al for external gears «(2)
dy = uz—‘-zl for internal gears (3)
where

a  is operating center distance, mm;
u  is gearratio (never less than 1.0).
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5.1.2 Allowable contact stress number

The relation of calculated contact stress number to
allowable contact stress number is:

Sup Zy Zw 4
oy < Sy Yo 7y (4)

where

oyp s allowable contact stress number, N/mm?
(see clause 16);

Zy s stress cycle factor for pitting resistance
(see clause 17);

Zw is hardness ratio factor for pitting
resistance (see clause 14),

Sy s safety factor for pitting (see clause 11);
Yy is temperature factor (see clause 19);
Yz s reliability factor (see clause 18).

5.1.3 Pitting resistance power rating

The pitting resistance power rating is:

P w b Z (dwl Onp ZNZW)
az

“191x107 KK KsKyZg \ ZgSy Yo¥z
..(6)
where

P,, is allowable transmitted power for pitting
resistance, kW;

®; is pinion speed, rpm.

CAUTION: The ratings of both pinion and gear teeth
must be calculated to evaluate differences in material
properties and the number of tooth contact cycles un-
der load. The pitting resistance power rating is based
on the lowest value of the product axp Zy Zw for each of
the mating gears.

5.1.4 Contact load factor, K

In some industries, pitting resistance is rated in
terms of K factor.

Fy 1

K= b E.—G' ...(6)

where

K s contact load factor for pitting resistance,
N/mm?2;

Cg is gear ratio factor.

2
CG U r 2

=070 5t for extemnal gears

(7
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and
u ) ;
Cg = of 5 =7 for internal gears

u-—1
...(8)

where
z is number of teeth in gear;
z;  is number of teeth in pinion.

In terms of this standard, the allowable X factor is
defined as:
2

Ko = Z 9p ZN2W) . (9)

K,; is allowable contact load factor, N/mm?2.

The allowable contact load factor, K,;, is the lowest
of the ratings calculated using the different values of
oygp, Zw and Zy for pinion and gear.

5.2 Bending strength
5.2.1 Fundamental formula

The fundamental formula for bending stress
number in a gear tooth is:

1 KuKp

0F=FtKoKst'b_”'1'—t YJ

..(10)
where

or is bending stress number, N/mm?2;

Kp s rim thickness factor (see 5.2.5);

Y; is geometry factor for bending strength
(see clause 6);

m; s transverse metric module, mm.

m, = pxtanf __Mn
¢ n cos B

where

(1)

m, is normal metric module, mm;

pr  is axial pitch, mm;

B  ishelix angle at standard pitch diameter.
_ . nT Mp

B = arcsin ( P ) ..(12)

5.2.2 Allowable bending stress number

The relation of calculated bending stress number to
allowable bending stress number is:

OrpYy
Sp¥eYy

Op < ...(13)

where

B NLATST?S U0037K7 533 H
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orp is allowable bending stress number,
N/mm?2 (see clause 16);

Yy s stress cycle factor for bending strength
(see clause17);

Sg  is safety factor for bending strength (see
clause 11).

5.2.3 Bending strength power rating
The bending strength power rating is:

) bmy Y5 Opp¥y

Pay

where

P,y s allowable transmitted power for bending
strength, kW,

CAUTION: The ratings of both pinion and gear teeth
must be calculated to evaluate differences in geometry
factors, number of load cycles, and material proper-
ties. The bending strength power rating is based on
the lowest value of the term

OppYnY .
—F—"}—{Lifor each of the mating gears.
B

5.2.4 Unit load, U;,

In some industries, bending strength is rated in
terms of unit load.

UL = Ak (15)

Uy s unit load for bending strength, N/mm?2.

In terms of this standard the allowable unit load is
defined as:

U = Yy Opp YN
@ cosP KoKKKyKp YoY;Sp
where

..(16)

U,y is allowable unit load for bending strength,
N/mm?.

The allowable unit load, Uy, is the lowest of the rat-
ings calculated using the different values of ogp, K3,
Yn and Y for pinion and geatr.

5.2.5 Rim thickness factor, Kz

Where the rim thickness is not sufficient to provide
full support for the tooth root, the location of bending
fatigue failure may be through the gear rim, rather
than at the root fillet. Published data [5] suggest the
use of a stress modifying factor, Kp, in this case.

ANSI/AGMA 2101-C95

The rim thickness factor, Kp, is not sufficiently con-
servative for components with hoop stresses,
notches or keyways. This data is based on external
gears with smooth bores and no notches or
keyways.

The rim thickness factor, Kp, adjusts the calculated
bending stress number for thin rimmed gears. ltisa
function of the backup ratio, mp, (see annex B).

mg = — ..(17)

g is gear rim thickness below the tooth root,
mm;

h s gear tooth whole depth, mm.

The effects of webs and stiffeners can be an
improvement but are not accounted for in annex B.
The effect of tapered rims has not been investi-
gated. When previous experience or detailed
analysis justifies, lower values of Kz may be used.

Kp is applied in addition to the 0.70 reverse loading
factor where it is applicable (see 16.2).

6 Geometry factors, Z; and ¥,

6.1 Pitting resistance geometry factor, Z;

The geometry factor, Z;, evaluates the radii of
curvature of the contacting tooth profiles based on
tooth geometry. These radii are used to evaluate
the Hertzian contact stress in the tooth flank.
Effects of modified tooth proportions and load
sharing are considered.

6.2 Bending strength geometry factor, Y;

The geometry factor, Yy, evaluates the shape of the
tooth, the position at which the most damaging load
is applied, and the sharing of the load between
oblique lines of contact in helical gears. Both the
tangential (bending) and radial (compressive) com-
ponents of the tooth load are included.

6.3 Calculation method

Itis recommended that the geometry factors, Z; and
Y7, be determined by AGMA 908--B89, Information
Sheet — Geometry Factors for Determining the
Pitting Resistance and Bending Strength for Spur,
Helical and Herringbone Gear Teeth. It includes
tables for some common tooth forms and the
analytical method for involute gears with generated
root fillets.

11
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7 Transmitted tangential load, F,

In most gear applications the torque is not constant.
Therefore, the transmitted tangential load will vary.
To obtain values of the operating tangential load, the
designer should use the values of power and speed
at which the driven device will perform. F,
represents the tooth load due to the driven appara-
tus.

Overload factor, K, (see clause 9), and dynamic
factor, K, (see clause 8), are included in the rating
formulas (see clause 5) to account for loads in
excess of F,.

7.1 Uniform load

If the rating is calculated on the basis of uniform
load, the transmitted tangential load is:

_ 1000P _ 20007 _ 1.91 x 107P
o= = A = e, .(18)

where

P s transmitted power, kW,
T s transmitted pinion torque, Nm;

v is pitch line velocity at operating pitch
diameter, mvs.

_ T wldwl

Yt = 760 000
7.2 Non-uniform load

.(19)

When the transmitted load is not uniform, consid-
eration should be given not only to the peak load
and its anticipated number of cycles, but also to in-
termediate loads and their numbers of cycles. This
type of load is often considered a duty cycle and
may be represented by a load spectrum. In such
cases, the cumulative fatigue effect of the duty cy-
cle is considered in rating the gear set. A method of
calculating the effect of the loads under these condi-
tions, such as Miner's Rule, is given in ISO TR
10495 [1].

8 Dynamic factor, K,

CAUTION: Dynamic factor, K, has been redefined as
the reciprocal of that used in previous AGMA stan-
dards. It is now greater than 1.0. In earlier AGMA
standards it was less than 1.0.

8.1 Dynamic factor considerations

Dynamic factor, K, accounts for internally gener-
ated gear tooth loads which are induced by non—
conjugate meshing action of the gear teeth. Even if

12
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the input torque and speed are constant, significant
vibration of the gear masses, and therefore dy-
namic tooth forces, can exist. These forces result
from the relative accelerations between the gears
as they vibrate in response to an excitation khown
as “transmission error’. Ideally, a gear set would
have a uniform velocity ratio between the input and
output rotation. Transmission error is defined as the
departure from uniform relative angular motion of
the pair of meshing gears. ltis influenced by all the
deviations from the ideal gear tooth form and ideal
spacing.

The dynamic factor relates the total tooth load in-
cluding internal dynamic effects to the transmitted
tangential tooth load.

Ky =~

where

..(20)

Fz is incremental dynamic tooth load due to
the dynamic response of the gear pair to
the transmission error excitation, not in-
cluding the transmitted tangential load, N.

8.1.1 Excitation
The transmission error is influenced by:

— Manufacturing variations including spacing,
profile, lead, and runout.

— Gear mesh stiffness variation as the gear
teeth pass through the meshing cycle. This
source of excitation is especially pronounced in
spur gears without profile modification. Spur
gears with properly designed profile modifica-
tion, and helical gears with axial contact ratios
larger than 1.0 have a smaller stiffness variation.

— Transmitted load. Since elastic deflections
are load dependent, gear tooth profile modifica-
tions can be designed to give a uniform velocity
ratio only for one load magnitude. Loads
different from the design load will give increased
transmission error.

— Dynamic unbalance of the gears and shafts.

— Excessive wear and plastic deformation of
the gear tooth profiles that increase the amount
of transmission error.

— Shaft alignment. Gear tooth alignment is in-
fluenced by load and thermal deformations of the
gears, shafts, bearings and housings, and by
manufacturing variations.

—  Tooth friction induced excitation.

‘MM 0b87575 0003769 300 WM
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8.1.2 Dynamic response

The dynamic tooth forces are influenced by:

— Mass of the gears, shafts, and other major
internal components.

— Stiffness of the gear teeth, gear blanks,
shafts, bearings, and gear housing.

— Damping. The principal source of coulomb
or viscous damping is the shaft bearings. Gener-
ally oil film bearings provide greater damping
than rolling element bearings. Other sources of
damping include the hysteresis of the gear
shafts, and viscous damping at sliding interfaces
and shaft couplings.

8.2 Resonance

When an excitation frequency coincides with a
natural frequency, the resonant response is limited
only by the damping, and high dynamic loads may
result. The dynamic factor, X,, does not apply to
resonance.

8.2.1 Gear pair resonance

If a particular frequency of the transmission error
excitation is close to the natural frequency of the
gear spring—mass system, or some multiple of the
natural frequency such as 2 or 3, a resonant vibra-
tion may cause high dynamic tooth forces due to
large relative displacements of the gear masses.
The dynamic factor, X, does not account for gear
pair resonance, and operation in this regime is to be
avoided.

8.2.2 Gear blank resonance

Gear blanks may have natural frequencies within
the operating speed range. If the gear blank is ex-
cited by a frequency which is close to one of its natu-
ralfrequencies, the resonant deflections may cause
high dynamic tooth loads. This occurs more fre-
quently in high speed, light weight gear blanks, but
can also occur in other thin rimmed or thin webbed
blanks. The dynamic factor, &, does not account
for gear blank resonance. A separate investigation
is recommended when these conditions occur.

8.2.3 System resonance

The gearbox is one component of a system com-
prised of a power source, gearbox, driven equip-
ment, and interconnecting shafts and couplings.

~ The dynamic response of this system depends on

the distribution of the masses, stiffness, and damp-
ing. In certain cases, a system may possess a tor-

ANSVAGMA 2101-C95

sional natural frequency close to an excitation fre-
quency associated with an operating speed. Under
these resonant conditions, the dynamic gear tooth
loads may be very high, and operation near a sys-
tem resonance is to be avoided. The dynamic fac-
tor, K;, does not include considerations of the dy-
namic tocth loads due to torsional vibration of the
gear system. These loads must be included with
other externally applied forces in the overload fac-
tor, K,. For critical drives, a separate dynamic
analysis of the entire system is recommended.

8.2.4 Shaft critical speeds

Due to the high bending stiffness of gear shafts, the
natural frequencies of lateral vibration of the gear
shafts are usually much higher than the operating
speeds. Forhigh speed gears, however, it is recom-
mended that the shaft critical speeds be analyzed to
ensure that they are well removed from the operat-
ing speed range. The dynamic factor, X, does not
account for the dynamic tooth loads due to this
mode of vibration.

8.2.5 Nonlinear resonance

Large cyclical variation in gear mesh stiffness and
impact loads may lead to additional regions of reso-
nance and instability. This is primarily a problem
with lightly—loaded, lightly—-damped spur gears
which do not have profile modifications.

8.3 Approximate dynamic factor, K,

Figure 1 shows dynamic factors which can be used
inthe absence of specific knowledge of the dynamic
loads. The curves of figure 1 and the equations
given are based on empirical data, and do not
account for resonance.

Due to the approximate nature of the empirical
curves and the lack of measured tolerance values at
the design stage of the job, the dynamic factor curve
should be selected based on experience with the
manufacturing methods and operating considera-
tions of the design.

Choice of curves g, =5 through Q, = 11 and “very
accurate gearing” should be based on transmission
error. When transmission error is not available, it is
reasonable to refer to the pitch accuracy, and to
some extent profile accuracy, as a representative
value to determine the dynamic factor. “Q,” is
related to the transmission accuracy grade number.
Due to the approximation mentioned above, slight
variation from the selected “Q,” value is not
considered significant to the gearset rating.

13

B8 0L87575 0003770 028 W

Copyright by the American Gear Manufacturers Association
Wed May 18 09:43:24 2011



ANSI/AGMA 2101-C95

AMERICAN NATIONAL STANDARD

1.8

TN
-

e 0, = 10
/ 2

Dynamic factor,

.20 _ 30
Pitch line velocity, v, m/s

Figure 1 — Dynamic factor, K,

8.3.1 Very accurate gearing

Where gearing is manufactured using process
controls which provide tooth accuracies which
correspond to “very accurate gearing”, or where the
design and manufacturing techniques ensure a low
transmission error which is equivalent to this
accuracy, values of K, between 1.02 and 1.11 may
be used, depending on the specifier's experience
with similar applications and the degree of accuracy
actually achieved.

To use these values, the gearing must be main-
tained in accurate alignment and adequately lubri-
cated so that its accuracy is maintained under the
operating conditions.

8.3.2 Curves labeled @, = 5 through @, =11

The empirical curves of figure 1 are generated by
the following equations for integer values of Q,,
suchthat5 < @, < 11. Q, is related to the transmis-
sion accuracy grade number.

The dynamic load is influenced by many factors,
(see 8.1.1). The dynamic factor can be expressed
as a function of Q,. Q, can be approximated by us-
ing the pitch variation of the pinion or gear member
(whichever is greater) by the following formula,
rounded to the next lower integer.

14
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_ end points of the curves in figure 1.

Q, = 0.5048In(z) + 1.144In(m,) — 2.852In(V,4)
+ 13.664 ..(21)

where
In is natural log, loge;

z  is adjusted number of pinion or gear teeth.
z IS zp/cosP or z/cosf ..(22)
whichever results in the lower value of 0,.

z must be between 6 and 1200 or 10 000 m,,
whichever is smaller.

m, must be between 1.25 and 50 in equation 21.

Vpa is absolute value of pitch variation in
micrometers (1 um = 0.001 mm). This is
defined in ANSI/AGMA 2000-A88.

0, can also be estimated as the appropriate quality
number for the expected pitch and profile variations
in accordance with ANSI/AGMA 2000-A88.

The profile accuracy for the gearing must be
consistent with the pitch accuracy.

Curves may be extrapolated beyond the end points
shown in figure 1 based on experience and careful
consideration of the factors influencing dynamic
load. For purposes of calculation, Eq 26 defines the

Copyright by the American Gear Manufacturers Association
Wed May 18 09:43:24 2011




AMERICAN NATIONAL STANDARD

B
K, = (w) ..(23)
A
where
A=50+56 (1.0-B)for5<Q, < 11 .(24)
B =0.25 (12 — g,)0-667 ...(25)

The maximum recommended pitch line velocity for
a given grade Q, is determined:

_ A+ -3
Vimax = 200

where

..(26)

Vi max IS Mmaximum pitch line velocity at operating
pitch diameter (end point of X, curves on
figure 1), m/s.

8.4 Other values

With specific knowledge of the influencing factors
listed in 8.1 and 8.2, and by using a comprehensive
dynamic analysis, other dynamic factors can be
used for specific applications.

8.5 Unity dynamic factor

When the known dynamic loads (from analysis or
experience) are added to the nominal transmitted
load, then the dynamic factor can be unity.

9 Overload factor, K,

The overload factor is intended to make allowance
for all externally applied loads in excess of the nomi-
nal tangential load, F;, for a particular application.
Ovetload factors can only be established after con-
siderable field experience is gained in a particular
application.

For an overload factor of unity, this rating method
includes the capacity to sustain a limited number of
up to 200% momentary overload cycles (typically
less than four starts in 8 hours, with a peak not
exceeding one second duration). Higher or more
frequent momentary ovetloads shall be considered
separately.

In determining the overload factor, consideration
should be given to the fact that many prime movers
and driven equipment, individually or in combina-
tion, develop momentary peak torques appreciably
greater than those determined by the nominal rat-
ings of either the prime mover or the driven equip-
ment. There are many possible sources of overload

B 0L&?575 0003772 9T0 WA
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which should be considered. Some of these are:
system vibrations, acceleration torques, over-
speeds, variations in system operation, split path
load sharing among multiple prime movers, and
changes in process load conditions.

10 Service factor

The service factor has been used in previous AGMA
standards to include the combined effects of over-
load, reliability, life, and other application related
factors. This standard provides a means to account
for: variations in load (with overload factor), statisti-
cal variations in S—-N data (with reliability factor),
and the number of design stress cycles (with stress
cycle factor).

The AGMA setrvice factor as traditionally used in
gear applications depends on experience acquired
in each specific application. Product application
standards can be a good source for the appropriate
value of service factor (see annex C for a more
detailed discussion of application analysis).

Equations 27 and 28 are used to establish power
ratings for unity service factor to which established
service factors may be applied using equation 29.
When this is done, the stress cycle factor is
calculated using the number of cycles equivalent to
a specific number of hours at a specific speed, to
establish power rating for unity service factor.

From equation 5:

2
Wb Z (dw1°HPZNZW)

Pau = 79T % 107 KR oKz ZgTy
(27)
and from equation 14:
po oo Wby bm Yy Opply
%191 x 10k, Ks KyKp Y, ..(28)

where

Puz isallowable transmitted power for pitting re-
sistance at unity service factor (Csz = 1.0);

Pay, is allowable transmitted power for bending
strength at unity service factor (Kgr = 1.0);

CAUTION: Both pinion and gear teeth must be
checked to account for the differences in material
properties, geometry factors, andthe number of cycles
under load. Therefore, the power rating for unity
setvice factor should be based on the lowest values of
the expressions for each of the mating gears.

oup Zy Zy for pitting resistance
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Opp Yn ¥y
Kp
The allowable transmitted power for the gear set,
P,, is determined:

for bending strength

Por and P ayu

P, = the lesser of
N Csr Kp

(29)

where
Csr is service factor for pitting resistance;

Ksr is service factor for bending strength.
11 Safety factors, Sy and Sy

When K, and Y; are used for applying ratings an ad-
ditional safety factor should be considered to allow
for safety and economic risk considerations along
with other unquantifiable aspects of the specific de-
sign and application (variations in manufacturing,
analysis, etc.).

The term “factor of safety” has historically been
used in mechanical design to describe a general
derating factor to limit the design stress in propor-
tion to the material strength. A safety factor is in-
tended to account for uncertainties or statistical
variations in:

— Design analysis;
~ Material characteristics;
~ Manufacturing tolerances.

Safety factor also must consider human safety risk
and the economic consequences of failure. The
greater the uncertainties or consequences of these
considerations, the higher the safety factor should
be. As the extent of these factors become known
with more certainty, the value of the safety factor
can be more accurately determined. For example,
a product such as an automobile transmission
which is subjected to full size, full load prototype
testing and rigorous quality control of dimensions,
materials and processes during manufacture,
could have a less consetvative safety factor than a
hoist made in small quantities to normal commercial
practices.

As design practices become more comprehensive,
some influence factors have been removed from
the unknown area of “safety factor’ and introduced
as predictable portions of the design method.

Safety factors must be established from a thorough
analysis of the service experience with a particular

16
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application. A minimum safety factor is normally
established for the designer by specific agreement
between manufacturer and purchaser. When
specific service experience is not available, a
thorough analytical investigation should be made.

12 Elastic coefficient, Zy

The elastic coefficient, Zg, is defined by the
following equation:

—y2
T l—V% + 1 v2 (30)
E, E,
where
Z is elastic coefficient, [N/mm?2]°-5;
viandv;, is Poisson’s ratio for pinion and

gear, respectively;

Ejand E; is Modulus of elasticity for ;inion
and gear, respectively, N/mm?.

For example, Zg equals 190 [N/mm2]%-5, for a steel
pinion and gear with v=0.3 and E=2.05 x 105 N/mm?
for both members.

13 Surface condition factor, Zp
The surface condition factor, Zg, used only in the
pitting resistance formula, depends on:

— Surface finish as affected by, but not limited
to, cutting, shaving, lapping, grinding, shot
peening;

— Residual stress;

— Plasticity effects (work hardening).

Standard surface condition factors for gear teeth
have not yet been established for cases where
there is a detrimental surface finish effect. in such
cases, some surface finish factor greater than unity
should be used.

The surface condition factor can be taken as unity
provided the appropriate surface condition is
achieved.

14 Hardness ratio factor, Zy

The hardness ratio factor, Zy, depends upon:
~  Gear ratio;
— Surface finish of pinion;
—~ Hardness of pinion and gear.

14.1 Through hardened gears

When the pinion is substantially harder than the
gear, the work hardening effect increases the gear
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capacity. Typical values of Zy are shown infigure 2.
These values are applied to the gear only, not to the
pinion.

The values from figure 2 can be calculated as

follows:
Zy=10+A (u—1.0) (31)
where
H
A = 0.008 98[#—’1] - 0.008 29 ..(32)
B2

Hp, is gear Brinell hardness number, HB;
Hp, is pinion Brinell hardness number HB.

This equation is valid for the range

1.2<Hp)/Hgy <17
For Hp1/Hpgy < 1.2, A=0.0
Hpi/Hpy > 1.7, A =0.006 98

142  Surface hardened/through hardened
values

When surface hardened pinions (48 HRC or harder)
are run with through hardened gears (180 to 400

EBE OLA?575 0003774 773 A
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HB), a work hardening effect is achieved. The zy
factor varies with the surface finish of the pinion,
R;1, and the mating gear hardness.

Typical values are shown in figure 3, or can be cal-
culated as follows:

Zw =1.0 + B (450 — Hp) ..(33)
where
B =0.000 75 (g)—0-448(R ) ...(34)
e isbase of natural or Napierian logarithms
=271828

R;1 s surface finish of pinion, micrometers, R, .

15 Load distribution factor, Ky

The load distribution factor modifies the rating
equations to reflect the non—uniform distribution of
the load along the lines of contact. The amount of
non-uniformity of the load distribution is caused by,
and is dependent upon, the following influences:

2 4 6 8 10

1.14 }
1.7
1.12 / /1.6
/

1.10 / // 1.5 - «
N& ‘/ '/_ ﬁ“l"ﬁ“
5 1.08 74 r// 14 %
8 A g
% 1.06 l////' // //-1'3 %
AN =
c Y .

e 104 /1//'/ ] 12§
T A A g
When ©
Hp
@<1.2,
UseZy =1

12 14 16 18 20

Single reduction gear ratio

Figure 2 — Hardness ratio factor, Zy (through hardened)
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1.16 | 'J\ Surface finish of pinion, r,; in
\ micrometers, R, —
1.14 \
N
1.12 \ } = (4 4
é \\ = |§'
- 1.10 p y
% g 1=08 \\
2 108 NN \ N\
= L .y N
8 \\‘ N
g 100 Ra=1Q AN
o 1, B S
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T NN
1.04 N
N NN
WhenR;; > 1.6 \\\'
z »
1.02 useZy =1.0
1.00
180 200 250 300 350 400

Brinell hardness of the gear, HB

Figure 3 — Hardness ratio factor, Zy (surface hardened pinions)

Manufacturing variation of gears

— Lead, profile, spacing and runout of both the
pinion and the gear.

-  Tooth crowning and end relief.

Assembly variations of installed gears

-~ Alignment of the axes of rotation of the pitch
cylinders of the pinion and gear as influenced by
housing accuracy and concentricity of the
bearings.

Deflections due to applied loads

— Elastic deflections of the pinion and gear
teeth.

- Elastic deflections of the pinion and gear
bodies.

— Elastic deflections of shafts, bearings, hous-
ings and foundations that support the gear
elements.

- Displacements of the pinion or gear due to
clearance in the bearings.

18

Distortions due to thermal and centrifugal effects

— Thermal expansion and distortion of the
gears due to temperature gradients.

— Temperature gradients in the housing
causing nonparallel shafts.

— Centrifugal distortion of the gears dueto high
- speeds.

15.1 Values for load distribution factor, Ky

The load distribution factor is defined as: the peak
load intensity divided by the average, or uniformly
distributed, load intensity; i.e., the ratio of peak to
mean loading. Its magnitude is affected by two
components:

Kyp is face load distribution factor;
Ky, is transverse load distribution factor.

Kip and K4 can be interrelated depending on the
formof the instantaneous contact line in the plane of
action as shown by figure 4. In functional equation
form,

Ky = fiKup, Kna)

...(35)
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s

(A) Helical gear with three or more axial overlaps

b = Net face width

g = Length of action,
transverse plane

(C) Helical gear with two or less axial ovetlaps

Figure 4 - Instantaneous contact lines in the plane of action

For helical gears, having three or more axial over-
laps, the face load distribution factor, Kxg, accounts
for the non-uniformity of load sharing between
instantaneous contact lines across the entire face
width encompassing all teeth in contact. It is af-
fected primarily by the correctness of pinion and
gearleads. Graduallead deviation (such as results
from helix error, misalignment, or pinion deflection),
regular patterns of undulation, or random irregulari-
ties in lead, are examples of causes of non—-uniform
load sharing among the contact surfaces of mating
teeth across the face width (see figure 4(A)).

For spur gears, where instantaneous contact lines
are parallel to the axes, Ky is affected primarily by
lead and parallelism (see figure 4(B)). In this case,
Ky is affected by the transverse contact ratio.

For helical gears having two or less axial overlaps,
the interaction of lead and profile effects are so diffi-
cultto separate that, for practical purposes, the load
distribution subfactors, Kyg and Ky, canbe consid-
ered as one factor that reflects the ratio of the peak

to mean load intensity along the total length of the
instantaneous contact lines (see figure 4(C)).

15.2 Transverse load distribution factor, Ky,

The transverse load distribution factor accounts for
the non—uniform distribution of load among the gear
teeth which share the load. It is affected primarily by
the correctness of the profiles of mating teeth: i.e.,
profile modification or profile error or both.

Standard procedures to evaluate the influence of
Kyq have not been established. Therefore, evalu-
ation of the numeric value of the transverse load dis-
tribution factor is beyond the scope of this standard
and it can be assumed to be unity. Equation 35
therefore, can be modified to:

Ky =Kup ...(36)

15.3 Face load distribution factor, Kyp
The face load distribution factor accounts for the
non-uniform distribution of load across the gearing

face width. The magnitude of the face load distribu-
tion factor is defined as the peak load intensity di-

19
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vided by the average load intensity across the face
width. '

This factor can be determined empirically or analyti-
cally. This standard provides an empirical method
only, but includes a theoretical discussion for ana-
lytical analysis in annex D. Either method can be
used, but when using the analytical approach, the
calculated load capacity of the gears should be
compared with past experience since it may be nec-
essary to re~evaluate other rating factors to arrive
at a rating consistent with past experience.

The empirical method requires a minimum amount
of information. This method is recommended for
relatively stiff gear designs which meet the following
requirements:

— Net face width to pinion pitch diameter ratio,
bld,1, <2.0. (Fordouble helical gears the gap is
not included in the face width).

— The gear elements are mounted between
bearings (see following paragraph for overhung
gears).

-~ Face width up to 1020 mm.

— Contact across full face width of narrowest
member when loaded.

CAUTION: Ifb/dy;>2.4—-0.29K where K =the contact
load factor (see Eq 6), the value of Kpp determined by
the empirical method may not be sufficiently conserva-
tive. In this case, it may be necessary to modify the
lead or profile of the gears to arrive at a satisfactory re-
sult. The empirical method shall not be used when
analyzing the effect of a momentary overload. See
16.3.

When gear elements are overhung, consideration
must be given to shaft deflections and bearing
clearances. Shafts and bearings must be stiff
enough to support the bending moments caused by
the gear forces to the extent that resultant deflec-
tions do not adversely affect the gear contact. Bear-
ing clearances affect the gear contact in the same
way as offset straddle mounted pinions. However,
gear elements with their overhang to the same sup-
port side can compound the effect. This effectis ad-
dressed by the pinion proportion modifying factor,
Kypm. When deflections or bearing clearances ex-
ceed reasonable limits, as determined by test or ex-
perience, an analytical method must be used to es-
tablish the face load distribution factor.

20
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When the gap in a double helical gear set is other
than the gap required for tooth manufacture, for ex-
ample in a nested design, each helix should be
treated as a single helical set.

Designs which have high crowns to centralize tooth
contact under deflected conditions may not use this
method.

This method will give results similar to those ob-
tained in previous AGMA standards. Designs fall-
ing outside the above b/d,,; ranges require special
consideration.

For relatively stiff gear designs having gears
mounted between bearings (not overhung) and
relatively free from externally caused deflections,
the following approximate method may be used:

Knp = 1.0 + Ky (Knips Ktipm + KHma KHe) )
(37

where

Kuyme = lead correction factor;

Kuyr = pinion proportion factor;

Kupm = pinion proportion modifier;

Kuma = mesh alignment factor;

Ky, = mesh alignment correction factor.

The lead correction factor, Kz, modifies peak load
intensity when crowning or lead modification is
applied.

Kume = 1.0 for gear with unmodified leads;

Kyme = 0.8 for gear with leads properly modified
by crowning or lead correction.

NOTE: For wide face gears, when methods for careful

lead matching or lead corrections to compensate for

deflection are employed, it may be desirableto use an

analytical approach to determine the load distribution
factor.

The pinion proportion factor, Ky, accounts for de-
flections due to load. These deflections are nor-
mally higher for wide face widths or higher ¥/d,,; ra-
tios. The pinion proportion factor can be obtained
from figure 5.

For double helical gearing, the pinion propottion
factor should be evaluated by considering b to be
the net face width.

The values for Kp,y as shown in figure 5 can be
determined by the following equations:
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bldyy1
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— 1.00
5 040 =ull "j == 0.50
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c 0 For Determining Kyps
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= See Eqs 38, 39 and 40
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Figure 5 — Pinion proportion factor, K,
when b <25 S s the bearing span; i.e, the distance be-

= —————-—-—b hd
K = o ~ 0025 ...(38)

when 25< b <432
b
Ky = o=~ 0.0375 + 0.000 492b .. (39
Hpf (10)d,,, (39)
when 432 < b £ 1020
b
Kpr SOr 0.1109 + 0.000 815b

-0.000 000 353b%
NOTE: For values of

...(40)

m less than 0.05, use

0.05 for this value in equations 38, 39 or 40.

The pinion proportion modifier, Kgpm, alters Ky,
based on the location of the pinion relative to its
bearing centetline.

Kppm = 1.0 for straddle mounted pinions with
(51/5) < 0.175;

Khpm = 1.1 for straddle mounted pinions with
(S1/S) 2 0.175.

where
S1  is the offset of the pinion; i.e, the distance

from the bearing span centerline to the
pinion mid-face, mm (see figure 6);

tween the bearing center lines, mm (see

figure 6).
Centeiline
of gear face
Centetine Centetline
of beagring of bearing
K |
N -L 1 7N
| bgd—s
1‘ Sx ! 2 ]
Lad S

Figure 6 — Evaluation of S and §;

The mesh alignment factor, Ky.,, accounts for the
misalighment of the axes of rotation of the pitch cyl-
inders of the mating gear elements from all causes
other than elastic deformations. The value for the
mesh alignment factor can be obtained from figure
7. Thefour curves of figure 7 provide representative
values for Ky, based on the accuracy of gearing
and misalignment effects which can be expected for
the four classes of gearing shown.
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Figure 7 — Mesh alignment factor, Ky,

For double helical gearing, the mesh alignment fac-
tor should be evaluated by considering b to be one
half of the net face width.

The values for the four curves of figure 7 are defined
as follows:

Kijma =A + B (b) + C (b)?
See table 2 for values of 4, Band C.

(41)

The mesh alignment correction factor is used to
modify the mesh alignment factor when the manu-
facturing or assembly techniques improve the
effective mesh alignment. The following values are
suggested for the mesh alignment correction factor:

= 0.80 when the gearing is adjusted at as-
sembly;

= 0.80 when the compatibility of the gear-
ing is improved by lapping;

= 1.0 for all other conditions.

When gears are lapped and mountings are adjusted
at assembly, the suggested value of Ky, is 0.80.

Ky,

16 Allowable stress numbers, ogp and opp

The allowable stress numbers for gear materials
vary with items such as material composition,
cleanliness, residual stress, microstructure, quality,
heat treatment, and processing practices. For
materials otherthan steel, arange is shown, and the
lower values should be used for general design
purposes.

Allowable stress numbers in this standard (tables 3
through 6) are determined or estimated from
laboratory tests and accumulated field experiences.
They are based on unity overload factor, 10 million
stress cycles, unidirectional loading and 99 percent
reliability. The allowable stress numbers are
designated as oyp and ogp, for pitting resistance
and bending strength. For service life other than 10
million cycles, the allowable stress numbers are
adjusted by the use of stress cycle factors (see
clause 17).

Table 2 — Empirical constants; A, B, and C

Curve A B C
Curve 1 Open gearing 2.47x 1071 0.657 x 103 -1.186 x 10~
Curve 2 Commercial enclosed gear units 1.27x 1071 0.622x 103 -1.69x 107
Curve 3 Precision enclosed gear units 0.675x 10~ 0.504 x 102 -1.44x 1077
Curve 4 Extra precision enclosed gear units 0.380 x 10~ 0.402 x 108 -1.27x 1077
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Allowable stress numbers for steel gears are estab-
lished by specific quality control requirements for
each material type and grade. All requirements for
the quality grade must be met in order to use the
stress values for that grade. This can be accom-
plished by specifically certifying each requirement
where necessary, or by establishing practices and
procedures to obtain the requirements on a produc-
tion basis. It is not the intent of this standard that all
requirements for quality grades be certified, but that
practices and procedures be established for their
compliance on a production basis. Intermediate
values are not classified since the effect of devia-
tions from the quality standards cannot be evalu-
ated easily. When justified by testing or experience,
higher stress levels for any given grade may be
used. The allowable stress numbers are shown in
tables 3 through 6, and figures 8 through 11.

The grade cleanliness requirements apply only to
those portions of the gear material where the teeth
will be located, to a distance below the finished tip
diameter of at least two times the tooth depth. On
external gears this portion of the gear blank
normally will be less than 25 percent of the radius.

ANSI/AGMA 2101-C95

Through hardened gears specified above 400 HB
may vary widely in endurance strength, depending
on the transformation characteristics of the steel,
heat treating technique used and the size and
shape of the part. The successful use of through
hardened parts above 400 HB depends upon ex-
perimentally developing a satisfactory technique for
heat treating which will develop both high hardness
and high fatigue strength.

16.1 Guide for case depth of surface hardened
gears

Surface hardened gear teeth require adequate
case depth to resist the subsurface shear stresses
developed by tooth contact loads and the tooth root
fillet tensile stresses, but depths must not be so
great as to result in brittle teeth tips and high
residual tensile stress in the core.

For gearing requiring maximum performance, es-
pecially large sizes, coarse pitches, and high con-
tact stresses, detailed studies must be made of ap-
plication, loading, and manufacturing procedures to
determine the desirable gradients of hardness,
strength, and internal residual stresses throughout
the tooth.

Table 3 — Allowable contact stress number, ogp, for steel gears

Minimum Allowable contact stress number?), ogp
Material Heat surface N/mm?2
designation treatment hardness?!) Grade 1 Grade 2 Grade 3
Steel® Through hardened?) |see figure 8 see figure 8 | see figure 8 —
Flame®! osr induction § 50 HRC 1170 1310 —
hardened5) 54 HRC 1205 1345 —
Carburized & hard- | see table 9 1240 1550 1895
ened®)
Nitrided®  (through | 83.5 HR15N 1035 1125 1205
hardened steels) 375 HR15N 1070 1160 1240
2.5% Chrome (no | Nitrided® 87.5 HR15N 1070 1185 1305
aluminum)
Nitralloy 135M | Nitrided®) 90.0 HR15N 1170 1260 1345
Nitralloy N Nitrided®) 90.0 HR15N 1185 1300 1415
2.5% Chrome Nitrided®) 90.0 HR15N 1215 1350 1490
(no aluminum)

NOTES

DHardness to be equivalent to that at the start of active profile in the center of the face width.
2)See tables 7 through 10 for major metallurgical factors for each stress grade of steel gears.
8)The steel selected must be compatible with the heat treatment process selected and hardness required.
YThese materials must be annealed or normalized as a minimum.
5The allowable stress numbers indicated may be used with the case depths prescribed in 16.1.
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Figure 8 — Allowable contact stress number for through hardened steel gears, ogp

Brinell hardness, Hp

Table 4 — Allowable bending stress number, opp, for steel gears

Minimum Allowable bending strezss number?), opp
Material Heat h srl:’rfaceu N/mm
designation treatment araness Grade 1 Grade 2 Grade 3
Steel® Through hardened | see figure 9 seefigure 9 | see figure 9 —
Flame? or induction | see table 8 310 380 _
hardened?® with type
A pattern®)
Flame® or induction | see table 8 150 150 —
hardened4) with type
B pattern5)
Carburized & hard- | see table 9 380 450 or 4855 515
ened?)
Nitrided®) 7) (through |83.5 HR15N | see figure 10 | see figure 10 —_
hardened steels)
Nitralloy ~ 135M, | Nitrided4 7) 87.5HR15N | seefigure 11 | see figure 11 | see figure 11
Nitralloy N and
2.5% Chrome (no
aluminum)
NOTES

)Hardness to be equivalent to that at the root diameter in the center of the tooth space and face width.
2)See tables 7 through 10 for major metallurgical factors for each stress grade of steel gears.
3The steel selected must be compatible with the heat treatment process selected and hardness required.
4)The allowable stress numbers indicated may be used with the case depths prescribed in 16.1.
5)See figure 12 for type A and type B hardness patterns.
8)If bainite and microcracks are limited to Grade 3 levels, 485 N/mm? may be used.
")The overload capacity of nitrided gears is low. Sincethe shape of the sffective S-N curve isflat, the sensitivity to shock
should be investigated before proceeding with the design. [7]
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Figure 9 — Allowable bending stress humber for through hardened steel gears, opp

Table 5 - Allowable contact stress number, oyp, for iron and bronze gears

Allowable contact
Material Heat Typical minimum stress humber3)
Material designation®) treatment | surface hardness? ogp N/mm?2
ASTM A48 Gray | Class 20 As cast — 345 - 415
cast iron Class 30 As cast 174 HB 450 — 520
Class 40 As cast 201 HB 520 - 585
ASTM A536 Grade 60-40-18 Annealed 140 HB 530 — 635
Ductile  (nodular) [Grade 80-55-06 Quenched & 179 HB 530 — 635
iron tempered
Grade 100-70-03 Quenched & 229 HB 635 -770
tempered
Grade 120-90-02 Quenched & 269 HB 710 - 870
tempered
Bronze Sand cast Minimum tensile 205
strength 275 N/mm?2
ASTM B-148 Heat treated Minimum tensile 450
Alloy 954 strength 620 N/mm?
NOTES

1NSes ANSI/AGMA 2004-B89, Gear Materials and Heat Treatment Manual.
2Hardness to be equivalent to that at the start of active profile in the center of the face width.
®)The lower values should be used for general design purposes. The upper values may be used when:

High quality material is used.
Section size and design allow maximum response to heat treatment.
Proper quality control is effected by adequate inspection.
Operating experience justifies their use.
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Figure 10 — Allowable bending stress numbers for nitrided through hardened steel gears
(i.e., AISI 4140, AISI 4340), orp

Table 6 — Allowable bending stress number, opp, for iron and bronze gears

Allowable Bending
Material Heat Typical Minimum Stress Number3)
Material Designation?) Treatment | Surface Hardness?) opp N/mm?2

ASTM A48 Gray | Class 20 As cast — 345
cast iron Class 30 As cast 174 HB 59

Class 40 As cast 201 HB 90
ASTM A536 Grade 60—40-18 Annealed 140 HB 150 - 230
Ductile (nodular) [Grade 80-55-06 Quenched & 179 HB 150 — 230
fron tempered

Grade 100-70-03 Quenched & 229 HB 185 - 275

tempered
Grade 120-90-02 Quenched & 269 HB 215 - 305
tempered _
Bronze Sand cast Minimum tensile 39.5
strength 275 N/mm?

ASTM B-148 Heat treated Minimum tensile 165

Alloy 954 strength 620 N/mm?2
NOTES
1)See ANSI/AGMA 2004-B89, Gear Materials and Heat Treatment Manual.
2)Measured hardnessto be equivalentto that which would be measured atthe root diameterin the center of the tooth space
and face width.
3The lower values should be used for general design purposes. The upper values may be used when:
— High quality material is used.
— Section size and design allow maximum response to heat treatment,
— Proper quality control is effected by adequate inspection.
—_Operating experience justifies their use.
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Figure 11 — Allowable bending stress numbers for nitriding steel gears, orp

Table 7 — Major metallurgical factors affecting the allowable contact stress number, oyp, and
allowable bending stress number, opp, of through hardened steel gears?) 2) 3)

Metallurgical factor Grade 1 Grade 2

ASTM E112 grain size Predominantly 5 or finer | Predominantly 5 or finer
Upper transformation prod- | Not specified Max controlling Max upper
ucts which primarily include section, mm transformation
bainite and fine pearlite.4)

to 254 incl 10%

Over 254 20%

No blocky ferrite (due to improper austenization)

Decarburization and stock re- | Not specified None apparent at 400X, stock removal sufficient to
moval remove any decarburization.
Specified hardness at sur-|See figure 8 See figure 8
face, oyp only
Specified hardness at root, | See figure 9 See figure 9
orp only
Cleanliness® Not specified AMS 2301 or ASTM A866 for wrought steel (certifica-

tion not required). Castings are permissible with
primarily round (Type 1) sulfide inclusions

Sulfur Not specified 0.025% maximum for wrought
0.040% maximum for castings

NOTES
1)See table 3 for values of ogp and table 4 for values of orp. Critetia for grades 1 & 2 apply to both stress humbers unless
otherwise specified in the metallurgical factor column. '
2)All criteria in any given grade must be met to qualify for the stress number in that grade.
3Unless otherwise specified, proper process control with periodic verification is an acceptable method to meet these
requirements (see clause 16).

4 The microstructure requirements apply only to those portions of the gear material where the teeth will be located to a depth
equal to that of 1.2 times the tooth depth.

5)The grade cleanliness requirements apply only to those portions of the gear material where the teeth will be located to a
distance below the finished tip diameter of at least two times the tooth depth. On external gears, this portion of the gear blank
normally will be less than 25 percent of the radius.

CAUTION: For cold service, below 0°C, see 3.6.1.
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Table 8 — Major metallurgical factors affecting the allowable contact stress number, ogp, and
allowable bending stress number, orp, of flame or induction hardened steel gears?) 2)3)

Metallurgical factor Grade 1 Grade 2

ASTM E112 grain size Predominantly 5 or finer | Predominantly 5 or finer

Material composition Not specified Medium carbon alloy steel

Prior structure Not specified Quenched and tempered

Material form Not specified Forgings and wrought steel; castings with
magnetic particle inspection of gear tooth
area

Cleanliness? Not specified AMS 2301 or ASTM A866 for wrought steel

(certification not required); castings are
permissible with primarily round (type 1)
sulfide inclusions.

Sulfur content Not specified 0.025% maximum for wrought
0.040% maximum for castings

Core hardness, center of tooth at root | Not specified 28 HRC minimum

diameter, agp only

Core hardness, center of tooth at root | Not specified Type A — 28 HRC minimum

diameter, orp only Type B — not specified

Non-martensitic transformation prod- | Limited by effect on spe- | 10% maximum, no free ferrite

ucts in hardened zone cified hardness

Surface hardness, ogp only Seetable 3 See table 3

Surface hardness at root, opp only Type A — see table 4 Type A — See table 4

Type B - not specified | Type B — not specified

Hardness pattern (see figure 12), orp | As required per table 4 | Type A —Contour pattern with a ductile core

only Type B - not specified
Magnetic particle (method per ASTM | Not specified Module Maximum
E709 on teeth)® My indication, mm
£25 1.6
>25t0<8 24
>8 3.2
NOTES

1)See table 3 for values of ayp and table 4 for values of orp. Criteria for grades 1 & 2 apply to both stress numbers unless
otherwise specified in the metallurgical factor column.

2)All criteria in any given grade must be met to qualify for the stress number in that grade.

SUnless otherwise specified, proper process control with periodic verification is an acceptable method to meet these
requirements (see clause 16).

4The grade cleanliness requirements apply only to those portions of the gear material where the teeth will be located to a
distance below the finished tip diameter of at least two times the tooth depth. On external gears, this portion of the gear blank
normally will be less than 25 percent of the radius.

5No cracks, bursts, seams or laps are permitted in the tooth area of finished gears, regardless of grade. Limits: maximum
of one indication per 25 mm of face width and maximum of five in one tooth flank. No indications allowed below 1/2 working
depth of tooth. Indications smaller than 0.40 mm are not considered. Removal of defects which exceed the stated limits is
acceptable provided the integrity of the gear is not compromised.
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Table 9 — Major metallurgical factors affecting the allowable contact stress number, ogp, and
allowable bending stress number, orp, of carburized and hardened steel gears)2)3)

Metallurgical factor?) 5 Grade 1 Grade 2 Grade 3
Surface hardness (HRC or equivalent | 55-64 HRC 58-64 HRAC 58-64 HRC
on representative surface)
Case hardness 55-64 HRC or | 58-64 HRC or equivalent 58-64 HRC or equivalent
equivalent

Limit of carbides in case

Semicontinuous

Acceptable psr AGMA 246.02A or
ANSI/AGMA 6033—-A88

Acceptable per light discontinu-
ous micro per AGMA 246.02A or
ANSI/AGMA 6033—-A88

Tempering Recommended | Required Required
Surface temper (per ANSI/AGMA | Not specified Class FB3 Class FB2
2007-B92 with swab technique per-
mitted), ayp only
Cleanliness®) Not specified AMS 2301 or ASTM A534 for | AMS 2300 or ASTM A535 (certifi-
wrought steel (certification not re- | cation required)
quired); castings are permissible
which have primarily round (type 1)
sulphide inclusions. Magnetic par-
ticle in the final product to grade 3
levels may be substitute in lieu of
AMS 2301
Ultrasonic inspection (UT) Not specified Specified for wrought per ASTM | Specified for wrought per ASTM
A388 and castings per ASTM |A388. Castings not applicable?)
AB097) recommended but not re-
quired. Suggested for large diame-
ter parts to detect flaws before the
expense of machining
Magnetic particle (method per ASTM | Not specified Maximum Maximum
E709 on teeth)® Module indication, Module indication,
my, mm my, mm
<25 1.6 <25 0.8
>25t0<8 2.4 >25t0<8 1.6
>8 3.2 =28 24
Decarburization in case (to 0.127 mm | Not  specified | No partial decarb. apparent at |No partial decarb. apparent at

depth), ogp only

(hardness must
be met)

400X, except in unground roots

400X, except in unground roots

Decarburization in case (to 0.127 mm | Not specified
depth), ogp only
Surface carbon in case 0.60 - 1.10% 0.60-1.10% 0.60 - 1.00%
Minimum effective case depth at root | Not specified 50% of minimum specified case at | 66% of minimum specified case
radius, or on representative coupon, 1/2 tooth height recommended at 1/2 tooth height recommended
arp only
Microcracks in case (cracks across | Not specified Not specified 10 maximum per 0.065 mm? field
more than one platelet)® at 400X
Secondary transformation products, | Not specified 5% maximum at 400X Trace at 400X
(upper bainite) in case along flank
above root, or on representative cou-
pon, to 0.25 mm deep, ogp only
Secondary transformation products, | Not specified 10% maximum at 400X 5% maximum at 400X
(upper bainite) in case along flank
above root, or on representative cou-
pon, to 0.25 mm deep, opp only
Intergranular oxidation (IGO) applica- | Not specified ase Case depth, mm  1GO, mm
ble to unground surface. Determined <0.76 0.018 <0.76 0.013
by metallographic inspection of un- 0.76<h,<1.50 0.025 0.76<h,<1.50 0.020
etched coupon, if used. Limits in in- 1.50<h,<2.25 0.038 1.50<h,<2.25 0.020
chesto be based on case depth asfol- 2.25<h,<3.00 0.051 2.255h,<3.00 0.025
lows: 23.00 0.061 =3.00 0.031

(continued)
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Table 9 (concluded)

Metallurgical factord) 5) Grade 1 Grade 2 | Grade 3
Intergranular oxidation (IGO) applica- | Not specified | If excessive salvage is allowed by controlled shotpeening, with the
ble to un?round surface. Determined agresment of the customer.
by metallographic inspection of un-

etched coupon, if used. Limits in in-
ches to be based on case depth asfol-

lows:

Maximum retained austenite in case | Not specified 30% maximum 30% maximum

{determined metallographically)1©)

Hardenability band Not specified According to H-Band require- | According to upper half of H-
ments. Recommended but not re- | Band requirements
quired

Core hardness (at center of tooth at | Not specified 21 HRC minimum 21 HRC minimum

root diameter or on representative
coupon), agp only!!)

Core hardness (at center of tooth at |21 HRC mini- | 25 HRC minimum 30 HRC minimum14)
root diameter or on representative | mum
coupon), arp only!!)

ASTM E112 grain size Predominantly 5 | Predominantly 5 or finer Predominantly 5 or finer

or finer
Sulfur content Not specified 0.040% maximum 0.015% maximum
Material form Not specified Not specified Steel forgings and bar stock’=)
Shot peening, orp only Not specified Recommended if the root is ground | Required in tooth root area
NOTES

)See table 3 for values of ayp, and table 4 for values of agp. Criteria for grades 1, 2, and 3 apply to both stress numbers unless
otherwise spacified in the metallurgical factor column.

2)All criteria in any given grade must be met to qualify for the stress number in that grade.

Unless otherv;/ise specified, proper process control with periodic verification is an acceptable method to meet these requirements

see clause 16).

Microstructure, microhardness and core hardness considerations may be dstermined from test coupons. Test coupons shall be
fromthe same alloy steel (not necessarily same heat) as the production parts. Coupon should be sizedto produce a similar cooling
rate to that obtained in the gear teeth of the actual gear. Coupon proportions of minimum diameter 6 m, and minimum length 12 m,
are used in ISO 6336-5. Microhardness is to be measured on the test coupon at a depth not more than 0.76 mm below the depth
corresponding to the finished tooth surface.
5)For low temperature service, below 0°C, consider low temperature Charpy V—-notch impact strength, fracture appearance
transition temperature (FATT) requirements and use of nickel alloy steel. Consideration must be given to the loss of hardness and
strength of some materials due to the tempering effect of temperatures over 175°C.
5The grade cleanliness requirements apply only to those portions of the gear material where the teeth will be located to a distance
below the finished tip diameter of at least two times the tooth depth. On external gears, this portion of the gear blank normally will
be less than 25 percent of the radius.
7)Specified for wrought gearing per ASTM A388, using either the back reflection or reference blocktechnique. Usea 3.18 mm FBH
(8—-0400) per ASTM E428 (also described in ANSI/AGMA 6033-A88). A distance amplitude correction curve is not intended.
Inspection is fromthe O.D. to mid-radius and a 360 degree scan is required. Other UT specifications which ensure the same quality
level are permitted. Specified for cast gears (Grade 2 only) per ASTM AB09 Level 1in Zone 1 (OD to 25 mmbelow roots) and Level
i 2 in Zone 2 (remainder of rim) using 3.18 mm FBH; or approved equivalent using back reflection technique (also described in
' ANSI/AGMA 6033-A88).
®No cracks, bursts, seams or laps are permitted in the tooth area of finished gears, regardiess of grade. Limits: maximum of one
indication per 25 mim of face width and maximum of five in one tooth flank. No indications allowed below 1/2 working depth of tooth.
Indications smaller than 0.40 mm are not considered. Removal of defects which exceed the stated limits is acceptable provided
the integrity of the gear is not compromised.

S)Maximum limit of microcracks for Grade 3 gearing may be difficult to achieve with sub—zero treatment to transform retained
austenite level to 30% max.

100Sub-zero treatment, if required, should be preceded by tempering at 150°C minimum, to minimize formation of microcracks,
followed by retempering. The purpose of the sub—zero treatment should be to pick up an additional one to two Rockwell ‘C’
hardness points. Sub—zero treatment should not be employed to transform large amounts of retained austenite (e.g., 50%) to gain
dramatic improvements in hardness, even with prior tempering, or microcracking may occur.

)Core hardness requirements for pitting resistance and bending strength are considered independently. The allowable stress
numbers are established for the grade selected based on hardness. Because higher contact stresses are allowed for carburized
and hardened gears, the resulting higher bending stresses must also be accommodated. Therefore, for gearing of this type, higher
core hardnesses are specified for the bending strength. The gear rating may be limited by either pitting resistance or bending
strength for the selected grade and its core hardness requirement.

12)Minimum hardness of 30 HRC for grade 3 may be difficult to achieve on gears coarser than 4.23 m,. Therefore, a minimum
hardness of 25 HRC is acceptable in such cases.

13)Requires a minimum reduction of 7 to 1 for strand or continuous cast barstock; or minimum reduction of 4 to 1 for forged gears.
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Table 10 — Major metallurgical factors affecting the allowable contact stress number, ogp, and
allowable bending stress number, ogp, for nitrided steel gears?) 2)3)

Metallurgical factor Grade 1 Grade 2 Grade 3
ASTM E112 grain size Predominantly | Predominantly 5 or finer Predominantly 5 or finer
4 or finer
Hardenability H-Band H-Band H-Band
Sulfur content 0.040% maxi- | 0.025% maximum 0.015% maximum
mum
Cleanliness¥ : Not specified | AMS 2301 or ASTM A866 (certifica- | AMS 2300 or ASTM A866
tion not required) certification required
Surface hardness Per table 3 Per table 3 Per table 3
Core hardness 28 HRC mini- | 28 HRC minimum 32 HRC minimum
mum
White layer (maximum) 0.025 mm 0.020 mm 0.012 mm
Uﬁper transformation products | Not specified | Max controlling Max upper Trace at 400X
which primarily include bainite section, mm transformation
and fine pearlite® {see annex F) ucts @
to 254 inc. 10%
Over 254 20%
No blocky ferrite (due to improper
austenization)
Ultrasonic inspection Not specified | Not specified Specified for wrought per
ASTM A3886)
Magnetic particle (method per | Not specified | Not specified Maximum
ASTM E709 on teeth)”) Module indication,
my, mm
2.5 0.8
>25t0<«<8 1.6
28 24
Grinding burns Not specified | See note 8 See note 8
NOTES

NSee table 3 for values of ayp, and table 4 for values of arp.
2)All criteria in any given grade must be met to qualify for the stress number in that grade.

3)Unless otherwise specified, proper process control with periodic verification is an acceptable method to meet these
requirements (see clause 18).

#)The grade cleanliness requirements apply only to those portions of the gear material where the teeth will be located to a
distance below the finished tip diameter of at least two times the tooth depth. On external gears, this portion of the gear blank
normally will be less than 25 percent of the radius.

5)The microstructure requirements apply only to those portions of the gear material where the testh will be located to a depth
equal to that of 1.2 times the tooth depth.

8)Specified for wrought gearing per ASTM A388, using either the back reflection or reference block technique. Use a3.18 mm
FBH (8-0400) per ASTM E428 (also described in ANSI/AGMA 6033-A88). A distance amplitude correction curve is not
intended. Inspection is fromthe O.D. to mid-radius and a 360 degree scan is required. Other UT specifications which ensure
the same quality level are permitted. Specified for cast gears (Grade 2 only) per ASTM A602 Level 1 in Zone 1 (OD to 25 mm
below roots) and Level 2 in Zone 2 (remainder of rim) using 3.18 mm FBH; or approved equivalent using back reflection
technique (also described in ANSI/AGMA 6033-A88).

7)No cracks, bursts, seams or laps are permitted in the tooth area of finished gears, regardless of grade. Limits: maximum of
one indication per 25 mm of face width and maximum of five in one tooth flank. No indications allowed below 1/2 working depth
of tooth. Indications smaller than 0.40 mmare not considered. Removal of defects which exceed the stated limits is acceptable
provided the integrity of the gear is not compromised.

8)Grinding burns are possible on nitrided materials. The normal inspection methods, as definedin ANSI/AGMA 2007-B92, are

not applicable to nitriding. Care must be taken when grinding nitrided surfaces to ensure that no harmful surface conditions
are produced in the grinding process
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Spin hardening

Inductor coil

Induction coil
or flame head

Induction coil
or flame head

PO - G O N -

e —l
—
Type A Type A Type B
(Contour) {Non—contour)

Flank hardening (tooth to tooth)

Inductor or flame head

Type B

Inductor or flame head

Type B

Flank and root hardening (tooth to tooth)
Inductor or flame head

Type A
NOTE: Type A indicates flanks and roots are hardened, contour or non—contour pattern.
Type B indicates only hardening of flanks extending to the form diameter.

Figure 12 — Variations in hardening pattern obtainable on gear teeth with flame or induction
hardening

The effective case depth for carburized and hard-
ened gears is defined as the depth below the sur-
face at which the Rockwell ‘C’ hardness, HRC, has
dropped to 50 HRC or equivalent.

The effective case depth for induction and flame
hardened gears is defined as the depth below the
surface at which the hardness is equivalent to 10
Rockwell ‘C’ points below the specified minimum
surface hardness.

A guide for minimum effective case depth, %, min, at
the pitch line for carburized and induction hardened
external (not internal) teeth based on the depth of

32

maximum shear from contact loading is given by the
formula:

p . = OndwiSin oy ..(42)
emin 77 .cosB,, C (6]
where

he minis minimum effective case depth at
pitchline, mm;

oy iscontactstress number N/mm2. The max-
imum value recommended is 1400 N/mm?
for this equation;

oy Is operating transverse pressure angle;
Uy s hardening process factor, N/mmg;
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= 4.4 x 10* N/mm? for carburized and hard-
ened;

= 3x 104 N/mm? for tooth—to-tooth induc-
tion hardened;

Bmb

Another guideline for determining case depth is
shown in figure 13. These case depths have had a
long history of successful use on carburized gears.
They are not based on equation 42.

is base helix angle.

Care should be exercised when choosing case
depth, such that adequate case depths prevail at
the tooth root fillet, and that tooth tips are not over
hardened and brittle. A suggested value of maxi-
mum effective case depth at the pitch line, , max, is:

he max = the lesser of 0.4 m,, or 0.56 s,,
(43)

where

he max iIs suggested maximum effective case
depth at pitchline, mm;

BB DLA?575 0003790 916 WM
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If A min from Eq 42 (with heat treat tolerance consid-
ered) exceeds A, max, @ careful review of the pro-
posed design is required. Changing the profile shift,
lowering the operating pressure angle, or using a
larger module will increase A, max.

For nitrided gears, case depth is specified as total
case depth and is defined as the depth below the
surface at which the hardness has dropped to 110
percent of the core hardness.

A guide for minimum case depth for nitrided
external (not internal) teeth based on the depth of
maximum shear from contact loading is given by the
formula:

Ucoyd,,; S0 04y

..(44)
1.14 x 105cosB,,, ©

h

cmin
where

hemin 18 minimum total case depth for nitrided
gears, mm,;

Ue

If the value of A min from Eq 44 is less than the value
for normal case depth from figure 15, then the

is core hardness coefficient, from figure 14.

s2n IS normal tooth thickness at the top land of
the gear in question, mm. minimum value from figure 15 should be used.
25 25 -0.86105 Eﬁ.eclzi\llqe case depth is defined as depth of case
53 |- Homin = 3.046 349 X (Tn) _ which has a minimum hardness of 50 HRC. |
Total case depth to core carbon is approximate-
21 Normal case depth /, ly 1.5 x effective case depth. -
,
19 A
17 / ,/
& /
15
g // 05 4\ "112481
3 s I emin = 6723 202 % (%4
E pd Heavy case depth
= /
g 1|
ZO 7 P The values and ranges shown on the case depth curves are
/ to be used as guides. For gearing in which maximum
performance is required, detailed studies must be made of the 7]
application, loading, and manufacturing procedures to obtain
desirable gradients of both hardness and internal stress. .
Furthermore, the method of measuring the case as well as
the allowable tolerance in case depth may be a matter of -]
aglreemept betwleen th? custolmer an::l the rrpanufa?turer. l
0.5 10 15 20 25 3.0 35 40 45 50 55 6.0 65

Minimum effective case depth, 4, pin, MM

Figure 13 — Minimum effective case depth for carburized gears, Z, min
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U, = a + boy + coy® + doy®
Curve No. a b c d
1 -5.542507 1.425472x102 -8.658576x10€ 2,080616x10~°
2 —7.998668 1.773498x102 -1,104475x105 2,577 360% 10-9
3 -9.391585 2.009680%x102 -1.230944x105 276621610~
4.8 4 -16.02132 3.247710x102 ~2.035296X105 4.474037x 109
bu : 5 -40.64 486 8.094 566x102 -5221782x105 1.139691x 108
PR N N N —— I —
- NOTE: Use upper portion of core hardness band (which yields heavier case
s 4.0 |depths) for general design purpose and lower portion for high quality material
o) (as defined in 16.1). > Curve 1
® 386
g Curve 2
§ 3.2
2] Curve 3
E 2.8 Ly . :
o 24 e 3 ‘ s Curve 4
Q ,. 3
O 20 @ Curve 5
1.6
1.2
0.8 = e
600 . 1200 1400
Contact stress number, oy N/mm?
Figure 14 — Core hardness coefficient, U,
The values shown have been successfully used for nitrided gears and can be used as a guide. For
gearing requiring maximum performance, especially large sizes, coarse pitches, and high working
stresses, detailed studies must be made of application, loading, and manufacturing procedures to de-
termine the desired gradients of hardness, strength, and intemal residual stresses throughout the tooth.
1 105 | 343 _ 49.0 , 247
h, . = 168 — =4 === — 2= 4 2=
\\ " nd ")
N Heavy case depth
£ e Heaw oase dep
N
[
30 \
E 4 \
Té 5 A
6
(<} /
= 8 e
. -~
' 10 Normal case depth
12 T
6.25 | 19.7 283 , 14.5
h, . =110 - ==+ - +
¢ min My m% ”'2 mz
] | |
0.1 02 0304 06081.0 2.0
Minimum effective case depth, mm
Figure 15 — Minimum total case depth for nitrided gears, 4. yin
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16.2 Reverse loading

Use 70 percent of the orp values for idler gears and
other gears where the teeth are completely reverse
loaded on every cycle.

16.3 Momentary overload

When the gear is subjected to infrequent (less than
100 cycles during the design life) momentary high
overloads approaching yield, the maximum allow-
able stress is determined by the allowable yield
properties rather than the bending fatigue strength
of the material. This stressis designated as g;. Fig-
ure 16 shows suggested values for allowable yield
strength for through hardened steel. For case hard-
ened gears, the core hardness should be used in
conjunction with figure 16. In these cases, the de-
sign should be checked to make certain that the
teeth are not permanently deformed. Whenyield is
the governing stress, the stress correction factor,
Ky, is considered ineffective for ductile materials;

ANSVAGMA 2101-C95

the gear blank configuration and its bearing sup-
port. Special consideration, such as an approach
similar to annex D, must be given to this condition
when analyzing overloads. The empirical method
of 15.3 shall not be used.

16.4 Yield strength

For through hardened gears up to 400 HB the factor
K,, shown in equation 45, can be applied to the yield
strength of the material. These values must be ap-
plied at the maximum peak load to which the gears
are subjected.

...(45)

g, isallowable yield strength number from fig-
ure 16, N/mm2;

Ky, s yield strength factor from the following

hence, the stress correction factor can be taken as tabulation;
unity. Requirements of application Ky
A momentary overload can cause an unusual face Conser.vative p-ractice 0.50
load distribution factor which will be influenced by Industrial practice 0.75
NE 1200 T T T T T | | |
£ Quenched and Tempered (coreLardness if case harden?d)
Z 1100 | wwewmmem = Annealed or Normalized
1000 /
W
o 900
g i // 24Hp — 226.2
O, = 3.324Hp — .
Z 700 =
L
o 600
% d
% V.
& 500 77
% A7
= 400 7
2o ¢
§ 300 //,x
kel PR o, = 0.014HB2 — 2.069Hp + 213.8
< 200
100
0
150 200 250 300

Brinell hardness, Hp
Figure 16 — Allowable yield strength number for steel gears, g;

350 400 450 500
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Frax is maximum peak tangential load, N;

Ky is stress correction factor (see AGMA
908-B89);

Ky, is load distribution factor under overload
conditions.

CAUTION: This equation is based on a ductile materi-

al. Forpurposes of this standard, a material is consid-

ered ductile if the tensile elongation of the core material

is at least 10%. For non—ductile materials, the effects

of stress concentration should be considered.

For a straddle mounted gear or pinion in an en-
closed drive, Ky, may be calculated from equation
46.

Kuzs =0.000 5675+1.07 ...(46)

Equation 46 has been used as a design guide; a
more detailed approach may give more accurate
results.

For a case hardened gear, the analysis of allowable
yield properties should include a stress calculation
through a cross section of the material. In lieu of a
cross section analysis, the use of material core
hardness values can be used. For additional
information, see [20].

17 Stress cycle factors, Zy and Yy

The stress cycle factors, Zy and Yy, adjust the
allowable stress numbers for the required number
of cycles of operation. For the purpose of this
standard, n; , the number of stress cycles is defined
as the number of mesh contacts, under load, of the
gear tooth being analyzed. AGMA allowable stress
numbers are established for 107 unidirectional tooth
load cycles at 99 percent reliability. The stress cycle
factor adjusts the allowable stress numbers for
design lives other than 107 cycles.

The stress cycle factor accounts for the S—-N char-
acteristics of the gear material as well as for the
gradual increased tooth stress which may occur
from tooth wear, resulting in increased dynamic ef-
fects and from shifting load distributions which may
occur during the design life of the gearing.

When using a service factor, the determination of Zy
and Yy shall be in accordance with clause 10.

17.1 Load cycles

When evaluating gearing, it is important to know
how many stress cycles the individual gears will ex-
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AMERICAN NATIONAL STANDARD

perience during the intended life of the equipment.
Some machines will run twenty four hours per day
and operate for twenty or more years. Other ma-
chines have gears that have a stress cycle equiva-
lent to a few hours. The gear designer should de-
sign for the stress cycles that are appropriate for the
application. The number of stress cycles, n;, is
used to determine the stress cycle factor as follows:

n, = 60 Lag ..(47)

where

ny  is the number of stress cycles;

L  islife (hours);

® isspeed (rpm);

g is humber of contacts per revolution.

17.2 Stress cycle factors for steel gears

At the present time there is insufficient data to pro-
vide accurate stress cycle curves for all types of
gears and gear applications. Experience, however,
suggests stress cycle curves for pitting resistance
and bending strength of steel gears as shown in fig-
ures 17 and 18. These figures do not include data
for stainless steel gears. The shaded zones on the
figures represent the influence of such items as
pitch line velocity, material cleanliness, ductility and
fracture toughness. The upper portionis for general
applications. The lower portion is typically used for
critical service where pitting and tooth wear must be
minimal and low vibration levels are required.

17.3 Localized yielding

If the product of orp Yy exceeds the allowable yield
siress, g, of figure 16, localized yielding of the teeth
may occur. In some applications this is nhot
acceptable. In others where profile and motion
transmission accuracies are not critical, this may be
acceptable for limited life.

The use of this standard at bending stress levels
above those permissible for 104 cycles requires
careful analysis. Stresses in this range may exceed
the elastic limit of the gear tooth in bending stress.
Depending on the material and the load imposed, a
single stress cycle above the level limit at < 104
cycles could result in plastic yielding of the gear
tooth.
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[ NOTE: The choice of Zy in the shaded zone is
]| influenced by:
4.0 IL
Lubrication regime
Failure criteria
3.0 Smoothness of operation required
| Pitchiine velocity
Gear material cleanliness
Material ductility and fracture toughness
Nz 20 I H,emldu'all Istress
5 Zy = 2.466 py~0.088
s}
% ‘-.F... ’
©° 1.1 = n 3"'-
S 10 e iutea 2 10
@ 0.9 Nitrided 0.9
:: 0,8 L_1_1 IIII._00138 0.8
] 0.7 Zy = 1.249 g~ 0.7
0.6 u 0.6
05 0.5
102 10° 104 105 108 107 108 109 1010
Number of load cycles, n;,
Figure 17 — Pitting resistance stress cycle factor, Zy
LT LT NOTE: The choice of Yy in the shaded area 1s
influenced by:
4.0 Yy = 9.4518 0148 Henceshy
400 HB | 1L I A Pitchline velocity
T T Gear material cleanliness
3.0t cas — Yy =6.1514 nL‘°-1192 | Residual stress
e asje el afu} fue, b Ceves I Material ductility and fracture toughness
| 250 HB (N Yy = 4.9404 p;~0-1045
=z L
P 00 ™ S
- . S N = 3.517 p,—0:0817
2 i ~ N\ | |, Nitrided
‘.g L
© >~
_0;' YN = 2_31 94 nL—00538 - "'\:;. YN = 1.3558 nL_00178
o e
2 10 EATTTTALL) P
g 0.9 ERERR000o '}x?s:é:;:. R0 \L 0'9
@ os DT g 0-8
, 0.7 Yy = 1.6831 5, —0-0323 1110.7
0.6 0.6
0.5 0.5
102 108 104 108 108 107 108 10° 1010

Number of load cycles, ny,

Figure 18 — Bending strength stress cycle factor, Yy

18 Reliability factor, Yz

The reliability factors account for the effect of the
normal statistical distribution of failures found in ma-
terials testing. The allowable stress numbers given
in tables 3 through 6 are based upon a statistical
probability of one failure in 100 at 107 cycles. Table

11 contains reliability factors which may be used to
modify these allowable stresses to change that
probability. These numbers are based upon data
developed for bending and pitting failure by the U.S.
Navy. Other values may be used if specific data is
available.

37

_ﬂ 087575 0003794 5:1 WA

Copyright by the American Gear Manufacturers Association
Wed May 18 09:43:24 2011



ANSI/AGMA 2101-C95

Table 11 - Reliability factors, Yz

Requirements of application Yz
Fewer than one failure in 10 000 1.50
Fewer than one failure in 1000 1.25
Fewer than one failure in 100 1.00
Fewer than one failure in 10 0.852)
Fewer than one failure in 2 0.7023)

NOTES

NTooth breakage is sometimes considered a greater
hazard than pitting. In such cases a greater value of Yz
is selected for bending.

2)At this value plastic flow might occur rather than

gitling.

)From test data extrapolation.

When strength rating is based on yield strength, o,
the values of K, from 16.4 should be used instead of
Yz.

19 Temperature factor, Yy

19.1 Moderate and low temperature operation

The temperature factor is generally taken as unity

when gears operate with temperatures of oil or gear

blank not exceeding 120°C. When operating tem-

peratures result in gear blank temperatures below
- 0°C, special care must be given, see 3.6.1.

19.2 High temperature operation

When operating at oil or gear blank temperature
above 120°C, Yg is given a value greaterthan 1.0to
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allow for the effect of temperature on oil filmand ma-
terial properties.

Consideration must be given to the loss of hardness
and strength of some materials due to the temper-
ing effect of temperatures over 150°C.

20 Size factor, K;
20.1 Size factor

The size factor reflects non—uniformity of material
properties. It depends primarily on:

— Tooth size

— Diameter of parts

— Ratio of tooth size to diameter of part
— Face width

— Area of stress pattern

— Ratio of case depth to tooth size

~ Hardenability and heat
materials

treatment of

Standard size factors for gear teeth have not yet
been established for cases where there is a detri-
mental size effect. In such cases, some size factor
greater than unity should be used.

20.2 Values for size factor

The size factor may be taken as unity for most
gears, provided a proper choice of steel is made for
the size of the part and its heat treatment and
hardening process.
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Annex A
(informative)
Method for evaluating the risk of scuffing and wear

This annex is for information only and should not be construed to be a part of ANSI/AGMA 2101-C95, Fundamental rating
factors and calculation methods for involute spur and helical gear teeth.

A.1 Purpose

A standard method for evaluating the risk of scuffing
and wear of spur and helical gearsets is described.
The term scoring has been used in the past in the
USA, while the term scuffing is used in Europe and
in 1ISO standards to describe the severe form of ad-
hesive wear which involves welding and tearing of
the surfaces of gear teeth. To be consistent with cur-
rent usage, the term scuffing is used in this annex
where scuffing is defined as the localized damage
caused by the occurrence of solid—phase welding
between sliding surfaces. It is accompanied by the
transfer of metal from one surface to another due to
welding and tearing, and may occur in any sliding
and rolling contact where the oil film is too thin to
separate the surfaces. Its symptoms are a micro-
scopically rough, matte, torn surface. Surface
analysis that shows transfer of metal from one
surface to the other is proof of scuffing.

NOTE: Thetermscoring implies scratching and is de-
fined as the formation of scratches in the direction of
sliding. The word scoring is used in this annex to de-
scribe the clean—cut, parallel scratches in the direction
of sliding that occur on gear teeth due to abrasion or
micro—cutting caused by abrasives in the lubricant, or
loose or attached, work—hardened particles.

The scuffing risk evaluation is based on Blok's [1]
critical temperature hypothesis, and the wear risk
evaluation is based on Dowson and Higginson’s
[2,3,4,5] equation for elastohydrodynamic (EHD)
film thickness.

This annex is a supplement to ANSI/AGMA
2101-C95. It has been introduced to enable field
experience data to be accumulated and evaluated
relative to the calculation methods given. Such data
will serve to enhance the future development of im-
proved methods for evaluating scuffing and wear
risk.

A.1.1 Lubrication regime

The specific film thickness, A, defined as the ratio of
the central film thickness to composite surface
roughness, is a useful measure of the lubrication
regime. For A > 1, the contact between the tooth
surfaces has an intermittent character with a per-
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centage of contact time that decreases gradually as
A increases.

As an approximate guide, A > 2 indicates full EHD
lubrication, while A < 1 indicates partial EHD or
boundary lubrication regimes.

The specific film thickness cannot be used to predict
the probability of scuffing, since thin EHD films are a
necessary but insufficient condition for scuffing to
occur. However, a thin film together with a high con-
tact temperature suggests a high probability of
scuffing in the absence of extreme pressure (EP)
additives.

A.1.2 Mechanism of scuffing and wear

When gear teeth are completely separated by a
thick film of lubricant, there is no contact between
the asperities of the tooth surfaces, and usually
there is no scuffing or wear.

For thinner elastohydrodynamic films, the degree of
asperity contact increases and abrasive wear, ad-
hesive wear or scuffing becomes possible. Abra-
sive wear may occur due to the rubbing action of the
gear teeth or the presence of abrasive particles in
the lubricant. Adhesive wear occurs by localized
welding and subsequent detachment and transfer
of particles from one or both of the gears. Abrasive
or adhesive wear may not be harmful if it is mild and
it subsides with time, as in a normal break-in proc-
ess. Scuffing on the other hand, is a severe form of
adhesive wear that can result in catastrophic dam-
age to the gear teeth. The basic mechanism of
scuffing is not clearly understood, but there is gen-
eral agreement that it is caused by intense frictional
heat that is generated by the combination of high
sliding velocity and intense surface pressure. Scuff-
ing occurs under thin film, boundary—lubricated
conditions where the phenomenon is controlled by
physical and chemical properties of the lubricant,
oxide films and gear tooth materials.

A.1.3 Flash temperature and probability of
scuffing

Blok's [1] contact temperature theory states that
scuffing will occur in gear teeth that are sliding under
boundary-lubricated conditions, when the maxi-
mum contact temperature of the gear teeth reaches
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a critical magnitude. The contact temperature is
conceived as the sum of two components: the flash
temperature and the bulk temperature.

Usually, the meshing position most critical in re-
gards to scuffing is either in one of the two extreme
end regions of the contact path or near the points of
single tooth contact.

Prediction of the probability of scuffing is possible by
comparing the calculated contact temperature with
the permissible level of scuffing temperature. The
limiting scuffing temperature can be recalculated
from any gear scuffing test, or can be provided by
field investigations.

For non—additive mineral oils, each combination of
oil and rubbing materials has a critica! scuffing tem-
perature which is constant regardless of the operat-
ing conditions. It is believed that the critical scuffing
temperature is not constant for synthetic and high—
additive EP lubricants and it must be determined
from tests which closely simulate the operating
condition of the gearset.

AMERICAN NATIONAL STANDARD

A.1.4 Elastohydrodynamic lubrication and
probability of wear

Dowson and Higginson [2,3,4,5] developed an
equation for the central EHD film thickness which
accounts for the exponential increase of the lubri-
cant viscosity with pressure, tooth geometry, veloc-
ity of the gear teeth, elastic properties of the materi-
als and the transmitted load. The film thickness de-
termines the operating regime of the gearset and
has been found to be a useful index of the wear re-
lated distress probability. Wellauer and Holloway
[6], also, found that the specific film thickness could
be correlated with the probability of tooth surface
distress.

A.2 Symbols and units

The symbols used in this annex are shown in table
Al

NOTE: The symbols and definitions used in thisannex
may differ from other AGMA standards.

Table A.1 — Symbols and units used in annex A

[ Symbol ‘Description Units First Used | Clause
a Operating center distance mm EqA4 A.3.1
By Thermal contact coefficient N/[mm s%3K] Eq A.60 A71
Bu1 Thermal contact coefficient of pinion N/[mm%S m05 s05K] |[EqA.66 |A.7.4
B Thermal contact coefficient of gear N/[mm0-5 m05 s0.5 K] | Eq A.66 A74
b Face width mm EqA.30 A.3.4
by Semi—width of Hertzian contact band mm Eq A.58 A6
C1 ... C¢ |Distances along line of action mm EqA.17 A.3.2
Cp Combined derating factor — Eq A.49 A4
M1 Specific heat per unit mass, pinion Jkg K] —_ A74
M2 Specific heat per unit mass, gear J/[kg K] — A74
D; Internal gear inside diameter mm EqA.18 A3.2
E1,E Modulus of elasticity (pinion, gear) N/mm? EqA.59 A6
E, Reduced modulus of elasticity N/mm? EqA58 |[A6
Fy Actual tangential load N Eq A.50 A4
(Fonom Nominal tangential load N EqA.48 A4
Fyn Normal operating load N Eq A.51 A4
G Materials parameter — EqA.76 A2
H; Dimensionless central film thickness — EqA.76 A2
he Central film thickness mm EqA.80 A.12
K Flash temperature constant —_ EqA.60 A71
Ky Load distribution factor —_ EqA.49 A4
K, Overload factor —_— EqA.49 A4
K, Dynamic factor — EqA.49 A4
L Filter cutoff wavelength mm EqA.81 A12
(continued)
40

B 0L37575 0003797 270 M

Copyright by the American Gear Manufacturers Association
Wed May 18 09:43:24 2011




AMERICAN NATIONAL STANDARD

Table A.1 (continued)

ANSV/AGMA 2101-C95

[ Symbol Description Units First Used | Clause
Lin Minimum contact length mm EqA.32 A34
My Normal module mm EqA2 A3.1
ny Pinion speed rpm EqA.41 A4
g Fractional part of g — EqA.32 A34
ny Fractional part of g4 — EqA.32 A.3.4
P Transmitted power kw EqA.48 A4
Dbn Normal base pitch mm EqA.10 A.3.1
Dot Transverse base pitch mm EqA.9 A.3.1
Dx Axial pitch mm EqA.11 A.3.1
R, Arithmetic mean value for pinion and gear um EqA.62 A7.32
roughness
n Standard pitch radius of pinion mm EqA.2 A.3.1
ry Standard pitch radius of gear mm EqA3 A.3.1
Yal Outside radius of pinion mm EqA.15 A.3.1
Ta2 Outside radius of gear mm EqA.16 A.3.1
b1 Base radius of pinion mm EqA6 A.3.1
rp2 Base radius of gear mm EqA.7 A.3.1
Iwl Operating pitch radius of pinion mm EqA.4 A3.1
Sp Safety factor — EqA.75 A10.5
SBmin Minimum demand safety factor — EqA.75 A.105
U Speed parameter — EqA.76 A2
u Gear ratio (always >1.0) — EqA.1 A.31
Ve Entraining velocity m/s EqA.47 A4
Vrl Rolling velocity of pinion m/s EqA.44 A4
V2 Rolling velocity of gear m/s EqA.45 A4
Vs Sliding velocity ns EqA.46 A4
V Operating pitch line velocity m/'s EqA.43 A4
w Load parameter — EqA.76 A12
Wy Normal unit load N/mm Eqg A.53 A4
Wy Transverse unit load N/mm EqA.52 A4
X Geometry factor — EqA.61 A.7.2
Xy Thermal elastic factor KNO07305m~05mm | Eq A.61 A7.2
Xw Welding factor — EqA.74 A.10.3
Xr Load sharing factor — EqA.54 A5
VA Active length of line of action mm EqA.23 A32
z Number teeth in pinion —_ EqA.1 A.3.1
b3 Number teeth in gear (positive) —_ EqAA1 A.3.1
o Pressure—viscosity coefficient mmé/N EqA.77 A2
Og1 Transverse tip pressure angle pinion — EqA.15 A.3.1
Og2 Transverse tip pressure angle gear — EqA.16 A.3.1
o Normal pressure angle — EgAb A.3.1
o Transverse generating pressure angle —_ EqA5 A.3.1
Oyn Normal operating pressure angle — EqA.14 A.3.1
Oyt Transverse operating pressure angle — EqA.8 A.3.1
o Pressure angle at arbitrary point — EqA.24 A32
p Helix angle — EqA.2 A.3.1
(continued)
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Table A.1 (concluded)

" Symbol Description Units First Used [ Clause
, [ Base helix angle — EqA.12 A.3.1
By Operating helix angle — EqA13 A.3A1
L, Parameter on line of action — EqA.24 A.3.3
Ta Ie Parameter of points A ... E — EqA.25 A33
€ Pinion roll angle — EqA.36 A33
€] ... £5 Pinion roll angle at points 1 ... 5 —_ EqA.35 A.35
£q Transverse contact ratio — EqA.29 A34
&g Axial contact ratio — Eq A.30 A34
Noit Dynamic viscosity of the oil at oil temperature N/mm?.s Eq A.65 A732
A Specific film thickness — EqA.81 A12
8% Heat conductivity N/s.K — A74
M1 Heat conductivity, pinion N/s.K — A74
M12 Heat conductivity, gear N/s.K — A.7.4
W Mean coefficient of friction _ EqA.60 A71
Yo Absolute viscosity cP EqA.78 A.12
V1, V2 Poisson’s ratio (pinion, gear) —_ EqA.59 A.6
V40 Kinematic viscosity at 40°C - mmé/s EqQA.73 A.10.1
P1, P2 Transverse radius of curvature(pinion, gear) mm EqA.36 A3.6
oM Density kg/m® — A74
Pu1 Density, pinion kg/m3 — A.7.4
Pm2 Density, gear kg/m3 — A74
P Normal relative radius of curvature mm EqA.40 A.3.6
Pr Transverse relative radius of curvature mm EqA.38 A.3.6
Pre Transverse relative radius of curvature at pitch point mm EqA.39 A.3.6
o Composite surface roughness pm Eq A.81 A2
o1, 62 Surface roughness, rms (pinion, gear) pm EqA.63 A7.3
Op Contact temperature °C EqA.71 A.8.1
0B max Maximum contact temperature °C EqA.72 A.9.2
0 Flash temperature °C Eq A.60 A71
B7max Maximum flash temperature °C EqA.70 A76
Ofmax, test | Maximum flash temperature of test gears °C EqA.74 A.10.3
Oy Bulk temperature °C EqA.70 A8
O, test Bulk temperature of test gears °C EqA.74 A.10.3
0,il Oil temperature °C EqA.70 A.8.1
8 Scuffing temperature °C EqA.73 A.10.1
W], Wy Angular velocity of pinion, gear rad/s EqA.41 A4
A.3 Gear geometry A.3.1 Basic gear geometry
? Gear ratio
| This clause gives equations for gear geometry used z;
: to determine flash temperature and EHD film thick- U=z (A1)
ness. The following equations apply to both spur ~ Standard pitch radii
and helical gears; spur gearingis taken as a particu- ro= ZyMn A2)
lar case with zero helix angle. Where double signs 1™ 2cosp v
are used (e.g. -+), the upper sign applies to external n=nu ~(A-3)
gearsand the lower sign to internal gears (see table ~ Operating pitch radius of pinion
A_1). rwl = m .(A4)
42
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Transverse generating pressure angle

o tan an
o = arctan( cosp ) ...(A.5)
Base radii
fp1 =11 COS O ...{A.Gg
. m2=TriU (A7
Transverse operating pressure angle
r + r
Oy = arccos(La——bl) ...(A.B)
Transverse base pitch
2wr
Po =~ -(A.9)
Normal base pitch
Pbn = T My COS Oy ..(A.10)
Axial pitch
_ T My
Px = SinB ...(A.11)
Base helix angle
Pon
= = (A2
By arccos(pbt) ( )
Operating helix angle
tan 3
ﬁw = arctan(m:i-t) .(A13)
Normal operating pressure angle
Oy = arcsin (cos Bp sin ay,y) ..(A.14)
Tip pressure angles
oy = amos(%) (A.15)
Oy = arccos(;’%) ..(A.16)
a

A.3.2 Distances along the line of action

Figure A.1 is the line of action shown in atransverse
plane. Distances C; are measured from the interfer-
ence point of the pinion along the line of action. Dis-
tance C locates the pinion start of the active profile
(SAP) and distance Cs locates the pinion end of the
active profile (EAP). The lowest and highest point of
single—tooth—pair contact (LPSTC and HPSTC) are
located by distances C; and C4 respectively. Dis-
tance C3 locates the operating pitch point.

Ceg = a sin oy, -(A.17)
0.5
== [cs - (- rh) ] (A.18)
NOTE: Forinternal gears 7,2 = D;/2
Ce
Cy = I -.(A.19)
Ca= Cy +py ...(A.20)
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Cs = (12, - 12,)03 ..(A.21)
Cr = Cs —pyr ~(A.22
Z= CS - Cl .. A.23

p
/\
LPSTCW

\ B

4

Figure A.1 — Distances along the line of action
A.3.3 Parameter along the line of action

The parameter, T, is defined as a dimensionless
linear co—ordinate in the transverse plane on the
line of action (see figure A.1), determined by:

I is-1 atthe interference point of the pinion;
Iy is O atthe pitch point
I, isuatCe.

for an arbitrary point on the line of action

_ fanay
- -tarl_am - 1 ...(A.24)

for special points on the line of action

Ly

Atthe start of pinion root contact with gear tip (SAP)

r, = 2 (maaz _ 1)

e o ..{(A.25)

At the lowest point of transverse single contact
(LPSTC)

43
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At the highest point of transverse single contact
(HPSTC)

— 2n
Ip=IT4+ m ..(A.27)
At the pinion tip end of active profile (EAP)
_ tanaal _
I = T 1 ...(A.28)
A.3.4 Contact ratios

Transverse contact ratio

Eq =2_§'C- Zz(tan aaz‘—tan aw;) + Zl(wn(lal"'tan awt)}
..(A.29)
n. is fractional part of €.

Axial contact ratio

for helical gears
__ bsinf
83 - nmy,
n, s fractional part of eg

..(A.30)

for spur gears
gg = 0.0
Minimum contact length

(A.31)

for helical gears, case 1, where (1 —n,) 2 n,
(Bﬁb) — (nan:px)

cos B,
for helical gears, case 2, where (1 - n, )<n,

L . =

min

.(A.32)

eﬁb - (1 = na)(1 - np)px

L. .(A.33
man cos B, (A.33)
for spur gears
Lyin=5 ...(A.34)
A.3.5 Roll angles

The pinion roll angles corresponding to the five spe-
cific points along the line of action shown in figure
A.1 are given by:

C:
€; L

i = r_bl ...(A.35)

where
i is1,2,3,4,5
A 3.6 Profile radii of curvature

Transverse radii of curvature

Figure A.2 shows the transverse radii of curvature,
p1 and p,, of the geartooth profiles at a general con-
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tact point defined by the distance Iy along the line of
action.

asin o,

PL="%1 (1+1) ...(A.36)

py = “:“;“iw(u F Ty) ..(A.37)
Transverse relative radius of curvature

_ _PiP2 _(A.38

Pr = b £ p; (A.38)

Normal relative radius of curvature

Figure A.2 - Transverse relative radius of cur-
vature

The normal relative radius of curvature at the pitch
point is given by:

re = U Sin G, ...(A.39
T a[‘mﬁb] A9
Pn = c—osP'Tb .(A.40)

pn is the equivalent radius of a cylinder that repre-
sents the gear pair curvatures in contact along the
line of action.

A.4 Gear tooth velocities and loads
Rotational (angular) velocities

nny
@y = ot ..(A.41)
(30
W, = Tl ..(A42)
Operating pitch line velocity
___Tma
= ——'—60(u T 1) ...(A.43)
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Rolling velocities

w1 = pp of pinion ..(A.44)

Vo =wy pp of gear ...(A.45)
Sliding velocity (absolute value)

vs =] v,y — vyl ...(A.46)
Entraining velocity (absolute value)

Ve = | v,y + vy ..(A.47)
Nominal tangential load

(Ft)nom = 109?P .--(A.48)
Combined derating factor

Cp = KKKy ..(A.49)
Actual tangential load

Fy = F)nom Cp ...(A.SO)
Normal operating load

- Fy

Fyp = oSty COSP ..(A.51)

Transverse unit load
F

wy = Lm:., .(A.52)
Normal unit load

W = f wn ..(A53)

min

A.5 Load sharing factor

The load sharing factor accounts for load sharing
between succeeding pairs of teeth as influenced by
profile modification, and whether the pinion or gear
is the driving member. Dynamic tooth forces due to
relative displacements of the pinion and gear are
considered separately with the dynamic factor. By
convention, the load sharing factor is represented
by a polygonal function on the line of action with
magnitude equalto 1.0 between points Band D (see
figure A.3).

wi=

I
|
|
I
I
I
b

A B D E
Figure A.3 — Unmodified profiles

ANSIAGMA 2101-C95

The load sharing factor is strongly influenced by
profile modification of the tooth flanks of both gears.
On the other hand, profile modifications are chosen
such that the load sharing follows a desired func-
tion. The following equations give the load sharing
factor for unmodified tooth profiles, and for three
typical cases of profile modifications.

For unmodified tooth profiles

1 1B -1y

Xr = 3A+ 3(FB — I,A)forI‘A =Ty < Ty

Xr=1 r r forFBSFySFD
R el b

..{(A54)

For modified tooth profiles

If adequate tip and root relief is designed for high
load capacity, and if the pinion drives the gear (see
figure A 4):

o —

1
7

@
D e et G v — ——————

Figure A.4 — Pinion driving

_6(Iy-T4
_1.6(le-Ty

..(A55)

If adequate tip and root relief is designed for high
load capacity, and if the pinion is driven by the gear
(see figure A 5):

45
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where
Vi is Poisson’s ratio of the pinion; .

v is Poisson’s ratio of the gear;

-—b

~|o

L ———

I
|
| E\, E, is modulus of elasticity (pinion, gear).
= A.7 Flash Temperature
1 [ A.7.1 Fundamental formula
7 ,l. The fundamental formula is based on Blok's [1]
A ] B D . E equation. In this equation, the coefficient of friction
Figure A.5 — Gear driving may be approximated by different expressions, for
1 6fTy-Ta instance as proposed by Kelley [7,8] and AGMA
Xr=35+3 Ty -T A) forTy =Ty <Tp 217.01 [9] . The influence of surface roughness is
X =1 forTu < T. <T inco_rpf)rated in the approximation of the coefficient
r ro_T B="y="D of friction.
6{E— 'y
Xp = —(—) forTp <1y =Tg Xwp 0.5 05
T\I'g-Tp (A56) 0y = Kitm ———5=((v,1) - (v0) I ...(A.60)
By(bp)

If adequate tip and root relief is designed for smooth

meshing (see figure A.6): where

K  is 0.80,numerical factor valid for a semi—el-
liptic (Hertzian) distribution of frictional heat
over the instantaneous width, 2 by, of the
rectangular contact band;

U, is mean coefficient of friction (see A.7.3.1);
Xr s load sharing factor (see A.5);

w, is normal unit load (see Eq A.53);

v is rolling velocity of the pinion (see Eq

|1
|
|
|
|
|
|
|
|
4

|
|
|
I
!
|
I
I
I
'y

A B D _ E A.44);
rFlgu;e A.6 Smooth meshing vz isrolling velocity of the gear (see Eq A.45);
Xr = I‘: — I‘:: forT, =Ty <Tp By is thermal contact coefficient (see A.7.4);
Xp=1 forTp <T, <Tp (A57) by is semi-width of Hertzian contact band

(see Eq A.58).

T -T,
Xp =g~ forTp < T < T A.7.2 Flash temperature equation

Tp-Tp
A.6 Hertzian contact band The fundamental formula may be used directly, or
The semi~width of the rectangular contact band is the formula may be rewritten, by applying the equa-

given by: tionsin A.3.1, A.4 and A.6, followed by concentrat-
05 ing certain parts of the formula into convenient fac-

by = ( 8XrWnPn) ...(A.58) tors. Commonly, the increasing influence of the

x E, generating pressure angle and the decreasing influ-

where ence of the helix angle are negligibly small, as a re-
Xr s load sharing factor (see A.5); sult of which the geometry factor is only a function of

the gear ratio and the parameter on the line of ac-

wp,  is normal unit load (see Eq A.53); . - c
" ( 9 ) tion. The flash temperature at any point on the line

Pn léanor:::)a;l relative radius of curvature (see of action is:
o 0.75
E, is reduced modulus of elasticity given by: 0. = (XI‘W:) v 03 ..(AB1)
2 12\ n = bm XpX — 6733
E, = 2(_;’_1 + %.2.) .(A59)  where
1 2 U is mean coefficient of friction (see A.7.3);

Bl 0bLA?757?5 D0O03803 3Ty WM
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Xy is thermal—elastic factor, {(see A.7.4);
X is geometry factor (see A.7.5.);
Xr isload sharing factor (see A.5);
wy is transverse unit load (see Eq A.52);

v, is operating pitch line velocity (see Eq
A.43);

a is center distance, mm.
A.7.3 Mean coefficient of friction

The mean coefficient of friction is an approximation
of the actual coefficient of friction on the tooth flank,
which is an instantaneous and local value depend-
ing on several properties of the oil, surface rough-
ness, lay of the surface irregularities like grinding
marks, material properties, tangential velocities,
forces and dimensions.

A.7.3.1 Approximation by a constant

Apart from the influence of roughness a constant
coefficient of friction has been assumed by AGMA
217.01 [9] and Kelley {7]:

_ 1.13
tm = 0.06 (1.13—Ra)

Equation A.62 gives a typical value for gears oper-
ating in the partial EHD regime. It may be too low for
boundary lubricated gears where p,, may be higher
than 0.2 or too high for gears operating in the
full-film regime where p,, may be less than 0.01.

.(A62)

The surface roughness is taken as an average of
the rms values:
_9 + 0y

5 .(A.83)

Ra

where

o; is pinion surface roughness (umy;
o, is gear surface roughness (um).
The surface roughness expression is limited to:

113
TBogr =30

A.7.3.2 Empirical equation

.(AB4)

An empirical equation for a variable coefficient of
friction is the Benedict and Kelley [10] equation,
supplemented with the influence of roughness:

L13 3.17 X 108 Xpw,\
=0.0127( )10
" 1.13-R, gw( Noit VsV3 /

..(A.65)

Copyright by the American Gear Manufacturers Association
Wed May 18 09:43:24 2011

ANSVAGMA 2101-C95

where the surface roughness expression is taken in
accordance with Eq A.63 and Eq A.64. This equa-
tion is not valid at or near the operating pitch point,
as v; goes to zero.

where

i is dynamic viscosity of the oil at oil tempera-
ture, (cp);
v, is sliding velocity (see Eq A.46);
v, is entraining velocity (see Eq A.47).
A.7.4 Thermal elastic factor
The thermal elastic factor accounts for the influence
of the material properties of pinion and gear:
05 05
(1+1y)+ (1 -1y
05 0.5
By (1+Ty) + Byp1-T/u)
.-(A.66)

X,= E,0%

where

E, is reduced modulus of elasticity (see Eq
A.59);

Iy is parameter on the line of action (see
A.3.3);

By1 is (Mr1 pur cu1)®® thermal contact
coefficient of the pinion material;

By is (Mr2 pu2 cm2)%° thermal contact
coefficient of the gear material;

In most cases where the thermal contact coeffi-
cients are the same for the pinion and the gear, the
thermal elastic factor depends solely on the
material characteristics:

0.25
= E’

Xy = .(A67)

By
For martensitic steels the range of heat conductiv-
ity, Mz , is 41 to 52 N/[s K] and the product of density
times the specific heat per unit mass, py X ¢ is
about 3.8 N/[mm?2K] so that the use of the average
value By = 13.6 N/[mm s%5 K] for such steels will
not introduce a large error when the thermal contact
coefficient is unknown. For gears made of repre-
sentative steels, with E = 207 000 N/mm?2, v=0.3,
and By = 13.6 N/[mm s9-5 K], the following can be
used:

Xy =50.0 KN 075505 505 mm
A.7.5 Geometry factor

...(A.68)

The geometry factor, Xg, is determined as follows
(see figure A.7 and A.8):

47
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0.5 0.5
N 5|(1 +Ty) - (1 F Ty/u) |
X5=0.51(u + 1) 025 023

(1+T,)

(u ¥ I‘y)

...(A.69)

I, 05 0 05 10
Figure A.7 — Geometry factor external gear

Ty, -05 0 05 1.0
Figure A.8 Geometry factor internal gear
where

I, is parameter on the line of action (see
A.3.3);

u  is gear ratio.
A.7.6 Maximum flash temperature

The maximum flash temperature 87 max is the high-
est of four peak values along the line of action.

Theflash temperature should be calculated at a suf-
ficient number of points on the line of action be-
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tween the specific points, to determine all possible
locations of the maximum flash temperature (be-
tween SAP and LPSTC during double tooth con-
tact, at LPSTC and HPSTC for single tooth contact,
and between HPSTC and EAP during double tooth
contact).

The only variable in the computing process for the
highest value is the parameter on the line of action.
This parameter appears solely in the product of the
geometry factor and the load sharing factor,
Xe(Xp)%75. This product may be replaced by the
product XgXr if the approximated coefficient of
friction depends on the local tooth load, which
introduces a factor (xr)°-25.

A.8 Buik temperature

The bulk temperature, 6y, is the equilibrium tem-
perature of the surface of the gear teeth before they
enter the contact zone. In some cases, the bulk
temperature may be significantly higher than the
temperature of the oil supplied to the gear mesh.

A.8.1 Rough approximation

For a very rough approximation, the bulk tempera-
ture may be estimated by the sum of the oil tem-
perature, taking into account some impediment in
heattransfer for spray lubrication, and a portion that
depends mainly on the flash temperature, for which
the maximum value is taken:

Oy = 1.2 6,5 + 0.56 Gﬂmax
where

...(A.70)

0,1 is oil temperature, °C;

87max is maximum flash temperature, °C, see
A7.

However, for a reliable evaluation of the scuffing
risk, it is important that instead of the rough approxi-
mation, an accurate value of the gear bulk tempera-
ture be used for the analysis.

A.8.2 Measurement and experience

The bulk temperature can be measured by testing,
or determined according to the experience of the
gear manufacturer.

A.8.3 Thermal network

The bulktemperature can be calculated from a ther-
mal network analysis (see figure A.9).
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Pinion

o— |

Friction power

Gear
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Gear case

Bearings & shafts

Friction power
Figure A.9 — Example of thermal network

The bulk temperature is determined by the heat flow
balance in the gear box. There are several sources
of frictional heat, of which the most important ones
are the tooth friction and the bearing friction. Other
heat sources, like seals and the oil flow, may con-
tribute to some extent. For gear pitchline velocities

above B0 m/s, the churning loss, the expulsion of
the lubrication oil between the meshing teeth, and
the windage loss become important heat sources
which should be considered. The heat is conducted
and transferred to the environment by conduction,
convection and radiation.

A.9 Contact temperature
A.9.1 Contact temperature at any point

At any point on the line of action (see figure A.10)
the contact temperature is:

0 =0y + 0y «(A.71)
where
Oy is the bulk temperature (see A.8);
0  is the flash temperature (see A.7).
0
I
654 |
I Qn I
| T
I |
I
| |
| |
I e |
I |
I |
| I
1 1 |
A B C D E
Figure A.10 - Contact temperature along the
line of action
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A.9.2 Maximum contact temperature
The maximum contact temperature is:

OBmax = Oy + 9ﬂmax
where

(A72)

6y  is the bulk temperature (see A.8);

Ormax is the maximum flash temperature (see
A7.6).

A.10 Scuffing temperature

The scuffing temperature is the contact tempera-
ture at which scuffing is likely to occur with the cho-
sen combination of lubricant and gear materials.
The scuffing temperature is assumed to be a char-
acteristic value for the material-lubricant-material
system of a gear pair, to be determined by gear
tests with the same material-lubricant-material
system.

A.10.1 Scuffing temperature for low—additive
mineral oils

When using a low-additive mineral oil, the scuffing
temperature is assumed to be independent of oper-
ating conditions in a fairly wide range. For such an
oil and steel combination, the scuffing temperature
may be correlated with the composition of the oil.
The viscosity grade has been chosen as a conven-
ient representative index of that composition, and
thus of the scuffing temperature. Viscosity grade is
suitably expressed in terms of kinematic viscosity. It
is emphasized that viscosity grade is introduced as
a readily available index of the different chemical
composition of the various low—additive mineral
oils, and is not to be conceived as an elas-
tohydrodynamically influential characteristic.

Bs =118 + 33 In vy °C ...(A.73)
where

v4o is kinematic viscosity at 40°C, mm?2/s.

A.10.2 Scuffing risk evaluation

AGMA 217.01 [9] correlated the total contact tem-
perature with the probability of scuffing for
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MiL-L-7808 and MIL-L-6081, grade 1005 oils.
The data were gathered from a survey of the aero-
space industry and includes data for carburized and
ground gears (predominantly made of SAE 9310
steel) from field applications and test rigs. The data
were reduced using a Gaussian probability func-

AMERICAN NATIONAL STANDARD

O =Xw %Imax, test + OM, test .(A.74)
where
Xw is welding factor (see table A.4);

B7max, test IS maximum flash temperature of test
gears

tion. Table A.2 gives the mean scuffing temperature By 1e  is bulk temperature of test gears
(50 percent chance of scuffing) and standard devia- Table A.4 — Welding factors, Xyw
tion of temperatures for MIL-L-7808 and Material Xw
MiL-L-6081 oils from AGMA 217.01. [9] Through hardened steel 1.00
Table A.2 — MIL Lubricant mean scuffing tem- Phosphated steel 1.25
peratures Copper—plated steel 1.50
Mean Standard Bath or gas nitrided steel 1.50
scuffing temperature Hardened carburized steel
temperature deviation . .

Lubricant °C °c — Less than 20% retained austenite 1.15
MIL—L—7808 186 31.4 — 20 to 30% retained austenite 1.00
MIL-L—6081 129 41.8 — Greater than 30% retained austenite {0.85
(grade 1005) Austenite steel (stainless steel) 0.45

Table A.3 can be used as an approximate guide for
nonadditive mineral oils and steels typical of the IAE
and FZG test machines. The mean scuffing tem-
perature (50 percent chance of scuffing) was de-
rived from data published by Blok[11}. The standard
deviation temperature was assumed to be 15 per-
cent of the mean value.

Table A.3 — Mineral oil mean scuffing tempera-

tures
Mean Standard
AGMA scuffing temperature
ISO lube |temperature deviation
VG no. ‘C °C
2] -- 177 29
46 1 189 31
68 2 202 33
100 3 214 35
150 4 227 37
220 5 240 39
320 6 252 41
460 7 264 42
680 8 277 44
1000 8A 289 46
1500 - 303 48

A.10.3 Combination of mineral oil with gear
steels

The scuffing temperature of low—additive mineral
oils that is determined from test gears may be ex-
tended to different gear steels, heat treatments or
surface treatments by introducing an empirical
welding factor.
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Table A.5 gives the evaluation of scuffing risk based
on the probability of scuffing.[9]

Table A.5 — Scuffing risk

Probability of scuffing | Scuffing risk
<10% Low
10 to 30% Moderate
>30% High

A.104 Scuffing temperature for high-additive
mineral oil

When using a high—additive, extreme pressure min-
eral oil or a synthetic oil, extended research is still
needed to determine the nature of a possible non-
constancy of the scuffing temperature for the mate-
rials and operating conditions concerned. Special
attention has to be paid to the correlation between
test conditions and actual or design conditions. For
instance, the operating conditions of a gear trans-
mission are quite different from the operating condi-
tions of disk tests.

A.10.5 Safety factor

A safety factor has to be introduced to account for
inaccuracies in the calculation and to avoid unnec-
essary risks. In contrast to pitting and fatigue break-
age, which show a distinct incubation period, a sin-
gle short overload can lead to scuffing and failure of
gears. The safety factor is defined as a quotient of
oil temperature differences to establish a dimen-
sionless factor independent of the temperature
scale. The calculated safety factor shall not be less
than the minimum demanded safety factor for con-
tact temperature.




AMERICAN NATIONAL STANDARD

whetre
6,-0 .
Sp = 9= = Spmin .(A.75)
Bmax oil
where

0,; s oil temperature;
0s s scuffing temperature;

Bpmax IS Maximum contact temperature (see
A.7.6);

SBmin iS Minimum demanded safety factor.

A.11 Alternative scuffing risk evaluation

The Integral Temperature Method [14} has been
proposed as an alternative to Blok’s method for as-
sessing the risk of scuffing. While Blok’s method is
based on a critical maximum temperature, the Inte-
gral Temperature Method proposes a critical energy
level, and is based on integrating the temperature
distribution along the path of contact.

For purposes of comparison, the integral tempera-
ture may be obtained by numerically integrating
(e.g. using Simpson’s Rule) the total conjunction
temperature given by Eq A.71. Such comparisons
have shown the following:

— Blok's method and the Integral Temperature
Method give essentially the same assessment of
scuffing risk for most gearsets.

— Blok's method and the Integral Temperature
Method give different assessments of scuffing
risk for those cases where there are local tem-
perature peaks. These cases usually occur in
gearsets that have low contact ratio, contact
near the base circle or other sensitive geome-
tries.

— Blok's method is sensitive to local tempera-
ture peaks because it is concerned with the maxi-
mum instantaneous temperature, while the Inte-
gral Temperature Method is insensitive to these
peaks because it averages the temperature dis-
tribution.

A.12 Film thickness equation

The central EHD film thickness is based on the
Dowson and Toyoda [5] equation:

Dimensionless central film thickness:
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_ (0-56770.69
H. = 3.06 W

...(A.76)
where the following are dimensionless parameters:

materials parameter, G

G =dF, (A.77)
speed parameter, U
- WoVe
U 2E,0n ..(A.78)
load parameter, W
XWa
W= (A.79
o (A.79)
where

o,  is pressure — viscosity coefficient, (mm2/N)
ranges from 0.725x102 mm?/N to
29x102 mm?%N for typical gear lubri-
cants. Data for pressure — viscosity coeffi-
cients versus temperature for typical gear
lubricants is given in figure A.11. It has
been based on data given in reference [13].

K  isabsolute viscosity, cP. Figure A.12 gives
average values of viscosity versus tem-
perature for typical mineral gear oils with a
viscosity index of 95. It has been adapted
from reference [12}];

It is important that the film thickness calculation be
made using values of viscosity and pressure — vis-
cosity coefficients that correspond to the gear bulk
temperature.

The central film thickness is given by:

he = H,p, ...(A.80)
The specific film thickness [17] is given by:

..(A.81)

o iscomposite sutface roughness given by:

0= (012 + 022)05 ..(A.82)

L isthefilter cutoff wavelength used in mea-
suring sutface roughness.

Ideally, the cutoff wavelengths of the surface meas-
uring instrument should be comparable to the width
of the Hertzian contact band, 2by. However, this
may not be practical because many surface meas-
uring instruments have fixed cutoff wavelengths
(usually 0.8 mm).
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A.13 Wear risk evaluation

Inthe boundary lubrication regime, some wear is in-
evitable. Many gears, because of practical limits on
lubricant viscosity, speed and temperature, must
operate under boundary lubricated conditions.

Mild adhesive wear occurs during running—in and
usually subsides with time, resulting in a tolerable
wear rate and a satisfactory lifetime forthe gearset.
The wear that occurs during running—in may be
beneficial if it smoothes the tooth surfaces (increas-
ing the specific film thickness) and increases the
area of contact by removing minor imperfections
through local wear. The amount of wear that is toler-
able depends on the expected lifetime for the gear-
set, and on requirements for the control of noise and
vibration. The wear rate may become excessive if
the tooth profiles are worn to the extent that high dy-
namic loads are encountered. Excessive wear may
also be caused by contamination of the lubricant by
abrasive particles. When wear becomes aggres-
sive and is not preempted by scuffing (orbending fa-
tigue), wear and pitting will likely compete for the
predominate failure mode.

The boundary lubrication regime consists of ex-

ANSIVAGMA 2101-C95

ceedingly complex interactions between the addi-
tives in the lubricant, metal, and atmosphere mak-
ing it impossible to assess accurately the chance of
wear or scuffing from a single parameter such as
the specific film thickness. However, the empirical
data of figure A.13 has been used as an approxi-
mate guide to the probability of wear—related dis-
tress. Figure A.13 is based on data published by
Wellauer and Holloway [6] which were obtained
from several hundred laboratory tests and field ap-
plications. The curves of figure A.13 apply to
through hardened steel gears ranging in size from
25 mmto 4600 mm in diameter that were lubricated
with mineral gear lubricants. The authors {6] defined
tooth surface distress as surface pitting or wear
which might be destructive or could shorten the
geardrive life. Most of the data of figure A. 13 pertain
to gears that experienced lives in excess of 10 mil-
lion cycles. The curves of figure A.13 were adjusted
to reflect the root-mean-square surface rough-
ness. Reference [6] used the arithmetic average to
determine composite surface roughness. They
were also adjusted by assuming that the minimum
film thicknesses calculated by reference [6] were
76% of the values given by Eq A.80 [5].
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Figure A.13 — Probability of wear distress, percent
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Annex B
(informative)
Rim thickness factor, Kp

This annex is for information only and should not be construed to be a part of ANSVAGMA 2101-C95 Fundamental rating
factors and calculation methods for involute spur and helical gear testh.

B.1 Purpose

This annex provides a method for considering the
effects of gear blank rim thickness on the load carry-
ing capacity of the gear tooth. It is based on
Drago’s' analysis of gear tooth bending fatigue
strength.

This analysis shows that bending stresses in gear
teeth are adversely affected when the rim thickness
below the tooth root, #, is relatively thin as com-
pared to the tooth height, #,. Drago’s analysis con-
sisted of photo elastic models where the resulting
curves were extrapolated from a limited number of
test samples at backup ratios of 0.5 and 2.0 or
greater. The study also included finite element
analysis and data points from other research. A
backup ratio of 2.0 indicated no effect on bending
stress, but, an effect began to occur somewhere be-
tween 1.0 and 2.0. The curve in this annexis based
on this analysis. But in view of the limited data, it is
presented as two straight lines with a knee at 1.2.
The knee was established based on experience of
manufacturers who have successfully operated
gears at rated loads with this backup ratio.

The rim thickness factor, Kz, is hot sufficiently con-
servative for components with notches, hoop
stresses or keyways. This is based on data for ex-
ternal gears with smooth bores and no notches or

keyways.

The concern with notches (such as splines) or
keyways in the bore of a gear is an increase in
stress concentration which may lead to a fracture
through the gear rim. Using large radiiinthe corners
of the keyway (or spline) will help reduce the stress
concentration and using a ductile (not brittle) mate-

rial with good fracture toughness will also help. An-
otherconcern is pressfitting the gear onto a shaft as
this will induce stresses in the gear rim. The amount
of effect of all of these items is beyond the scope of
this standard.

B.2 Rim thickness factor, Kp

Where the rim thickness is not sufficient to provide
full support for the tooth root, the location of bending
fatigue failure may be through the gear rim, rather
than at the tooth fillet. In such cases, the use of a
stress modifying factor, Kp, is recommended.

This factor, entitled rim thickness factor, Kp, adjusts
the calculated bending stress number for thin
rimmed gears. It is a function of the backup ratio,
mg, or the ratio of the rim thickness below the tooth
root, #z, as compared to the tooth whole depth.

my = ;TR (B.1)

t

where

tr  is rim thickness below the tooth root, mm;
h  is whole depth, mm.

Figure B.1 provides recommended values of Kp for
backup ratios above 0.5. The effects of webs or stiff-
eners can be an improvement but are not ac-
counted for. The effect of tapered rims has not been
investigated. Ratios less than 0.5 require special
analysis and is beyond the scope of this standard.
When previous experience justifies, lower values of
Kp may be used.

The rimthickness factor, Kp, is applied in addition to
the 0.70 reverse loading factor where itis applicable
(see 16.2).

1) Drago, R.J., An Improvement in the Conventional Analysis of Gear Tooth Bending Fatigue Strength.

AGMA P229.24, October 1982.
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Annex C
(informative)
Application analysis

This annex is for information only and should not be construed to be a part of ANSI/AGMA 2101-C95 Fundamental rating
factors and calculation methods for involute spur and helical gear teeth.

C.1 Purpose

This annex discusses the use of factors of safety,
overload factors, service factors and other
considerations for geared systems.

C.2 Background

Many influence factors are used to determine the
calculated load capacity of gears to account for
various designs, manufacturing methods and uses
of gears. Many of these factors have been
empirically developed from accumulated experi-
ence. Therefore, it is critical that they be used inthe
manner originally intended. The influence factors
are normally used as modifiers to eithera calculated
stress from part configuration and applied load orto
an allowable stress number based on material
properties. The gear designer can then compare
the modified calculated stress to the modified
allowable stress number for a specific design. In
any design it is critical to make allowances for
unknown variables in materials, machining toler-
ances, loading. etc. Various terms (factor of safety,
service factor, and overload factor) are used in the
gear industry to describe this important concept.

The designer, manufacturer, buyer, and user must
all have a clear understanding of the meaning and
implications of these terms when comparing gear
capacity using different standards. The following
definitions are given to explain the differences
between these terms as applied to gearing:

C.3 Factor of safety

-The term “factor of safety” has historically been
used in mechanical design to describe a general
derating factor to limit the design stress in propor-
tion to the material strength. A factor of safety
accounts for uncertainties in:

— Design analysis
— Material characteristics
—  Manufacturing quality

Factor of safety also must consider human safety
risk and the economic consequences of failure. The
greater the uncertainties or consequences of these
considerations, the higher the factor of safety
should be. As the extent of these factors become

known with more certainty, the value of the factor of
safety can be more accurately determined. For ex-
ample, a product such as an automobile transmis-
sion which is subjected to full size, full load proto-
type testing and rigorous quality control of dimen-
sions, materials and processes during manufac-
ture, could have a more precise safety factor than a
hoist made in small quantities to normal commercial
practices.

As design practices become more comprehensive,
some influence factors have been removed from
the unknown area of “safety factor’ and introduced
as predictable portions of the design method. The
reliability factor, Yz, is an example.

NOTE: Factor of safety has also been used historically
to account for uncertainties in “applied loading” or
unknown overloads. In gear design, however, service
factors or overload factors have been used for this
uncertainty.

C.4 Overload factor

An overload factor makes allowance for any exter-
nally applied loads in excess of the nominal trans-
mitted load. Overload factors are established only
after considerable field experience is gained. Inde-
termining the overload factor, consideration should
be given to the fact that systems develop momen-
tary peak torques appreciably greater than those
determined by the nominal ratings of the prime
mover or driven equipment. Also, there are many
possible sources of other overloads that should be
considered, such as system vibrations, accelera-
tion torques, overspeeds, variations in system op-
eration, split-path load sharing among multiple
prime movers, and changes in process applied load
conditions.

C.5 Service factor

A servicefactoristraditionally applied as a multiplier
of the nominal application load to determine catalog
selections of pre-designed gear units. In AGMA
gear rating the service factor has been used to in-
clude the combined effects of required life cycles,
material reliability, and overloadfactors in an empiri-
cally determined single influence factor. The spe-
cific mathematical contribution of each of these
items has not been satisfactorily established. In ad-
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dition, the term “service factor” has been used when
including human safety or economic risk, which has
developed confusion between the terms factor of
safety, overload factor, and service factor.

To avoid confusion, it is recommended that the
overload factor be used as defined — for external
variability in applied loading. A factor of safety
should be applied where there is human risk,
economic risk, or remaining uncertainties due to
design, material, or manufacturing quality variation.

When an overload factor is used, consideration
must be given to the effect of long service life on
allowable stress levels,

A service factor should be applied only to a gear
assembly and then only in the absence of more
specific application load data. Inaddition, a service
factor is only valid with the calculation method used
at the time it was developed. It should not be used
with other gear calculation methods, unless there is
sufficient knowledge and experience to make a
satisfactory conversion between methods.

C.6 Other considerations

Other important considerations in the design analy-
sis of gear drive systems which are related to factor
of safety, overload factor, and service factor
selection are:

C.6.1 Test and experience

The proper selection of overload factors and factors
of safety for any power transmission system often
are not given enough attention. Without complete
testing and field experience on each specific de-
sign, the application of gears has many unknowns.
Therefore, conservative selection of all gear capac-
ity calculation influence factors is recommended
unless operating experience of an identical design
is known. '

C.6.2 Thermal rating

The thermal power rating of a gear system is de-
fined as the power that the unit will transmit continu-
ously without exceeding established temperature
limits. This important consideration is necessary to
maintain proper lubrication. Excessive tempera-
tures are detrimental to the lubrication of gear teeth,
such that the system may not be able to transmit the
rated power without excessive wear and failure.

C.6.3 Non-gear components

Every component of a gear unit must allow for the
proper transmission of power, considering both
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internal and external loading. These components,
such as housing supports, shafting, bearings, and
fasteners (bolts, nuts, etc.) must be designed and
manufactured to maintain the gears in proper
position as well as transmit the required power.

C.6.4 Gear quality

The term “quality” can have a number of meanings.
In reference to gear manufacture, it is generally
used to classify the tolerances applied to the gear
tooth geometry. Unless the appropriate gear quality
level is used to calculate the power rating of a gear
system and that quality level is, infact, duplicated or
exceeded in manufacturing, the unit produced may
not have the desired life.

C.6.5 Variation in manufacture

In addition to gear geometry, the metallurgical qual-
ity of all stressed parts and the geometrical accu-
racy of all other components of the drive must ex-
ceed the values assumed in the design calculations
and test units.

These items in particular, and others in general, are
addressed in some standards. Other standards do
not mention these topics or, if mentioned, do not
cover them thoroughly. It is important to know that
factors contained within some AGMA standards,
such as a service factors, should not be abstracted
and applied to other standard methods of calculat-
ing gear capacity. Mixing factors from different
standards can result in an inadequate design.

C.7 Summary

In gear design and rating there is a need for the use
of factor of safety, service factor, and overload fac-
tor. These terms must be clearly defined when they
are used. Asthe uncertainties in design, materials,
manufacturing, and loading become known:

— the factor of safety can be reduced toward
unity;

— overload factors will represent actual loading
or be replaced by a load spectrum analysis, such
as Miner's Rule;

— service factors may be replaced with factor
of safety, overload factor, stress cycle and reli-
ability factor properly used.

It must be clearly stated that the gear design or
analysis must properly account for these uncertain-
ties, based on experience. This is the primary
responsibility of the gear engineer.
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Annex D
(informative)
Discussion of the analytical face or longitudinal load distribution factor

This annex s for information only and should not be construed to be a part of ANSI/AGMA 2101-C95, Fundamental rating
factors and calculation methods for involute spur and helical gear teeth.

D.1 Purpose

This annex provides the background information for
the development of an accurate assessment of the
load distribution across the face width of spur or
helical gears.

D.2 Definition

The face load distribution factor is defined as the ra-
tio of the peak load to the average load applied
across the face width of a gear. The calculation of
an accurate analytical load distribution across the
face width of a spur or helical gear is a very complex
and tedious process with many influencing factors.
The calculation lends itself to computer programs
that are dedicated to the task. A correct analytical
determination of load distribution across the face
width would yield variations in stress across the
width of the gear that could be measured with prop-
erly applied strain gauges. This stress distribution
although analytically and physically correct would
not be identical to that predicted by the empirical rat-
ing techniques currently utilized in the ANSI/AGMA
2101-C95.

D.3 Empirical versus analytical method

The current rating practice of ANSI/AGMA
2101-C95 is as much empirical as it is analytical.
Rating parameters were developed based on ex-
tensive testing of gears in service and in test appli-
cations. Thetechniques utilized inthe empiricalap-
proach for load distribution of ANSI/AGMA
2101-C95 are consistent with this empirical ap-
proach, to rating gears. A rigorous analytical ap-
proach as will be described later in thisannex, can in
extreme cases yield results that dramatically derate
the capacity of gears as currently rated by ANSI/
AGMA 2101-C95. As the basic rating standard
evolves to a more correct analytical and physical
assessment, the analytical technique to be de-
scribed will be compatible with this type of overall
analysis.

D.4 Influencing parameters

There are many parameters that influence the ac-
tual load distribution across the face width of a gear.
The influencing parameters can be categorized into

four groups, all of which are normal to the manufac-
turing process but still cause face misalignments of
the mating gear teeth. The groups are listed in
clause 15 of ANSVAGMA 2101-C95.

D.5 Guide to the analysis

In a complete analysis the expected values for all
basic manufacturing variations of the gearing,
housings, and bearings can be estimated and used
as an initial gap across the face width of the gears,
see figure D.1. In many instances an adjustment
feature is provided in the gear assembly such that
these variations causing misalignment can be ne-
gated. Sometimes the gearing is reground after in-
itial pattern checks to correct for the assembly vari-
ations. Sometimesthe bores of bearings or housing
are scraped and sometimes an eccentric cartridge
can provide an effective means of obtaining initial
alignment of the mating gears. At this stage the
gears are assumed to be initially parallel with no gap
if adjustments are planned to be made or the ex-
pected gap is combined with the other factors to be
determined.

GAP

—

Figure D.1 — Gap due to manufacturing or
installation errors

Now the elastic deflections, due to loading, must be
dealt with. Two important notes on deflections are
that they will be different for each load condition ap-
plied to the gears and that the gears can have leads
that are intentionally modified to correct for elastic
deflections. Ideally this modification would create a
lead that is the mirror image of the deflected gear,
see figure D.2. Normally the worst loading case is
analyzed which will give the greatest mismatch be-
tween mating gear elements. The torsional and
bending deflections can be calculated by normal
strength of material techniques for each rotor.
These deflections or gaps can be combined by su-
perposition techniques with the initial misalignment
gaps if they haven't been corrected by final adjust-
ment. Centrifugal and thermal distortion should be
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determined similarly and also combined to give the
final total distortion or gap between the mating gear
flanks. If the gear teeth were infinitely stiff contact
would occur at the intersection of the high point of
the mating members causing an exceedingly high
localized load. However, as load is applied, cantile-
ver bending deflection of the gear tooth as well as
Hertzian deflection occurs and this localized con-
tact is spread across some percentage of the active
face width. The amount that the contact spreads
and the load variation across the face depends on
the applied load, the tooth stiffness and the initial
mismatch. Severely misaligned gears would show
an extremely localized contact in a no load soft blue
type of contact check.

A major problem occurs in the calculation of the de-

1 Dudley Darle W. — Practical Gear Design
2 MAAG Gear Handbook, January 1990.
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flections. The load distribution curve is heeded to
calculate the actual deflections but this curve can-
not be calculated accurately until the deflection is
known. The best solution to this problem is to make
an estimate of the load distribution and use this to
calculate the actual deflection and iterate on this
technique until the assumed load distribution curve
and the actual agree within some reasonable toler-
ance. The final values are plotted and Ky is calcu-
lated. This technique is presented in references [1]
and [2]. Tooth stiffness values in the range of
1.0x 104 to 2.1 X 104 N/mm? are typically used for
determining the actual load distribution by this tech-
nique. This iterative type of solution is well suited to
computer analysis.
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3 MAAG Gear Handbook, January 1990, reproduction of figure 3.07
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Annex E
(informative)
Gear material fatigue life

This annex is for information only and should not be construed to be a part of ANSI/AGMA 2001-C95, Fundamental rating
factors and calculation methods for involute spur and helical gear teeth.

E.1 Purpose

This annex provides additional and abstracted
information concerning the assessment of fatigue
life for spur or helical gears using various materials,
material quality, heat treatments and criteria for
defining life.
CAUTION: This information is for reference only — do
not extract any data from the figures without first con-

sulting the appropriate reference literature from which
it was taken.

E.2 Variation of fatigue life

In addition to empirical data, gear literature contains
test data on the effects on the fatigue life of gears
and gear steels due to a various humber of items. A
collected sample of this data indicates the variability
in values that can be used for capacity calculation of
life factors.

E.3 Variation with materials

This clause gives three references and selected fig-
ures from each, which illustrate variations in fatigue
life due to different steel alloys.

E.3.1 Vukovich, D., Pierman, R., and Matovina, M.
Laboratory Evaluation of New Low Alloy Gear
Steels. Reprinted with permission from SAE Paper
No. 770416 ©1977, SAE, Inc. (figure 9).
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Figure 9 — Median S-N curves for carburized
low alloy steel gears

E.3.2 Townsend, D..P., Endurance and Failure
Characteristics of Modified Vasco X-2, CBS 600
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and AISI19310 Spur Gears, ASME , J. Mech Design,
Paper 80-C2/DET-58, San Francisco, August

1980 (figure 11).
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Figure 11 — Surface Blttmg fatigue lives of
CVM modified VASCO X-2 spur gears heat
treated to different specificatlons (note AISI
9310)

E.3.3 Faure, L., Vasseur, J. L., and LeFleche, C.
Comparison of the Pitting Resistance of Several
Steels Used in Case Carburized Gears, Trans.
MPT'91 JSME Inter. Conf., pp 849—-854, Hiroshima,

November 1991 (figures 5, 6 and 7).
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Figure 6 — Endurance curve to superficial
pressure obtained with XC18 steel
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Figure 7 — Endurance curve to superficial
pressure obtained with 16NC6 steel
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E.3.4 Table 1 gives a list of alternate international
gear steels from: Duszak, D. Alternate Overseas
Gear Steels, ASME Gear Research Institute Trans-
missions Vol. V1. No 1 May 1989.

E.4 Material quality variations

This clause gives two references and a figure from
each, which illustrates microstructure variations in
fatigue life.

E.4.1 Parrish G. The Influence of Microstructure on
the Properties of Case—Carburized Components,
Heat Treatment of Metals 1976.3 pp 73-79 (figure
7).

260
2400
240
¢ 20 2200 %
E £
B’ -
g z
o 200 2000 g
o o
—— -t
7)) [42]
180 1800
160 1600
106 107
Cycles

Figure 7 — The contact fatigue strenzqth of
carburized 25Kh2GHTA steel’

E.A.2 Kern, R. F. Controlling Carburizing for Top

Quality Gears, Gear Technology, pp 16-21 March/

April 1993 (figure 6).

Table 1 — Alternate Overseas Gear Steels

NORTH AMERICA FRANCE GERMANY JAPAN UNITED KINGDOM
9310H - - - 832H13%)
4118H, PS54H, PS64 - - 5Cr415H3) 527H173)
5CM415H2) 805H174)
4620H - - - 665H201)
4820H 18CD45), 8CD45) 5CrNi6 5) - 708H205) 815H175)
20MC59), 20MC85), 20MnCr5 5)
8620H, PS15H, PS64 16MC5%) 16MnCr5%) SCM415H%) 637H173)
SCM418H4) 805H201)
20MoCr4 4 SNCM220HJ1)
4140H 40NCD37) 41CrMo4®) SCM440HS®) 708H376)
41CrMo49)

(refer to original paper for notes on materials in this table)
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How Bainite Affects Pitting Life

300
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N
N

ksi

]

270
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to putin 10 cycles

260

250 w\ \\

240 \ -

230 ;d
0 1 2 3 4 5 6 7 8

Percent upper transtormation products
(pearlite/bainite)

Figure 6 — Bainite, also called quenchm?
pearlite, is soft, and deleterious to pitting life

E.5 Variation with material heat treatment

This clause gives four references and selected fig-
ures from each, which illustrate variations in fatigue
life due to heat treatments.

E.5.1 Sheehan, J. P, and Howes, M. A. H., The Ef-
fect of Case Carbon Content and Heat Treatment
on the Pitting Fatigue of 8620 Steel. Reprinted with
permission from SAE Paper No. 720268 ©1972,
SAE, Inc. (figure 6).

TN

O 0.72°% CARBON
X 0,952 .

S .

S0

B 0.12% C x \T 0.9 C
-8 \ 378

AN
X

50 L —_—

380

Log stress in ksi

a10® ¢ o’ 8110’
T Number of Cycles'

Figure 6 — Log s-long rflot of fatigue data for
SAE 8620H steel ed to 0.72 and 0.95%

E.5.2 Rice, S. L., leng Resistance of Some High
Temperature Carburized Cases. Reprinted with

A S N—
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permission from SAE Paper No. 780773 ©1978,
SAE, Inc. (figure 2).
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Figure 2 — Weibull probability paper
E.5.3 Kern, R. F. and Suess, M. E., Steel Selection,
a guide for improving performance and profits,
chapter 10, Selection of Steel for Carburized Gears,
pp 181-205, John Wiley & Sons, New York 1979
(figure 10.13).
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= m [
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Cycles to failure
Figure 10.13 - Bendlng fatigue properties of
0 steel. Sample A received standard heat
treatment, while B was refrigerated at —1000F
E.5.4 Cohen, R. E., Haagensen, J. P., Matlock, D.
K.,andKrauss, G., Assessment of Bending Fatigue
Limits for Carburized Steel. Reprinted with permis-
sion from SAE Paper No. 910140 ©1991, SAE, Inc.
(figure 6).
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LI e AR s —
* GAS CARS. OIRECT QUENCH §§ EXPERIMENTAL LIVES AND 90 PERCENT
o GAS CARS. SINGLE AEWEAT CONFIDENCE BANDS
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é p
) o B
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é 1400.0 4 g
e 0
g 24 Il l 1 l l
% 1200.0} . 5 6 0°
< TANGENTIAL LOAD, Wyt N/M)
Figure 5 — Load life relationship for (VAR) AlSI
9310 steel spur gears speed 10,000 rpm,
1000.0 - . gt :
- lubricant naphtenic mineral oil
E.6.2 Nagamura, K., Terauchi, Y., and Martowibo-
800, 0 bt it wo, S. Y., Reliability Estimation of Bending Fatigue
10 10 '’ 10" W’ Strength of Super Carburizing Steel Spur Gears,

Figure 6 — Bending fatigue curves for SAE

corresponds to transgranular crack initiation

Fatigue Life, N, cycles

8719 steel. The higher pair of curves

and the lower pair corresponds to
intergranutar crack initiation

E.6 Failure definition variation

Trans. MPT'91 JSME Inter. Conf., pp 795-799,

Hiroshima, November1991 (figure 6).

This clause gives three references, where selected

figures illustrate variations in fatigue life due to

different definitions or analysis of failure.

E.6.1 Townsend, D. P., Coy, J. J., and Zaretsky, E.
V., Experimental and Analytical Load-Life Relation
for AISI 9310 Steel Spur Gears, Transactions of the

Number of cycles N

& 1300

=

q-'- -

2

S 1100 |-

°

E -

£

S 900}
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? 00}

o

-6 -~

g 500 1 L 1 | L Al
= 103 10 103 108 3x106

Figure 6 — S—N curve of MAC14
E.6.3. Faure, L., Vasseur, J. L., and LeFleche, C.
Comparison of the Pitting Resistance of Several

ASME, Vol. 100, pp 54-59, January 1978 (figure 5). 9).

B 0ba7575 0003822 256 MW

Steels used in Case Carburized Gears, American
Gear Manufacturers Association, AGMA, Technical
Paper 92 FTM6, October 1992 (figures 6, 7, 8 and
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The following four figures presents up—dated analy-

. . . : s Glinimnh
sis of data presented in clause E3.3. This, also, il- ! B - R
lustrates variations in calculations which could
result from the different presentation of data. 18] 24000~
SPALLING L1ME
Iy Sninimed - - } Hif
l ‘ WICE ac D - TESTS ESUTS -
g wud > - j FINST PIT LINE
184 2400 % 180 - \\ A
X . b NUAL
N = 4—it— FIRST PIT LINE X 3 T .
2200 N \\ [ [ Y \\
ARS . WICROPTTI MG LDE | | 111150 N
g 200 418 d NN
i < NI 3 N
= A b 14 1500
2] 18001 ‘\ ~ n Y I J
3 [ 10% 10’ 10* 10°
~CTTTHES NE Bl Cycles
1600 NICROPITTING LINE N N N
i NN T Figure 9 — 18NCD6 Test results
e ] E.7 Other considerations and summary
10% 10 10’ 10° 10*
Cycles The illustrated variations in fatigue life are only a
Figure 6 — 16NC6 m=10 Test results sample of the data available. Thosg preser!ted are
usedto show many of the considerations which may
i fw-l“"--ﬁ e v s vary on each application. Other items such shot
peening can also affect fatigue life.
181 2400k~ - i E.7.1 Hatano, A,, and Namiki, K., Application of
2200 — PN SO Hard Shot Peening to Automotive Transmission
I - Gears. Reprinted with permission from SAE Paper
A LIt HT e No. 920760 ©1992, SAE, Inc. (figure 14).
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Figure 7 — 16NC6 m=12 Test resulits £
f =g
@ 800
Ty SuiNimed f .
\ Nawmé - BT © . ©:As carburized
2 700 | A:Conventional cast steel shot o -
£ O:New grade cast steel shot
141 2400k -] ouum e 3 O:New grade pre-conditioned cut wire
220 =N = 500 1l ! L1 11 1 L1 11 1
N o “\ ~ 10* 10* 10 107
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ol 5 o~ T . , . .
& N\ < Figure 14 — Comparison of fatigue properties
1800 ol H for gears shot peened by conventional and
Y : I hewly developed media
. oIS L NN - S E.7.2 Summary
A N
141800 AR AN KAk This annex illustrates that variations in fatigue life
PO N 0 o v are influenced by a great many factors. Therefore,
Cycles only an experienced engineer should apply knowl-
Figure 8 — 17CrNiMo6 Test results edge of S—N curves to gear calculations.
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Annex F

(informative)
Controlling section size considerations for through hardened gearing

This annex is forinformation only and should not be construed to be a part of ANSVAGMA 2101-C95, Fundamental rating
factors and calculation methods for involute spur and helical gear teeth,

F.1 Purpose

This annex presents approximate maximum con-
trolling section size considerations for through hard-
ened (quench and tempered) gearing. Also pres-
ented are factors which affect maximum controlling
size, illustrations as to how maximum controlling
section size is determined for gearing, and recom-
mended maximum controlling section sizes for
some low alloy steels.

F.2 Definition

The controlling section of a part is defined as that
section which has the greatest effect on the rate of
cooling during guenching at the location (section)
where the specified mechanical properties (hard-
ness) are required. The alloy for the part is chosen

Teeth

200 mm

)

I 150 mm I

Controlling section: 200 mm diameter

/Teeth
________ 1
N 100 200 .
I | mm mm
________ -y l .

b—— 50 mm

Controlling section: 50 mm wall thickness (if the
bore diameter is less than 20% of the length of the
bore, then the outside diameter)

from the quenching property of the equivalent round
bar having a diameter equal to the controlling sec-
tion size. The maximum controlling section size for
a steel is based principally on hardenability, speci-
fied hardness, depth of desired hardness, quench
rate and tempering temperature.

F.3 lilustrations

Figure F.1 illustrates controlling sections for
quenched gear configurations whose teeth are
machined after heat treatment.

NOTE: Evaluation of the controlling section size for
the selection of an appropriate type of steel and speci-
fied hardness need not include consideration of stan-
dard rough stock machining allowances. Other spe-
cial stock allowances such as those used to minimize
distortion during heat treatment must be considered.

: Teeth

i . ; 40 2
I mm

—» 50 mmje—

Controlling section: 50 mm facewidth

T mmlaTeeth
OO\ MT
. _E£ 800 900
f mm mm
Q% [l
1— 50 mm

Controlling section: 50 mm rim thickness

Figure F.1 — lllustrations of controlling section size
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F.4 Recommendations

Figure F.2 provides approximate recommended
maximum controlling section sizes for oil quenched
and tempered gearing (Grossman quench severity
value H = 0.5) of low alloy steels based on specified
hardness range, normal stock allowance before
hardening, minimum tempering temperature of
480°C, and obtaining minimum hardness at the
roots of teeth.

F.5 General comments

Maximum controlling section sizes versus specified
hardness for section sizes to 200 mm diameter
rounds can also be approximated by use of the
"Chart Predicting Approximate Cross Section Hard-

AMERICAN NATIONAL STANDARD

ness of Quenched Round Bars from Jominy Test
Results” published in Practical Data for Metallur-
gistsby Timken Steel Co., and published tempering
response/hardenability data.

Maximum controlling section sizes for rounds great-
er than 200 mm O.D. generally require in—house
heat treat experiments of larger sections followed
by sectioning and transverse hardness testing.

Normalized and tempered gearing may require a
higher hardenability if the design does not permit lig-
uid quenching. Hardnesses obtainable by normal-
ize and temper are lower than those obtained by
quench and temper. Normalized and tempered/
hardness testing experiments are required.

3631k 3.2 “\
341t
N 44 HRC at J50
"~ (E4340H)

o 321 3.4 \\
4
@ 302 £ \
“C) £ \
£285 936 -
2 5
S269 E
£ = 40 HRC at J18
2 £ (4140H) JOMINY, J DISTANCE, mm
= 255 m3.8
= \

241 N

229 4.0

0 100 200 300 400 500 600

Recommended maximum controlling section size, mm
Figure F.2 — Controlling section size for two 0.40% carbon alloy steels*

NOTES:

*Maximum controlling section sizes higher than those above can be recommended when substantiated by test data (heat

treat practice).

+480°C minimum temper may be required to meet these hardness specifications.
FHigher specified hardnesses (e.g., 375-415 HB, 388-421 HB and 401444 HB) are used for special gearing, but costs

should be evaluated due to reduced machinability.
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Annex G
i (informative)
| Bibliography

This annex is for information only and should not be construed to be a part of ANSIYAGMA 2101-C95, Fundamental rating
factors and calculation methods for involute spur and helical gear testh.

G.1 Purpose

The following documents are either referenced in the text of ANSI/AGMA 2001-C95, Fundamental Rating
Factors and Calculation Methods for Involute Spur and Helical Gear Teeth or indicated for additional informa-
tion.

1. ISO TR 10495, Calculation of Service Life under Variable Load.

2. American National Standards Institute — ANSI Y12.3-1968, Letter Symbols for Quantities Used in Me-
chanics of Solids.

3. American Gear Manufacturers Association — ANSI/AGMA 110.04 (1980), Nomenclature of Gear Tooth
Failure Modes.

4. American Gear Manufacturers Association - AGMA 115.01 (1987), Basic Gear Geometry.

5. Drago, R. J., AGMA P229.24, An Improvement in the Conventional Analysis of Gear Tooth Bending Fa-
tigue Strength, October 1982.

6. Kron, H. O., Gear Teeth Sub-Surface Stress Analysis, International Symposium on Gearing, Paris,
France, June 23, 1977.

7. Winter, H., and Weiss, T., Some Factors Influencing the Pitting, Micro—Pitting (Frosted Areas) and Slow
Speed Wear of Surface Hardened Gears, ASME Paper No. 80-C2/Det~-89.

8. Dudley, Darle. W., Handbook of Practical Gear Design, McGraw—Hill, New York, 1984.

9. Dudley, Darle. W., Characteristics of Regimes of Gear Lubrication, International Symposium on Gearing
and Power Transmissions, Tokyo, 1981.

10. Dudley, Darle. W., Elastohydrodynamic Behavior Observed in Gear Tooth Action, Institution of Mechani-
cal Engineers, Leeds, England, September 1965.

11. Bowen, C. W,, The Practical Significance of Designing to Gear Pitting Fatigue Life Criteria, ASME Paper
77-DET-122, September 1977.

12. Peterson, M. B. and Winer, W. O., Wear Control Handbook, ASME, New York, 1980.

13. Ishibashi, A. and Tanaka, S., Effects of Hunting Gear Ratio Upon Surface Durability of Gear Teeth,
ASME Paper 80—-C2/DET-35, August, 1980.

14. Ichimaru, K., Nakajimi, A. and Hirano, F., Effect of Asperity Interaction on Pitting in Rollers and Gears,
ASME Paper 80-C2/DET-36, August, 1980.

15. ASTM A148-83, Specifications for Steel Castings for High Strength Stuctural Purposes.

16. ASTM A291-82, Specification for Carbon and Alloy Steel Forgings for Pinions and Gears for Reduction
Gears.

17. ASTM A356-83, Specifications for Steel Castings, Carbon and Low Alloy, Heavy-Walled, for Steam
Turbines.

18. Massey, C., Reeves, C.and Shipley, E.E., The Influence of Lubrication on the Onset of Surface Pitting in
Machinable Hardness Gear Teeth, AGMA Paper 91FTM17.

19. Dolan, T.J. and Broghamer, E.L., A Photoelastic Study of the Stresses in Gear Tooth Fillets, University of
lllinois, Engineering Experiment Station, Bulletin No. 335, 1942.

20. Kern, R.F.and Suess, M.E., Steel Selection A Guide for Improving Performance and Profits, John Wiley
and Sons, New York, 1979.
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