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Engranaje

Engranaje con menos dientes es denominado piñon (sub́ındice
P).

Engranaje con más dientes es denominado Corona (sub́ındice
G).
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Nomenclature of spur-gear
teeth.

The module m is the ratio of the pitch diameter to the number of teeth. The cus-

tomary unit of length used is the millimeter. The module is the index of tooth size in SI.

The diametral pitch P is the ratio of the number of teeth on the gear to the pitch

diameter. Thus, it is the reciprocal of the module. Since diametral pitch is used only

with U.S. units, it is expressed as teeth per inch.

The addendum a is the radial distance between the top land and the pitch circle.

The dedendum b is the radial distance from the bottom land to the pitch circle. The

whole depth ht is the sum of the addendum and the dedendum.

The clearance circle is a circle that is tangent to the addendum circle of the mat-

ing gear. The clearance c is the amount by which the dedendum in a given gear exceeds

the addendum of its mating gear. The backlash is the amount by which the width of a

tooth space exceeds the thickness of the engaging tooth measured on the pitch circles.

You should prove for yourself the validity of the following useful relations:

P = N

d
(13–1)

m = d

N
(13–2)

p = πd

N
= πm (13–3)

pP = π (13–4)

where P = diametral pitch, teeth per inch

N = number of teeth 

d = pitch diameter, in

m = module, mm

d = pitch diameter, mm

p = circular pitch
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Nomenclatura General

d : Diámetro primitivo.

P =
N

d

[
dientes

in

]
: Paso diametral.

m =
d

N
[mm]: Módulo.

p =
� ⋅ d
N

= � ⋅m: Paso circular.

mG =
NG

NP
. Relación de velocidades.

Wt = P/V

V = �dn

T = Wt
d

2
P = T ⋅ !
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Engranaje Recto

Carga transmitida por engranajes rectos, Wt = F t
32
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While any units can be used in this equation, the units of the resulting power will

obviously be dependent on the units of the other parameters. It will often be desirable

to work with the power in either horsepower or kilowatts, and appropriate conversion

factors should be used.

Since meshed gears are reasonably efficient, with losses of less than 2 percent, the

power is generally treated as constant through the mesh. Consequently, with a pair of

meshed gears, Eq. (13–33) will give the same power regardless of which gear is used

for d and �.

Gear data is often tabulated using pitch-line velocity, which is the linear velocity of

a point on the gear at the radius of the pitch circle; thus V = (d/2) ω. Converting this

to customary units gives 

V = πdn/12 (13–34)

where V � pitch-line velocity, ft/min

d � gear diameter, in

n � gear speed, rev/min 

Many gear design problems will specify the power and speed, so it is convenient

to solve Eq. (13–33) for Wt. With the pitch-line velocity and appropriate conversion factors

incorporated, Eq. (13–33) can be rearranged and expressed in customary units as 

Wt = 33 000
H

V
(13–35)

where Wt � transmitted load, lbf

H � power, hp

V � pitch-line velocity, ft/min

The corresponding equation in SI is

Wt = 60 000H

πdn
(13–36)

where Wt = transmitted load, kN

H = power, kW

d = gear diameter, mm 

n = speed, rev/min

Fa2
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F r
32
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Figure 13–33

Resolution of gear forces.
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Engranaje Helicoidal
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First we see that F
y

C = 140 lbf, and so

Answer FC = 118i + 140j − 251k lbf

Then, from Eq. (5),

Answer FD = −71.4i − 155k lbf

These are all shown in Fig. 13–36b in the proper directions.The analysis for the pinion

shaft is quite similar.

13–16 Force Analysis—Helical Gearing
Figure 13–37 is a three-dimensional view of the forces acting against a helical-gear

tooth. The point of application of the forces is in the pitch plane and in the center of the

gear face. From the geometry of the figure, the three components of the total (normal)

tooth force W are

Wr = W sin φn

Wt = W cos φn cos ψ

Wa = W cos φn sin ψ

(13–39)

where W = total force 

Wr = radial component

Wt = tangential component, also called transmitted load

Wa = axial component, also called thrust load

W

z

y

x

Wa

Wr

Wt

�n

�t
�

�

Tooth element

Pitch

cylinder

Figure 13–37

Tooth forces acting on a 
right-hand helical gear.

W: Fuerza Total, sus
componentes son

Wr = W sin(�n)

Wt = W cos(�n)⋅cos( )

Wa = W cos(�n) sin( )

En función de Wt

Wr = Wt tan(�t)

Wa = Wt tan( )

W =
Wt

cos(�n) cos( )
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Carga Transmitida

En unidades Inglesas:

Wt = 33000H
V

Wt [lbf ]: Carga
transmitida.

H [Hp]: Potencia
transmitida.

V
[

ft
min

]
: Velocidad de

linea de paso(V = �⋅d ⋅n
12 ).

En SI:

Wt = 60000 H
�⋅d ⋅n

Wt [kN]: Carga
transmitida.

H [kW ]: Potencia
transmitida.

d [mm]: Diámetro del
engranaje.

n [rpm]: Velocidad.
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ANSI/AGMA 2001-D04, Flexión de Engranajes

Esfuerzo de flexión (unidades Inglesas):

� = WtKOKvKs
Pd

F

KmKB

J
(ec.14-15)

KO : Factor de sobrecarga (fig.14-17)

Kv : Factor dinámico (depende de Qv , nivel de exactitud en la
transmisión, que va de 3 a 7 para engranajes comerciales y de
8 a 12 para engranajes de presición)(ec.14-27).

Ks : Factor de tamaño (depende del factor de forma de Lewis
Y , tab.14-2).

Pd : Paso diametral.

Km: Factor de distribución de carga (ec.14-30).

KB : Factor de espesor de aro (ec.14-40).

F : Ancho de Cara (tab.13-3).

J: Factor geométrico (fig.14-6).
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ANSI/AGMA 2001-D04, Flexión de Engranajes

Esfuerzo de flexión permisible (unidades Inglesas):

�perm =
StYN

KTKR
(ec.14-17)

St : Esfuerzo de flexión permsible (tab.14-3, 14-4).

YN : Factor de ciclos de esfuerzo del esfuerzo de flexión
(fig.14-14).

KT : Factor de temperatura (KT = 1⇔ T ∘ < 120∘C (250∘F )).

KR : Factor de confiabilidad (tab.14-10).

SF :Factor de seguridad

SF =
�perm
�
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ANSI/AGMA 2001-D04, Desgaste de Engranajes

Esfuerzo de contacto (unidades Inglesas):

�c = Cp ⋅
√
WtKOKVKs

Km

dpF

Cf

I
(ec.14-16)

Cp: Coeficiente elástico (tab.14-8)

Cf : Factor de la condición superficial (Cf = 1, no investigado).

dp: Diámetro de paso (dP = NP
Pd

).

I : Factor geométrico (depende de mN , ec.14-21)(ec.14-23).
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ANSI/AGMA 2001-D04, Desgaste de Engranajes

Esfuerzo de contacto permisible (unidades Inglesas):

�c,perm =
ScZNCH

KTKR
(ec.14-18)

Sc : Resistencia de contacto repetidamente aplicada (tab.14-6,
14-7).

ZN : Factor de ciclos de esfuerzo (fig-14-15).

CH : Factor de relación de la dureza (fig.14-12).

SH : Factor de seguridad de desgaste.

SH =
�c,perm
�c

Para determinar el modo cŕıtico de falla, se compara SF con S2
H .
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Factor Sobrecarga, figura 14-18
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Figure 14–18

Roadmap of gear wear equations based on AGMA standards. (ANSI/AGMA 2001-D04.)

SPUR GEAR WEAR

BASED ON ANSI
AGMA 2001-D04

dP =
NP

Pd

V = 
πdn
12

W t
= 

33 000 Η

V

Gear

contact

stress

equation

Eq. (14–16)

Gear

contact

endurance

strength

Eq. (14–18)

Wear

factor of

safety

Eq. (14–42)

�c = Cp W tKoK
v
Ks

�c,all =

SH =

Km

dPF

Cf

I( )

Eq. (14–13), Table 14–8; pp. 724, 737

1 [or Eq. (a), Sec. 14–10]; p. 739

Eq. (14–30); p. 739

1

1 ⁄ 2

Eq. (14–27); p. 736

Eq. (14–23); p. 735

Table below

Sc ZN CH

SH KT KR

Sc ZN CH ⁄ (KT KR)

�c

Fig. 14–15; p. 743

Gear only

Section 14–12, gear only; pp. 741, 742

Table 14–10, Eqs. (14–38); pp. 744, 743

1 if T < 250° F

Remember to compare SF with S2
H when deciding whether bending

or wear is the threat to function.  For crowned gears compare SF with S 3
H .

Table of Overload Factors, Ko

Driven Machine

Power source

Uniform

Light shock

Medium shock

Uniform

1.00

1.25

1.50

Moderate shock

1.25

1.50

1.75

Heavy shock

1.75

2.00

2.25

0.99(Sc )107 Tables, 14–6, 14–7; pp. 731, 732
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Factor de Tamaño, tabla 14-2
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Number of Number of
Teeth Y Teeth Y

12 0.245 28 0.353

13 0.261 30 0.359

14 0.277 34 0.371

15 0.290 38 0.384

16 0.296 43 0.397

17 0.303 50 0.409

18 0.309 60 0.422

19 0.314 75 0.435

20 0.322 100 0.447

21 0.328 150 0.460

22 0.331 300 0.472

24 0.337 400 0.480

26 0.346 Rack 0.485

Table 14–2

Values of the Lewis Form

Factor Y (These Values

Are for a Normal

Pressure Angle of 20°,

Full-Depth Teeth, and a

Diametral Pitch of Unity

in the Plane of Rotation)

The use of Eq. (14–3) also implies that the teeth do not share the load and that the

greatest force is exerted at the tip of the tooth. But we have already learned that the con-

tact ratio should be somewhat greater than unity, say about 1.5, to achieve a quality

gearset. If, in fact, the gears are cut with sufficient accuracy, the tip-load condition is

not the worst, because another pair of teeth will be in contact when this condition

occurs. Examination of run-in teeth will show that the heaviest loads occur near the

middle of the tooth. Therefore the maximum stress probably occurs while a single pair

of teeth is carrying the full load, at a point where another pair of teeth is just on the

verge of coming into contact.

Dynamic Effects

When a pair of gears is driven at moderate or high speed and noise is generated, it is

certain that dynamic effects are present. One of the earliest efforts to account for an

increase in the load due to velocity employed a number of gears of the same size, mate-

rial, and strength. Several of these gears were tested to destruction by meshing and

loading them at zero velocity. The remaining gears were tested to destruction at various

pitch-line velocities. For example, if a pair of gears failed at 500 lbf tangential load at

zero velocity and at 250 lbf at velocity V1, then a velocity factor, designated Kv , of 2

was specified for the gears at velocity V1. Then another, identical, pair of gears running

at a pitch-line velocity V1 could be assumed to have a load equal to twice the tangen-

tial or transmitted load.

Note that the definition of dynamic factor Kv has been altered. AGMA standards

ANSI/AGMA 2001-D04 and 2101-D04 contain this caution:

Dynamic factor Kv has been redefined as the reciprocal of that used in previous AGMA

standards. It is now greater than 1.0. In earlier AGMA standards it was less than 1.0.

Care must be taken in referring to work done prior to this change in the standards.

KS = 1,192 ⋅

(
F
√
Y

P

)0,0535
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Ancho de Cara, tabla 13-3
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Item Formula

Working depth hk = 2.0/P

Clearance c = (0.188/P) + 0.002 in

Addendum of gear aG = 0.54

P
+ 0.460

P(m90)2

Gear ratio mG = NG/N P

Equivalent 90◦ ratio m90 = mG when Ŵ = 90◦

m90 =
√

mG
cos γ

cosŴ
when Ŵ 
= 90◦

Face width F = 0.3A0 or F = 10

P
, whichever is smaller

Minimum number of teeth
Pinion 16 15 14 13

Gear  16 17 20 30

Table 13–3

Tooth Proportions for

20° Straight Bevel-Gear

Teeth

Quantity* Formula Quantity* Formula

Addendum
1.00

Pn
External gears:

Dedendum
1.25

Pn
Standard center distance

D + d

2

Pinion pitch diameter
NP

Pn cosψ
Gear outside diameter D + 2a

Gear pitch diameter
NG

Pn cosψ
Pinion outside diameter d + 2a

Normal arc tooth thickness† π

Pn
− Bn

2
Gear root diameter D − 2b

Pinion base diameter d cosφt Pinion root diameter d − 2b

Internal gears:

Gear base diameter D cosφt Center distance
D − d

2
Base helix angle tan−1 ( tan ψ cosφt ) Inside diameter D − 2a

Root diameter D + 2b

*All dimensions are in inches, and angles are in degrees.
†Bn is the normal backlash.

Table 13–4

Standard Tooth

Proportions for Helical

Gears

Diametral Pitch

Coarse 2, 2 1
4
, 2 1

2
, 3, 4, 6, 8, 10, 12, 16

Fine 20, 24, 32, 40, 48, 64, 80, 96, 120, 150, 200

Modules

Preferred 1, 1.25, 1.5, 2, 2.5, 3, 4, 5, 6, 8, 10, 12, 16, 20, 25, 32, 40, 50

Next Choice 1.125, 1.375, 1.75, 2.25, 2.75, 3.5, 4.5, 5.5, 7, 9, 11, 14, 18,
22, 28, 36, 45

Table 13–2

Tooth Sizes in General

Uses

677
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Factor Geométrico, figura 14-6
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The factor K f in Eq. (14–20) is called a stress correction factor by AGMA. It is

based on a formula deduced from a photoelastic investigation of stress concentration in

gear teeth over 50 years ago.

The load-sharing ratio mN is equal to the face width divided by the minimum total

length of the lines of contact. This factor depends on the transverse contact ratio mp ,

the face-contact ratio mF , the effects of any profile modifications, and the tooth deflec-

tion. For spur gears, mN = 1.0. For helical gears having a face-contact ratio mF > 2.0,

a conservative approximation is given by the equation

mN = pN

0.95Z
(14–21)

where pN is the normal base pitch and Z is the length of the line of action in the trans-

verse plane (distance Lab in Fig. 13–15).

Use Fig. 14–6 to obtain the geometry factor J for spur gears having a 20◦ pressure

angle and full-depth teeth. Use Figs. 14–7 and 14–8 for helical gears having a 20◦ normal

pressure angle and face-contact ratios of mF = 2 or greater. For other gears, consult

the AGMA standard.

Figure 14–6

Spur-gear geometry factors J. Source: The graph is from AGMA 218.01, which is consistent with tabular data from the current AGMA 
908-B89. The graph is convenient for design purposes.
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Esfuerzo de Flexión Permisible, tabla 14-3
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Table 14–3

Repeatedly Applied Bending Strength St at 107 Cycles and 0.99 Reliability for Steel Gears 

Source: ANSI/AGMA 2001-D04.

Minimum Allowable Bending Stress Number St,
2

Material Heat Surface psi

Designation Treatment Hardness1 Grade 1 Grade 2 Grade 3

Steel3 Through-hardened See Fig. 14–2 See Fig. 14–2 See Fig. 14–2 —

Flame4 or induction See Table 8* 45 000 55 000 —
hardened4 with type
A pattern5

Flame4 or induction See Table 8* 22 000 22 000 —
hardened4 with type
B pattern5

Carburized and See Table 9* 55 000 65 000 or 75 000
hardened 70 0006

Nitrided4,7 (through- 83.5 HR15N See Fig. 14–3 See Fig. 14–3 —
hardened steels)

Nitralloy 135M, Nitrided4,7 87.5 HR15N See Fig. 14–4 See Fig. 14–4 See Fig. 14–4
Nitralloy N, and
2.5% chrome 
(no aluminum)

Notes: See ANSI/AGMA 2001-D04 for references cited in notes 1–7.
1Hardness to be equivalent to that at the root diameter in the center of the tooth space and face width.
2See 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.
4The allowable stress numbers indicated may be used with the case depths prescribed in 16.1.
5See figure 12 for type A and type B hardness patterns.
6If bainite and microcracks are limited to grade 3 levels, 70,000 psi may be used.
7The overload capacity of nitrided gears is low. Since the shape of the effective S-N curve is flat, the sensitivity to shock should be investigated before proceeding with the design. [7]
*Tables 8 and 9 of ANSI/AGMA 2001-D04 are comprehensive tabulations of the major metallurgical factors affecting St and Sc of flame-hardened and induction-hardened (Table 8)
and carburized and hardened (Table 9) steel gears.

Figure 14–4

Allowable bending stress
numbers for nitriding steel
gears St . The SI equations
are St = 0.594HB + 87.76
MPa Nitralloy grade 1
St = 0.784HB + 114.81
MPa Nitralloy grade 2
St = 0.7255HB + 63.89
MPa 2.5% chrome, grade 1
St = 0.7255HB + 153.63
MPa 2.5% chrome, grade 2
St = 0.7255HB + 201.91
MPa 2.5% chrome, grade 3
(Source: ANSI/AGMA 2001-
D04,2101-D04.) 250 275 300 325 350
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Metallurgical and quality control procedures required

Grade 1 − Nitralloy
St = 86.2HB + 12 730 psi

Grade 1 − 2.5% Chrome
St = 105.2HB + 9280 psi

Grade 2 − Nitralloy
St = 113.8HB + 16 650 psi

Grade 2 − 2.5% Chrome
St = 105.2HB + 22 280 psi

Grade 3 − 2.5% Chrome
St = 105.2HB + 29 280 psi
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Esfuerzo de Flexión Permisible, tabla 14-4
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The equation for the allowable bending stress is

σall =















St

SF

YN

KT K R

(U.S. customary units)

St

SF

YN

YθYZ

(SI units)

(14–17)

where for U.S. customary units (SI units),

St is the allowable bending stress, lbf/in2 (N/mm2)

YN is the stress cycle factor for bending stress

KT (Yθ ) are the temperature factors

K R (YZ ) are the reliability factors

SF is the AGMA factor of safety, a stress ratio

Allowable Bending
Material Heat Typical Minimum Stress Number, St,3

Material Designation1 Treatment Surface Hardness2 psi

ASTM A48 gray Class 20 As cast — 5000
cast iron Class 30 As cast 174 HB 8500

Class 40 As cast 201 HB 13 000

ASTM A536 ductile Grade 60–40–18 Annealed 140 HB 22 000–33 000
(nodular) Iron Grade 80–55–06 Quenched and 179 HB 22 000–33 000

tempered

Grade 100–70–03 Quenched and 229 HB 27 000–40 000
tempered

Grade 120–90–02 Quenched and 269 HB 31 000–44 000
tempered

Bronze Sand cast Minimum tensile strength 5700
40 000 psi

ASTM B–148 Heat treated Minimum tensile strength 23 600
Alloy 954 90 000 psi

Notes:
1See ANSI/AGMA 2004-B89, Gear Materials and Heat Treatment Manual.
2Measured hardness to be equivalent to that which would be measured at the root diameter in 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.

Table 14–4

Repeatedly Applied Bending Strength St for Iron and Bronze Gears at 107 Cycles and 0.99 Reliability

Source: ANSI/AGMA 2001-D04.
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Factor de Ciclos de Esfuerzo, figura 14-14
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Figure 14–14

Repeatedly applied bending
strength stress-cycle factor YN.
(ANSI/AGMA 2001-D04.)

NOTE:   The choice of YN in the shaded 
area is influenced by:

Pitchline velocity
Gear material cleanliness
Residual stress
Material ductility and fracture toughness

YN = 9.4518 N −0.148

YN = 6.1514 N −0.1192

YN = 4.9404 N −0.1045

YN = 3.517 N −0.0817

YN = 1.3558 N −0.0178

YN = 1.6831 N −0.0323

YN = 2.3194 N −0.0538
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Figure 14–15

Pitting resistance stress-cycle
factor ZN. (ANSI/AGMA
2001-D04.)
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14–14 Reliability Factor KR (YZ)
The reliability factor accounts for the effect of the statistical distributions of material

fatigue failures. Load variation is not addressed here. The gear strengths St and Sc are

based on a reliability of 99 percent. Table 14–10 is based on data developed by the U.S.

Navy for bending and contact-stress fatigue failures.

The functional relationship between K R and reliability is highly nonlinear. When

interpolation is required, linear interpolation is too crude. A log transformation to each

quantity produces a linear string. A least-squares regression fit is

K R =
{

0.658 − 0.0759 ln(1 − R) 0.5 < R < 0.99

0.50 − 0.109 ln(1 − R) 0.99 ≤ R ≤ 0.9999
(14–38)

For cardinal values of R, take K R from the table. Otherwise use the logarithmic inter-

polation afforded by Eqs. (14–38).
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Factor de Confiabilidad, tabla 14-10

Budynas−Nisbett: Shigley’s 

Mechanical Engineering 

Design, Eighth Edition

III. Design of Mechanical 

Elements

14. Spur and Helical Gears742 © The McGraw−Hill 

Companies, 2008

744 Mechanical Engineering Design

Figure 14–16

Rim thickness factor KB.
(ANSI/AGMA 2001-D04.)

mB = 
tR
ht
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For mB < 1.2
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14–15 Temperature Factor KT (Yθ)
For oil or gear-blank temperatures up to 250°F (120°C), use KT = Yθ = 1.0. For higher

temperatures, the factor should be greater than unity. Heat exchangers may be used to

ensure that operating temperatures are considerably below this value, as is desirable for

the lubricant.

14–16 Rim-Thickness Factor KB

When 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 K B or (tR) is recommended.

This factor, the rim-thickness factor K B , adjusts the estimated bending stress for the

thin-rimmed gear. It is a function of the backup ratio m B ,

m B = tR

ht

(14–39)

where tR = rim thickness below the tooth, in, and ht = the tooth height. The geometry

is depicted in Fig. 14–16. The rim-thickness factor K B is given by

K B =







1.6 ln
2.242

m B

m B < 1.2

1 m B ≥ 1.2

(14–40)

Reliability KR (YZ)

0.9999 1.50

0.999 1.25

0.99 1.00

0.90 0.85

0.50 0.70

Table 14–10

Reliability Factors KR (YZ )

Source: ANSI/AGMA
2001-D04.
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Table 14–8

Elastic Coefficient Cp (ZE),
√

psi (
√

MPa) Source: AGMA 218.01

Gear Material and Modulus
of Elasticity EG, lbf/in2 (MPa)*

Malleable Nodular Cast Aluminum Tin
Pinion Modulus of Steel Iron Iron Iron Bronze Bronze

Pinion Elasticity Ep 30 � 106 25 � 106 24 � 106 22 � 106 17.5 � 106 16 � 106

Material psi (MPa)* (2 � 105) (1.7 � 105) (1.7 � 105) (1.5 � 105) (1.2 � 105) (1.1 � 105)

Steel 30 × 106 2300 2180 2160 2100 1950 1900
(2 × 105) (191) (181) (179) (174) (162) (158)

Malleable iron 25 × 106 2180 2090 2070 2020 1900 1850
(1.7 × 105) (181) (174) (172) (168) (158) (154)

Nodular iron 24 × 106 2160 2070 2050 2000 1880 1830
(1.7 × 105) (179) (172) (170) (166) (156) (152)

Cast iron 22 × 106 2100 2020 2000 1960 1850 1800
(1.5 × 105) (174) (168) (166) (163) (154) (149)

Aluminum bronze 17.5 × 106 1950 1900 1880 1850 1750 1700
(1.2 × 105) (162) (158) (156) (154) (145) (141)

Tin bronze 16 × 106 1900 1850 1830 1800 1700 1650
(1.1 × 105) (158) (154) (152) (149) (141) (137)

Poisson’s ratio � 0.30.
∗When more exact values for modulus of elasticity are obtained from roller contact tests, they may be used.

7
3
7
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5A useful reference is AGMA 908-B89, Geometry Factors for Determining Pitting Resistance and Bending

Strength of Spur, Helical and Herringbone Gear Teeth.

Minimum Allowable Contact Stress Number,2 Sc, psi

Material Heat Surface
Designation Treatment Hardness1 Grade 1 Grade 2 Grade 3

Steel3 Through hardened4 See Fig. 14–5 See Fig. 14–5 See Fig. 14–5 —

Flame5 or induction 50 HRC 170 000 190 000 —
hardened5

54 HRC 175 000 195 000 —

Carburized and See Table 9∗ 180 000 225 000 275 000
hardened5

Nitrided5 (through 83.5 HR15N 150 000 163 000 175 000
hardened steels) 84.5 HR15N 155 000 168 000 180 000

2.5% chrome Nitrided5 87.5 HR15N 155 000 172 000 189 000 
(no aluminum)

Nitralloy 135M Nitrided5 90.0 HR15N 170 000 183 000 195 000 

Nitralloy N Nitrided5 90.0 HR15N 172 000 188 000 205 000

2.5% chrome Nitrided5 90.0 HR15N 176 000 196 000 216 000
(no aluminum)

Notes: See ANSI/AGMA 2001-D04 for references cited in notes 1–5.
1Hardness to be equivalent to that at the start of active profile in the center of the face width.
2See 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.
4These 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.
*Table 9 of ANSI/AGMA 2001-D04 is a comprehensive tabulation of the major metallurgical factors affecting St and Sc of carburized and hardened steel gears.

Table 14–6

Repeatedly Applied Contact Strength Sc at 107 Cycles and 0.99 Reliability for Steel Gears

Source: ANSI/AGMA 2001-D04.

The factors in this section, too, will be evaluated in subsequent sections.

When two-way (reversed) loading occurs, as with idler gears, AGMA recommends

using 70 percent of St values. This is equivalent to 1/0.70 = 1.43 as a value of ke in

Ex. 14–2. The recommendation falls between the value of ke = 1.33 for a Goodman

failure locus and ke = 1.66 for a Gerber failure locus.

14–5 Geometry Factors I and J (ZI and YJ)
We have seen how the factor Y is used in the Lewis equation to introduce the effect of

tooth form into the stress equation. The AGMA factors5 I and J are intended to accom-

plish the same purpose in a more involved manner.

The determination of I and J depends upon the face-contact ratio mF . This is

defined as

mF = F

px

(14–19)

where px is the axial pitch and F is the face width. For spur gears, mF = 0.
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Allowable Contact
Material Heat Typical Minimum Stress Number,3 Sc,

Material Designation1 Treatment Surface Hardness2 psi

ASTM A48 gray Class 20 As cast — 50 000–60 000
cast iron Class 30 As cast 174 HB 65 000–75 000

Class 40 As cast 201 HB 75 000–85 000

ASTM A536 ductile Grade 60–40–18 Annealed 140 HB 77 000–92 000
(nodular) iron Grade 80–55–06 Quenched and 179 HB 77 000–92 000

tempered

Grade 100–70–03 Quenched and 229 HB 92 000–112 000
tempered

Grade 120–90–02 Quenched and 269 HB 103 000–126 000
tempered

Bronze — Sand cast Minimum tensile 30 000
strength 40 000 psi

ASTM B-148 Heat treated Minimum tensile 65 000
Alloy 954 strength 90 000 psi

Notes:
1See 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.
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.

Table 14–7

Repeatedly Applied Contact Strength Sc 107 Cycles and 0.99 Reliability for Iron and Bronze Gears 

Source: ANSI/AGMA 2001-D04.

Low-contact-ratio (LCR) helical gears having a small helix angle or a thin face

width, or both, have face-contact ratios less than unity (mF ≤ 1), and will not be con-

sidered here. Such gears have a noise level not too different from that for spur gears.

Consequently we shall consider here only spur gears with mF = 0 and conventional

helical gears with mF > 1.

Bending-Strength Geometry Factor J (YJ)

The AGMA factor J employs a modified value of the Lewis form factor, also denoted

by Y; a fatigue stress-concentration factor K f ; and a tooth load-sharing ratio mN . The

resulting equation for J for spur and helical gears is

J = Y

K f mN

(14–20)

It is important to note that the form factor Y in Eq. (14–20) is not the Lewis factor at

all. The value of Y here is obtained from calculations within AGMA 908-B89, and is

often based on the highest point of single-tooth contact.
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14–4 AGMA Strength Equations
Instead of using the term strength, AGMA uses data termed allowable stress numbers

and designates these by the symbols sat and sac . It will be less confusing here if we con-

tinue the practice in this book of using the uppercase letter S to designate strength and

the lowercase Greek letters σ and τ for stress. To make it perfectly clear we shall use the

term gear strength as a replacement for the phrase allowable stress numbers as used by

AGMA.

Following this convention, values for gear bending strength, designated here as St ,

are to be found in Figs. 14–2, 14–3, and 14–4, and in Tables 14–3 and 14–4. Since gear

strengths are not identified with other strengths such as Sut , Se, or Sy as used elsewhere

in this book, their use should be restricted to gear problems.

In this approach the strengths are modified by various factors that produce limiting

values of the bending stress and the contact stress. 

Spur and Helical Gears 727Spur and Helical Gears 727

Figure 14–2

Allowable bending stress
number for through-hardened
steels. The SI equations
are St = 0.533HB +
88.3 MPa, grade 1, and
St = 0.703HB + 113 MPa,
grade 2. (Source:
ANSI/AGMA
2001-D04 and 2101-D04.)
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Grade 1
St = 77.3 HB + 12 800 psi

Grade 2
St = 102 HB + 16 400 psi

Figure 14–3

Allowable bending stress
number for nitrided through-
hardened steel gears (i.e.,
AISI 4140, 4340), St . The
SI equations are St =
0.568HB + 83.8 MPa,
grade 1, and St =
0.749HB + 110 MPa,
grade 2. (Source:
ANSI/AGMA
2001-D04 and 2101-D04.)

Metallurgical and quality control procedures required
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Figure 14–5

Contact-fatigue strength Sc

at 107 cycles and 0.99
reliability for through-
hardened steel gears. The SI
equations are 
Sc = 2.22HB + 200 MPa,
grade 1, and
Sc = 2.41HB + 237 MPa,
grade 2. (Source:
ANSI/AGMA 2001-D04 and
2101-D04.)
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Grade 1
Sc = 322 HB + 29 100psi

Grade 2
Sc = 349 HB + 34 300psi

Metallurgical and quality control procedures required

1
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0
0
 l

b
⁄
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2

Hardness,

Temperature Nitriding, Rockwell C Scale

Steel before nitriding, °F °F Case Core

Nitralloy 135* 1150 975 62–65 30–35

Nitralloy 135M 1150 975 62–65 32–36

Nitralloy N 1000 975 62–65 40–44

AISI 4340 1100 975 48–53 27–35

AISI 4140 1100 975 49–54 27–35

31 Cr Mo V 9 1100 975 58–62 27–33

∗Nitralloy is a trademark of the Nitralloy Corp., New York.

Table 14–5

Nominal Temperature

Used in Nitriding and

Hardnesses Obtained

Source: Darle W. Dudley,
Handbook of Practical
Gear Design, rev. ed.,
McGraw-Hill,
New York, 1984.

The equation for the allowable contact stress σc,all is

σc,all =















Sc

SH

Z N CH

KT K R

(U.S. customary units)

Sc

SH

Z N ZW

YθYZ

(SI units)

(14–18)

where the upper equation is in U.S. customary units and the lower equation is in SI units,

Also,

Sc is the allowable contact stress, lbf/in2 (N/mm2)

Z N is the stress cycle life factor

CH (ZW ) are the hardness ratio factors for pitting resistance

KT (Yθ ) are the temperature factors

K R (YZ ) are the reliability factors

SH is the AGMA factor of safety, a stress ratio

The values for the allowable contact stress, designated here as Sc, are to be found in 

Fig. 14–5 and Tables 14–5, 14–6, and 14–7.

AGMA allowable stress numbers (strengths) for bending and contact stress are for

• Unidirectional loading

• 10 million stress cycles

• 99 percent reliability
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Figure 14–14

Repeatedly applied bending
strength stress-cycle factor YN.
(ANSI/AGMA 2001-D04.)

NOTE:   The choice of YN in the shaded 
area is influenced by:

Pitchline velocity
Gear material cleanliness
Residual stress
Material ductility and fracture toughness

YN = 9.4518 N −0.148

YN = 6.1514 N −0.1192

YN = 4.9404 N −0.1045

YN = 3.517 N −0.0817

YN = 1.3558 N −0.0178

YN = 1.6831 N −0.0323

YN = 2.3194 N −0.0538
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Figure 14–15

Pitting resistance stress-cycle
factor ZN. (ANSI/AGMA
2001-D04.)
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14–14 Reliability Factor KR (YZ)
The reliability factor accounts for the effect of the statistical distributions of material

fatigue failures. Load variation is not addressed here. The gear strengths St and Sc are

based on a reliability of 99 percent. Table 14–10 is based on data developed by the U.S.

Navy for bending and contact-stress fatigue failures.

The functional relationship between K R and reliability is highly nonlinear. When

interpolation is required, linear interpolation is too crude. A log transformation to each

quantity produces a linear string. A least-squares regression fit is

K R =
{

0.658 − 0.0759 ln(1 − R) 0.5 < R < 0.99

0.50 − 0.109 ln(1 − R) 0.99 ≤ R ≤ 0.9999
(14–38)

For cardinal values of R, take K R from the table. Otherwise use the logarithmic inter-

polation afforded by Eqs. (14–38).
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Figure 14–13

Hardness ratio factor CH

(surface-hardened steel
pinion). (ANSI/AGMA 2001-
D04.)
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fp = 16

fp = 32

fp = 64

When fp > 64
use CH = 1.0

where B ′ = 0.000 75 exp[−0.0112 fP ] and fP is the surface finish of the pinion

expressed as root-mean-square roughness Ra in µ in.

14–13 Stress Cycle Factors YN and ZN

The AGMA strengths as given in Figs. 14–2 through 14–4, in Tables 14–3 and 14–4 for

bending fatigue, and in Fig. 14–5 and Tables 14–5 and 14–6 for contact-stress fatigue

are based on 107 load cycles applied. The purpose of the load cycle factors YN and Z N

is to modify the gear strength for lives other than 107 cycles. Values for these factors

are given in Figs. 14–14 and 14–15. Note that for 107 cycles YN = Z N = 1 on each

graph. Note also that the equations for YN and Z N change on either side of 107 cycles.

For life goals slightly higher than 107 cycles, the mating gear may be experiencing

fewer than 107 cycles and the equations for (YN )P and (YN )G can be different. The

same comment applies to (Z N )P and (Z N )G .

Figure 14–12

Hardness ratio factor CH

(through-hardened steel).
(ANSI/AGMA 2001-D04.)
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