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Learning Objectives

= Devoted primarily to analysis and design of spur gears to resist
bending failure of the teeth as well as pitting failure of tooth
surfaces.

— Bending failure will occur when the significant tooth stress equals or
exceeds either the yield strength or the bending endurance strength.

— A surface pitting failure occurs when the significant contact stress
equals or exceeds the surface endurance strength.

= Limit technical contents to
— spur gears;
— one single pressure angle (¢=20°); and
— by using only full-depth teeth.

= This simplification reduces the analysis complexity from design
variations while constitutes an ideal introduction to the use of the

general AGMA method.
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14-3 AGMA Stress Equations

AGMA uses two fundamental stress equations (Stress Numbers)
= 14-1 The Lewis Bending Equation (Bending Stress, o)
= 14-2 Surface Durability (Surface Contact Stress, o)

14-4 AGMA Strength Equations

= |nstead of strength, AGMA uses data termed allowable stress
numbers (S;and S,)
= This textbook uses gear strength
= AGMA allowable strengths for bending and contact stress are for
— Unidirectional loading
— 10 million (107) stress cycles
— 99 percent reliability
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Summary (AGMA Guideline)

= Bending Stress Limit

o< Oall

PiKnKg S¢ Yy
W'K,K,K <
S F ] — SF KTKR — Highest

conlacl stress

= (Contact Stress Limit

Highest -
O-C S Jc,all bending stress

Kn Cr _ Sc ZnCa
C, WK, K K, —
\/ SAF 1 = Sy KoKg

In either form, the implication is
Working Stress < Limiting Strength
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Spur Gear Structural Design Analysis

= 14-1 The Lewis Bending Equation
= 14-2 Surface Durability

= 14-3 AGMA Stress Equations

=  14-4 AGMA Strength Equations

= 14-5 Geometry Factors | and J (Zl and YJ)
= 14-6 The Elastic Coefficient Cp (ZE)

= 14-7 Dynamic Factor Kv

= 14-8 Overload Factor Ko

= 14-9 Surface Condition Factor Cf (ZR)
= 14-10 Size Factor Ks

= 14-11 Load-Distribution Factor Km (KH)
= 14-12 Hardness-Ratio Factor CH (ZW)
= 14-13 Stress-Cycle Factors YN and ZN
= 14-14 Reliability Factor KR (YZ)

= 14-15 Temperature Factor KT (Yu)

= 14-16 Rim-Thickness Factor KB

= 14-17 Safety Factors SF and SH
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14-1 The Lewis Bending Equation

= Introduced by Wilfred Lewis in 1892, still remains the basis for most
gear design today.
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Wt
Bending Moment M = Wt PR
Section Modulus I = Fl—'j < t >
Tooth Bending Stress o = 1< = WL

I Ft
Ty
(Note that symbol F is the gear width.)
Figure 14-1
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Assumptions of Lewis Equation

The full load is applied to the tip of a single tooth.

— This is obviously the most severe condition and is appropriate for gears
of “ordinary” accuracy.

— For high-precision gears, however, where contact ratio is usually greater
than 1, the full load is never applied to a single tooth tip.

= The radial component, W, is negligible.

— This is a conservative assumption, as W, produces a compressive
stress that subtracts from the bending tension

= The load is distributed uniformly across the full face width, which is a
nonconservative assumption.

= Forces which are due to tooth sliding friction are negligible.
= Stress concentration in the tooth fillet is negligible.
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Beam Strength of Gear Teeth — Lewis Equation

Bending Moment M = Wt

3
Section Modulus I = Fl—;

c 6wl

Tooth Bending Stress o = MT =

F t2

Lewis developed an equivalent Qarabollfc
form from tooth profile which was |
assumed to be the only effective tooth
volume resisting against tooth bending.

= Define Lewis Form Factor (y)
_ 2x
=3

= Lewis Equation was expressed as

Wt

9= oy
Wt: Tangential transmitted load
F: Tooth face width
t: tooth circumferential width at critical section
[ : Height of Lewis parabola

p: circular pitch
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Beam Strength of Gear Teeth — Lewis Equation

Derivations of the Lewis parabola for gear tooth were
omitted from the textbook. However, this same concept

was largely adopted by AGMA in calculation of the

tooth geometric form.
wtp 2xP

o= Y ===

FY 3
P: Diametral pitch

Y: AGMA Lewis Form Factor

Number of
Teeth Y
12 0.245
13 0.261
14 0.277
15 0.290
16 0.296
17 0.303
18 0.309
19 0.314
20 0.322
21 0.328
22 0.331
24 0.337
Sichuan University - Pittshur 26 0.346

Table 14-2
Number of
Teeth Y
28 0.353
30 0.359
34 0.371
38 0.384
43 0.397
50 0.409
60 0.422
75 0.435
100 0.447
150 0.460
300 0.472
400 0.480
Rack 0.485

— [ ———

Figure 14-1




14-2 Surface Durability

= Failure of the surfaces of gear teeth.
= Pitting is a surface fatigue failure due to many repetitions of high

contact stresses.
P A

Heel {Quter) End

Toe
{Inner)
End

FEA stresses in a
spur gear tooth.
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Surface Contact Pressure (Hertz Theory) Figure 3-38

Hertz Theory in Sec. 3-19 shows the surface contact
pressure between two cylindrical bodies:

__2F
pmax - bl

Pmax. Peak surface pressure
F: force pressing the two cylinders together
I: length of cylinders

b is the half Hertzian contact width and is given by | I,. |'F
b = E(l—v%)/E1+(1—v%)/E2r/2 m M
| 1/d1+1/d,

Adapt to the gear nomenclatures, the peak surface contact
pressure (Hertzian stress) is found to be

52 = wt 1/r1+1/7y
¢ nF cos ¢ (1-v3)/E1+(1-v3)/E;
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Surface Contact Pressure (Hertz Theory)

Surface contact pressure (Hertzian stress)
2wt 1/r1+1/7;
9¢ = 7F cos ¢ (1-v3)/E1+(1-v3) /E,
where r, and r, are the instantaneous values of the radii of curvature on the pinion
and gear-tooth profiles, respectively, at the point of contact.

__dpsing __dgsing

T2 27 2

where ¢ is the pressure angle and dp and dg are the pitch diameters of the pinion
and gear, respectively. AGMA also defines an elastic coefficient C, by

1/2

(&1

C. = 1

P [n[(l—V5)/Ep+(1—V?;)/EG]
Henceforth, surface contact pressure including the velocity factor (K,,) can be
written as

K,wt (1 1
Oc = Cp lF cos ¢ (r_l + 7‘_2)]

Note that Hertzian stress is always a compressive stress.
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EXAMPLE 14-3

The pinion of Examples 14—1 and 14-2 is to be mated with a 50-tooth gear of ASTM No. 50
cast iron. Tangential load is 382 |bf. Estimate the factor of safety of the drive based on the
possibility of a surface fatigue failure.

Surface endurance strength of cast iron estimated from S_=0.32*HB ksi for 108 cycles.

Table A-5 (ASTM No. 50 CI) » E=30 Mpsi, vp=0.292, E; =14.5 Mpsi, v5=0.211

1
Cp a [n[(1—0.2922)/(30-106)+(1—0.21 2)/(14.5-109)

Pinion pitch diameter dp=2 in and Gear pitch diameter d;=50/8=6.25 in
n="2S00 =28 = 0342in r, = 26508 - SZINIT _ 1 069 in

Face width F=1.5inand K,, = 1.52
1.52-38 ( 1 1

_ Kwt (11 _ 1z .
Oc = Cp [F cos ¢ (r_l + r_z)] = 1817 [1.5 cos 20° \0.342 1.069)] = 72400 pst
Table A-24 Hg=262 for ASTM No. 50 CI » S:=0.32(262)= 83.8 kpsi

1/2
]] = 1817 psil/?

1/2

50 52.5 164 73 18.8-22.8 7.2-8.0 21.5 262 1.35
83.8
Safety factor n = o2 1.16

Please note the discussions of SF per loss-of-function load on P-737.
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Table A-24

Mechanical Properies of Three Non-5Steel Metals
(a) Typical Properties §f Gray Cast Iron

[The Amencan Society for Testing and Matenals (ASTM ) numbering system for gray cast iron is such that the mambers comespond o the misimam
tensile strengih in kpsi. Thus an ASTM Mo, 20 cat iron has &8 minimuom teasile strength of 20 kpsi. Note particularly that the tabulations are nvpical
of several haats. |

a0 7 =3 26 614 18-546 1 156 1.03
25 25 oy 32 11.5-14.8 d.6-610 115 174 1.05
ki1 ]| |04 4l 13164 3261 14 201 110
15 365 | 24 4B 5 145172 5560 16 P I 1_E5
A 415 140 57 1610 f.4—T.8 185 235 1225
5] 315 16k T3 1B 5—T1H 1.I-ED 215 262 1.35
il GLS 875 BES 2 4735 1585 45 gz 150
*Pohshed or machines specimenn

"The modhsles of efasiiciiy of ces iron in compresseon comespands clossly 1o ibe upper value in ibe renge gives for iension and = & mome coosiant value thes thes for enson.
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14-3 AGMA Stress Equations

AGMA uses two fundamental stress equations (Stress Numbers)
= Bending stress (o)
= Pitting resistance (contact stress, )
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AGMA Fundamental Stress Equations

Bending Stress Pitting Resistance (Contact Stress)
WK K.K&m (U.S. customary units) "B \/w*f( KK Ko 9 (U.S. customary units)
U: ool 1.5, Cls 3 : 5 KoK E T I.S. customary units
Ky Kpg . Ha—
W'K,K,K, bf]?if Y, (ST units) ZE\XWFKUKL‘KS%Z?T (ST units)
Wt tangential transmitted load, Ibf (N) _ N b7 N
K,: overload factor t Cp (Ze): elastic coetticient, \/ in? (\/ mm2>
: - wtp
K,: dynamic factor 0 C; (Zg): surface condition factor
Ks: size factor dp (d,,¢): pitch diameter of the pinion, in
P4: transverse diametral pitch (mm)
F (b): face width of the narrower member, | (Z,): geometry factor for pitting resistance

in (mm)

K., (Ky): load-distribution factor
KB: rim-thickness factor K,wt (1 1

J (Y,): geometry factor for bending Oc =t [F cos ¢ ('r_l ’r_z)]
strength (which includes root fillet
stress-concentration factor K;)
(m,): transverse metric module
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14-4 AGMA Strength Equations

= |nstead of strength, AGMA uses data termed allowable stress
numbers (S, and S,.)
= This textbook uses gear strength
= AGMA allowable strengths for bending and contact stress are for
— Unidirectional loading
— 10 million (107) stress cycles
— 99 percent reliability
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Summary (AGMA Guideline)

= Bending Stress Limit

o< Oall

PiKnKg S¢ Yy
W'K,K,K <
S F ] — SF KTKR — Highest

conlacl stress

= (Contact Stress Limit

Highest -
O-C S Jc,all bending stress

Kn Cr _ Sc ZnCa
C, WK, K K, —
\/ SAF 1 = Sy KoKg

In either form, the implication is
Working Stress < Limiting Strength
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Gear Bending Strength (S;)

Gear strengths are not identified with other strengths such as S
S,- Their use should be restricted to gear problems.

S,, or

ut?

Table 14-3 Bending Strength S, at 107 Cycles and 0.99 Reliability for Steel Gears

Minimum Allowable Bendinag Stress Number 5,’2
Heat Surface pss
Treatment Hardness' Grade 1 Grade 2 Grade 3
Through-hardened See Fig. 14-2 See Fig. 14-2 See Fig. 14-2 —
Flame* or induction See Table 8* 45 000 55 000 —
hardened* with type
Apater’ . _
Flame* or induction See Table 8* 22 000 22 000 -
hardenedf with type
B pattern’
Carburized and See Table 9* 55 000 65 000 or 75 000
hardened 70 000°

“Nitrided™” (through-  83.5 HRISN | See Fig. 143  See Fig. 143 |_ B

hardened steels)

Nitralloy 135M, Nitrided*’ 87.5 HR15N See Fig. 144 See Fig. 144 See Fig. 144
Nitralloy N, and 2.5%
chrome (no aluminum)

Table 14-4 Bending Strength S, at 107 Cycles and 0.99 Reliability for Iron/Bronze Gears
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Gear Bending Strength (S;)

| Figure 14-2 lAIIowabIe bending stress number for through-hardened steels.

Metallurgical and quality
control procedure required

50 Grade 2
S,= 102 Hy + 16 400 psi

Allowable bending stress number, §, kpsi

The equation for the allowable bending stress is
30 2ty (U.S. customary units)
SF KTKR sl D < 3 .
T, =
Grade | T1ES i
- nits
S,=77.3 H, + 12 800 psi S 1oty
where for U.S. customary units (ST units),
20 S, is the allowable bending stress, Ibf/in* (N/mm?)
Yy is the stress-cycle factor for bending stress
K7 (Yy) are the temperature factors
Ky (Y7) are the reliability factors
Sr is the AGMA factor of safety, a stress ratio
150 200 250 300 350 400 450

Brinell hardness, Hy .n




Allowable bending stress numbers, S, kpsi

Gear Bending Strength (S;)

Figure 14-2 Through-Hardened Steels

Metallurgical and quality
control procedure required
=z 50 Grade 2
“ §,= 102 Hy + 16 400 psi
5
-
8
g 40
Z
E
50
A
2 30
2 Grade 1
'_.ﬁ: §,=77.3 Hy+ 12 800 psi
2 20
<
10
150 200 250 300 350 400 450
Brinell hardness, Hy
Figure 14-4 Nitrided Steels
Metallurgical and quality control procedures required
Grade 3 — 2.5% Chrome
= 105.2Hp + 29 280 psi
60
Grade 2 — 2.5% Chrome
§,=105.2Hy + 22 280 psi
Grade 2 — Nitralloy
S,=113.8Hy + 16 650 psi
50
Grade 1 — 2.5% Chrome
8§,=105.2H, + 9280 psi
Y
40 //T/—/
Grade 1 — Nitralloy
§,=86.2Hg+ 12 730 psi
30
250 275 300 325 350

Core hardness, H,

Sichuan University - Pittsburgh Institute

Figure 14-3 Nitrided Through-Hardened Steels

80
Metallurgical and quality control procedures required

‘Z 70
B
-lg; 60
5 Grade 2
= §,=108.6H, + 15 890 psi
-ﬁi 50
=11}
=4
5
o 40 %
=
5:1
z
= Grade |
- W S, =82.3H, + 12 150 psi

20

250 275 300 325 350

Core hardness, Hy

The equation for the allowable bending stress is

S _Yn (U.S. cust its)

A L. customary units

S KK ’
(1417)  ou= ,

E Y (ST units)

Sk YoYz ‘

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

S, is the allowable bending stress. Ibf/in® (N/mm?)
¥y is the stress-cycle factor for bending stress

Ky (Yy) are the temperature factors

Ky (Y) are the reliability factors

Sr is the AGMA factor of safety, a stress ratio

66




Gear Contact Strength (S;)

Table 14-6 Contact Strength S_ at 107 Cycles and 0.99 Reliability for Steel Gears

Minimum

Material Surface Allowable Contact Stress Number,? S, psi
Designation Hardness' Grade 1 Grade 2 Grade 3
Steel® Through hardened* See Fig. 14-5 See Fig. 14-5 See Fig. 14-5 —
Flame’ or induction 50 HRC 170 000 190 000 —
hardened” 54 HRC 175 000 195 000 —
Carburized and See Table 9* 180 000 225 000 275 000
hardened’
Nitrided” (through 83.5 HRI5N 150 000 163 000 175 000
hardened stecls) 84.5 HR15N 155 000 168 000 180 000
2.5% chrome Nitrided® 87.5 HR15N 155 000 172 000 189 000
(no aluminum)
Nitralloy 135M Nitrided® 90.0 HR15N 170 000 183 000 195 000
Nitralloy N Nitrided’ 90.0 HR15N 172 000 188 000 205 000
2.5% chrome Nitrided’ 90.0 HR15N 176 000 196 000 216 000

(no aluminum)

Table 14-7 Contact Strength S_ at 107 Cycles and 0.99 Reliability for Iron/Bronze Gears
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Gear Contact Strength (S;)

£ Figure 14-5 Through-Hardened Steels. The equation for the allowable contact
g . . . stress o, iS
S Metallurgical and quality control procedures required )
“o 5 2l _
¥ 19 Sl (U.S. customary units)
= Grade 2 Ol = SH KTKR
E S, =349 Hy + 34 300psi ca 8 T i}
z 150 et (SI units) (14-18)
: Su Yo¥s
s 125 \ S.: allowable contact stress, Ibf/in?
A Grade 1 2
= S, =322 Hy+ 29 100psi (N/mm?)
o 10 Z): stress-cycle factor
Cy, (Zw): hardness ratio factors for pitting
y )
! 150 200 250 300 350 400 450 reSIStance
Brinell hardness, Hy KT (Yu) temperature factors
Kgr (Y3): reliability factors
Sy: AGMA factor of safety, a stress ratio
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Summary (AGMA Guideline)

= Bending Stress Limit

o< Oall

PiKnKg S¢ Yy
W'K,K,K <
S F ] — SF KTKR — Highest

conlacl stress

= (Contact Stress Limit

Highest -
bending stress

O¢ < Uc,all

K Cr _ Sc ZnCa
C, WK, K K, —
\/ SAF 1 = Sy KoKg

In either form, the implication is
Working Stress < Limiting Strength
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Modifying Factors (For Spur Gears)

= 14-5 Geometry Factors | and J (Z,and Y ) —

. 14—6 The Elastic Coefficient Cp (ZE) . WK, K, KF ; (U.S. customary units)
= 14-7 Dynamic Factor K, { e

= 14-8 Overload Factor K,

= 14-9 Surface Condition Factor Cf (ZR) { C \/W K.K, KK—E (U.S. customary units)

W'K,K, K,

(ST units)

‘doF 1
= 14-10 Size Factor K|
= 14-11 Load-Distribution Factor K, (Ky,)

Ky Zp :
zZ ZWKK Kio— ST units
f\ dt”b Z (51 units)

= 14-12 Hardness-Ratio Factor C, (Z\y) S Y, |
= 14-13 Stress-Cycle Factors Yy and Z o Sy | ey
= 14-14 Reliability Factor Ky (Yy) S Sluis)
= 14-15 Temperature Factor K; (Y)) -
= 14-16 Rim-Thickness Factor KB g—;i:?; (U.S. customary units )
= 14-17 Safety Factors Sg and S, el g_ z;,.?,, i
H f8+Z
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14-5 Geometry Factors | and J (Z, and Y )

. Bending-Strength Geometry Factor J (YJ) W'K,JKL.K_‘% K!i}KB (U.S. customary units)
Y &=
= , | KuKs .
] Kme WK, K, K, o, Y, (ST units)
K: is called a stress-correction factor by AGMA
tooth face width

Load-sharing ratio my = minimum length of line of contact

For spur gears, my=1
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14-5 Geometry Factors | and J (Z, and Y )

Bending-Strength Geometry Factor J (Y )

Figure 14-6
~— Pinion addendum 1.000 | |

= Gear addendum 1.000
=
=
0.60 o 0.60
3 B
- —
7, = B
'l =X bl
i = = . B o
0.55 ¥ s 1000 2 2 0.55
2 170 E£=
o B5 =g
= T
0.50 500 23 0.50
35 ==
35 e
3B
g 5
0.45 =t 0.45

Generating rack | pitch
Number of teeth
in mating gear

Geometry Factor J

0.35 | | == - ! | = | | | | | 0.35
]t outapnfied-artirrof kot
0.95 - Load applied attip of footh | 025
020 — A S e A O T T R .5 1 S L s . (gt il 0.20
12 15 17 20 24 30 35 404550 60 80 125 275

Number of teeth for which geometry factor is desired

Schnan Civersis - PiSoureh st  Pinion 'scupl




14-5 Geometry Factors | and J (Z, and Y )

Surface-Strength Geometry Factor | (Z)) K, G |
= C.«f WEKKK, NG f (U.S. customary units)
Kth 1 1 1/2 o. = I; Z
Surface Stress o, = C, [F — (T— + E)] z};\ﬁ KoKoKip=p 70 (Slunits)
. : Ng d
Define speed ratio m; = —%£ =<
Np dp
1 1 2 1 1 2 mg+1
Fr s d) = a5
T T sing \dp dg dpsingp \ mg
1/2 tq
_ K,wt 1 _ K,W
Surface stress g, = (, IV G mGj = C, [dPF 1]
L -2 _ gt

cos¢psingp mg “r

2mpy mg+1

External Gears I = Geometry Factor |

cos¢psingp mg

Internal Gears I =
2mpy mg—1

For spur gears, my=1
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14—6 The Elastic Coefficient C, (Z)

1/2
" /

n|(1-v3)/E, + (1 —v&)/E¢]
Table 14-8
Elastic Coefficient C, (Zg), Vpsi (VMPa)  Source: AGMA 215,01

Cp

Gear Material and Modulus
of Elasticity Eg, Ibf/in? (MPa)*

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

Pinion Elasticity E, 30 x 10° 25 x 10° 24 x 10° 22 x 10° 17.5 x 10° 16 x 10°

Material psi (MPa)* (2 x 10°) (1.7 x 10°) (1.7 x 10°) (1.5 x 10°) (1.2 x 10°) (1.1 x 109
Steel 30 x 108 2300 2180 2160 2100 1950 1900
(2 X IUS} (191) (181) (179) (174) (162) (158)
Malleable iron 25 % 108 2180 2000 2070 2020 1900 1850
(1.7 X 105) (181) (174) (172) (168) (158) (154)
Nodular iron 24 x 108 2160 2070 2050 2000 1880 1830
(1.7 X 105] (179) (172) (170) (166) (156) (152)
Cast iron 22 % 108 2100 2020 2000 1960 1850 1800
(1.5 % le) (174) (168) (166) (163) (154) (149)
Aluminum bronze 17.5 % 10° 1950 1900 1880 1850 1750 1700
(12 % 109 (162) (158) (156) (154) (145) (141)
Tin bronze 16 = 10° 1900 1850 1830 1800 1700 1650
(L1 X 10%) (158) (154) (152) (149) (141) (137)

Poisson’s ratio = 0.30.
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14-7 Dynamic Factor K,

= Dynamic factors are used to account for inaccuracies in the manufacture
and meshing of gear teeth in action.

= Transmission error is defined as the departure from uniform angular velocity

of the gear pair, such as:

Inaccuracies of the tooth profile

Vibration of the tooth

Magnitude of the pitch-line velocity

Dynamic unbalance of the rotating members

Wear and permanent deformation of the teeth

Gearshaft misalignment and linear/angular deflection of the shaft
Tooth friction
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14-7 Dynamic Factor K, (Cont’d)

= AGMA has defined a set of quality numbers, Q,
— Quality numbers 3 to 7 will include most commercial quality gears.
— Quality numbers 8 to 12 are of precision quality.

A+ VTV : . i
S Vin ft/min . Q,=5 FIgUI'_e 14-9
K, = : Q:r:f’ i
v A+ V200V ,
4 Vin m/s | 7 -
Q=1
) 1.6 |
= 0,3
A =50+ 56(1 — B) g 15 |
2 0,=9
B= 02512 — 0,)%3 £ 14
=) _
P KK, 1.3 - s | - 0, =10
W’K,JKt.K_‘F‘ "} (U.S. customary units) -
= 1.2
1 KyK : i
WK, K,K,— —2=5 (ST units) g, =11
bm, Y, 11 - . .
“Very Accurate Gearing”
t Krn Cf' . : 1.0 ¢ ; = == =
Cor| WK, KK, IF T (U.S. customary units) 0 2000 4000 6000 8000 10 000
o, = - Pitch-line velocity. V.. ft/min
: Ky Zg a1 o
ZE\ W Kt'JKI.‘K_\.—_ {S]. units)
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14-7 Dynamic Factor K, (Cont’d)

Pitch-line velocity (m/s)

10 20 30
5 I | I | ‘I [ | 1 | I

E  Hobs, D

form cutters//

=

e
P =

o
I

Dynamic factor, K,
]

/ Hobs, -

/ / shaping cutters - =

. a aﬂd %:n B 0
E ”/ ———ision, SHAY = -
| /-"",_.--—"_'___High precision, shaved and ground i
| %=

1 | | | | | | -

0 1000 2000 3000 4000 5000 6000 7000 8000
Pitch-line velocity, V (fpm)
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14-8 Overload Factor K,

Overload factor K, is intended to make allowance for all externally
applied loads in excess of the nominal tangential load W,, such as
variations in torque from the mean value due to firing of cylinders in an
internal combustion engine or reaction to torque variations in a piston

pump drive.
Driven Machine
Power source ~ Uniform Moderate shock Heavy shock
Uniform 1.00 1.25 LS
Light shock 1.25 1.50 2.00
Medium shock 1.50 1.75 2oy
t Pd KmKB .
W K,JKt.K_‘F 3 (U.S. customary units)
U —
1 KKy .
W'K,K,K,— . S
K, K, om Y, (ST units)
C'\/‘,’ir”;‘('!s’.'f(KmE (U.S. customary units)
) A Kk T I.S. customary units
. 7 KWfKK L
- Ky Ke——— units
N b Z, :
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HE O EERERERERE EE———
14-9 Surface Condition Factor C; (Z)

Surface condition factor is only for pitting resistance, which depends on
= Surface finish

= Residual stress

= Plastic effects (work hardening)

Standard surface conditions for gear teeth have not yet been established

{ \/W’K K.K.ﬁg (U.S. customary units)
. P oy .sdPF I J
t 7 ﬁ/u’u«f,f(ﬁé (SI units)

N TERE B
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14-10 Size Factor K,

Size factor reflects nonuniformity of material properties due to size. It depends

upon
= Tooth size
* Diameter of part WK KK, % KJKB (U.S. customary units)
= Ratio of tooth size to diameter of part o= | KK
_ WK, K,K, HE (S units)
= Face width bm, Y,

Area of stress pattern
Ratio of case depth to tooth size
Hardenability and heat treatment

Ky Zg

(U.S. customary units)

(ST units)

C\/kuu(—"(‘r—9
dpF 1
o, =

aJWmm&

dob Z;

AGMA hasn’t established a standard size factors for gear teeth yet.
Textbook borrowed the size factor (k,) for shaft HCF and recommended

0.0535
K, =-L=1192 (F“_)
k

b
If K, is less than 1, use K, = 1.
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14-11 Load Distribution Factor K, (K,

Load-distribution factor is to reflect non-uniform distribution of load across the
line of contact.

AGMA face load distribution factor K, = Cppr = 1+ Cie(CprCom + CinaCe)

C,... Lead correction factor | C,. =
mce " 0.8 for crowned teeth

{ I for uncrowned teeth

C,m: Pinion proportion modifier; consider alignment change due to pinion offset
under a deflection of the bearings.

C,s: Pinion proportion factor; based on location of the pinion relative to its
bearing center line

Centerline of . £
gear face Figure 14-10 0ds 0.025 F=1in
Centerline of Centerline of F
At e Cyy =4 —— — 0.0375 + 0.0125F | <F=17in
| I 10dp
F _ . 2 .
— 0.1109 + 0.0207F — 0.000 228F~ 17< F=40in
L 10dp
F .
| For values ofm < 0.05, use 0.05 instead.
P
|
-5, % g c { I for straddle-mounted pinion with §,/S < 0.175
= | Flmn 5=
- 1.1 for straddle-mounted pinion with §,/S = 0.175
- 5 5
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14-11 Load Distribution Factor K _ (K,) (Cont’d)

AGMA face load distribution factor K, = Cppr = 1+ Ciue(CprCom + CinaCe)

C,.o: Mesh alignment factor; accounts for the misalignment of the axes of
rotation from all causes other than elastic deformation

Cma=A+BF+CF2 0.90

Figure 14-11

= os0 | Mesh alignment factor C,,, Open gearing
Condition A B Cc
0.70
Open gearing 0.247 0.0167 —0.765(107%) g
Commercial. enclosed units 0.127 00158  —0930(107" £ " i i R
Precision, enclosed units 0.0675 0.0128 —0.926(107%) % 0.50
Extraprecision enclosed gear units ~ 0.00360 0.0102 —0.822(107%) L?—" il i il il s
E 0.30 el Extra precision enclosed gear units

Curve 4

For determination of C_ . see Eq. (14-34)

0 5 10 15 20 25 30 35
Face width, F (in)

C,.: Mesh alignment correction factor

P, K,K .
0.8  for gearing adjusted at assembly, or compatibility W'K,K,K, 3 TB (U.S. customary units)
= is improved by lapping, or both g = R
1 for all other conditions WK, K, K,— £ (ST units)
“bm, Y,
\/WKKKK’” G (wUs.cus its)
' .S. customary units
4F 1 customary uni
- - < - - t KH ZR 2 3
Sichuan University - Pittsburgh Institute 82 WK, K, K b7 (SI units)
wil £




14-12 Hardness-Ratio Factor C (Zy)

Pinion generally has a smaller number of teeth than gear and consequently is
subjected to more cycles of contact stress. Therefore, a uniform surface
strength can be obtained by making the pinion harder than the gear.

Hardness-ratio factor C is used only for the gear. For pinion, C=1.

1.14
1.7
— ! — Figure 14-12
CH 1+A(mG 1) 112 » m:ﬁ:n%
H H ,.
A= 0. 00898( BP) 0.00829, 1.2 <8P 417
Hpg lBcl; 10| 15 ¥
H i 2
A’ =0 —E% < 1. 2 = ; 14 =
Hpg 2 1.08 4 B
H E E
A"=10.00698 —*=>17 . 13
BG g - S
E 1.2
& _ T 104
— (U.S. customary units)
ool = SH KTKR i When
cal ol o 1.02 H
s (ST units) %{ L2,
X X BG
H 18iz Use Cy=1
1.00

0 2 - 6 8 10 12 14 16 18 20

Single reduction| gear ratio m;
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14-12 Hardness-Ratio Factor C (Z,,) (Cont’d)

When surface-hardened pinions with hardness of 48 Rockwell C scale
(Rockwell C48) or harder are run with through-hardened gears (180—400
Brinell), a work hardening occurs. The C, factor is a function of pinion surface
finish f, and the mating gear hardness.

Cy =1+ B'(450 — Hy)
B’ = 0.00075 ¢(~0.0012fp)

1.16 Surface Finish of Pinion, fp.
microinches, R,

. . - 1.14 :
fo: Pinion surface finish expressed as Figure 14-13
: . fp=16
root-mean-square roughness R, (nin) = 112
S 110 fp=32
<
= 108 PR
S{- ZNCH {L] (_; : I } é JP—
= ., Customary S = ;
B SH KTKR customary units :% 1.06
Teall — iZNZW - " "
SH ngz ol units) J
When fp > 64
102 use Csz 1.0
1.00
180 200 250 300 350 400

Brinell hardness of the gear, Hy,
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14-13 Stress-Cycle Factors Yy and 2,

Purpose of the stress-cycle factors Yy and Z, is to modify the gear strength for
lives other than 107 cycles.

NOTE: The choice of ¥y, in the shaded . NOTE: The choice of Zy in the shaded
4.0 Yy =04518 0148 area is influenced by: 4.0 zone is influenced by:

Pitchline velocity Lubrication regime

Gear material cleanliness Failure criteria

Residual stress Smoothness of operation required
Material ductility and fracture toughness Pitchline velocity

2.0 Gear material cleanliness

Material ductility and fracture toughness
Residual stress

Zy=1.4488 N~003

Case carb. )’N:6,1514N‘0'”92

Zy=2.466 N~00%6

Stress-cycle factor, ¥
Stress-cycle factor, Z

A A
1.0 1.0 1.0 T et
- - Niu-idj:
83 Yo = 1.683] N00323 83 gt; S Zy=1249 B8
y Figure 14-14 & Tus B 0 Figure 14-15
" | Bending strength Stress-Cycle factor Yy 7 " | Pitting resistance Stress-Cycle factor Z,
0.5 05 0.5
10 103 10* 10° 106 10’ 10% 10° 10" 107 10° 10* 10° 10° 107 108 10° 10!
Number of load cycles, N Number of load cycles, N
S, Yy _ S: ZyCy VS e s
S —— (U.S. customary units) S_W (U.S. customary units)
Sy KKy O H BTRER
all Sr YN (SI ‘ :l o SL‘ ZN‘ZH" (gl .
e units T a1 units)
Sy Yi¥s Su Yoy
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14-14 Reliability Factor K, (Y,)

Gear strengths S, and S, are based on a reliability of 99 percent.

B {0.658 — 0.0759 In(1 — R) 0.5 < R<099
W=

0.50 — 0.109 In(1 — R) 0.99 = R = (0.9999
Table 14-10
Rﬂliﬂb“il'y Kz (Yz) S Y (U.S. customary units)
- a 5 Y .
0.9999 1.50 S_r : ; (SI units)
0.999 1.25 Fooe
0.99 1.00 S. Z,C, |
0.90 0.85 S KK (U.S. customary units)
H KRTRp
Teall —
5 : : S. ZnZ

e 079 S; ]%},: (ST units)
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14-15 Temperature Factor K; (Y,)

For oil or gear-blank temperatures up to 250°F (120°C), use K;=Y,=1.0.

S Yy :
T (U.S. customary units)
- Sy K+ Ky
! S ¥y
i S (ST units)
Sk YaY;
S. ZyC :
o b (U.S. customary units)
Su KrKy ’
Teall —
: S. ZyLy
e (ST units)
Su YoY,

Sichuan University - Pittsburgh Institute 87 m




14-16 Rim- Thickness Factor Kg

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.

Mp = t_R — rim thickness below the tooth WrK,JKL.K&%m (U.S. customary units)
B h¢ tooth height = | KoK
W'K,K,K,———L  (SI units)
2.242 T bm, Y
Kg=1.61In mp < 1.2 B
mp
Kg=1 mp=12 i
- Cor <12
"y For mp < ]._ - /bi
o Kp=161In (";,}“l, ") h,
& 2.0 ? -
5 181
[}
L6 e
’i—‘: i b Formg=>1.2 )/ I
S L2 J ,
z 10+
z
Figure 14-16
0 | l l l | | e 4 4 I
0.5 0.6 98 16 12 2 3 4 5 6 7 8 910

Backup ratio, my
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HE O R EEEEEEEEEEEEEIL,—
14-17 Safety Factors S and S,
Sg : Safety factor guarding against bending fatigue failure

Sy: Safety factor guarding against pitting failure

S — StYn/(KTKR) _ fully corrected bending strength
= =
o

bending stress

S, = ScZnCh/(KTKR) _ fully corrected contact strength
= —
Oc

contact stress

(S, Y
S—; KT;{R (U.S. customary units)
S.‘ YN

| S: V¥

o

Tall =

(ST units)

e Lxiot (U.S. customary units)
$ Kok '

S, ZnZy
Su 1Y,

Teall —

(SI units)
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Example 14-4

A 17-tooth 20° pressure angle spur pinion rotates at 1800 rev/min and transmits
4-hp to a 52-tooth disk gear. The diametral pitch is 10 teeth/in, the face width
1.5 in, and the quality standard is No. 6. The gears are straddle-mounted with
bearings immediately adjacent. The pinion is a grade 1 steel with a hardness of
240 Brinell tooth surface and through-hardened core. The gear is steel,
through-hardened also, grade 1 material, with a Brinell hardness of 200, tooth
surface and core. Poisson’s ratio is 0.30, J,=0.30, J5=0.40, and Young’s
modulus is 30(10°) psi. The loading is smooth because of motor and load.
Assume a pinion life of 108 cycles and a reliability of 0.90, and use Yy, =

1.3558 N~0-0178 7. = 1.4488 N~9923 The tooth profile is uncrowned. This is a
commercial enclosed gear unit.

= Find the factor of safety of the gears in bending.
» Find the factor of safety of the gears in wear.

= By examining the factors of safety, identify the threat to each gear and to
the mesh.
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14-5 Geometry Factors | and J (Z, and
Yy)

14-6 The Elastic Coefficient C, (Zg)

14—7 Dynamic Factor K,
14-8 Overload Factor K,

14-9 Surface Condition Factor C; (Zg)

14-10 Size Factor K

14—11 Load-Distribution Factor K, (Ky)

14—12 Hardness-Ratio Factor C, (Zy)

14—13 Stress-Cycle Factors Y, and Zy

14—14 Reliability Factor Ky (Y)
14—15 Temperature Factor K; (Y,)
14-16 Rim-Thickness Factor Kg
St

Se

Q,=6; quality standard No. 6

The loading is smooth because of
motor and load

TBD

NG=52 teeth
Np=17-tooth,

The tooth profile is uncrowned.

The gears are straddle-mounted with
bearings immediately adjacent.

This is a commercial enclosed gear
unit.

grade 1 steel, HBP=240 & HBG=200

Yy = 1.3558 N~0-0178
Zy = 1.4488 N~0.023

reliability of 0.9

TBD

Assuming constant thickness gears
grade 1 steel, HBP=240 & HBG=200

grade 1 steel, HBP=240 & HBG=200

Eq 14-23

Eq 14-28

Eq 14-27, Kv=1.377
K,=1

Ce1

Table 14-2, Yp=0.303, F=1.5"

0.0535
1 FVY
Ks = k_b = 1.192 T

YG=0.412, Ks=1.052
Eq. (14-30): C,. =1

= 1.043

Cpm=1
(Fig. 14-11): Cma =0.15
Eq. (14-35): Ce = 1

Eq 14-36

Table 14.10, Kg=0.85
K=1

Kg=1

Table 14-3, Fig. 14-2

Table 14-6, Fig. 14-5,




Matching Pinion and Gear Bending Safety Factor

It is desired to have equivalent SF between pinion and gear.

For bending stress

Pd' KmKB) P K!?KB
P Ik F T s

(S YN/ (KrKR) [ Si¥n/(KrKp)
Spp=\—" A Sple ==, s

[rp—(WKKK (WKKK

Substituting for stress/strength and cancelling identical terms:

_ (YNnp Jp
(St)G - (St)P (YN)G Ic

Speed ratio: m; = %
pP

Stress-cycle factor: Yy = a N~# (Fig. 14-14)

B
Stress-cycle factor, for pinion: (Yy)p = « NP , forgear: (Yy); =« (&)

mg

B
Simplifying gives: (S;)¢ = (St)P( ) j_P = (S)p mg f;

Normally, mgz>1 and J;>J;, so the relationship shows that the gear can be less
strong (lower Brinell hardness) than the pinion for the same safety factor.
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Matching Pinion and Gear Pitting Resistance Safety Factor

For surface contact stress:

i err Cf 3 Km CJ" by
'.(flﬂjp — CF' W K{?KPK.E e {UI']U —+ CF’ WJKHKPKS__-
dpF 1 P dPF I &
S.Zn/ (K1 Kg) S:ZnCr/ (K7Kp)
(Sp)p = ( p ) (Sp)e = ( - )
¢ P i i

Substituting for stress/strength and cancelling identical terms:
_ Znp (1) _ B (1
(5)e = Sr gt () = 6emg (5).

Zn)p _ B
ZN)g G

Value of B comes from Fig. 14-15.
Since C,, is so close to unity, it is usually neglected; therefore,

(e = (Se)p mb

. Where
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Design Procedure and Guidelines

= Select Gear Type, Materials, Accuracy Grades, Heat Treatments,
and Manufacturing Methods

= [|nitial Selection of Design Variables
— Pinion number of teeth, Ny

— Generally speaking, gears with more teeth tend to run more smoothly
and quietly than gears with fewer teeth.

— Np should be as small as possible to keep a transmission system
compact. But the possibility of interference or undercut is great with
fewer teeth.

— For enclosed gearings, initially select N, =20-40
— For open gearings, initially select N, =17-20.
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Selection Criteria of Face Width (b)

= |ncreasing face width reduces both bending stress and contact stresses and
improves surface durability.

= Normally not greater than the pitch diameter of pinion, as a wide face width
increases possibility of misalignment and uneven load distribution along the
gear teeth.

= The wider the face width, the more difficult it is to manufacture and mount the
gears so that contact is uniform across the full face width.
= Face width, b, is not standardized, but generally,

9 14
—<b<— or IM<b<1l4m /‘ Top land

P P

= Or depending from type of bearing support:

bgear = @Pa - dp | | _
bpinion — bgear + (56~10)mm "'“E_m__ — i — & _ Flank

Addendum
circle

Face

, Where
@z = 0.9~1.4 Symmetric Support
@g = 0.7~1.15 Asymmetric Support
pq = 0.4~0.6 Cantilever Support Y D e
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