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pie, single-mesh gearset, Table 1. 
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1 to  10  9s 1000 
Helical h herr inghone 1 t o  15 98 5000 

Helical a n d  douhle 
helica1, high speed 1 to  15 98 30,000 

Crossed helical 1 t o  1 0  9 X '1000 

Straight  bevrl  1 to  6 98 1000 
S!~iral bevel 1 to  9 98 8000 

1 t o  9 9s 4000 

1 t o  9 9': 1000 
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out  of the tooth cutting tool. This 
space should be small because it reduces 
the active face width. 

Herringbone gears are essentially the 
same as double-helical gears, Fig. 2b, 
and have no space separating the two 
opposed sets of helical teeth. Double- 
helical and herringbone gears are used 
for the transmission of heavy loads a t  
high speeds in continuous service. 

Planocentric Gears: A fixed internal- 
tooth gear meshing with an eccentrically 
mounted external-tooth gear only slightly 
smaller, Fig. 3 ,  provides a high-reduction, 
high-torque drive for in-line shafts. In- 
put is to the eccentric shzft, and output 
is taken from the pinion through a pin 
coupling which permits radial displace- 
ment. Under favorable conditions, ef- 
ficiency of planocentric gears may be 
greater than 90%. 

Harmonic drivel depends for its action 
for in-line shafts on controlled elastic 
deformation, Fig. 4. A fixed, rigid, in- 
ternal-tooth spline meshes with the ex- 
ternal teeth of a thin, flexible, inner ring 
of slightly smaller diameter. A third 
element, called a wave generator, rotates 
within the flexible spline and deflects 
it slightly from its natural circular shape 
so  that  it meshes with the fixed spline 
at  two or more regions. The drive per- 
mits high speed ratios, and has high 
torque capacity and positional accuracy 
because of the many spline teeth in 
simultaneous contact. 

Intersecting Shafts: The following types 
of gears are used between intersecting 
shafts. 

'See list of t r adenames  a t  end o f  chap te r .  

10 t o  20 80 

31% to  9 0  50 to  90 6000 
huh le -enve io !~ ing  worm 33% t o  90 50 to  94 -1000 

3 to  X 95 to  99 1000 

10  to 100 50 to  $17 6000 

3 t o  100 50 to  $18 6000 

~ ~ A N I C A L  DRIVES ISSUE 

Straight-bevel gears can be used on  
shafts at any angle, although 90" is  
most usual. They a re  designed in pairs, 
hence are not always interchangeable. 
Because the teeth are tapered, bearing 

Fig. I-External spur-gear pair, a, and 
internal spur gear, 6 .  

Fig. I-Single-helical gear pair, a, and 
double-helical pair, herringbone type, 6 .  
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Fig. 3-Planocentric gear pair with out- 
put through second eccentric pinion. 

surface and strength are reduced a t  the  
inner end. For this reason, the tooth 
contact bearing should be localized to 
avoid contact at  either end. To maintain 
proper tooth contact, supporting shafts 
and bearings must not yield under load. 

Straight-bevel gears, Fig. 5a, have 
straight teeth which if extended would 
pass through the point of intersection 
of their axes. They are considered sat- 
isfactory for pitchline velocities up to 
1000 fpm. 

Spiral-bevel gear teeth are curved and 
oblique, Fig. 5b. Because the teeth 
are at  an angle to  the axis of rotation, 
the  loading is distributed over two or 
more teeth a t  any given instant. Such 
gears are suitable for pitchline velocities 
up to 8000 fpm. Ground teeth extend 
this limit to 18,000 fpm and beyond. 
Load capacity is superior to that  of 
straight-bevel gears, and the gears run 
more quietly. Thrust loads are greater 
than wicn straight-bevei gears. 

Basic Considerations 
Cenr I tat lo:  Defined a s  the ratio of 

the lareer  to the smaller  number of 
teeth i n  a pair  of gears,  gear  ratio is 
also equal to the rat io of the speed of 
the smaller  gear  to tha t  of the larger. 
I n  reduction gears this is also the ratio 
of input to output  speeds. The usual 
range of ratios f o r  single-reduction gear 
drives is indicated in Table 1. 

Gear Efficienry: The  efficiency, o r  
rat io of output  power to input, is a f -  
fected by friction losses a t  the  gear 
mesh and  a t  the bearings, a s  well a s  by 
windage and churning of lubricant. Total  
losses m a y  change very little with trans-  
mitted load, hence the efficiency is 
likely to decrease a t  less than full power. 

Typical values of efficiency per mesh 
o r  s tage  of reduction a r e  shown in 
Table 1. 

Swed Range:  Controlling factor  in 
establlshmg the operat ing speed limits 
of gearing is the pitchline velocity. 
Limits  fo r  various types of gears a re  
shown in Table 1. 

Operating speeds a r e  limited by ac-  
curacy of the gear teeth a n d  balance of 
rotat ing parts .  

Power Xnnge: With high-precision 
gear  teeth and the proper materials, 
gears can be designed to transmit  very 
high power. Approximate maximum 
power transmitted through a single 
mesh is 30,000 tip for  high-speed doubie- 
helical gears.  Single-helical a n d  herring- 
bone gears transmit  up t o  30,000 hp, 
spiral  bevels up to 5000 hp, and  worm- 
s e a r  sets  up to 750 hp.  I n  special 
cases, power may  be higher than  these 
limits. 

Z e r o l Q e a r s ,  Fig. 6, similar to spiral- 
bevel gears, have curved teeth arranged 
in such a way that  the effective spiral 
angle is zero. Thrust loads, therefore, 
are equivalent to those produced by 
straight-bevel gears. Tooth bearing is 
localized, s o  tha t  stress concentration a t  
the tips is eliminated. 

Face gears, having teeth cut  on the 
flat face of the blank, mesh a t  right 
angles with spur or  helical pinions. When 
the shafts intersect, they are known as 
on-center face gears. 

Other types available include a num- 
ber of proprietary designs. Coniflexz 
gears are straight-bevel gears whose 
teeth are crowned in the section of the 
pitch surface. FormateZ gears are bevel 
gears in which the gear member of the 
pair has nongenerated teeth, usually with 
straight tooth profiles, and in which the 
pinion member of the ,pa i r  .has generated 
teeth that  are conjugate to the mating 
gear. Revacyc leQears  are straight-bevel 
gears generated by a special process, 
with a special tooth form. 

Nonparallel, Nonintersecting Shafts: 
Shafts which lie in parallel planes may 
be skewed a t  any angle between zero 
and 90". The following types of gears 
are used between such shafts. 

Crossed helical gears, d s o  known as 
spiral gears, Fig. 7, are similar in ap- 
pearance to helical gears used on  parallel 
shafts. However, they can only trans- 
mit relatively small amounts of power 
because of sliding action and limited 
tooth contact area. They are principally 
used to allow for a wide variety of speed 
ratios without change of center distance 
or even gear size. They can be used 
at angles other  than 90". 

Worm gears, because of their screw 
action, Fig. 8a, are quiet, vibration-free, 
and produce a smooth output. On a given 
center distance, much higher ratios can 
be obtained through a wormgear se t  than 
with other conventional types of gear- 
ing. If the  lead angle of the worm is 
less than 5 " ,  a wormgear set  cannot 
usually be driven backward-that is, it 
is self-locking. Although there is sliding 
action, the contact area is greater than 
with crossed helicals; hence load capacity 
is high. Worm and wormgear shafts 
are almost invariably a t  right angles. 

Cavex3 Worm Gearing: In this  type, 
a concave worm thread meshes with a 
convex gear tooth. This arrangement is 
designed to provide lower tooth contact 
surface stresses and better conditions of 
mesh lubrication. 

Cone-drivei gearing is a proprietary, 
double-enveloping, wormgear drive, Fig. 
8b. This gearing is used to  connect 
shafts at  right angles. In usual speed 
ratios, a Cone-Drive set resembles hour- 
glass wormgearing. In some extreme 
ratios the drive may resemble right-angle, 
crossed, helical gearing. 

Hypoid gears, Fig. 9, are similar to  
spiral-bevel gears, except that the shafts 
do not intersect. They operate more 
smoothly and quietly, and are stronger 
for a given ratio. Because the two sup- 
porting shafts do not intersect, bearings 
can be mounted on both sides of the 

Fig. 4-I-Iarnionic-drive principle, shoq.- 
ing two means of generating the deflec- 
tion wave-ir, spaced rollers and, b, 
elliptoidal cam. 

gear to provide extra rigidity. High- 
reduction hypoids (HRH)' permit ratios 
between 10:l and 120.1, and even as 
high as 360: 1 in fine pitches. Shaft 
angle is usuallr 90°, but other angles 
are possible. 

Face gears, also used for intersecting 
shafts, can be offset to provide a right- 
angle nonintersecting-shaft drive. 

Spiroid gears5 are right-angle noninter- 
secting-axis gears having tapered pinions 
meshing with face-type gears, Fig. 10a. 
Havlng line contact across the full face 
width of the gear, with attendant load- 
carrying characteristics, Spiroid gears 
are suitable for ratios of 10:l and larger. 
Ratios as high a s  468:l have been used. 

Planold gears5, Flg. lob, similar to 
hypolds, have load capaclty comparable 
to Splroid gears. They are sultable for 
ratios In the 2: 1 to  10.1 range. 

Helicon gears-re right-angle, 
intersecting gears having cylind 
pinions with threads of constant 
but unequal pressure angles me 
with teeth on the flat face of the 
Fig. 10c. They have load-carrying 
acteristics similar to Spiroid gears. 
con gears are suitable for  ratios of 
and higher. They have manufactu 
advantages in low-ratio, high-quantity 
uations because the  tooth form can 
cast o r  molded in its correct theoretic 
form. 

Beveloid gears6 are involute gears 
tapered tooth thickness, outside dia 
eters, and root diameters, usually 
tersecting axes but also employ 
skew and parallel axes. They a r  
able for precision instrument 
where their accuracy is an adv 
and their limited load-carrying c a m  
not a handicap. Accuracy of motion 
affected by mounting variations. 
Beveloid gear will run with an invo 
spur or helical gear or rack. Unit 
is high except in large quantities. 

MACHINE DESIGN-December 1 



6- 
~i~ i-Straight-bevel, ' I ,  and spiral-bevel pair, h .  Fig. 6-Zero1 gear pair. 

Multiple Meshes 

combinations of two or more gear 
p i r s  on parallel and nonparallel, and 
on intersecting and nonintersecting shafts 
permi' higher speed ratios and greater 
versa- .ity than are possible with a single 
mesh. Table 2 .  

Series Trains: Overall ratio of any 
gear train is the input shaft 

;peed divided by the output speed. I t  is 
llso the product of the individual ratios 

each mesh, except in planetary ar-  
,angements. The ratio is most easily 
letermined by dividing the product of 
he numbers of teeth of driven gears 
ly the  product of the numbers of teeth 
~f dri7:ing gears. By manipulating num- 
lers, -:i~y desired ratio can be obtained, 
!ither exactly or with an extremely close 
ipproximation. 

In multiple-mesh series trains the  
orces transmitted through the gear teeth 
re higher at  the low-speed end of the 
rain. Therefore, the pitches and face 
iidths of the gears are usually no t  
he same throughout the train. In in- 
trument gears, which transmit negli- 
ible power, this variation may not be 
~ecessary. 

S p e d  increasers are gear trains tha t  
'quire great care in design, especially 
t high ratios. Because most gear sets  
nd gear trains are intended for speed 
?duction, standards and published data 
1 general apply to such drives. It is 
ot safe to assume that  these data can 
e applied without modification to  a 
Jeed-increasing drive. Efficiency is 
)metimes lower in a n  increasing drive, 
hich requires substantial input torques 
1 overcome output load; in extreme 
'stances, self-locking may occur. Clock 
nd watch drives use special tooth pro- 

files for minimum friction loss to  avoid 
these difficulties. 

Reverted trains are two sets of parallel- 
shaft gears so arranged that the output  
shaft is concentric with the input. The 
requirement of equal center distance for 
the two trains complicates determination 
of how many teeth should be in each 
gear to satisfy ratio requirements with 
standard pitches. Helical gears add 
flexibility to design through possible 
variation of helix angle. 

Epicyclic Gearing: An epicyclic gear  
train is a reverted-gear arrangement in 
which one or more of the gears (planets) 
move around the circumference of co- 
axial gears, which may be fixed or  ro- 
taling with respect to their own axes. 
The planet gears have a motion con- 
sisting of rotation about their own axes 
and rotation about the axes of the co- 
axial gears. 

Epicyclic trains may incorporate spur 
or helical gears, external or internal, o r  
bevel gears arranged in numerous ways. 
One common arrangement consists of: 
!. Central sun gear with cxteriia! teeth. 
2 .  Ring gear with internal teeth. 3.  
Revolving planet pinions which engage 
the sun gear and the internal ring gear. 
4. Planet carrier in which the planet 
pinions are supported. 

Epicyclic trains can be classified as: 
Single epicyclic trains, which may be 

simple epicyclic trains, Fig. 1 la ,  where 
coaxial gears S and R are connected 
by single intermediate gear P carried by 
planet carrier A; o r  compound epicyclic 
trains, Fig. 1 lb, where intermediate 
planet pinions P are compound gears. 

Coupled epicyclic trains consist of two 
or more single epicyclic trains arranged 
so tha t  two members in one train a re  
common to  the adiacent train. 

g. 8-Worm and wormgear pair, a; and double- 
lveloping Cone-Drive gearing, b. 

Fig. 9-Hypoid gears. 

GEARS 

Fig. 7-Crossed helical gears, formerly 
called spiral gears. 

Speed ratios are shown in Tables 3 
and 4 for simple and compound epicyclic 
trains when one member is fixed and 
another is driving. With a suitable 
arrangement of clutches and brakes, a n  
epicyclic train can be the basis of a 
change-speed transmission. With all 
members free and the gears locked to 
each other, an epicyclic train has a 1:l 
speed ratio. 

Differential Gearing: In a general 
sense, differential gearing is an arrange- 
ment in which the normal ratio of t h e  
unit can be changed by driving into 
the unit with a second drive. This 
arrangement, or one having two outputs 
and one input, is used to vary ratio. 
It is called the free type. 

Simple differentials may use bevel 
gears, Fig. 12a, or spur gears, Fig. 12b. 
The bevel-gear type is used in automo- 
tive rear-end drives. Both types a re  
used in analog-computer mechanisms 
where they perform addition or subtrac- 
tion. The input-output speed relation- 
ship is 20  -- 0 ,  - 0 2 ,  where w is the 
speed of the arm and o, and a2 are 
the two shaft speeds. 

Another type of differential (called 
the fixed type) has a large, fixed ratio. 
Such a drive is an evolution of the  
compound epicyclic train in Fig. l l b .  
If the ring gear is replaced with a sun  
gear which meshes with planet PR. the  
equations in Table 4 apply, except that  
the plus signs change to minus. If the 
sun and planet gears are made almost 
but  not exactly equal, the output speed 
is the small difference between two 
terms that  are almost equal. Such a 
drive is good for ratios from 10: 1 to  
3000: 1. 

Using two ring gears instead of .a 
ring and a sun in Fig. l l b  results in a 

Fig. 10-Three types of gears used on 
crossed axes: a, Spiroid, b, Planoid, and 
r .  Helicon. 
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Table 2-Speed Ratios Pos- 
sible with Multiple Meshes 
Tytw of  (;rwr Kutlos 

Hl.lil~~ll,  ll'>lll>l~-l,6~lil.~ll,  
hrrril~pbonr yriirs 

Double reduction 10 to 7.5 
Triple reduction i 5  to 350 

I l l ~ l l ~ ~ : ~ l  \ v l l i ~  n w r ~ ~ ~ i c r 3 : ~ r ~  
Double reduction 3 U  to 270 

Fig. 11-Epicyclic trains: u, simple train 
and, b, con~pound train. In  b planet 
gears are keyed to the same shaft. 

fixed-differential drive suitable for ratios 
of 1 5 : l  to 100: l .  

Any epicyclic gear train can be de- 
signed for differential operation. For 
instance, instead uf one of the elements, 
such as a sun or ring gear, being fixed, 
two of the elements may be driven in- 
dependently. Output speed is then the 
ne t  result of the two inputs. 

Compound epicyclic trains can pro- 
duce several input or output speeds by 
the addition of extra sun or ring gears 
meshing with the planet pinions. Thus, 
the compound epicyclic train in Fig. 
l l b  may have another sun gear meshing 
with PE and another ring gear meshing 
with Ps. Any one of the  four (two 
suns and two rings) could be fixed, and 
the others free or  available for input 
o r  output. 

Closed-Loop Trains: Epicyclic gear 
trains with more than one planet pinion 
meshing with the same sun and ring 
gears have parallel paths through which 
power can flow. Other gear trains, too, 
sometimes use multiple-tooth contact to 
increase the capacity within a given 
space. Such gearing is sometimes called 
locked-train gearing. 

Two considerations arise with multiple- 
tooth contact which are not present in 
open trains. One is the proper selection 
of tooth numbers and spacing to  ensure 
assembly. The other  is gear accuracy 
and adjustment to ensure equal distribu- 
tion of the load to each mesh. 

For single planetary arrangements, to 
make assembly possible, (R i S ) / Q  
must be a whole number, where R and 
S are  the numbers of teeth in the ring 
and sun gears, and Q is the number of 
planets equally spaced around the sun. 

For compound planetary trains the cor- 
responding formula is (RPs - SPR)/Q, 
which must  equal a whole number. 

Multiple-mesh or locked-train gearing 
requires careful attention to tooth ac- 
curacy and support of the gears. Back- 
lash and backlash tolerances should be 
as nearly equal as  possible a t  each 
mesh to ensure equal load distribution. 

Gear-Tooth Form 

Gear-tooth profiles are commonly in- 
volutes. This shape gives a constant 
velocity ratio over the entire cycle of 
tooth contact, even if the center dis- 
tance changes. Teeth are easily gen- 
erated or formed with standard tools. 

Involute tooth size and shape are 
affected by three variables-pitch, depth, 
and pressure (or profile) angle. 

Pitch: Standard pitches are generally 
whole numbers when meaBurrd as diamet- 
ral pitch P (number of teeth divided by 
pitch diameter of the gear in inches). 
Coarse-pitch gearing has teeth larger 
than 20 diametral pitch-usually 19.99 
to 0.5. Fine-pitch gearing usually has 
teeth of diametral pitch 200 to 20. 

Depth: This is standardized in terms 
of pitch. A standard full-depth tooth 
has a working depth equal to 2/P. If 
the teeth have equal addenda (as  in 
standard interchangeable gears) the ad- 
dendum is therefore equal to l /P .  Stub 
teeth have less working depth (usually 
20% less) than full-depth teeth. 

Full-depth teeth have a larger con- 
tact ratio than stub teeth. However, 
gears or pinions with small numbers 
of  teeth are undercut. Undercut reduces 
the active profile and weakens the root 
of the tooth. 

Pressure Angle: Standards are 20" and 
25". Earlier standards included a popu- 
lar 14%" pressure angle which is still 
used. Pressure angle contributes to a 
force which tends to separate the  gears. 
High pressure angle decreases the con- 
tact ratio but  permits gears and pinions 
to have fewer teeth without undercutting. 

Long and Short-Addendum Teeth: These 
permit pinions with even smaller num- 
bers of teeth. The addendum of the 
teeth on the smaller gear (pinion) is 
increased and that of the teeth on the 
larger gear is decreased, leaving the 
whole depth, o r  sum of the two addenda, 
the same. 

Standard Tooth Forms: Standards pub- 
lished by the American Gear Manufac- 
turers Association (AGMA) establish 
tooth proportions and profiles. 

Gear Precision and  Quality 

Because cost increases sharply with 
increasing accuracy, it is important to  
establish a degree of precision appro- 
priate to the application. Silent gears 
and gears which transmit high power a t  
high speed demand high precision and 
quality. So do instrument and computer 
gears, where speed or  displacement 
ratios must be exactly maintained. Non- 
critical gears, such as might be used 

at  slow speed in exposed locations, may 
be satisfactory i f  made to minimum 
quality standards. 

Gear Classification: AGMA has estab- 
lished a gear classification system to 
assist in the selecton and specification 
of gears. 

Gears are assigned an AGMA Class 
Number which combines a dimensional 
Quality Number (identifying tooth-ele. 
ment tolerances) and a Material and 
Treatment Number. A complete Class 
Number might read 8-H-14. The first 
number, 8, is the quality number; the 
H denotes the type of material and 
treatment; and the 14 is related to the 
hardness. 

Quality Numbers range from 3 to 15 
for coarse-pitch gearing (19.99 to 0.5 
diametral pitch) and from 5 to 16 for 
fine-pitch gearing (200 to 20 diametral 
pitch). The higher the quality number, 
the more precise the gearing, and the 
closer the tolerances. 

Tolerances for coarse-pitch gearing 
are described and listed in the AGMA 
Gear Class~ficat ior~ ~Manual: 

Runout tolerance is the allowable 
variation in off-center relation between 
the axis of the pitch circle and the axis 
about which the gear rotates. It is twice 
the eccentricity, and includes the effect 
of side runout or  wobble. It is applicable 
to all Numbers. 

Pitch tolerance 1s the allowable vari- 
dtlon in spacing between corresponding 
s ~ d e s  of adjacent teeth, wlth measure- 
ments preferably made at  o r  near the 
pitch c ~ r c l e  In the plane of rotatlon Ap- 
pl~cable to Number 6 and higher 

Prof~le tolerance IS the allowable 
deviat~on of the protlle of the actual 
tooth form from the theoreticallv correct 
prof~le,  w ~ t h  measurement made in the 

Table 3-Simple Epicyclic 
Train Ratios 

Table 4-Compound Epicycli 
Train Ratios 

( S e e  Fig.  I l b )  

' 1 1 t 1 1  --- I~,~vlIl, ,tilm o f  - 
Sun r  1 m Z  

S ~ l n  f'ixcri 0 

. \ rm l'ixe,i 1 

R i n ~  Cixeti 1 . -  
in the equations, R .  s, P,,, a n d  

denote either pitch diameter or num 
o r  trpth in the respective gr:trs. 



lane of rotation. Tip relief and a n y  
ortion of t h e  tooth surface below t h e  
ctive profile is not considered. Ap- 

olicable to  Number 7 and higher. 

8 Total composite tolerance 1s the  al- 
lowable v a r ~ a t l o n  In center d ~ s t a n c e  ob- 
talned when a gear  1s rotated through 
one omplete revolution rn t ~ g h t  mesh 
&h a master gear This mcludes the  
effecrs of  all tooth and runout varla- 
tions Appl~cable to  Numbers 8 to 12 
8 Lead tolerance is the allowable de- 
viation of  the axis of the tooth from 
its true axis, with the measurement a s  
a displacement normal to the axis. Ap- 
plicable to  Number 8 and higher. 

For fine-pitch gearing, tooth-to-tooth 
composite tolerances and total compos- 
ite t ~ l e r a n c e s  a re  listed for Numbers 5 
t h r o  :h 16. 

To;rh-to-tooth composite tolerance is 
the allowable center  distance variation 
obtained as  the  gear  is rotated from 
tooth to tooth in tight mesh with a mas- 
ter gear f o r  one complete revolution of 
the gear. I t  includes the effects of varia- 
tions in circular pitch, tooth thickness, 
and profile. 

In many applications requiring high- 
accuracy gearing it is necessary to match 
pinion and gear  profiles, and pinion and 
gear :cads, so that the mismatch in a 
set ,lees not exceed the tolerance on 
profile or  the tolerance on lead for the 
applicable Quality Number. Matched sets  
can be provided, but usually involve 
extra cost. 

Certain control-gearing applications re- 
quire gears having a high degree of ac- 
suracy in the circular spacing of teeth. 
C A W  A", *UCI  -..-L, ~ p ~ l i c a t i o n s ,  --- speiifiiaiioil of 
the tooth spacing is required in addition 
to the accuracy class specifications. 

Biichlash of zero is required in some 
gear::ig applications. However, most 
applications only require free rotation of 
the engaging teeth in mating gears. In  
fact, a tight mesh may result in ob- 
jectionable gear  sound, more power 
losses, overheating, rupture of the lubri- 
cant film, overloaded bearings, and pre- 
mature gear  failure. 

The following factors must be consid- 
ered in establishing backlash tolerances: 
center-distance tolerance, parallelism of 
gear axes, s ide runout  or  wobble. tooth- 
thickness tolerance, pitchline runout tol- 
erance, profile tolerance, pitch tolerance, 
lead tolerance, types of bearings and 
subsequent wear ,  deflection under load, 
gear-tooth wear ,  pitchline velocity, lu- 
brication requirements, and thermal ex- 
Pansion of gears  and  housing. 

For most gearing applications the  
AGMA-recommended backlash ranges pro- 
vide proper running clearance between 
engaging teeth of  mating gears. Recom- 
mended tolerances are  a function of 
center distance and pitch. 

Material and  treatment are  shown by 
the AG,MA Material Number's two terms 
-a letter code designating material and 
treatment, and a number indicating hard- 
ness. The higher the number, the  harder  
the material, 

Preliminary Rating of 
Gear Sets 

Standard calculation procedures a r e  
available for rating gears in noncritical 
applications. For high-speed, high-ca- 
pacity gears operating ~ ~ n d e r  severe con- 
ditions, these procedures serve to ap-  
proximate size and space requirements. 
Final dimensions and specifications 
should be checked by more rigorous 
methods. 

Power that  a gear  set  can transmit 
depends on the strength and wear  re- 
sistance of the gear  teeth. Ratings for  
strength and durability should be cal- 
culated separately and consideration 
given to each when a gear  se t  is rated. 

Strength and durability figures cal- 
culated from formulas determine the 
service rating for the gears after ap- 
plication of factors relating t o  duration 
and nature of service. 

Durability and strength should be  
calculated, and the appropriate service 
factor should be applied to the  smaller 
value. for the rating of the gear  set.  
When it is necessary to design a gear  
s e t  to satisfy given service conditions, 
power, speed, etc., it is necessary t o  
assume dimensions and material,  then  
check the assumed specifications. 

Materials 
and Heat Treatment 

Depending on  the  service, gears  may  
be made of a number of materials in- 
cluding plastics, wood, bronze, iron, and 
steel. But those that t ransmit  heavy 
loads a re  usually ferrous metal o r  bronze. 

Considerations in choice of material 
a r e  allowable stress, shock resistance, 
and  wear  resistance. Heat-treated steel 
meets  most of these qualifications. Where 
wear  is relatively severe, a s  with worm 
gearing, a high-quality, chill-cast, nickel 
bronze may be used for rim material.  
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Smaller worm gears may be entirely of 
nickel bronze. 

Heat  Treatment: Gears may  be case- 
hardened, through-hardened, nitrided, o r  
precipitation-hardened for the proper  
combination of toughness and tooth hard- 
ness. Methods used to achieve these 
properties are  furnace hardening, car- 
burizing, induction hardening, and flame 
hardening. 

The use of high-hardness heat-treated 
steels permits smaller gears for given 
loads. Also, hardening can increase serv- 
ice life up to ten times without increas- 
ing size or weight. But the gear must  
have a t  least the  accuracies associated 
with softer gears and,  fo r  maximum serv- 
ice life, even greater precision. 

Heat-treat distortion must be mini- 
mized if the gear is to have increased 
service life. Several hardening techniques 
have proved useful. For  moderate serv- 
ice-life increases, gears are  hardened but 
kept within the range of machinability 
so tha t  distortion produced by heat t reat-  
ment  can be machined away. Where  
maximum durability is required, surface 
hardening to 60 Rc is necessary. Car- 
burizing, nitriding, and  induction harden- 
ing are  generally used. However, pre- 
cision gearing (Quality 10 o r  better) 
can only be assured by finishing af ter  
hardening. 

Full-contour induction hardening is a n  
economical and effective method for sur- 
face-hardening gears. The extremely high 
but localized heat allows small sections 
to come to hardening temperatures while 
the balance of the gear  dissipates heat. 
Thus, major distortions are eliminated. 

While conventional methods such a s  
flame hardening reduce wear by harden- 
ing the tooth flank, gear  strength is no t  
necessarily improved. In fact, s t resses  
built up a t  the  juncture of the hard a n d  
soft material may actually weaken the  
tooth. Induction hardening provides a 
hardened tooth contour with a heat- 
treated core to  increase both surface 
durability and tooth strength. The uni- 
formly hardened tooth surface extends 
from the  flank, around the tooth, t o  t h e  
flank. No stress  concentrations a re  de- 
veloped t o  impair gear  life. 

Nitriding is a satisfactory method of 
hardening small and medium-size gears. 
Distortion is minimal because furnace 
temperatures a re  comparatively low. 
Hardening pat tern is uniform but depth 
of hardness is limited. Best results a re  
achieved when special materials, suited 
to nitriding, are  specified. 

Shot peening can add 10 to 15% 
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additional strength to a gear. It is used 
for optimum strength. 

Fig. 13 s h o ~ ~ s  durability rating and 
life expectancy as functions of hardness. 

Manufacturing Methods 

Gears can be formed by various proc- 
esses that can be classified under the 
general heads of milling, generating, 
and molding. 

Milling: Almost any tooth form can 
be milled. However, only spur, helical, 
and straight-bevel gears a re  usually 
milled. Surface finish can be held to 
125 pin. 

Generating: In the generating process 
teeth are formed in a series of passes 
by a generating tool shaped somewhat 
like a mating gear. Either hobs or 
shapers can be used. 

Hobbing can produce almost any ex- 
ternal tooth form except bevel-gear teeth 
which are generated with face-mill cut- 
ters, side-mill cutters, and reciprocating 
tools. Hobbing closely controls tooth 
spacing, lead, and profile. Surface fin- 
ishes a s  fine as 63 ~ i i n .  can be obtained. 

Precision hobbing methods have been 
developed to provide the  capability of 
manufacturing gears of medium hardness 
to  extreme accuracy levels (Quality 12 
to 14) previously obtainable only by 
shaving and grinding methods. 

Shapers are reciprocating pinion or  
rack-shaped tools. They can produce 
external and internal-spur, helical, her- 
ringbone, and face gears. Shaping is 
limited in the length of cut it can pro- 
duce. Surface finishes as  fine as 63 ,pin. 
are possible. 

Molding: Large-volume production of 
gears can often be achieved by molding. 
Injection molding produces light gears 
of thermoplastic. Diecasting is a similar 
process using molten metal. Zinc, brass, 
aluminum, and magnesium gears are 
made by this process. 

Sintering is used in small, heavy-duty 
gears for instruments and pumps. Iron 
and brass are the materials most used. 

Investment casting and shell molding 
produce medium-duty iron and steel 
gears for rough applications. 

Gear Finishing: To improve accuracy 
and finish, gears may be shaved. Shav- 
ing removes only a small amount of 
surface metal. A very hard mating gear 
with many small cutting edges is run 
with the gear to be shaved. Surface 
finish can be as fine a s  32 pin. 

Lapping corrects minute heat-treat- 
ment distortion errors in hardened gears. 
The gear is run in mesh with a gear- 
shaped lapping tool, o r  another mating 
gear. An abrasive lapping compound is 
used between them. Lapping improves 
tooth contact, but does not increase ac- 
curacy of the gear. Finish is on the  
order of 32 pin. 

Grinding is the most accurate of tooth- 
finishing processes. Profiles can be con- 
trolled or altered to improve tooth 
contact. For example, barrelling or  
crowning the flanks of teeth promotes 
good center contact where the tooth is 
strong, and minimizes edge and corner 
contact where the tooth is unsupported. 

Honing is used mainly for removing 
nicks and burrs, and improving surface 
finish. However, it has also been found 
valuable in certain instances to improve 
accuracy. 

Enclosed Trains 

Enclosures: Housings for industrial 
gear drives are generally high-quality 
gray iron, cast steel, or welded steel. 
For special requirements, malleable iron, 
ductile iron, aluminum,, and magnesium 
are used. Walls should be bf sufficient 
thickness and adequately reinforced not 
only to withstand the most severe 
stresses encountered during operation, 
but also to provide the rigidity necessary 
to maintain gear alignment and mesh. 

Bearings: Gear loads on shafting con- 
sist of three elements: tangential force 
transmitted between gears, radial force 
component due to pressure angle, and 
axial thrust. The tangentiaf and radial 
forces combine to produce a result 
which must be supported by radial-type 
bearings. Axial loads need thrust 
bearings. 

Antifriction (ball and roller) and 
sleeve-type bearings are used in gear 
drive systems. With gears which pro- 
duce thrust loads, such as single heli- 
cals, bevel gears, and wormgear:, bear- 
ings must take these thrusts as well 
as  radial loads. 

Shaft Oil Seals: Four basic types of 
shaft oil seals are used in gear hous- 
ings: stuffing boxes, standard leather or 
synthetic-rubber lip-type seals, labyrinth 
seals using the centrifugal action of a 
rotating flinger as the means of retain- 
ing oil, and lapped-seat seals generally 
consisting oi  a lapped steel- to-g~aphite 
sealing surface. 

Stuffing boxes and lapped-seat seals 
are satisfactory for retaining a head of 
oil, while lip-type and labyrinth-type 
seals keep splash from passing around 
the shaft. Labyrinth-type seals and 
lapped-seat seals a re  recommended for 
high shaft speeds. 

Lubrication: Lubricating oils for en- 
closed gears should be high-grade, high- 
quality, refined, straight-mineral oils. For 
heavy-duty gears, mild extreme-pressure 
(EP) oils can be used. Lubricants for 
wormgears should have additions of 3 
to 10% of acidless tallow or  similar 
animal fats .  

Lubricants should not be corrosive to 
gears or bearings, should have good de- 
foaming properties, and be free from 

grit and abrasives. If high operating 
temperatures are encountered, resistance 
to oxidation is necessary. For low tern. 
peratures, a low pour  point is necessary, 

When possible, splash lubrication is 
used. When this is not effective to carry 
oil to  gears and bearings, an oil pump 
is used for force-feed lubrication. 

Bearings may also be greased, if rhey 
are shielded from the oil, through pres- 
sure fittings in the housing. 

Grease should not be corrosive nor 
have grit, abrasive, or fillers; should not 
precipitate sediment; should not sepa. 
rate at  temperatures to 300 F; should 
have moisture-resisting characteristics, 
and good resistance to oxidation. 

Heat Dissipation: The rated power of 
the unit should not exceed the thermal 
rating-the maximum average power 
that  can be transmitted continuously fo 
three hours or more without undue ris 
in temperature and without auxiliar 
cooling. 

The ability of the enclosure to dis 
pate heat will increase as the size of 
the unit is increased, all other condi- 
tions remaining the same. Fins are often 
used on the housings of worm-gear re- 
ducers to increase the surface area, and 
thus increase the heat-dissipating ability 
of the unit. 

If the thermal power is grearer than 
the rated power, external means must 
be used to keep the unit temperature 
down. This is usually accomplished with 
an oil cooler in the lubrication system. 

Noise: At present it is not possible 
to manufacture gear units that are com- 
pletely noise-free. However, it is pos- 
sible to keel? the noise level within ac- 
ceptable i ~ m ~ t s .  

Noise in gear drives is mainly caused 
by: 1. Inaccuracies in the gear kction. 
2. Vibrations set up in machine jirrrts 
and foundations h ~ r  irregular action of 
the gears or unbalance in rotating parts. 
3. Resonant vibrations in gear units and 
foundations, both lateral and torsional, 
due to critical-speed conditions. 4. Bear- 
ing noises, particularly those producd  
by antifriction bearings. 5. Lubricant 
pumping and churning noises. 6. Windage. 

Noise from the first three causes Can 
be reduced by improving the precision 
of the teeth, by balancing, designing for 
rigidit!., and avoiding critical sprecls. 
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