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HEN z*pair-of gears 1s required 
to operate at hlgh loads or high 

o; both, part1cu2arly where 
weight and size a r e  a t  premium, i t  
becomes urnportent co ciirls!der shot 
peecing in t:i~e desgil. The greater 
the required hilrsepower per pound of 
tr-a~smission equipment, iko more vi- 
ta! becomes the design of the 
called w o n  to do the job. 

This discussion is concerned 
marily with the design of the gear 
teeth themselves, pa.rticulaxly on spur 
and helical gears. 

TYPES OF FAILURE : 
toot'h failure may  b 
three classifications : 

1. Tooth bmak 
large portion 
due t o  bendlng 
known a s  a f a  

2, Pztting: Charactenled by pits or  small 
craters In the contac t~ng surface of the 
tooth. I t  is ubually found on the pinion 
tooth &t or  somewhat delow the p:tch 
lxpe. "'his is  alsb a fatigue type of 
~ d u r e  

3. Sco~zng'  Sometimes referred to  a s  spall- 
Ing, scufflng or  Galling, this type of 
fallure 1s dlstxnctly different from the 
first t v o  and 1s evidenced by a declded 
roughness o? the working tooth flank 

"x a s  though the mating surfaces had 
seized It 1s generaliy accepted tha t  
scorlng is actually the result of weld- 

ing the two surfaces together and then 
tearing them apar t .  It is caused by 
high compressive stress in combination 
with high sliding velocity of the tooth 
surfaces upon each other. Whereas 
bending and pitting failures a re  most 
:~!iely lo occur a f t e r  a coi~siderahie 
amount of service, scoring is most like- 
iy to occur in the  early stages of op- 
eration, if  a t  all. 

A pair of gears may be subject to 
any one or all of the foregoing types 
of failure, depending upon the type of 
service. In  some cases this may re- 
sult in a compromise 'between bending 
strength on one hand and scoring re- 
sistance ,on the other, because in  some 
respects a design factor may favor 
one at  the expense c.f the other. How- 
ever, in highly stressed gears, scor- 
ing ~csi3tailce may  'be increased by 
proy;erT design consideration which 
utiiizes greater bending strength. 

BENDING STRENGTH : I n  computing 
the bending strength of a pair of 
gears, one of the  first questions that  
arises concerns the load on the teeth. 
A mathematical analysis does not 
yield a direct answer. Another way 
would be actually to test a large 
number of gears  of different designs 
and different load carrying capacities 

under conditions a s  nearly a s  poss~ble 
llke those obtained In the actual serv- 
Ice for  whlch the gears  have been de- 
signed Wlth complete data  on the 
test procedure, cycles to fallure, and 
deslgn information, the results can be 
analyzed s t a t ~ s t ~ c a l l y  Thls la t ter  
method was used In selecting the 
method of bendlng stress calculation 
involved in this discussion 

The procedure used In this sdt?C- 
tlon was as follows. Data were ob- 
tamed dlrect from different manufac- 
turers on a large number of dyna- 
mometer fatigue tests on spur  and 
hellcal automot~ve type transmission 
gears Complete mformatlon w a s  ob- 
tained on the deslgn and test results 
of each p a r  of gears. 

Several methods of stress computa- 
tlon were then set up, each on the 
basls of a different set  of assump- 
tlons. In order to determine which, 
~f any, of these methods would give 
consistent results, a "stress" value 
was computed for every gear includ- 
ed in the tests. The stress values ob- 
tained by each method were plotted 
on a log-log chart  against the average 
number of cycles at which fatigue 
failure occurred. Some of the meth- 
ods of stress calculation were imme- 
diately disqualified because no con- 
sistent relationship was obtained be- 
tween the "stress," as calculated, 
and the fatigue life from the test 
data. Results a s  calculated from 
other methods, however, did show a 
definite relationship between the cal- 
culated stress values and the average 
fatigue life f rom the test data, and 
it  was not a difficult matter  to select 
that  method which showed the most 
consistent relationship. 

Finally the method of calculation 
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Fig. I-Fatigue chart of 
155 helical automobile 

transmission gears 



selectc'tl was lxiseil o ~ i  tiic ;issumption 
that t h e  lo;til is tiistr~ihi!tt~i! uiiifoi.n~ly 
11n thc ai'ctxgcx tot:rI Ivngtll of con- 
tact lines. The toi~th s!~.t'nfi!h facto~.  
is obttiinc~! C r ~ ~ i i !  i t  l:1yout in the ser- 
tion noriiial to Liic tooth, \vith the 
load apl~licil a t  tlic tip or t l i t ~  tooth 
in the saiiiis lnann~,i' a s  o~,iginally tie- 
scribed by Wilf~,ed IR\vI:;. A  om- 
pletr ilesc.ription oS this ilrcthi~il of 
c%alculating beri,Iin:: strength \\'as pub- 
lished some years ago. 

An appraisal o f  the rffec,tivent~ss O F  
this niethod can be obtaint,tl S~niii the 
(,hart of Pi!/ .  1, which sho~vs thr  re- 
jationship between tlic cal(,ulated 
stress and the avcl,agc life of the 
gears a s  determined by the ciyna- 
momc,ter tests. Included i n  the chart 
are 155 tests on ii variety O F  designs. 
All tests represented in Yi!g. 1 were 
made on gears of approximately 60 
Rockwell C surface hardness, with 
no surface treatment other than the 
heat treatment itself. 

Data May Suggest Redesign 

By thls method, the deslgn of a pio- 
posed p a r  of gears can be analyzed, 
and in some cases a n  apprec~able gam 
In fatlgue strength can be obtamed 
by changes In the tooth proport~ons 
For  example, the requirements might 
permit a decrease In the dlametral 
pltch or a n  Increase in pressure angle, 
either of w h ~ c h  would decrease the 
bend~ng stress 

It is qulte ev~dent ,  of course, that  
any strength calculation cannot be ex- 
pected to overcome poor manufactur- 
Ing practice. A number of factors In 
processing can seriously affect the 
life of the gears. One such factor IS 

the nature of the tooth fillet, with re- 
gard to  stress concentration resulting 
from deep tool marks Deep grooves 
In the tooth fillet can be more serlous 
than the stress concentration because 
of the fillet itself To mlnimize this 
cond~tion ~t 1s good practice to use a 
chamfer, or better stlll, a rounded 
corner on the hob or cutter 

SHOT PEENIXG: In  gears which a r e  
intended to carry high stresses, a pro- 
nounced increase in fatigue strength 
can be obtained by shot peening the 
teeth. Effectiveness of shot peening 
in overcoming fatigue failures in a 
given design of a machine part is 

Fig. 2-Fatigue chart of carbur- 
ized automative type spur and 
helical gean ,  shot-peened and 

nonpeened 

n ell kni)ivii Cut- ~ t s  advant,iges in 
ilesigning f o ~  g ~ e d l r r  fatigue strength 
dntl gl eaLer utiltzat~on of mate r~a l  are 
i l f  ten ox ci looked The ~ n c ~  east, In al- 
lohable stress t o ~  a giXren fatigue 11fe 
I equ!ienient will vary w ~ t h  that life 
~ e q u i ~ e m e n t  That IS, the greater the 
icqniied hie the gleater will be the 
benefit t ler i~ed from shot pecxning 
Ho\4 cver elren under bevel e r equ~l  e- 
ments, an intreaie of 10 pel tent  In 
allowable btr ehs is conser vativc 

In P I ( /  2 15 shown a fatigue line 
s~mi la i  to that of F I ~ J  I, based on the 
same method of calculation, but from 
c o ~ s i d e ~ a b l y  more data  than those 
originally accumulated The lowel 
h e  1s comparable to  tha t  of Fzq. 1 
except that  it  represents carburlzed 
gears only and is somewhat hlgher 
The o l ~ g l n a l  data  in Fzq. 1 mcluded 
c a r b u ~  ized gears a s  well as  through- 
hardened and cyanlded gears Al- 
though the test points for the 
thr ough-hardened gears  were some- 
what lower than for those which were 
carburized, there were not suff~cient 
data  a t  that  time to distinguish be- 
tween these two groups. More recent 
data on carburlzed gears  have mdi- 
rated tha t  there IS a dlstinct advan- 
tage In carburized gears a s  compared 
to those w h ~ c h  are  through-hardened 
and cyanided I t  would therefore be 
expected that  results on through- 
hardened gears would fall  below the 
average Ime. The upper l ~ n e  of Fqg. 
2 shows the average life in relation 
to the calculated stress for shot- 
peened carburlzed gears In  all cases, 
peen~ng  was the last operation insofar 
a s  the teeth are  concerned, and no 
attempt was made to protect the 
tooth flanks from the blast. 

Strength and Life Increased 

I t  can be seen from the chart that,  
for example, a n  average life of 800,- 
000 cycles is  obtained on nonpeened 
gears a t  a calculated stress of 71,000 
psi. For  the same average life, the 
a1:owable stress for shot-peened gears 
is 88,000 psi, or a n  increase of more 
than 24 per cent in allowable stress. 
From the standpoint of increase in 
life a t  a given calculated stress, it 
can be seen that  a t  a calculated stress 
of 80,000 psi, the average life of non- 
peened gears  is 300,000 cycles, and 

that o f  shot-p 
cycles, or an in 
in life. 

ally effec.tivc o n  
gears of lo ness and, of 
i,our.se, on 0th 
a s  spiral bevel, tc. Sufficient 
data  arc  not a ) r  stress-life 
charts on the ( 

crease of 10 per cent in allowable 
stress is quite conservative. 

Although shot peening is usually 
the last operation, the slight roug'hen- 
ing of the surface of the tooth flanks 
has no detrimental effect. Actually, 
some manufacturers feel tha t  shot- 
peened gears are more quiet running 
than nonpeened gears of the same 
design and manufacture. In  some 
cases, however, i t  is desired to  have 
a smooth finish on the tooth flanks. 
This can be accomplished by cutting 
the teeth with a protuberance hob, 
which produces a n  effect similar to 
undercutting a t  the root of the tooth. 
The gears are  then hardened, shot 
peened and ground. This procedure 
allows the tooth flanks to  be ground 
without removing any  of the shot- 
pee-.ed surface in the fillet where the 
tending stress is maximu'm. 

PITTING RESISTANCE: Data on pit- 
ting resistance a r e  not a s  plentiful 
a s  In the case for  bending strength, 
primarily because of the difficulty in  
obtaining quantitative data. Bending 
failures can be easily recognized while 
the gears a r e  running, because of the 
sudden noise. Pitting on the other 
hand is a slow progressiw? failfire, 
s tar t ing with extremely small craters 
in  the tooth profile. In some cases 
these craters grow larger and more 
numerous until, finally, enough mate- 
rial is removed to cause complete fail- 
ure. I n  other cases it  may  develop a s  
very small pits which progress t o  a 
moderate degree and then stop with- 
out any  real damage. 

Wickendon, Brophy and Miller have 
been successful i n  establishing some 
quantitative data, and in determining 
the life of gears a t  which pitting be- 
gins. I t  is  ra ther  generally accepted 
that  pitting is the result of high com- 
pressive stress, but  to  my knowledge 
there are  not sufficient data  avail- 
able to establish the validity of any  
method of calculation on the basis 
of actual fatigue tests. A value of 

Cycles to Failure 



Design Number 

Fig. 3-Correlation of scoring factor, PVT, with actual test5 on 71 Sear designs 

maximum compressive stress can be 
obtained by a method described later 
in this discussion. A limiting value 
of 200,000 psi has  been used with 
some success. This is a qualitative 
value, but it is  believed to be on the 
conservative side. 

S c o R I N a  RESISTANCE : Scoring is  
caused by a combination of high com- 
pressive stress and high sliding veloc- 
i ty  on the contacting tooth surfaces. 
B y  means of a n  approach similar to  
that  described in appraising the bend- 
ing strength formula, a method of 
calculation of scoring resistance in 
spur  and helical gears w a s  developed 
by  the author, under the direction of 
J. 0. Almen a t  the Research Labora- 
tories Division, General Motors Corp. 
Dynamometer test d a t a  were accumu- 
lated on a large num'ber of gears, 
along with complete design informa- 
tion. With these 
ous assumptions 
good correlation was  
tween calculated values of scoring re- 
sistance and the actual test data. 
Briefly, the method selected is based 
upon the same assumption, with re- 
gard to distribution of the tmnsinit- 
ted load, a s  that  used in the bending 
strength calculation discussed previ- 
ously. 

The method consists of the calcula- 
tion of the product, PVT. Here, P is 
the maximum compressive stress as  
determined by the Hertz equation for 
cylindrical surfaces, for a point lo- 
cated a t  the  tip of the gear tooth or  
pinion tooth, and based upon the to- 
t a l  tooth load derived from torque, 
the average total length of lines of 
contact, and the curvatures of the 
tooth surfaces in the plane normal to 
the line of contact a t  the selected 
point; V is the sliding velocity of the 
surfaces a t  the selected polnt; and T 
is the distance in the plane of rotation 

from the pltch polnt to the selected 
polnt. Xlmpllfied formulas for the 
calculation of PVT are given In the 
append=. 

The degree of correlation of the 
calculated values with actual test re- 
sults can be seen from the chart of 
Pzg. 3. Data shown In this chart rep- 
resent actual test results on well over 
50,000 p a r s  of alrcraft gears. The 
gears tested covered a wide range of 
requirements. The torque require- 

ments varied from a few pound-feet 
up to several thousand pound-feet, 
and the speed requirements ranged 
from a few hundrecl lplrl up tu 28,800 
rpm. All tes t  d a t a  accumulated were 
on fully hardened spur gears, lubrl- 
cated with mineral 011. External a s  
well as  internal gears were ~ncluded. 

Safe PVT Limit Shown 

Note that ,  by and large, those gears 
which have a calculated PVT factor 
In excess of 1,500,000 failed by scor- 
mg, whereas those wlth a PVT factor 
of less than 1,500,000 had no scoring 
failure. It should be mentioned that  
with extreme pressure lubricants, a 
value of PVT in excess of 1,500,000 
may be used. 

B A L A N C E D  DESIGN W I T H  SHOT PEEN- 
ING: A study of the design consider- 
ations from the standpoint of 'both 
bending strength and scoring resist- 
ance reveals tha t  there is some con- 
flict between high bending strength 
on the one hand and high scoring re- 
sistance on the other. F o r  example, 
a coarse pitch is desirable for 'bending 
strength because of the ,greater thick- 
ness a t  the root of the tooth. How- 
ever, in some cases this would be im- 
practical because a coarse pitch would 
necessitate long teeth for continuous 
action. This, of course, would mean 
a n  increase in the length of action 

and, consequently, higher sliding ve- 
locity. Furthermore, with long teeth, 
particularly i n  high ratio gears, tooth 
action approaches the base circle of 
the pinion w%ich in turn results in a 
high compressive stress because of 
the small radius of curvature of the 
pinion tooth i n  that  region. In  such a 
case, a n  increase in  bending strength 
may lead to scoring tendencies. There- 
fore, in order to  obtain satisfactory 
operation with minimum weight, i t  
may  be necessary to  compromise be- 
tween bending strength and scoring 
resistance. This  leads to a logical 
question ss t o  the usefu!ncss of shot 
peening relative to  scoring resistance. 
For  a given design, experience indi- 
cates that shot peening has little di- 
rect influence on the scoring tendency 
of gears of the same design and op- 
erating conditions. However, since a 
balanced design m a y  involve a com- 
promise between bending strength 
and scoring resistance, a distinct ad- 
vantage can be gained by designing 
the gears with a finer pitch in favor 
of scoring resistance. This would re- 
sult in decreased bending strength, 
which can be restored by shot peen- 
ing. B y  this reasoning it  can be seen 
that  shot peening can be used directly 
for  i n c r e a s i n g bending fatigue 
strength, or indirectly, by proper de- 
sign consideration, for increasing 
scoring resistance. 

APPENDIX : The nomenclature used 
in the calculations is a s  follows: 

C = Center distance, inches 
F = Face width, inches 

? a ,  = Pinion speed with re- 
spect to  i ts  own axis, 
rpm 

W,, N ,  = Number of teeth in pin- 
ion and gear 

P,,, P, = Maximum compressive 



stress for pinion and 
gear tooth respectively, 
psi 

r,  R = Operating pitch radius 
of pinion and gear re- 
spectively, inches 

r,,, Ro = Outside radius of p in~on  
and external gear  re- 
spectively, inches 

R L  - Inside radius of inter- 
nal gear, inches 

T,, = Pinion torque, pound- 
lnches 

Z = Length of line of ac- 
tlon, mches 

p,,, ,,,, - Radius of curvature a t  
tlp of p n i o n  and gear 
tooth, inches 

q),, - Normal pressure angle, 
degrees 

4, = Transverse pressure an- 
gle, degrees ( t a n  <), - 
t an  $, sec +) 

+ = Helix angle, degrees 

Calculation of the PVT factor for 
external gears involves the following 
formulas : 

Radius of curvature in the trans- 
verse plane, a t  the tip of the pinion 
tooth, 

and a t  the tip of the gear tooth, 

Length of action, 

Maximu Pre e 
t ~ p  of the pln~on 

2.;rTpC sin $, 
PI, = 2290 -- 

P ZNppr ( C  sin p, - p p )  

and a t  the tip of the gear tooth, and a t  the tip of the gear  ~ o o t h ,  

- - - 

2 r T C  sin #,, I 27iT,, C sln p,, 
P ,  = 2290 {- PG' = 2290 - -- 

F Z N ~ J ~ ! ,  ( C  sln p, pl, 1 V F Z ' ~ , , ~  (prrr ~ s i n r n ~ )  

Scoring factor, a t  the tip of the pin- Scoring factor, a t  the tip of the pi 
' 

i o ~  tooth. tooth, 

360 Nr: 

and a t  the tip of the gear  tooth, and a t  the tip of the gear tooth, 

The following forn~lllas apply in the 

calculation of the P V T  factor for in- 
ternal gears : 

Radius of curvature in the trans- 
verse plane, a t  the tip of the pinion 
tooth, 

Length of action, 

From a paper cqtt~tled "Shot Pcoz- 
:ug as a Factor in the Dtszg?~ o f  
Gears," presented at the ASME 
Spring Meeti~lg 1 . l ~  Atla'ltta, Aprtl 2-5, 
1951. Co?nplete copies m a y  be ob- 
tained fro??& ASME, 29 
New York 18;  $0.25 each 
$0.50 to  no it me?^ bers. 

2' = pp' - pG1 + C sin #, 


