
Balanced Gear-Tooth Design 
- 

How shot peening increases bending strength 
and permits design for greater scoring resistance 

By John C. Stroub 
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w HEN a pair of gears is required 
to operate a t  high loads or high 

speeds or ,both, particularly where 
weight and size are a t  a premium, it 
becomes important to consider shot 
peening in the design. The greater 
the required horsepower per pound of 
transmission equipment, the mpre vi- 
tal becomes the design of the gears 
called upon to do the job. 

This discussion is concerned pri- 
marily with the design of the gear 
teeth themselves, particularly on spur 
and helical gears. 

TYPES OF FIILURE: In general, gear 
tooth failure may be grouped into 
three classifications: 

1. Tooth brsakooe: An entlre tooth or 
lawe portlon of n tooth Is broken out 
due to bcndlnfi stress. It Is cammanly 
known as  a fntlgue type of fallure 

2. P l t t<n~~:  Charaeterlred by plts or small 
cmlers In the contacting surface of  the 
tooth. It 1s Usually found on the pmon 
100th at or somewhnt below the plteh 
Ilne. Thls 18 also a fatigue type of 
fatlure 

3. SColino: SOmetlmCS referred ta a s  %pall- 
In& scufflnb or gnlling this type of 
fallure is distinctly dl&rent from the 
Lrst Iwo and is evidenced by n decided 
rOuEhness on the worklnfi tooth nnnk 
a s  though the mating surfacer had 
seized. It IS EeneTallY accepted that 
ScOrlnE is actually the result of weld- 

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 bendin 
strength on one hand and scoring r# 
sistance on the other, because in some 
respects a design factor may favor 
one a t  the expense of the other. How- 
ever, in highly stressed gears, scor- . 
ing resistance m e  be increased by 
proper design consideration which 
utillzes greater bending strength. 

BENDING STREKGTII : In 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 

tions. In  order to determine wh& 
if any, of these methods would @m 

consistent results, a "stress" 
was computed for every gear inda 
ed in the tests. The stress valupa& 
tained by each method were plotu 
on a log-log chart against the ave& 
number of cycles at which fatip 
failure occurred. Some of the m a  
ods of stress calculation were imm 
diately disqualified because no 
sistent relationship was obtained br 
tween the "stress," as calculatd 
and the fatigue life from the ler. 
data. Results a s  calculated fmm 
other methods, however, did shrmr 
definite relationship between the cd 
culated stress values and the avmn 
fatigue life from the test data, 3 
it was not a difficult matter to seln. 
that method which showed the mab 
consistent relationship. 

Fmally the method of calculabo: 
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;. was based on the assumption 
deetede load is distributed uniformly 
tbst * ~verage  total length of c m -  
QJ' ykeS. The tooth strength factor 
pet tained from a layout in the sec- 
Dobnormal to the tooth, with the 
dC .@lied a t  the tip of the tooth 

same manner as originally de- 
by Wilfred Lewis. A com- 

description of this method of 
$elnt ing bending strength was pub- , Fdwio,ie years ago. 

I ._ .,nDraisal of the effectiveness of 
b,. - r .  

,& 
C an  be obtained from the 

Of Fig. 1, which shows the re- 

,,tions hip between the calculated 
and the average life of the 

press &S determined by the dyna- 
S t e r  tests. Included in the chart 

155 tests on a variety of designs. 
f tests represented in Fig.  1 were 
de on gears of approximately 60 
yoek\uell C surface hardness, with 
lp surface treatment other than the 
&t treatment itself. q 

Data May Suggest Redesign 

&this method. the design of a pro- 
sed .pair of gears can be analyzed, 
din some cases a n  appreciable gain 
fatigue strength can be obtained 
hanges in the tooth proportions. ,, example, the requ~rements might 

mit a decrease in the diametral 
t& or an increase in pressure angle, 
lher of which would decrease the 
riding stress. 
IL is quite evident, of course, that 
,ystrength caIculation cannot be ex- 
,ted to overcome poor manufactur- 
g practice. A number of factors in 
messing can seriously affect the 
re of the gears. One such f Q(tor is *nature of the tooth fillet, ~ t h  re- 
d to stress concentration resulting 
mn deep tool marks. Deep grooves 
I the tooth fillet can be more serious 
un the stress concentpyon ?use 
1 the fillet itself. To mlnlmlze this 
mdition it is good practice to use a 
~ f e r ,  or better still, a rounded 
mer on the hob or cutter. 

SHOT PEEHISG: In gears which are 
mded to carry high stresses, a pro- 
anced increase in fatigue strength 
m be obtained by shot peening the 
cth Effectiveness of shot peening 
overcoming fatigue failures in a 

yen design of a machine part is 

. - 
J 2--fatipue charr of carbdr- 

~utoma~ive type spur and 
dual gears, shot-peened and 

nonpeened 

well known. But its advantages in that of shot-peened gears 3,000,000 
designing for greater fatigue strength cycles, or an increase of 1000 per cent 

of material aie in life. 
increase in al- , Shot ,peening is equally effective on 

lowable stress for a given fatigue life 
requirement will vary with that life 
requirement. That is, the greater the 
required life, the greater will be .the 
benefit derived fram shot peening. 
However, even under severe require- 
ments, an increase of 10 per cent in 
allowab1.e stress is conservative. 

In  Fig.  2 is shown a fatigue line, 
similar to that of Fig.  on the 
same method of calcul t from 
considerably more data than those 
originally accumulated. The lower 
line is comparable to  that of Fig.  1 
except that it represents carburized 

C gears only and is somewhat higher. 
The original data i-ig. 1 included 
carburized gears as well as through- 
hardened , and cyanided gears. Al- 
though the test points f o r  the 
through-hardened gears were some- 
what lower than for those which were 
carburized, there were not sufficient 
data a t  that time to distinguish be- 
tween these two groups. More recent 
data on carburized gears have indi- 
cated thpt there is a distinct advan- 
tage in carburized gears a? compared 
to those which are  through-hardened 
and cyanided. I t  would therefore be 
expected that results on through- 
hardened gears would fall below the 
average line. The upper line of Fig.  
2 shows the average life in relation 
to the 'calculated stress for shot- 
peened carburized gears. In all cases, 
peening 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 

It' can 'be seen from the chart that, 
for example, an average life of 800,- 
000 cycles is obtained on nonpeened 
g e a r s a t  a calculated stress of 71,000 
psi. For the 'same average life, the 
allowable stress for shot-peened gears 
is 88,000 psi, or an increase of more 
than 21 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 

gears of lower hardness and, of 
course, on other types of gears such 
as spiral bevel, hypoid, etc. Sufficient 
data are not available for stress-life 
charts on the other types but an  in- 
crease of 10 per cent in allowable 
stress is quite conservative. 

Although shot peening is U s u ~ l y  
the last operation, the slight roughen- 
ing of the surface of the tooth flanks 
has no detrimental effect. Actually, 
some manufacturers feel that shot- 
peened gears are more quiet running 
than nonpeened gears of the same 
design and manufacture. In some 
cases, however, it is desired to have 
a smooth 5nish on the tooth flanks. 
This can be accomplished by cutting 
the teeth with a protuberance hob, 
which produces an  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- 
per-.ed surface in the fillet where the 
bending stress is  maximum. 

PITTING RESISTANCE: Data on pit- 
ting resistance are not as plentiful 
as in the case for bending strength, 
primarily because of the difficulty in 
cibtaining quantitative data. Bending 
failures can be easily recognized while 
the gears are running, because of the 
sudden noise. Pitting on the other 
hand is a slow progressive failure, 
starting 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. In  other cases i t  may develop as 
very small pits which progress to a 
moderate degree and then stop with- 
out any real damage. 

Wickendon, Brophy and Miller have 
been successful in establishing some 
quantitative data, and in determining 
the life of gears a t  which pitting be- 
gins. I t  is rather 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 



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 i t  is believed to be on the 
conservative side. 

SCORING RESISTANCE: Scoring is 
caused by a combination of high com- 
pressive stress and high sliding veloc- 
ity on the contacting tooth surfaces. 
By means of an approach similar to 
that described in appraising the bend- 
ing strength formula, a method of 
calculation of scoring resistance in 
spur and helical gears was developed 
by the author, under the direction of 
J. 0. Almen at the Research Labora- 
tories Division, General Motors Corp. 
Dynamometer test data were accumu- 
lated on a large number of gears, 
along with complete design informa- 
tion. With a t  hand, vari- 
ous assumptions ere made until 
good correlation was obtained be- 
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 transmit- 
ted load, as  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 at the tip of the gear tooth or 
pinion tooth, and based upon the to- 
tal 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 point; ind T 
fs the distance in the ,plane of rotation 

+ Teelh scored 

and, consequently, highe 
locity. Furthermore, wi 
particularly in high ratio 
action approaches the baa 
the pinion which in turn 
high compressive str 
the small radius of' 
pinion tooth in that 
case, an increase in 

from the pitch point to the selected 
point. SimpMed formulas for the 
calculation of PVT are given in the 
appendix. 

The degree of correlation of the 
calculated values with actual test re- 
sults can be seen from the chart of 
Fig. 3. Data shown in this chart rep- 
resent actual test results on well over 
50.000 pairs of aircraft 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 hundred rpm up to 28,000 
Ppm. All test data accumulated were 
on fully hardened spur gears, lubri- 
cated with mineral oil. External as 
well as internal gears were included. 

Safe PVT limit Shown 

Note that, by and large, those gears 
which have a calculated PVT factor 

ing, whereas those with 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 1,300,000 
may be used. 

BALANCED DESIGN WITH SHOT PEEN- 
ING: A study of the design consider- 
ations from the standpoint of both 
bending strength and scorihg resist- 
ance reveals that there is some con- 
flict between high bending strength 
on the one hand and high scoring re- 
sistance on tlie other. For example, 
a coarse pitch is desirable for bending 
strength because of the greater thick- 
ness at 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 Eburse, would mean 
an increase in the length of action 

,ope;ation with minimum w 
may be necessary to comp 
tween bending strength 
resistance. This leads 
question as to the usef 
peening relative toscor 
For a given design, ex 
cates that shot peening 
rect influence on the sco 
of gears of the same 
erating condfions. However, 
balanced design may invol 
promise between bendin 
and scoring resistance, a 

in excess of .1,500,000 fai1ed.b~ scor- , vantage can be gained 
the gears with a finer 
of scoring resistance. 
sult in decreased ben 
which can be restored 
ing. By this reasonin 
that shot peening can be used 
for i n c r e a s i n e  bending I - 
strength, or indirectly, by pro 
sign consideration, for ine 
scoring resistance. 

APPENDIX : The nomenclatu 
in the calculations is as  follo 

C = Center distance, 
F - Face width, inch 
n, -'Pinion speed wl 

spect to its own 
rpm 

N,, No - Number of teeth in 
ion and gear 

P,, Po - Maximum compressi* 

(Contmued on Page 218) 
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(Continued from P 

Outside radius .. . 

Z = Length of line 

p,, po - Radius of curva 

+ - Helix angle, de 

Calculation of the PVT 
external gears involves the 
formulas : 

Radius of curvature in the 
verse plane, a t  the tip of the P& 
tooth, 

- - -  
p p  = \I T"? - 7 3  COS- 

and a t  the tip of the gear 

d = ,,-R;z'=-R~"& 

* 
Eength of action, 

Z = pp + p~ - C sin 

Maximum compressive stress, 
tip of the pinion tooth, 

-- --* 
2vTpC sin #, 

PI. = 2290 d - -- 
F ZNrpp ( C  sin# - 

and a t  the tip of the gear too 

Scoring factor, a t  the tip of the & 
ion tooth. .. 

4. 
rn,, NP 

P V T = - ( I - )  360 :: 
NG 

( p p  - T sin #J% --** 
and a t  the tip of the gear tooth, I 

(PVT 

The following formulas 



calculation of the PVT fac 

, < 3 
and a t  the tip of the gear too4  

Z' = PP' - PQ' + 0 s 

Maximum compressive str 
tip of the pinion tooth, 

rernai gears : 

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

pot = ,/ z 5 - - y c  

Length of action,- 

' \ #  and a t  the tip of the gear tooak 

and a t  the tip of the gear too&' 

Fro,tz a paper entitled "Shot 
ing a Factor in the Deai 
Gears," presented a t  the 118x1 
Spring Meeting in Atlanta, Apw W, 
1951. Complete copies may & 6: 
tained from ASME, Qg W. 39th 81, 
New York 18; $0.25 each to m m  
$0.50 to nomtembers. 

Improved Machine 

By H: G. Conw 
British h4oui.r Lid. 
Cloucester~ngland 

T CAN be said that machine design I may be improved along three I U :  
those of function, cost, and appear 
ance. 

' FUNC~ION : Function relates to whU 
the machine is and what it does, tbe 
performance that i t  gives, and its ban. 
dling characteristics. From the p o l  
of view of selling the machine, it U 
its specification which is of prime 
portance. In comparing one machtnc 
with another, i t  is the specificatlm 
which determines those factors W M ~  
appeal most to  the buyer and will in' 
fluence his choice. 

The second and, from some pobU 


