


FIG. 1 .  6.000" CENTER x 3 "  FACE FALK GEAR TESTER. 

r epor t ed  by Almen and co-workers iZ) .  Un- 
fortunately,  the  g e a r s  were  mainly of the 
automotive type with expected life cyc les ,  
design proport ions and ma te r i a l s  and heat 
t r e a t m e n t s  not comparable  to  industr ial  g e a r  
p rac t i ce s .  T h e  repor ted  r e s u l t s  did s e r v e  
notice that  wide s c a t t e r  dictated a compre -  
hensive t e s t  p r o g r a m  if the data were  to have 
prac t ica l  significance. 

The  usual  analyt ical  approaches  were  ex- 
p lored  which, ove r  a period of y e a r s ,  produced 
a g e a r  tooth s t rength  rat ing formula which 
s e r v e d  a s  a guide. Simultaneously, the knowl- 

edge of fatigue expanded and m o r e  pointedly 
emphasized the s ta t i s t ica l  sp read  o r  u s c a t t e r n  
to be expected in l i fe  cyc les .  Also, a growing 
t r end  seemed  to prove  the absence  of the 
definite "knee" in fat igue s o  f ami l i a r  in labo- 
r a to ry  specimens.  Add to th is  the definite 
proof of the important  function played by "in- 
t e rna l ,  " residual ,"  o r  Ylocked-up" s t r e s s e s  
and the magnitude of an adequate t e s t  pro-  
g r a m  seemed  immense .  

However, the following t e s t  object ives were  
cons idered  of f i r s t  magnitude to be  invest i-  
gated before any detai led p r o g r e s s  could be 
attained. 
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FIG. 2. 12.000" CENTER x 7.5" FACE FALK GEAR TESTER. 

FIG. 3. 13.455'  CENTER x 7.75. FACE FALK 

SUPER HIGH SPEED GEAR TESTER. 
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FIG. 4. 1st REDUCTION 4.688' CENTER x 1.25' FACE, 

2nd REDUCTION 4 .688 '  CENTER x 3.125' FACE, 

FALK DOUBLE REDUCTION GEAR TESTER. 

TEST OBJECTIVES 

1. To investigate the types or modes of fail- 
u r e  by tooth fracture.  

2. To determine the statistical variation o r  
"scatter* of a s t r e s s  - life endurance 
curve. 

3.  To ascertain whether a true endurance 
l imit  o r  "knee" existed. 

4. To determine the slope of the s t ress- l i fe  
curve. 

5. To explore the effect of variable loading. 
6. To check the par t  played by residual 

s t r e s s e s .  
7. To provide factual data for evaluating ana- 

lytically derived formulas pertinent to 
the strength of gear  teeth. 

DEVELOPMENT OF TEST EQUIPMENT 

With the objectives of a t es t  program estab- 
lished, the details of the test  equipment re-  
quired attention. Knowing the scatter expected, 
i t  was natural to think in t e rms  of a small  
laboratory tester with i t s  inherent c loser  con- 

trol .  Serious thought revealed that mcf! smsll  
laboratory tes ter  resul ts  would have to be 
compared to expected resul ts  from larger  
sized gears which interpretation might be dif- 
ficult. An actual gear  reduction unit most 
easily satisfies the greatly desired condition 
of t es t s  conducted with the gears  operating in 
their  natural environment. To provide a large 
range of operating conditions, tes ts  were made 
on three sizes of gear  t e s t e r s  with checks 
made on a fourth. Three  of the t e s t e r s  were 
loaded by interlocking the torque internally in 
a manner similar to the "four-square" tes ter  
used for bevel gears .  Two of the machines, 
Fig.  1 and Fig. 2,  were  torqued through very 
resilient spring sys tems ,  the third, Fig. 3, 
r a ther  stiffly through solid shafts. The fourth 
t e s t e r ,  Fig. 4, was driven by an electric dy- 
namometer with the output connected by means 
of a geared system to an electrical load ab- 
sorber .  The type of toryueing naturally im- 
posed a different response to the dynamic 
loading which varied with the degree of w- 
curacy in the gear  se t s .  

Using these t e s t e r s ,  the variations in gear 
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TABLE I. 

GEAR TEST VARIATIONS.  

DIMENSION 
Center Distance 4.688 to 13.4:>5 inches. 
Gross  Face Width 2.25 to 6.25 
Pitch Diameter - Union 1.205 to 6.679 
Pitch Diameter - Gear 8.17 to 23.956 

GEAR DATA 
Type of Gears  Single and double helical. 
Helical Angle 8* to 40'. 

P r e s s u r e  Angle 19' to 37. Transverse .  

OPERATION DETAILS 
RPM 1,500 to 5,000 (high speed 

tes te r  32,000 RPM max.) 
Pitch Line Velocities 350 to 8,750 ft. / min. (high 

speed tes ter  25,000 ft./rnin.) 
Tooth Contact cycles 

(pinion) 147,000 to 240,000,000 

TOOTH LOADINGS 
P r e s s u r e  per Inch of Face 

P/ F 612 to 3,790. 
P r e s s u r e  per Inch of Face 

per  Inch of Pitch Di- 
ameter  217 to 1,873 

K Factor 244 to 2,250 

MATERIALS 
Steel 160 Brine11 - to Carburized 

60 R, . 

geometry, gear  dimensions, speeds, loadings, 
etc., were a s  outlined in Table I. All gears  
were  processed and of an accuracy suitable 
fo r  industrial use  a t  the speeds tested. It i s  
apparent that an extremely wide range of 
variables of interes t  to gearing engineers was 
secured. Obviously, if these wide variables 
resulted in data which could be consistently 
correlated to the major objectives of the pro- 
g r am practical significance and utilization 
was assured. 

ducing gears ,  thoroughly checking accuracy, 
loading, periodic inspections, tedious cali- 
brations and patiently waiting for something 
to happen. The usual 'opinions" were drawn 
a s  the tes t  data accumulated with res t r ic t ions  
added a s  the quantity of the data increased. 
Each s e r i e s  of t es t s  demanded re-checks and 
suggested new. avenues of, investigation. The 
present paper i s  the f i rs t  presentation of the 
data secured to date. 

ANALYSIS OF TEST RESULTS 
TEST PROCEDURES 

There i s  l i t t le need to detail the tes t  pro- 
cedures which consisted principally of pro- 

An analysis of the tes t  results i s  presented 
in the previously listed order  of t es t  objec- 
tives. The mass  of data prevents detailed 
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tabulat ions and an a t tempt  i s  mad2 t o  present  
the e x t r e m e s  of per formance  with sampl ings  
of typical test r e s u l t s  t o  i l lus t ra te  the s c a t t e r  
dis tr ibut ion o r  per formance  trend.  

Of f i r s t  i n t e r e s t  a r e  the types of f a i l u r e s  r e -  
sulting f r o m  the t e s t s .  

T Y P E S O F T O O T H F R A C T U R E S  

Fig. 5 is a typical f a i lu re  originating a t  the 
root  r ad i i  with the propagation of the f r a c t u r e  
following the  conventional fatigue c r a c k  ap- 
pearance.  Mutilation of the teeth due to  broken 
toothsec t ions  passing through the m e s h  i s  ap- 
parent.  P ro f i l e  d i s t r e s s  is a t  a minimum.  

F r a c t u r e s  occu r red  with a f ibrous  appear-  
ance  a s  typified by Fig.  6 in which numerous  
t ee th  failed. A s imi l a r ly  proport ioned pinion 
in which only a par t ia l  tooth sec t ion  fai led by 
fatigue i s  shown in Fig. 7. F igs .  8 and 9 show 
fa i lu re s  with a par t ia l  f r a c t u r e  a t  the  cen te r  
of the helix in one and complete tee th  in the 
o ther .  

T h e  normally expected t r a n s v e r s e  appear-  
ance  of fatigue c r a c k s  originat ing a t  the roo t .  
f i l le t  i s  i l lus t ra ted  by Fig .  10. An ex t r eme  
condition resul t ing f r o m  rad ica l  depa r tu re s  
in g e a r  design is shown in Fig .  11. 

A theoret ical  s t r e s s  ana lys is  of a g e a r  tooth 
can hardly be expected to "point out" the many 

FIG. 5. TYPICAL FATIGUE FAILURE WITH MUTILATION 

DUE TO BROKEN TOOTH PASSING THRU MESH. 
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locations of failures found by these tes ts  even 
though failure usually originated at the root 
fillet. It will be noted that severe profile 
mutilations have occurred on some teeth due 
to loading up to eight t imes the durability 
capacity. In some gears ,  fa i lure  originated :t 
pits o r  other defects developed on the tooth 
surface. It i s  suspected that in some in- 
stances the high load deflection probably 
affected the involute action. 

PRESENTATION O F  DATA 

In order  to present the data on a common 

basis for the many different gear  designs and 
materials tested, a rather detailed study was 
made to arr ive  at  a formula fo r  determining 
a relative s t r e s s  criterion. All the data for  
each se r ies  of tes ts  was computed on the 
basis of several  formulas. Comparisons of 
the characterist ics and slopes of the endur- 
ance tes ts  were quite s imilar ,  varying only 
in relative placement. The s t r e s s e s  presented 
in this paper a r e  determined by the Falk 
Research Formula. This formula utilizes a 
relative s t r e s s  of 100 percent for 10,030,000 
cycles of life. The 10,000,000 cycle figure 
was used merely because laboratory fatigue 

FIG. 6. COMPLETE TOOTH FRACTURE OF PINION WITH HIGH 

FACE WIDTH TO PITCH DIAMETER RATIO. 

FIG. 7. FRACTURE OF PARTIAL TOOTH. 
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FIG.8. PARTIAL TOOTH FRACTURE AT CENTER OF HELIX. 

l imi t s  a r e  usually established a t  this  number 
of cycles .  Differences in the hardness of ma- 
t e r i a l s  w e r e  accommodated by a z e r o  to plus 
endurance l imit  based upon the work of 
~ i ~ s o n ( ~ )  which was  presented before this  
society. A s t r e s s  concentration fac tor  for  
f i l let  r ad ius  was used based upon a modifica- 
tion of ~ r o c h t ( 4 ) .  The root fillet radius  to 
root  thickness rat io of well designed industrial 
g e a r s  i s  consistently within r a the r  narrow 
l imi t s  such tha t the  comparative r e su l t s  would 
not have changed great ly  except in magnitude 
in th is  presentat ion had the s t r e s s  concentra- 
tion fac to r  been neglected. 

STATISTICAL VARIATION OR SCATTER 

Fatigue t e s t s  a r e  of little value unless  the 
expectant l i fe  range o r  sca t t e r  i s  known. For  
gear  teeth wherein the s t r e s s  i s  importantly 
determined by the uniformity of load distribu- 
tion a c r o s s  the face ,  the sca t t e r  i s  expected 

to be high. Since each pinion tooth contacts  
with each gear  tooth (in a full hunting ra t io  
combination) a gear  s e t  of 591153 teeth has 
59 x 153 3r 9027 different contact conditions. 
Add to these  d iverse  contacts the effects  of 
deflections, residual  s t r e s s  deviations, shaft 
deflections, bearing diversity, etc.,  and a 
formidable number of variables must  b e  con- 
s ide red .  

A typical s t r e s s - l i f e  cycle endurance curve 
i s  plotted in Fig. 1 2  for  one s e r i e s  of t e s t s  in 
the  gea r  t e s t e r  shown in Fig. I .  Obviously, 
s t r e s s - l i f e  t e s t s  made on one or  two s e t s  of 
g e a r s  can be quite misleading if fo rmulas  or  
opinions a r e  derived f rom such l imi ted  data. 
The  ranges  for  th ree  s e r i e s  of t e s t s  withabout . 

me on the  s a m e  quantity of points for  each ran, 
the t e s t e r s  of Fig. 1 and Fig. 4 a r e  super-  
imposed on Fig. 1 3 .  Of part icular  in teres t  i s  
the f a i r  uniformity of both the location and 
slope of the minimum boundary which, of 
course ,  i s  of major  in teres t  in the prac t ica l  
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design of industrial gearing. 

ENDURANCE LIMIT (?)  

FIG. 9. COMPLETE TOOTH FRACTURES. 

The test data definitely does not show a 
"knee" o r  true endurance limit at 10,000,000 
cycles a s  might be expected from laboratory 
test specimens. A sufficient number of fail- 
ures  occurred within 10,000,000 to 50,000,000 
cycles to definitely establish the absence of a 
"knee" within this region. Records of failures 
near 100,000,000 cycles a r e  available. The 
greatest number of test  cycles operated in 
these tes t s  was 240,000,000. The low slope of 
the minimum life curve and the great increase 
in life with a slight decrease in s t ress  makes 
the presence or  absence of a 'knee" over 
100,000,000 cycles a theoretical point. For 
the present extrapolation of the curves is 

suggested. 

SLOPE OF STRESS LIFE CURVES 

The data was classified into categories rep- 
resenting what might be considered major 
groups of gear proportions and variations. 

Analyzing the individual groups on the basis 
of the slope of the minimum boundary, the 
following variations were found. 

A 

GROUPS No. l No. 2 No.3 No. 4 No. 5 

P VALUE 5.04 5.7 6.74 7.1 5.82 
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T h e f i g u r e  below i s  to be i n s e r t e d  on page 45 of Vol. X,  
No.  1 of the Proceed ings  of the Society f o r  E x p e r i m e n t a l  
S t r e s s  Ana lys i s .  Th i s  con ta ins  the e n t i r e  bot tom g r a p h  
p a r t  of which w a s  c ropped  off the i l lus t ra t ion  a s  i t  o r i g i n a l l y  
a p p e a r e d  i n  the bound book. 

FIGURE I I .  RECORD OBTAINED W I T H  OFFNER RECORDER. 



FIG. 10. USUAL FATIGUE CRACK ORIGINATING AT ROOT F I L L E T .  

FIG. I I. UNUSUAL FATIGUE FRACTURE DEVELOPED IN 

UNCONVENTIONALLY DESIGNED GEAR. 
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An analysis of data appearing in the l i tera- 
tu re  on the life of gear  teeth produced " p " 
values mainly in the 5 to 7 range. Almen has 
indicated that the slope var ies  with the s t r e s s  
concentration. 

The upper boundary slope " P '  " was found to 
vary between 9 and 12 .  

EFFECT O F  VARIABLE LOAD 

The problem of life cycles a t  variable load- 
ings i s  of particular in teres t  to the gearing 
industry because many industrial applications 
consist of periodic operation a t  peak torques. 

To investigate the effects of variable load- 
ing cycles,  a s e r i e s  of t e s t s  were made in 
which the gears  were  operated for a definite 
number of cycles a t  various loads. The re -  
sul ts  a r e  plotted in Fig. 14. The solid lines 
a r e  plotted to the cycles  a t  each load. The 

dash l ines represent  the accumulative cycles.  
The boundary l ines represent  those established 
by tes t  of many s e t s  of gears .  In one instance, 
the f i r s t  fa i lure  was at  the maximum line, in 
another a t  the minimum. In neither instance 
did any particular shortening of life appear to 
resul t  f rom the previous loading. 

Another s e t  of gears  was operated a t  in- 
creasing loads to cycles for each load just 
shor t  of the minimum endurance line. The 
resul ts  a r e  shown in Fig. 15. Again little 
damage appears  to have resulted f rom these 
pr ior  loadings. 

A third s e t  of gears  was operated periodi- 
cally a t  high and low loads. Final failure 
occurred af ter  a comparatively few cycles a t  
a lower load. 

It appears  that the problem of damage f rom 
operation a t  high o r  low loads requ i res  con- 
siderably more investigation a s  i t  does even 

FIG. 12. 

0 TOOTH FAILURE 
TOOTH CONTACT CYCLES PINION 1 *NO TOOTH 

TYPICAL STRESS-LIFE CYCLE VARIATION FOR GEARING. 
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for laboratory fatigue specimens. 

RESIDUAL STRESSES 

The beneficial effects of proper residual 
s t r e s s e s  has been adequately demonstrated by 
many practical  applications. A number of 
t es t s  were conducted for the purpose of a s ce r -  
taining whether o r  not the same effects could 
be obtained with industrial gearing. As  an 
example one gear  was made with the teeth on 
one half of the circumference shot peened. 
The teeth un-peened failed. A number of other 
tes ts  were made with surface compressive 
s t r e s s e s  introduced by various methods. 
Generally, an increase in life was obtained. 
It can be concluded that proper residual su r -  
face compressive s t r e s s e s  can be utilized to 
increase the strength capacity of industrial 

gearing. 
Caution must be exercised when introducing 

surface compressive s t r e s s e s  to make certain 
that the internal tensile s t r e s s e s  a r e  not in- 
creased beyond safe  values. Fo r  example, 
surface hardening with the hardness penetra- 
tion tapering from the root to fully a c ro s s  the 
tip portion can cause the upper portion of the 
tooth to "shell off" by fatigue. A s imi la r  fail- 
ure  can occur with too dras t ic  shot peening. 
At present,  the cost and processingdifficulties 
seem unwarranted unless  design :imitations 
prevent the use of adequate proportions. 

DEVELOPMENT O F  STRENGTH FORMULA 

The availability of factual tooth strength data 
enabled presently used strength formulas to 
be rigorously examined a s  to  reliability. Few 

. - 
TOOTH CONTACT CYCLES P 

FIG. 13. SUPERIMPOSED STRESS-LIFE CYCLES RANGES. 
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T h e f i g u r e  below i s  to be  i n s e r t e d  on page 49 of Vo l .  X ,  
No. 1 of the Proceed ings  of the Socie ty  f o r  Expe r imen t a l  
S t r e s s  A n a l y s i s .  The  p ic tu re  originally p r i n t e d  i n  the bound 

book w a s  unfortunately ups ide  down. 

FIGURE 15. INSTRUMENTS IN FRONT PART OF MOBILE LABORATORY. 
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of the formulas  had proper life factors since 
the basis was postulated upon the existence of 
a t r ue  endurance l imit .  

The fractured teeth located the apparent a rea  
of maximum s t r e s s  which information, when 
interpreted by proper analytical methods, r e -  
sulted in a formula of g rea te r  reliability and 
versatility. 

SUMMARY O F  TEST RESULTS 

The resul ts  of these t es t s  have provided the 
following information a s  applicable to the in- 
dustrial  type helical gear.  

1. Failure due to tooth breakage of helical 
gears  usually originates in the root fillet 
but occasionally i s  initiated by a surface 
pit o r  irregulari ty.  

2. Considerable sca t te r  in the s t r e s s  - life 

curves  i s  normal. Tes t s  of one o r  a few 
s e t s  of gears  a r e  ra ther  meaningless. 

3 .  No knee i s  found in the endurance curve up 
to 50,000,000 cycles. It appears  that no 
knee i s  present below 100,000,000 cycles. 

4. The l ife cycles vary inversely a s  the 5 to 
the 7 power of the s t r e s s .  

5. It appears that cycles a t  low load values 
do not have any marked damage effect. 
Reliable conclusions cannot be revealed 
on this problem at the present.  

6. The introduction of residual surface com- 
press ive  s t r e s s e s  has possibilities fo r  
resist ing tooth breakage. 

APPLICATION 

Having secured information on the strength 
of helical gear  teeth, the obvious application 
i s  to tes t  i t s  validity under service  conditions 

FIG. 14. EFFECT OF PERIODIC INCREASE IN LOAD ON L I F E  CYCLES.  
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TOOTH CONTACT CYCLES PINION 

FIG. 15. E F F E C T  O F  OPERATION AT INCREASING LOADS 

FOR V A R I A B L E  C Y C L E S .  

against designs known to have operated for 
long periods of t ime without tooth breakage. 
Many industrial gear  s e t s  have been in opera- 
tion for over 25 years .  

Since the surface durability capacity is pro- 
portionate to the square  of the allowable 
s t r e s s  a t  hardnesses above approximately 250 
Brine11 and the s t rength capacity is propor- 
tionate directly to  the s t r e s s ,  a s e r i e s  of cal- 
culations with various hardnesses  of pinion 
mater ia l  will indicate the tensile strength o r  
hardness level a t  which ca r e  must  be exer-  
cised in the design to  a s su r e  f reedom from 
tooth f racture .  

Such a s e r i e s  of calculations is plotted in 
Fig. 16. The horizontal l ines a r e  the durabil- 
ity horsepower capacity calculated on the 
bas i s  of American Gear  Manufacturers Asso- 

ciation Standards with a service  factor of 1. 
Gears  s o  rated a r e  considered satisfactory 
for  uniform loads operating continuously for 
10 hours per  day. 

The sloped l ines a r e  the cycles of life at  
various loads computed by The Falk Research 
Formula with a P " value of 5 .  

The intersections of the strength and dura- 
bility curves represent  the minimum life at 
which tooth breakage could be  expected. It i s  
seen that, a s  the hardness  (or  tensile strength) 
increases,  the in tersect ions  occur a t  l e s s e r  
numbers of cycles. 

Assuming 1750 RPM of the drive pinion, the 
expected minimum y e a r s  of life a t  10 hours 
per  day, 365 days per  yea r  (383,300,000 cycles 
per year)  would be a s  follows for the various 
pinions. 
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TOOTH CONTACT CYCLES- PINION 

FIG. 16. CALCULATED COMPARISON OF STRENGTH AND DURABILITY LIFE 

BETWEEN PINION OF 210, 3 0 0  AND 450 BRINELL. 

I (BRINELL) (YEARS) I 

The author can scarcely be expected to s e t  
up a verifying tes t  on the life a t  the f i r s t  two 
hardnesses.  The figures merely confirm the 
popular impression that the strength of in- 
dustrial helical gears ,  designed to conventional 
practices, need never be seriously considered 
except a t  the higher hardness o r  tensile levels. 
If the torque loadings were maintained at  the 

same values for 17,500 pinion RPM, the mini- 
mum life cycles fo r  the 210, 300 and 450 Bri-  
nell pinion would be 4.1, 2.9, and 0.13 years .  
Under these circumstances,  the strength 
rating would deserve ser ious  design investiga- 
tion. 

If an attempt were made to operate at  twice 

standard rating torques,  the minimum strength 
life cycles for the 210, 300, and 450 Brine11 
pinions would be 1.4 years ,  11 months, and 15 
dZys ~ ~ s p ~ ~ t i - ; e ~ y ,  T T n A n r  thncn r \ ~ r a v l  n ~ A c  

U A L U ~ A  c l r L u b  v v b~ ~vuuu ,  

severe  profile d i s t ress  would be experienced 
and add to the danger of tooth f racture .  Cog- 
nizance must be given the fact  that these 
calculations a r e  based on minimum life 
whereas the average o r  maximum life might 
be 5 to 10 t imes longer. With higher hard- 
nesses  such a s  carburized gears,  it i s  obvious 
that the situation i s  reversed and strength i s  
the limiting factor with pitting being secondary. 

In conclusion, the author predicts that further 
t es t s  on the tooth strength of gearing will 
eventually direct  improvements which will 
substantially increase the minimum expected 
life. Because of the wide spread between 
minimum and m,aximum life, it s e e m s  of pri- 
mary importance to ascertain the fundamental 
reasons for  this phenomenon. 
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