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The objective of  this  program was  to conduct  an analytical 
and experimental  study  to derive or establish accurate fac- 
tors  for   inclusion  in spur gear design formula  for  the accu- 
rate appraisal of  gear bending strength. 

This report presents   the results  of this  investigation.    An 
accurate  spur gear  bending strength formula was  determined 
and an IBM 7090  computer  program using  the substantiated  for- 
mula was  provided. 
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FOREWORD 

This is the final report on the Allison project entitled "Advancement of Spur Gear 

Design Technology. "  This project was conducted during the 13-month period from 29 

June 1965 through 28 July 1966 for the U.S. Army Aviation Materiel Laboratories 
(USAAVLABS) under contract DA 44-177-AMC-318(T). 

USAAVLABS technical direction was provided by Mr. R. Givens.   Mr. W. L. Mclntire 

served as the Allison project engineer.   The principal investigators at Allison were 
Mr.  R. C. Malott, Mr.  F. G.  Leland, Mr. K. V. Young, and Mr. W. W. Gunkel. 
The project was reviewed periodically with Mr. R. L. Mattson of General Motors 

Research for suggestions and comments. 

Permission was obtained from the American Gear Manufacturers Association (AGMA) 

to print AGMA 220. 02, Tentative AGMA Standard for Rating the Strength of Spur Gear 

Teeth, in this final report. 



SUMMARY 

This report presents the results of an analytical and experimental program to derive 

and substantiate a bending strength design formula for spur gears.   The program con- 
sisted of: 

• Static single tooth fatigue testing of 16 gear designs in a design experiment to 
determine the effect of four geometric variables—diametral pitch, pressure angle, 
fillet size, and fillet configuration (full form ground or protuberant hobbed). 

• Evaluation of the ability of five current calculation methods—AGMA, Dolan- 

Broghamer, Heywood, Kelley-Pedersen, and Lewis—to predict the relative rank- 
ing of the 16 fatigue test gear endurance limits. 

• Statistical analyses of the fatigue test data to develop a predictive formula and 
relative significance values of the four geometric variables and their two- and 

three-factor interactions. 

• A strain gage and photostress experimental evaluation to measure stress on eight 

of the fatigue test gears for comparison with calculated stresses and fatigue test 

endurance limits. 
• R. R. Moore rotating beam fatigue tests of the gear material to establish basic 

material strength for comparison with fatigue test endurance limits. 

• Measurement of the fatigue test gear crack location for comparison with location 

of the weakest section as predicted by the Lewis and Dolan-Broghamer calculation 

methods. 

• Metallurgical examination of five representative fatigue test gears to verify 

material processing and mode of failure. 

• A dynamic test at high pitch line velocities—up to 26,000 feet per minute—to 
determine speed effect on gear tooth bending stress. 

• Development of a computer program to calculate gear tooth bending stress from 
the basic gear geometry,  thus eliminating the need for a gear tooth layout. 

The results of the program were as follows: 

• The AGMA method of calculating gear tooth bending stress predicted the greatest 
number of correct rankings of the 16 fatigue test gear endurance limits.   This 

method also predicted the rank position with the least average error. 
• Comparison of endurance limits, based on applied load, calculated from the fatigue 

test data for each of the 16 gear designs was made by statistical tests of signifi- 

cance.    Diametral pitch and pressure angle had a significant effect on gear tooth 
bending fatigue strength.    The AGMA formula successfully compensated for the 

significant variables determined by the base-line applied load analyses. 

in 



• The strain gage stress values obtained tend to verify the AGMA calculated stresses. 

The average strain rate measured on the fatigue test gears was within 2. 5 percent 

of the strain rate calculated by the AGMA formula. 

• The basic gear material endurance limit determined by the R.  R. Moore rotating 
beam test was 182, 000 p. s. i. when modified for single-direction bending.    The 

fatigue test gear average endurance limit based on AGMA calculated stress was 
182, 000 p. s. i.    It appears, therefore, that basic material strength can be very 

closely related to AGMA calculated gear stress and endurance limit. 

• Fatigue test gear crack location was nearer the Dolan-Broghamer than the Lewis 

predicted location, as expected. 

• Metallurgical examinations verified good processing of the fatigue test gears and 

fatigue as the mode of failure.   Failures were initiated at random locations acrojs 

the face width of the gears, indicating minimal influence of surface finish, mater- 

ial inclusions, corner edge break, and test rig alignment. 
• Steady hoop stresses were measured in the dynamic test at the weakest section. 

The measured stresses were 70 percent of the calculated root diameter hoop 
stress.   The measured stress was 14,000 p. s. i.  which is considered sufficient 

to necessitate its inclusion in bending stress determinations for high-speed gears. 

• The dynamic test also measured dynamic fluctuating gear tooth level stresses. 

Stresses indicated a dynamic stress factor increasing with the square of the 

rotational speed.    The dynamic factor was 1.8 at 26, OGO-feet-per-minute-pitch-line 

velocity. 

• The computer program developed accurately determined the root fillet configura- 

tion by calculating the true radius or trochoidal fillet depending on the manufactur- 
ing method and the tool (hob) dimensions.    The Lewis weakest section is determined 

by iteration.    The gear tooth dimensions determined are used in the AGMA formula 
to determine bending stress.   A hoop stress at the root diameter is then calculated 

to account for the effect of speed on gear tooth bending stress.    The steady hoop 
stress and the fluctuating bending stresses are then combined by means of a modi- 

fied Goodman diagram to produce a combined stress and an expected failure life. 

The modified Goodman diagram was based on the average S/N curve determined 

by the fatigue test gears. 

IV 
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INTRODUCTION 

The purpose of the project was to conduct an analytical and experimental investigation 
to derive factors and formulae which can be used to appraise accurately spur gear tooth 
bending strength for aircraft applications. 

The objective of the project was twofold —to substantiate an accurate spur gear bending 
strength formula and to provide an IBM 7090 computer program using the substantiated 
formula.    Correlation of a basic material strength with this formula was desired. 

There are four common modes of gear failure—tooth breakage,  surface pitting,   scoring, 
and wear.    Tooth breakage is the most severe and often causes considerable secondary 
damage and sometimes catastrophic failure of an entire gear unit.    It may be caused 
accidentally, such as when a foreign object passes through a tooth mesh, or it may be 
caused by the repetitive high bending stresses near the root of the tooth when under load. 

Many factors affecting the bending fatigue strength of gear teeth are not treated with 
precision in current spur gear design formulae.    This is because the magnitude and in- 
terrelationships of the various factors have not been accurately assessed.    Gear tooth 
bending strength is a function of geometric variables such as pressure angle,  diametral 
pitch, tooth width,  root fillet form,  and root fillet radius.    It is also influenced by manu- 
facturing variables such as surface finish, residual stress, material, and processing 
technique.    Operating variables such as speed,   alignment, dynamic loading,  and vibra- 
tion affect the fatigue life.    A thorough analysis of these variables will permit more ac- 
curate assessment of gear life expectancy. 

Considerable research has been accomplished in analyzing gear tooth bending strength; 
however, there is wide variation in the type of analysis, test data, and field experience. 
In many instances extensive extrapolation has been required to apply these data to car- 
burized gears designed to current standard geometric proportions.    The program de- 
scribed herein was conducted in an effort to establish correlation between analytical 
methods and actual test results for lightweight aircraft gearing. 

Current methods of calculating gear tooth bending stress are based on analytical studies 
and photoelastic tests.    These methods produce calculated stresses which are appreci- 
ably lower than measured gear stresses and basic material strengths.   Thus the calcu- 
lations are most often used to compare similar designs.    An "ideal" gear tooth bending 
strength formula would relate the operating gear tooth stress to the basic material 
strength in such a way as to produce a gear life which has been substantiated by fatigue 
test.   It was therefore the intent of the subject program to provide a more accurate 
bending stress formula by also relating calculated stress and fatigue test results to the 
basic material strength.    R. R. Moore tests of carburized specimens were used to pro- 
vide a basic material strength. 

To accomplish the program, the following analytical and experimental analyses were 
conducted. 

• Design Analysis—An analytical review was made of current spur gear tooth bend- 
ing strength formulae.'   Each formula was analyzed and compared to determine the 
effects of design variables. 

• Experimental Evaluation—A photostress analysis was conducted to evaluate the 
location and distribution of the maximum stress on actual fatigue test gears.    Strain 
gage stress measurements were obtained for correlation with stress calculations. 



Gear Tooth Fatigue Tests—A single tooth fatigue test was conducted to investigate 
the effect of diametral pitch, pressure angle,  root fillet size,  and root fillet con- 
figuration on fatigue life.   Eighty gears were manufactured.    Extreme care was 
taken to reduce all possible manufacturing variances which might affect fatigue life. 
Metallurgical investigations of the fatigue failures were also made to ensure that 
the basic material was sound and was properly heat treated.    Four teeth on each 
gear were available for fatigue testing. 
R. R. Moore Tests—R. R. Moore tests were conducted using the same heat of 
material used for the test gears.    The data obtained were used for comparison with 
the bending endurance strengths from the gear fatigue tests. 
Dynamic Tests—An existing accessory gear in an Allison 501-D13 gearbox was in- 
strumented with strain gages.    The gear was operated at high speed (pitch line 
velocity of 27, 000 feet/minute) at load and no-load conditions to investigate the ef- 
fect of speed on bending stress.    The data obtained were reduced to determine the 
effect of centrifugal and dynamic loads on bending stress. 
Final Computer Program—Data from the previously mentioned items were formu- 
lated into an IBM 7090 computer program for spur gear bending strength. 



ANALYSIS OF PROBLEM 

HISTORICAL REVIEW 

A review of gear tooth bending strength theory was made.    The results of this review 
are discussed in the following paragraphs. 

In 1887, Mr. A. B. Couch in an American Society of Mechanical Engineers (ASME) 
meeting was asked for a rule to determine safe gear loads (reference 62).    He express- 
ed surprise and replied that "the rules furnished (available) are in number bountiful 
and in variety nearly infinite. "   He reported that a fellow ASME member had compiled 
a list of 30 to 40 such rules.   In these different rules, safe load varied directly as the 
square and in a few instances even as the cube of circular pitch.    Face width was the 
only other widely considered factor.    The same discussion group expressed an aware- 
ness of dynamic loads when they commented,   "The cog gearing of power levers used in 
threshing,  owing to the irregular draft of horses, is subjected to heavier strains. " 

In 1892, Mr.  Wilfred Lewis presented a paper which related gear tooth bending strength 
to tooth geometry.    The formula derived in this paper is the basis for most bending 
stress calculation methods used today.   Publication of the Lewis formula did not result 
in its immediate unanimous adoption.   However, it did accelerate further analytical and 
experimental investigations.    Charts and computer programs based on the Lewis for- 
mula were developed to expedite gear designs (references 27 and 44).   A cantilever 
beam bending formula for a rectangular section was used to calculate bending stress 
from 100-times size gear tooth layouts at successive sections 0. 100-inch apart to de- 
termine the minimum load section for an ai bitrary constant stress (reference 31).    This 
work served to verify the principles of the Lewis formula.   The improved accuracy re- 
quired and the higher peripheral speeds of gears necessitated three basic changes to the 
Lewis formula which have been accepted by general usage—the addition of the Dolan- 
Broghamer stress concentration factor, the addition of a compressive stress term,  and 
consideration of tooth loading at the high point of single tooth contact or at the pitch di- 
ameter rather than at the tip. 

The Dolan-Broghamer stress concentration formula is based on photoelastic stress work 
accomplished at the University of Illinois Engineering Experiment Station in 1942 (re- 
ference 16).    Their formula is included in the current AGMA Standard 220:02 which is 
included in this report as Appendix VI.   This formula is included in many stress and en- 
gineering handbooks as a modified Lewis formula or as a part of the AGMA standard. 

Other investigators have obtained photoelastic stress results in close agreement with 
those of Dolan and Broghamer (references 1 and 10).   Prior to the Dolan-Broghamer 
formula, the stress concentration factors included only a limited number of geometric 
variables and thus were not as universally applicable (reference 58). 

The existence of stresses other than bending stresses in the critical root area of a gear 
tooth was recognized at an early date.   Calculation and vectorial addition of shear stress, 
from the tangential (circumferential) component of the tooth load,  were accomplished 
and published in 1897 (reference 31).    Several current tooth strength formulae include 
shear stress; the AGMA standard does not.    See Appendix VI.   For a given tooth load, 
shear stress would be greate.      . a pressure angle gear of 14. 5 degrees than for a 
similar one of 25 degrees. 



Compressive stress from the tooth load radial component has been accepted for sum- 
mation with the gear tooth bending stress.    The AGMA standard (Appendix VI) includes 
a compressive stress term.   More recently,  an additional compressive stress at the 
tensile root fillet has been expressed.   This additional stress is due to the moment 
about the gear tooth radial center line from the radial component of the tooth load.   An 
unsymmetrical stress distribution across the weakest section results,  which tends to 
relieve the bending stresses in both the tensile (load side) and compressive (unloaded 
side) root fillet areas.    The gear tooth load components are shown in Figure 1.   These 
static stresses are present in the photoelastic models used to determine stress con- 
centration factors.    Thus, their effect is included in the stress concentration factor if 
the calculated stress used as a basis does not include any such component load stress. 

Wr 

W -normal applied load 

Wt-tangential component of W 

Wr—radial component of W 

Wc-compressive load at weakest section from Wr 

Ws—shear load at weakest section from W^ 

M^—bending moment at weakest section from Wt 

Mr-bending moment at weakest section from Wr 

Figure 1.   Gear Tooth Static Load Analysis. 
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Tip loading, as used in the original Lewis formula, was often changeo to pitch line load- 
ing to account for load sharing at the tip.   It was only recently that the exact point of 
maximum loading for spur gears was recognized (reference 61).    This latest refine- 
ment permitted more accurate assessment of safety and/or dynamic factors. 

Speed effect curves were developed from experimental data on cast iron gears which 
had been operated under increasing load until tooth breakage occurred (reference 42). 
The shape of the curves was similar to the curves currently in the AGMA standard 
(speed effect becomes constant at higher speeds).   The same curve shape can also be 
observed in current gear scoring versus speed work curves (reference 8). 

A review of the Engineering Index volumes for 1950 through 1965 reveals approximately 
1255 abstracts on gears.   Ten percent of these involve gear tooth bending strength cal- 
culation, fatigue testing, or dynamic factors.   Almost 20 percent are from foreign 
sources, mostly German.   The yearly output of such articles is nearly constant over 
this time period. 

Several gear tooth strength formulas are of current interest.   Five have been investi- 
gated and applied to the 16 fatigue test gear configurations—Lewis, Dolan-Broghamer, 
Heywood, Kelley-Pedersen, and AGMA.   A full ground root fillet radius was assumed 
for all gears in this study.   The stresses for each configuration are listed in Table I. 
The average, range, and variation in stress for each method relative to the Lewis sti ess 
are shown in Figure 2,   The Kelley-Pedersen method produced a high average stress 
and by far the greatest range of stress (75 percent of the average Lewis stress).   The 
average stress of the 16 gears as computed by the five formulas varied from 150 to 187 
percent of the average Lewis stress.    The AGMA method produced the smallest aver- 
age stress and the smallest range (20 percent of the average Lewis stress).   In con- 
trast,  the Lewis stresses calculated for the 16 test gear configurations loaded to 1000 
pounds per inch of face width varied by over 400 percent.   All five formulas identify 
the same configurations as having the highest and the lowest stresses (boxed numbers 
in Table I).    The highest stresses are most often calculated by the Heywood method, 
while the lowest stresses in all cases were determined by the Lewis formula, which 
does not consider stress concentration. 

The geometric construction and formula for each of the five gear tooth strength calcu- 
lation methods are shown in Figures 3, 4, and 5 and in Tables 11 and III.    The Dolan- 
Broghamer and AGMA methods us^ Lewis geometric construction (Figure 3) and thus 
are similar to each other.    A detailed discussion of the Dolan-Broghamer and AGMA 
methods and factors is given in the section titled Discussion of Results. 

The Heywood and Kelley-Pedersen construction methods (Figures 4 and 5, respectively) 
incorporate features which generally lower the position of the weakest section.   The 
Heywood construction method contains several arbitrary features which are not suitable 
for use with all gear design systems.    Variations such as nonstandard addendums and 
dedendums, which are often used in aircraft designs to balance bending strength or 
sliding velocity, are examples. 

The Kelley-Pedersen method constructs the Lewis parabola,  then rotates the tangent 
line around the root fillet through a "stress shift" angle.    Both the Kelley-Pedersen 
and Heywood methods contain stress concentration factor terms, 



AGMA(Km-l.O) 

Dolan-Broghamer 

Kelley-Pedersen 

Range i 
■^cammmmmmmzmtm 

Heywood 

Average 

0 SO 100 150 200 230 

Bending Stress—Percent of Lewis Stress 

Figure 2.   Relative Gear Tooth Bending Stress. 

where : 

W  • tangential component of load applied at vertex of inscribed parabola 
F   • face width of tooth 

St) ■ maximum bending stress 

h   * height of equivalent constant stress parabolic beam 

t    • thickness of beam at weakest section 

p   ■  circular pitch 

Figure 3.   Lewis Construction and Gear Tooth Bending Stress Formula. 



TABLE I 
COMPARISON OF GEAR TOOTH BENDING STRESSES 

CALCULATED BY VARIOUS METHODS 

Gear Configurati on Gear Tooth Str< 

Unit 
Pressure Angle Load 

Gear     Pitch (deg) Radius (in.) (lb) Lewis 

12.692 

Dolan-Broghamer 

22,682 

Dolan-Broghamer 

179 xx 

A'. 

1 6 20 0.050 6.000 2. 
3 6 20 0.080 6,000 11,020 19.382 176 It 
5 6 20 0. 050* 6,000 17,572 28,385 162 2- 
7 6 20 0.080* 6,000 14,023 22,796 163 2 : 
9 6 25 0.050 6,000 9,871 17,583 178 ll 

11 6 25 0.067 6.000 10.447) 116.6511 176 Hi 
13 6 25 0.050* 6,000 11,028 18,673 169 1 • 
15 6 25 0.067* 6,000 10,468 17,574 168 1 • 

2 12 20 0.025 12.000 27.391 47,781 174 4 . 
4 12 20 0.040 12.000 23.869 40, 944 171 3 . 
6 12 20 0.025* 12,000 156.4971 IM. $2Ö| 157 x E- 
8 12 20 0. 040* 12,000 30. 687 48,562 158 4-' 

10 12 25 0,025 12.000 21,159 36,732 174 3 
12 12 25 0.033 12.000 20. 306 34,893 172 2: 
14 12 25 0.025* 12.000 23.630 39,044 165 3 
16 12 25 0.033* 12,000 22. 448 36,806 164 3 

Average 19. 007 31,813 167.4 2, 

Variation (M. : 4 Min) 

■ 

>ter for protuberance cut. 

4.075 3.635 1.140 

*   Root ( liamc 
x   designates low stress range configuration. 
xx designates high stress range configuration. 

Notes: 
1         A value of 1. 0 was used for Km (load distribution factor). 

High and low calculated stress configurations are boxed. 

p 



Tooth Stress at High Point of Single Tooth Contact (p. s.i.) 

AGMA as Heywood as Kelley-Pederser 
mer        AGMA % of Lewis Heywooci % of Lewis Kelley-Pedersen % of Lewis 

20.484 161 xx 24.504 193 24.229 191 
17,300 157 19.750 179- 19.654 178 
26.152 149 31.266 178 27.770 158 
20.729 148 23.614 168 19.518 139 
14.952 151 20.279 205 xx 20. 305 206 xx 

114.0851 149 liö.ööäl 192 117.5121 185 
16.148 146 21.900 199 21.767 197 
15.099 144 19.398 185 18.619 178 
43.006 157 51.737 189 51.859 189 
36.447 153 41.710 175 41.848 175 
I5S.S48I 144 I87.12ÖI 174 157.0381 148 
44.015 143 50.531 165 x 39.402 128 x 
31,196 147 42.527 201 40. 272 190 
29.456 145 38.093 188 34,754 171 
33.680 143 45.997 195 43,453 184 
31.562 141 x 40. 888 182 37.195 166 

28,115 147.9 34,838 183.3 33.233 169.4 

3.950 1.142 3.710 1.242 3.257 1.493 

^ 



where: 

V 1 + 

where: 

ht 

f 

a 

e 

R 

P 

y 

b 

Sb 

tooth depth 

face width 

moment arm 

resisting material 

fillet radius 

normal load 

angle deviation of load from the 
point of loading to the point of 
maximum stress 

distance parallel to equivalent straight-sided projection 
from the point of loading to the point of maximum stress 

maximum fillet stress 

Figure 4.   Heywood Construction and Gear Tooth Bending Stress Formula. 

0.7-ir 

'*"(r7)   ][ 
sin/8   0.45 

So = maximum fillet stress 

\\   = normal load 

F    • tooth face width 

e    • dimension of resisting material 

illet radius at the point of maximum stress 
Lewis Inscribed Parabola 

rf 

b 

ß -- deviation of load line from direction of 
principal stress 

distance from point of load application to 
maximum stress 

Figure 5.   Kolley-Pedersen Construction and Gear Tooth Bending Stress Formula. 
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TABLE II 
DOLAN-BROGHAMER GEAR TOOTH BENDING STRESS FORMULA 

fe wh      w 1 
Sb = K  [iZp    - "JpT     tan    ^ LJ 

where 

W 

*L 
h.  t 

F 

Sb 

K 

bi 
rt 
b 
R 
t 
h 

tangential load at load point 
pressure angle at load point 
load height and maximum stress section tooth thickness from gear tooth 
layout (Lewis construction) 
gear tooth face width 
combined stress (from radial and flexural components of load) at the ten- 
sile fillet 
concentration factor for combined stress at tensile fillet 
maximum observed tensile stress 

computed combined stress 
0.4 

0. 22 +(i7) (TT) 
45 

0. 18 + 

for 14.5-degree pressure angle 

for 20-degree pressure angle 

minimum fillet radius at bottom of the trochoidal fillet of a generated 
tooth as determined by procedure developed by Mr.  A.  H. Candee. 
ri   +  rt 
b^2/(R = bj)   = minimum radius of curvature of trochoid at center of edge 
radius 
b - r^   = dedendum to center of tool edge radius 
tool edge radius 
length of dedendum of the gear 
radius of the pitch circle 
thickness of tooth at theoretical weakest section (Lewis) 
height of load position above the theoretical weakest section 

St 

TABLE III 
AGMA GEAR TOOTH BENDING STRESS FORMULA 

WtKo 
Kv 

where 

Wt 
Ko 
Kv 

Pd 
F 

(^ 
Ks Km 

calculated tensile stress at the root of the tooth 
transmitted tangential load at operating pitch diameter 
overload factor 
dynamic facto.' 

Load 

transverse diametral pitch 
net face width Tooth Size 
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TABLE III (CONT) 
AGMA GEAR TOOTH BENDING STRESS FORMULA 

Ks   =      size factor J 
Km »      load distribution factor 
J      s      geometry factor \ 

Stress Distribution 

Kf 

Kf mN   for sPur gears 

Y       =   tooth form factor 
Kf     =   stress correction factor 
m^   =   load sharing ratio 

( j        l—r—j       '   Dolan-Broghamer Stress Concentration Factor H+l 

0.22 
Pre ssure Angle (Degrees) 

H      = 14.5 
0. 18 20 

J       = 0.20 14.5 
0. 15 20 

L      = 0.40 14.5 
0.45 20 

t, h, and rf from gear tooth layout (Lewis construction) 

mN 

Y 

'f 

normally 1 for spur gears 

1 for spur gears cos^ L /i. 5 tan^L\ 
cos ^ \ X      "        t       / 

<t>     - tooth pressure angle 
^ L, = load pressure angle 
t     = tooth thickness at the section of maximum stress (Lewis 

construction) 
X   - tooth strength factor from layout (Lewis construction) 

radius of curvature of fillet at point tangent to root circle    (may also be 
calculated) 

<   Sa  KL 
Jt  =   KTKR 

where 

Sa 
KL 

KR 

allowable stress for material 
life factor 
temperature factor 
factor of safety 
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In summary, review of the literature indicated that wide variations of bending strength 
could be calculated for a given configuration.    Little data are available which attempt 
to correlate basic material strengths from laboratory tests with actual gears.    It was 
thus apparent that a controlled fatigue experiment with full-size tooth proportions could 
aid the development of a more accurate method of calculating bending strength.    Basic 
material strength data from R. R. Moore tests for correlation would also enhance the 
analysis. 

DESIGN OF EXPERIMENT 

Four factors of gear tooth geometry were investigated in a statistically designed experi- 
ment.    Each of the factors selected was expected to affect gear tooth life.    The experi- 
ment was designed to indicate if these factors interacted and if the observed results 
were statistically significant.    The geometric factors evaluated were: 

Factor 
• Diametral pitch 
• Pressure angle 
• Root radius size 

• Fillet configuration 

Levels Values assigned 
2 6 and 12 
2 20 and 25 degrees 
2 Small and large (exact values dependent 

on diametral pitch) 
2 Full form ground and protuberance 

bobbed 

The experiment planned involved cycling three gear teeth to failure at each of four stress 
levels for each of the 16 possible combinations of the four geometric factors investigated. 
Evaluation of the effects of the four geometric factors was to be based on the finite life 
portion of the resulting fatigue (S/N) curves. 

DESIGN OF FATIGUE TEST GEARS 

Drawings of the 16 fatigue test gears are presented in Appendix I.   Table IV lists the 
pertinent dimensions for the 16 fatigue test gear configurations. 

Diametral pitch values of 6 and 12 were selected.    A diametral pitch of 6 is typical for 
main power train gears in turboprop and helicopter aircraft engine transmissions.    A 
diametrpj pitch of 12 provides a reasonable 2:1 variation; it also represents typical air- 
craft engine accessory drive train practice. 

The pressure angles of 20 and 25 degrees were selected since they represent aircraft 
engine design practice. 

Each gear tooth design has a maximum fillet radius size that can be accommodated be- 
tween the active profile diameter and the root diameter.    Using this maximum value of 
100 percent, the minimum fillet radii for the test gears were specified as 80 percent 
for one design experiment level.    The other level was set at 50 percent for the 20-degree 
pressure angle gears and 60 percent for the 25-degree gears to maintain a minimum 
actual fillet radius of 0. 025 inch.    A manufacturing tolerance of 20 percent was thus 
provided with a minimum variation of 20 percent in fillet size. 

The fatigue test gears were made without a rim and web to eliminate possible complica- 
tions.   Twenty-four tooth gears were chosen to avoid undercutting and to provide rea- 
sonable gear sizes. 

12 



TABLE IV 
FATIGUE TEST GEAR DIMENSIONS 

Configuration 1 2 3 4 5 6 7 8 '- 

Part number EX-78772 EX-78773 EX-78774 EX-78775 EX-78776 EX-78777 EX-78778 EX-7a779 EX-. 

Number of teeth 24 24 24 24 24 24 24 24 24 
Pressure angle, 

degrees 20 20 20 20 20 20 20 20 25 
Diametral pitch 6 12 6 12 6 12 6 12 6 
Pitch diameter, 

inches 4.0 2.0 4.0 2.0 4.0 2.0 4.0 2.0 4.0 
Base circle diam- 

eter, inches 3.7588 1.8794 3.7588 1.8794 3.7588 1.8794 3.7588 1.8794 3.62 
Diameter at 

HPSTC*. inches 4.08289 2.04748 4.08289 2.04748 4.08289 2. 04748 4.08289 2.04748 4.13 
Active profile 

diameter, inches 3.7984 1.8969 3.7984 1.8969 3.7984 1.8969 3.7984 1.8969 3.75 
Addendum factor 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
Dedendum factor 1.25 1.25 1.25 1.25 1.40 1.40 1.40 1.40 1.20 
Whole depth factor 2.25 2.25 2.25 2.25 2.40 2.40 2.40 2.40 2.20 
Outside diameter. 

inches 4.333 2.167 4.333 2.167 4.333 2. 167 4.333 2.167 4.33 
Root diameter, 

inches 3.583 1.792 3.583 1.792 3.533 1.767 3.533 1.767 3.60 
Minimum fillet 

radius, inches 0.050 0.025 0.080 0.040 0. 05 0 0.025 0.080 0.040 0.05 
Maximum possible 

fillet radius. 
inches 0.1008 0. 0506 0.1008 0.0506 ■\ 1008 0. 0506 6.1008 0.0506 0.08 

Minimum fillet 
radius♦♦, per- 
cent 

Fillet type 
Tooth thickness. 

50 50                 80 80 50                 50 80 80 60 

0.2618 0. 1309 0.2618 0. 1309 0.2618 0. 1309 0.2618 0.1309 O.ZC 
inches 0. 2598 0. 1289 0.2598 0. 1289 0.2598 0.1289 0.2598 0.1289 0.25 

Face width. 
inches (±0. 002) 0.50 0.25 0.50 0.25 0.50 0.25 0.50 0.25 0.50 

Contact ratio 1.5403 1.4780 1.5403 1.4780 1.5403 1.4780 1.5403 1.4780 1.38 

«HPSTC —high point of single tooth contact. 
♦♦Percent of maximum possible. 

f 
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8 9 10 11 12 13 14 15 16 

'78    EX-7a779 EX-78780 EX-78781 EX-78782 EX-78783 EX-78784 EX-78785 EX.78786 EX-78787 

24 24 24 24 24 24 24 24 24 

20 25 25 25 25 25 25 25 25 
12 6 12 6 12 6 12 6 12 

2.0 4.0 2.0 4.0 2.0 4.0 2.0 4.0 2.0 

1.8794 3.6252 1.8126 3.6252 1.8126 3.6252 1.8126 3.6252 1.8126 

<       2.04748 4.1324 2.0729 4.1324 2.0729 4.1324 2.0729 4. 1324 2.0729 

1.8969 3.7571 1.8759 3.7571 1.8759 3.7571 1.8759 3.7571 1.8759 
1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
1.40 1.20 1.20 1.20 1.20 1.35 1.35 1.35 1.35          | 
2.40 2.20 2.20 2.20 2.20 2.35 2.35 2.35 2.35 

2.167 4.333 2.167 4.333 2.167 4.333 2.167 4.333 2.167 

1.767 3.600 1.800 3.600 1.800 3.550 1.775 3.550 1.775 

0.040 0.050 0.025 0.067 0.033 0.050 0.025 0. 067 0.033 

0.0506 0.0836 0.0418 0.0836 0.0418 0.0836 0.0417 0.0836 0.0417 

80 60 60                   80 80 60                  60 80 80 

0.1309 0.2618 0.1309 0.2618 0.1309 0.2618 0.1309 0.2618 0.1309 
0.1289 0.2598 0.1289 0.2598 0.1289 0.2598 0.1289 0.2598 0. 1289 

0.25 0.50 0.25 0.50 0.25 0.50 0.25 0.50 0.25 
1.4780 1.3823 1.3230 1.3823 1.3230 1.3823 1.3240 1.3823 1.3240 
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Face widths of 0. 500 inch for the 6-pitch gears and 0. 250 inch for the 12-pitch gears 
were selected to provide slightly larger axial width than tooth thickness at the weakest 
section in bending.   The face widths maintain proportional similarity between the two 
gear pitches.    Carburized case depths were also varied to maintain proportional simi- 
larity. 

Two root fillet configurations are in general use in aircraft gearing—full form ground 
and protuberance hobbed.   Since almost all aircraft engine gears have ground involute 
profile surfaces,  the root fillet radii can be ground during the same operation, thus 
producing a "full form" ground gear.    The ground root area is subject to grinding burns, 
excessive case removal, and/or high residual stresses if the grinding procedures are 
not carefully specified and controlled.    Ground root fillets may be produced by formed 
wheels with true radii or specially shaped fillets, or by generation which produces tro- 
choidal fillets. 

Robbing the gear with a special hob that has protrusions at the tips results in a controlled 
amount of undercut in the root area,  thus producing a protuberance gear.   Involute grind- 
ing can be accomplished after hardening without grinding the root fillet radii.    The full 
residual stress developed by case hardening is retained.    The root surface finish will be 
as hobbed unless a grinding operation is incorporated. 

A trochoidai fillet is produced by a protuberant hob or shaper cutter.    (The undercut 
could be broached into the gear tooth. ) 

The protuberance cut gears are necessarily slightly thinner at the weakest section and 
have smaller root diameters as compared with full form ground gears; thus, the bend- 
ing stress is increased.    The material strength should also be greater.    The resulting 
fatigue life,  however, is not predictable because of the many factors involved which can 
not be accurately assessed. 

A generated ground fillet was used for the f-:ll form gears to maintain similarity with 
the protuberant fillet configuration.    All gears were shot peened in the root.   The fillet 
type designation part of the designed experiment, therefore,  included changes in tooth 
thickness,   root diameter, case depth,  and surface treatment.    Figure 6 shows two typi- 
cal fatigue test gears. 

MANUFACTURE OF FATIGUE TEST GEARS 

Fatigue test gear manufacturing was controlled to minimize variation within and between 
each of the 16 groups.   Significant efforts were made to maintain constant metallurgical 
microstructure and surface treatment as well as geometry.    Specific items of control 
were as follows. 

• All material was from a single heat (Carpenter Steel Company heat number 61629). 
The material was forged from 6-inch round corner squares to 2. 875- and 5. 125- 
inch bar stock form.    The raw material record is given in Table V. 

• All heat treat operations were performed at the same time except carburizing (due 
to two different case depths required) and stress relief after grinding (due to time 
limits). 

• Copper plating prior to hardening and stripping of copper plate after hardening were 
each accomplished simultaneously on all parts. 

• Shot blasting and peening were accomplished simultaneously on all gears of each 
group. 
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Figure 6. Typical Fatigue Test Gears. 

• Gear tooth hobbing and grinding were accomplished by using an a rbor that stacked 
all gea r s of each group. Each gear was honed separate ly . 

• All tes t gears were black-oxide coated simultaneously (except for severa l se ts 
which were processed ear ly to permi t initiation of testing). 

• The high point of concentricity of all gears in each set was matched at each gear 
grinding operation, and gea r s were careful ly aligned to obtain uniformity of stock 
removal . J 

TABLE V 
RAW MATERIAL RECORD 

Allison Purchase Order Numbers J8-05266 and J8-05265 

STEEL SUPPLIER DATA—CARPENTER STEEL COMPANY 

Mater ia l specification—AMS-6265 
Heat number—61629 
Material s ize—6-inch round corner squares 
Grain s ize—5 
Jominy hardenabili ty—Top of ingot 

Bottom of ingot 

R c38 at sur face 

w o CO
 

CO
 at 6/16 inch 

R c39 at sur face 

o CO
 

CO
 

at 6/16 inch 
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TABLE V (CONT) 
RAW MATERIAL RECORD 

r 
Hardness—Brinell   269 
Jernkontoret (J. K.) rating 

Inclusion Type 
Inclusion Size 
Top 
Bottom 

Chemical analysis 

C Mn 

B D 
Thin    Thick 
1 0 
1 0 

"^hin    Thick    Thin    Thick    Thin    Thick 
10 0 0 10 
10 0 0 11 

Si Cr Ni Mo 
0.11      0.66      0.004      0.004      0.30      1.33      3.39      0.14 

Steel forger—Indianapolis Drop Forging Company Incorporated 
Forged size—Two pieces 5. 125 inches in diameter and 36 inches long 

Two pieces. 2.875 incnes in diameter and 36 inches long 

ALLISON METALLURGICAL INSPECTION RECORD 

Coarse etch—okay 
Magnaflux step-down bars—okay 
Chemical analysis 

Mn Si Cr Ni Mo 
0.10     0.67 — — 0.29      1.29      3.41      0.12 

Tensile tests 

Material from 2.875-inch-diameter bar stock heat treated to Allison specification 
(EPS 200) as follows:   14750F.  for 1 hour, oil quenched; 3250F. for 1 hour, air cooled; 
Rockwell "C" hardness of 38. 0 to 38. 5.    Tests were conducted at room temperature. 

Specimen 
number 

Yield strength Tensile 
0.2%offset  (p. s.i.) strength   (p.s.i.) 

A 140,200 
B 141,500 
C 142,600 

Izod impact tests 

181,100 
180, 300 
179,000 

Elongation in 
1 inch (percent) 

18.2 
18.2 
18.0 

Reduction of 
area   (percent) 

70.2 
68.8 
68.0 

The heat treated material tests were conducted at room temperature. 

Specimen 
number 

D 
E 
F 

Impact energy 
(foot-pounds) 

74.0 
75.0 
74.0 
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Many in-process and finished part measurements were made to h-     define stock re- 
moval and to record the final geometry of each part.    Tables VI and v^II list the protuber- 
ant cut gear measurements and analysis.    Tables VIII and EX provide comparable data 
for the ground fillet gears. 

The root diameter, dimension over pins,  root radius,  and protuberance undercut depth 
are the critical dimensions for the fatigue specimens. 

Most of the gears had some, usually slight, dimensional deviation.    All the gears of 
each group were well within the dimensional tolerance limits.    Thus, ropeatabilily of 
fatigue test data within any group should be excellent due to the stack machining tech- 
niques employed.    Some variation from the designed experiment,  however,  may occur 
between groups.    These variations could be eliminated by basing bending stress calcu- 
lations on actual rather than print dimensions. 

Sample routing sheets for a full ground (EX-78772) and a protuberant cut gear (EX-78776) 
are given in Appendix II, 

Table X lists the fatigue test gear hob dimensions necessary to define the gear tooth 
root fillet shape.    The dimensions given must be modified by the finish stock allowance 
to obtain an accurate finished gear configuration.    The full ground root fillet configura- 
tion hobs are listed to permit analysis of the finish stock allowance in the root fillet 
area rather than for bending stress determination. 

TEST RIG DESIGN AND PROCEDURE 

The test rig was designed for single tooth fatigue testing of either the 2- or 4-inch-pitch- 
diameter gear.    Single tooth testing was selected over a dynamic four-square gear te.c' 
to permit accurate control of test variables.    Adjacent teeth on the test gear were re- 
moved to ensure single tooth contact. 

Two design concepts were considered for the fatigue testing device — a hydraulic servo- 
valve system where a measured torque is applied on the test gear to produce the de- 
sired tooth load and an electromagnetic shaker for use as the input loading device.    The 
two concepts were evaluated on the basis of available equipment,  usage experience,  and 
inherent advantages and disadvantages.    Design studies showed that the electromagnetic 
shaker was preferred,   provided that a high frequency of operation could be achieved at 
the specified test loads.    Additional considerations were accurate tooth load measure- 
ments and good dynamic stability. 

To achieve the desired operational requirements,   a fatigue test rig was designed with 
inherent high axial and radial stiffness of all load transmitting and reacting components 
and with a load cell at the point of tooth loading.    The fatigue rig was coupled to an e'ec- 
tromagnetic shaker.    Operation at or near a system resonance of approximately 2UU 
c. p. s.  was realized.    The principle of operation of the fatigue test rig is shown sclu 
matically in Figure 7. 

The shaker driving force was applied directly to a mass which, in turn, loaded the gear 
tooth through a load cell.    The mass was supported flexibly in the direction of loading 
and was stabilized in all radial directions by two disk-type flexible plates. 
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TABLE VI 
TABULATION OF PROTUBERANT FILLET GEAR MEASUREMENTS* 

Root Fillet Radius Root Diame •er 

Part 
Number 

Print 
Minimum After Hob 

After Solution 
Machining 

Print 
(±0.002) 

After 
Hob 

After Solution 
Machining Print 1 

EX-78776 0.050 0. 060 to 
0.065 

0. 065 to 
0.070 

3.533 3.535 3. 5227 to 
3.5241 

4.3953 to 
4. 3999 

4, 

EX-78777 0.025 0.030 0. 030 to 
0.032 

1.767 1.775 1. 7679 to 
1. 7688 

2.1953 to 
2. 2000 

2. 

EX-78778 0.080 0.085 0.090 3.533 3.536 3. 5248 to 
3. 5275 

4. 3953 to 
4. 3999 

4. 

EX-78779 0.040 0.042 0.044 1.767 1. 7745 1. 7672 to 
1.7682 

2.1953 to 
2.2000 

2. 

EX-78784 0.050 0.056 0.065 3.550 3.551 3.5412 to 
3.5424 

4. 3973 to 
4.4012 

4. 

EX-78785 0.025 0. 026 to 
0.032 

0.028 to 
0.036 

1.775 1,7815 1. 7755 to 
1. 7764 

2.1967 to 
2. 2006 

2 

EX-78786 0.067 0. 068 to 
0.070 

0. 070 to 
0.075 

3.550 3.555 3. 5436 to 
3.5448 

4. 3973 to 
4.4012 

4 

EX-78787 0.033 0.032 0. 034 to 
0.036 

1.775 1.784 1. 7775 to 
1.7778 

2. 1967 to 
2.2006 

2 

*  All dimenfl ions in inch« ;s 

f* 
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»c 

Dimension Ovpr Pins 
Minimum 

>n After After After Solution After Finishing Stock 
Print Hob Heat Treat Machining Final Grind After Hob Operation 

4.3953 to 4.4353 4.4338 to 4.4201 to 4.3963 to 0.0354 
/ t * 4.3999 4.4345 4.4239 4.3965 

2.1953 to 2.2362 2.2300 to 2. 2246 to 2. 1958 to 0.0362 
/ / «• 2.2000 2.2305 2.2257 2.1968 

4. 3953 to 4.4352 4.4339 to 4.4205 to 4.3903 to 0.0353 
/ *<* 4. 3999 4.4344 4.4255 4.3906 

2.1953 to 2.2355 2.2347 to 2.2247 to 2.1961 to 0.0355 
2. 2000 2.2353 2.2257 2.1963 

- .        > 4. 3973 to 4.431 4.4290 to 4.4183 to 4.3973 to 0. 0298 
4.4012 4.4298 4.4205 4.3980 

, 2.1967 to 2.2306 2.2296 to 2. 2208 to 2.1972 to 0. 0300 
2. 2006 2.2305 2.2222 2.1978 

, 4. 3973 to 4.4316 4.4298 to 4.4183 to 4.3982 to 0. 0304 
4.4012 4.4300 4.4202 4. 3983 

- *   .   i 2.1967 to 2.2312 2.2302 to 2.2222 to 2.1945 to 0.0306 
2.2006 2.3209 2.2230 2. 1949 

\ 



TABLE VH 
ANALYSIS OF PROTUBERANT FILLET GEAR MEASUREMENTS* 

Root Diameter Dimension Over P 

Part 
Number 

Maximum 
Change. 
Hob to 

Solution 
Machining 

Maximum 
Variation 
Between 

Gears After 
Solution 

Machining 

Finishing 
Stock 

After Hob 
Operation 

Maximum 
Change, 
Hob to 

Heat Treat 

Maximum 
Variation 
Between 

Gears After 
Heat Treat 

Changs 
Between 

Minimum Heat 
Treat and 
Minimum 
Solution 

Machining 

Maximum 
Variation 
Between 

Gears After 
Solution 

Machining 

Maxi;   . 
Chat 
Hob   c 

Solut : 
Mach~..L 

EX-78776 0. 0123 0.0014 0.002 0.0015 0. 0007 0.0137 0.0038 0.C   : 

EX-78777 0. 0071 0.0009 0.008 0.0062*** 0. 0005 0. 0054 0.0011 0. (   1 

EX-78778 0.0118 0.0027 0.003 0.0013 0. 0005 0.0134 0.0050 0.(   < 

EX-78779 0.0073 0.0010 0. 0075 0.0008 0. 0006 0.0100 0.0010 O.f   ( 

EX-78784 0.0098 0.0012 0.001 0.0020 0. 0008 0.0107 0.0022 o.( : 

EX-78785 0. 0060 0.0009 0.0065 0.0010 0. 0009 0.0088 0.0014 0.1 

EX-78786 0.0119 0.0012 0.005 0.0018 0. 0002 0.0116 0.0019 0.« 

EX-78787 0. 0065 0. 0003 0. 009 0.0010 0.0007 0.0080 0.0008 O.i   i 

Average t 0.0115 0. 0016 0. 0024 0.0017 0. 0006 0.0123 0.0032 1        0.'   . 

Average t 0. 0067 0.0008 0. 0078 0.0010 0.0007 0.0081 0.0011 1      0-i ■ 
*      All dimensions in inches. 

**     Dimension over pins calculated for 0. 000 to 0.004 backlash with mating gear on standard centers.   Therefore, 
dimension over pins tolerances equivalent to 0.002 change in tooth thickness or 0. 001 stock allowance per surf 
The 0. 0039 tolerance for 25-degree pressure angle gears and 0. 0300 average finishing stock after hob are equ 
to 0.0077 per surface.   The 0. 0047 tolerance for 20-degree pressure angle gears and 0.0355 finishing stock af 
hob are equivalent to 0. 0076 per surface. 

***     Questionable reading—deleted from averages. 

t 21 



Dimension Over Pins                                                                                                                   I 

Change 
Between Maximum Change 
dmum Heat Variation Maximum Between Maximum 
Treat and Between Change Minimum Minimum Variation Maximum 
Minimum Gears After Hob to Solution Finishing Stock Between Change, 
Solution Solution Solution Machining and After Hob Gears After Hob to 
fachlning Machining Machining Final Grind Operation ♦* Final Grind Final Grind 

0.0137 0. 0038 0.0152 0.0238 0. 0354 0.0002 0.0390 

0. 0054 0.0011 0.0116 0. 0288 0.0362 0.0010 0.0404       | 

0.0134 0.0050 0.0147 0. 0302 0.0353 0.0003 0.0449       1 

0.0100 0.0010 0.0108 0. 0286 0.0355 0. 00J2 0. 0394 

0.0107 0.0022 0.0127 0.0210 0.0298 0.0007 0.0337 

0.0088 0. 0014 0.0098 0. 0236 0.0300 0.0006 0.0334 

0.0115 0.0019 0.0133 0.0201 0.0304 0. 0001 0.0334 

0. 0080 0. 0008 0.0090 0.0277 0. 0306 0. 0004 0.0367 

0.0123 0. 0032 0.0140 0. 0265 — 0. 0003 0.0378 

0.0081 0.0011 0.0103 0. 0272 — 0. 0006 0.G375       | 

tFc )r large-diameter gears. 

ir on standard centers.   The •refore. IFc »r small-diametei * gears. 
;s or 0. 001 stock allowance ] per surface. 
ige finishing stock after hob are equivalent 
; gears and 0. 0355 finishing stock after 

e» 



TABLE VIII 
TABULATION OF GROUND FILLET GEAR MEASUREMENTS* 

Root Fillet Radius Root Diameter 

Part 
Number 

Print 
Minimum 

After 
Hob 

After 
Final Grind 

Print 
(± 0. 002) 

After 
Hob 

After 
Final Grind Prii 

EX-78772 0.050 0.075 0.065 3.5830 3.5916 3. 5800 to 
3. 5806 
(3. 5830)** 

4. 39£ 
4.3! 

EX-78773 0.025 0.040 0.040 1.7920 1.808 1. 7836 to 
1. 7850 
(1.7903)** 

2.195 
2.21 

EX-78774 0.080 0.085 0.070 3.5830 3. 594 3. 5863 to 
3.5882 
(3. 5820)** 

4.39S 
4.3! 

i    EX-78775 0.040 0. 036 to 
0.038 

0.034 1.7920 1.809 1. 7950 to 
1.7955 

2. 19E 
2.21 

EX-78780 0.050 0. 065 to 
0.070 

0. 055 to 
0.060 

3.600 3.6152 3. 5998 to 
3.6010 

4.39'! 
4.4( 

|    EX-78781 0.025 0.026 0. 026 to 
0.028 

1.800 1.815 1. 8093 to 
1.8105 

2.196 
2.2( 

EX-78782 0.067 0.070 0.070 3.600 3.614 3. 600 to 
3.604 
(3.605)** 

4.391 
4.4l 

EX-78783 0. 033 0. 032 to 
0.036 

0. 034 to 
0.036 

1.800 1.815 1.805 
(1.803)** 

2. 19( 
1      2.2i 

*     All dimei is ions in inche s. 

*♦   Setup par t not included. 
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'S* 

^oot Diameter Dimension Over Pins 

After 
Hob 

After 
Final Grind Print 

After 
Hob 

After 
Heat Treat 

After Finish 
Grind and  Hone 

rlnt 

3.5916 3. 5800 to 
3.5806 
(3. 5830)** 

4. 3999 to 
4.3953 

4.4354 4.4345 to 
4.4350 

4.3961 to 
4.3971 
(4. 39fi)** 

999 to 
3953 

953 to 
2000 

1.808 1.7836 to 
1. 7850 
(1. 7903)** 

2. 1953 to 
2. 2000 

2.2344 2.2335 to 
2.2342 

2. 1920 to 
2.1922 
(2.1942)** 

999 to 
3953 

3. 594 3.5863 to 
3. 5882 
(3.5820)** 

4. 3999 to 
4.3953 

4.4352 to 
4.4354 

4.4340 to 
4.4347 

4.3990 to 
4.3990 
(4.3941)** 

953 to 
2000 

1.809 1. 7950 to 
1.7955 

2. 1953 to 
2. 2000 

2. 2355 2.2345 to 
2.2355 

2.1912 to 
2.1928 
(2.1895)** 

1973 to 
4012 

3.6152 3.5998 to 
3.6010 

4. 3973 to 
4.4012 

4.4293 to 
4.4298 

4.4275 to 
4.4282 

4.3997 to 
4.4005 

967 to 
2006 

1.815 1. 8093 to 
1.8105 

2. 1967 to 
2.2006 

2.2312 to 
2.2313 

2.2305 to 
2.2307 

2.1961 to 
2,1976 

1973 to 
4012 

3.614 3. 600 to 
3.604 
(3.605)** 

4. 3973 to 
4.4012 

4.4319 4.4292 to 
4.4297 

4.3976 to 
4.3981 
(4.3967)** 

.967 to 
2006 

1.815 1.805 
(1.803)** 

2. 1967 to 
2. 2006 

2.2305 2. 2295 to 
2.2300 

2. 1965 to 
2.1972 
(2. 1947)** 

^ 



TABLE IX 
ANALYSIS OF GROUND FILLET GEAR MEASUREMENTS* 

Root Diameter 

1         Part 
1       Number 

Maximum 
Change, 
Hob to 

Final Grind 

Maximum 
Variation 
Between 

Gears after 
Final Grind 

Grind 
Stock 

After Hob 
Operation 
(±0.002) 

Maximum 
Change, 
Hob to 

Heat Treat 

Maximum 
Variation 
Between 

Gears After 
Heat Treat 

Maximum 
Change, 

Minimum 
Heat Treat to 

Minimum Hone 

l     EX-78772 0.0116 0. 0006 0.0086 0.0009 0. 0005 0.0384 

EX-78773 0.012 0.000 0.016 0.0009 0.0007 0.0415 

i     EX-78774 0.0077 0.0019 0.011 0. 0012 0. 0007 0.0370 

j     EX-78775 0.014 0.0005 0.017 0.0010 0.0010 0.0433 

EX-78780 0.0154 0.0012 0.0152 0.0018 0.0007 0.0278 

EX-78781 0.0057 0.0012 0.015 0.0007 0.0002 0.0344           | 

EX-78782 0.014 0. 0040 0.014 0.0027 0.0005 0.0316 

j     EX-78783 0.010 0.000 0.015 0. 0010 0.0005 0.033 

t Average 0.0122 0. 0019 0.0122 0.0017 0.0006 0.0337 

t Average 0.0104 0.0009 0.016 0. 0009 0.0006 0.0381 

*     All (iimei isions in inches. 

*♦   Dimension over pins calculated for 0. 000 to 0. 004 backlash with mating gear on standard centers, 
pins tolerances equivalent to 0. 002 change in tooth thickness or 0. 001 stock allowance per surface. 

|            25-degree pressure angle gears and 0. 0300 average finishing stock after hob are equivalent to 0. 00 
tolerance for 20-degree pressure angle gears and 0. 0355 finishing stock after hob are equivalent to 

t    For largt >-diameter gears. 

|      t    For smal 1-diameter gears. 

fl 
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ENTS* 

Max 

Bet 
G. 

Aftei 
Grind u... 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

.    There! , 
e.   The C 
0077 per ., 
to 0.007( 

Dimension Over Pins 

Maximum 
Maximum Maximum Variation Maximum 

'mum Variation Change. Between Maximum Finishing 
ige. Between Minimum Gears Change. Stock Pressure     j 
to Gears After Heat Treat to After Final Hob to Final After Hob Angle        | 

Treat Heat Treat Minimum Hone Grind and Hone Grind and Hone Operation ** (Degrees)     j 

)9 0.0005 0.0384 0.0010 0.0393 0.0355 20 

09 0.0007 0.0415 0. 0002 0. 0424 0.0344 20 

12 0. 0007 0. 0370 0.0018 0.0384 0. 0353 20 

10 0.0010 0. 0433 0.0016 0.0443 0. 0355 20 

18 0.0007 0.0278 0. 0008 0. 0296 0.0281 25 

07 0.0002 0.0344 0.0015 0.0351 0. 0306 25 

27 0.0005 0.0316 0. 0005 0. 0343 0. 0307 25 

10 0.0005 0.033 |          0.0007 0. 0340 0. 0299 25             | 

17 0.0006 0.0337 0.0010 0. 0354 - i          —                 i 

09 0.0006 0.0381 0.0010 0. 0389 — 1          — 

with mating gear on st andard centers. Therefore, dimension over 
s or 0, 001 stock allowa nee per surface. The 0. 0039 tolerance for 
ig stock after hob are e quivalent to 0. 0C 77 per surface.    The 0. 0047 
aishing stock after hob are equivalent tc 0. 0076 per surf ace. 
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TABLE X 
HOB DIMENSIONS 

Gear 
Configuration 

Gear 
Part 

Number 

Hob Tooth 
Thickness 

HTT (inches) 

Hob 
Addendum 

HADD (inches) 

Hob 
Lead. 

HLEAD (inches) 

Hob Pressure 
Angle, 

HPAR (degrees) 

Hob Tip 
Radius, 

HTIPR (inch. 

1 EX-78772 0. 2468 0.2005 0. 52436 20 0. 055 to 
0.050 

,     2 EX-78773 0.1159 0. 0962 0.26194 20 0. 025 to 
0.030 

3 EX-78774 0. 2468 0. 2005 0. 52436 20 0. 072 full 

4 EX-78775 0.1159 0.0962 0.26194 20 0. 033 full 

5 EX-78776 0.2032 0.1717 0.50888 14.5 0. 050 to 
0.055 

6 EX-78777 0.0943 0. 0842 0.25421 14.5 0.025 

7 EX-78778 0.2032 0.1717 0. 50888 14.5 0. 082 full 

8 EX-78779 0.0943 0. 0842 0.25421 14.5 0. 039 full 

9 EX-78780 0. 2468 0. 1920 0. 52435 25 0. 045 to 
0.040 

10 EX-78781 0.1159 0.0920 0.26194 25 0. 024 full 

11 EX-78782 0.2468 0.1920 0. 52435 25 0. 053 full 

12 EX-78783 0.1159 0.0920 0.26194 25 0. 024 full 

13 EX-78784 0.1799 0.1509 0.50564 20 0. 050 to 
0.055 

14 EX-78785 0. 0654 ♦ 0. 0500 * 0.24632 15.5 0. 025 to 
0.030 

15 EX-78786 0.1449 * 0. 1030 * 0.49301 15.5 0. 067 full 

16 EX-78787 0. 0654 * 0. 0500 * 0.24632 15.5 0. 032 full 

*    Theoretical 
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ob Pressure Hob Tip 
Angle, Radius. 

'JAR (degrees)    HTIPR (inches) 

Hob 
Protuberance, 
HPW (inches) 

Hob Part Tooth Thickness    Root Diameter 
Number per Side (inches) per Side (inches) 

20 

20 

20 

20 

14.5 

14.5 

14.5 

14.5 

25 

0. 055 to 
0.050 

0. 025 to 
0.030 

0. 072 full 

0. 033 ^ull 

0. 050 to 
0.055 

0.025 

0. 082 full 

0. 039 full 

0. 045 to 
0.040 

SPT-2603 

SPT-2608 

0 SPT-2602 

0 SPT-2607 

0. 007 to SPT-2604 
0.008 

0. 0055 to SPT-2611 
0.0060 

0. 006 to SPT-2605 
0.007 

0. 0050 to SPT-2609 
0. 0055 

0 SPT-2594 

0.008 

0.008 

0.008 

0.008 

0.008 

0.008 

0.008 

0.008 

0.008 

0.008 

0.008 

0.008 

0.008 

0. 003 

0.003 

0,003 

0.003 

0.008 

25 0. 024 full 0 SPT-2597 0.008 0.008 

25 0. 053 full 0 SPT-2595 0.008 0. 008 

25 0. 024 full 0 SPT-2598 0.008 0. 008 

20 0. 050 to 
0.055 

0. 007 to 
0.008 

SPT-2593 0.008 0.003            1 

15.5 0. 025 to 
0.030 

0. 007 to 
0.008 

SPT-2600 0.008 0. 003 

15.5 0. 067 full 0. 007 to 
0.008 

SPT-2591 0.008 0. 003 

15.5 0. 032 full 0. 007 to 
0.006 

SPT-2599 0.008 0.003            i 
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Load Reaction 

Low Frequency 
Spring Mass 
System  

Load Cell 

Figure 7.   Principle of Operation of Fatigue Test Rig. 

The required static preload was provided by compressing a relatively low spring rate 
coil spring.    Inertia loading of the tooth, using the moving mass, made possible con- 
siderable force amplification at and near the system axial resonance.    The forced dy- 
namic load was about the mean value which, in this case, was the static preload.    Fig- 
ure 8 shows the test rig in its final configuration.   Figure 9 shows the rig coupled to 
the shaker. 

The load cell incorporated at the point of tooth loading to provide accurate control of 
both static and dynamic tooth loading during fatigue testing was an Allison designed 
strain gage type cell.    Figure 10 shows the load cell instrumented with axial and cir- 
cumferential strain gages, and Figure 11 shows the load cell in its final assembly.    The 
strain gage hookup was a four-active-arm bridge.    The bridge signal output was directly 
proportional to the change in applied thrust, independent of load cell bending and temper- 
ature change, and 2(1 +/*) times as large as the corresponding output of a single strain 
gage.    The symbol fi is Poisson's ratio. 

The automatic control system of the electromagnetic shaker was not used.    Excellent 
control stability was realized by manual control. 

A series of check-out procedures was performed prior to dynamic testing.    The follow- 
ing paragraphs present the check-out procedures in the sequence in which they were 
performed. 

• Radial Spring Rate of Fatigue Rig 

The fatigue rig was installed in the electromagnetic shaker and instrumented with 
dial indicators as shown in Figure 12.   With gear EX-78784 installed and statically 
loaded by means of the bias spring loading device, the radial deflections were mea- 
sured.    The radial spring rate of the system as determined by test was 5,900, 000 
pounds/inch.    This high radial spring rate verified the design objective of high 
system stiffness to ensure accurate load application at the high point of single tooth 
contact and good alignment of all moving parts during operation. 
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• Dimensional Check-Out 

Measurements were maH<> to verify that contact between the load member tip and 
the gear tooth occurred ■■: the high point of single tooth contact.   The measurements 
verified tip spacing to the center of the pilot shaft to be as designed,  and to ensure 
tip contact at the high point of single tooth contact during fatigue.    Figures 13 and 
14 show typical dimensions for the 6- and 12-pitch gears. 

• Tooth Load Distribution 

Gear EX-78784 was designated as the check-out gear.   The gear was instrumented 
with strain gages and a thermocouple, as shown in Figure 15.   The instrumented 
gear was installed in the fatigue test rig,  and a static load was applied in 1000-pound 
increments to 3000 pounds.   The strain read-out of the two gages on face A was 
compared for indication of nonuniform loading or misalignment,    The gages indicat- 
ed uniform loading and good alignment.    Accurate location of the strain gages was 
verified by inserting a small piece of shim stock,  0. 003 inch thick,  between the 
load member tip and the gear tooth.    The shim stock was inserted an equal distance 
on both sides of the gear tooth, and differential strain was compared.    The differ- 
ential strain was of equal value, verifying good strain gage location. 

• Dynamic Resonance Frequency 

To determine the system operating frequency, a frequency scan was made versus 
shaker driver current.   With the check-out gear installed and preloaded to 1000 
pounds, the frequency scan was made from 50 to 500 c. p. s., plotting driver current 
while dynamically applying ±800 pounds of load to the gear tooth.    The frequency 
scan indicated that the system resonance frequency was 240 c.p. s.  with a reduc- 
tion of 20:1 in driver coil current at resonance.    Figure 16 shows the relative re- 
sponse. 

• Dynamic Separation 

To ensure continued contact betwe jn the gear tooth and the load member tip and to 
determine differential load margin, the output signal of a dynamic gage on face B 
was displayed on an oscilloscope.   By varying the dynamic load about a constant 
preload, the signal wave shape was analyzed.    Figure 17 presents the pictorial 
wave shape analysis.    The analysis shows that a minimum of 20 pounds differential 
is required to maintain contact between the tooth and load tip. 

• Load Cell Calibration 

To eliminate inaccuracies in the loading,  a precise calibration was made on the 
load cell.    The load cell was tested in a Baldwin press as shown in Figures 18 and 
19.   The load was applied in 500-pound increments to 5000 pounds maximum; the 
output of the strain gage bridge was recorded.    Each load cell was tested five times 
for repeatability.   Figure 20 shows typical calibration data,   The calibration of the 
load cell repeated within one percent in the new condition and within two percent 
after usage. 

To allow the load member tip to contact the gear test tooth at the high point of single 
tooth contact, a number of teeth were removed as shown in Figure 21.    Figure 21 shows 
load sides A and B.   Teeth 1. 2, 3, and 4 are the test teeth, and teeth IX, 2X,  3X, and 
4X are the load reaction teeth. 
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Force Gage 

-Inch Test Gear 

Section A-A 

Note:   Only one gear 
tested at a time. 

Figure 8.   Fatigue Teat Rig Schematic. 
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Figure 9. Fatigue Test Setup. 
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Figure 10. Load Cell Showing Instrumentation. 

Figure 11. Assembled Load Cell. 
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Figure 12. Instrumented Fatigue Test Rig. 
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EX-78786 
Pressure Angle-25 Degrees 
Diametral Pitch-« 

Figure 13.   Typical Dimensions of 6-Pitch Gear Test Setup. 

EX-78783 
Pressure Angle-25 Degrees 
Diametral Pitch-12 

Figure 14.   Typical Dimensions of 12-Pitch Gear Test Setup. 
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Location of Static 
Strain Gages 
<EA-06-031DE-120) 

Location of 
^-^^\    .Dynamic Strain 
/\Face B \S Gages 

i\^ 3.7511-lnch-Oiameter 
Thermocouple 

Gages 
(ED-OV-031MF-350) 

3.7511-1 nch-Diameter 
Active Profile 

Figure 15.   Schematic of Check-Out Gear Instrumentation. 

e < I 
c 
a> 

Ö   1.0 

10 100 
Frequency—Cycles per Second 

Figure 16.   Test System Resonant Frequency. 

37 



\AAA 
A A A A . 

I \ . / \ I \ 

J \J IJ 1 '• 

• Load Member 
• Bridge 

A Dynamic 
^Strain Gage 

Static Preload—1320 Pounds Static Preload—1320 Pounds 
Alternating Load—±1230 Pounds Alternating Load—±1310 Pounds 

No Separation No Separation 

Static Preload—1320 Pounds Static Preload—1320 Pounds 
Alternating Load—±1345 Pounds Alternating Load—±1380 Pounds 

Separation Separation 

Figure 17. Dynamic Strain Gage Signal Showing Tooth-to-Load Tip Contact. 
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Figure 18. Load Cell Test Setup. 

Figure 19. Close-up of Load Cell Test Setup. 
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0 2 4 6 8 
Bridge Output-Millivolts 

10 

Figure 20.   Typical Load Cell Calibration Curve. 

Side A 

Typical, 12 
Places 

SideB 

Figure 21.   Test Gear Showing Teeth Removed. 
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The test procedure required that the test tootii, once positioned,  be preloaded with a 
bias load which was equal to one-half of the total fatigue load.   Once the preload was 
obtained and verified by the load cell,  an alternating load was applied about a mean 
which was the preload.   The tentati"e plan was that three gear teeth be tested for each 
combination of variables until fatigue failure occurred or 10^ cycles were accumulated. 

During testing, the dynamic load at the load cell (signal from strain gage bridge) was 
monitored and recorded on a strip chart recorder. A typical strip chart recording is 
shown in Figure 22. 

Failure 

One Minute 

Gear Tooth Load 
Static-1470 Pounds 
Dynamic—±1440 Pounds Test Load 

^ 

840 980 1120 1260 
Dynamic Load—Pounds 

1400 1540 

Figure 22.   Typical Strip Chart Recording of Test Gear Dynamic Load. 

41 



RESULTS 

FATIGUE TESTS 

i 

The fatigue test program was based on a designed experiment for evaluation of four 
geometric variables—diametral pitch, pressure angle, root fillet size, and root fillet 
configuration.    Two levels of each variable were employed requiring 16 different gear 
configurations.    See Table IV.    Initially, three teeth from each gear configuration were 
to be tested at four stress levels.    Failures were required to permit test evaluation 
on the finite portion of the S/N curve.    Early test experience with the small 12 diame- 
tral pitch gears indicated only a SO-percent spread between the desired mi 'imum and 
maximum stress levels.    The maximum stress was determined by the short test time 
(3 to 5 minutes) and high stresses that could cause plastic yielding and thus result in 
a different mode of failure.    The minimum stress was determined by a high percent of 
runouts to 10,000, 000 cycles without failure.    It was decided, therefore,  to obtain four- 
failures at three stress levels to permit a 10-percent difference between levels. 

Table XI lists the fatigue test data—load, cycles to failure, and configuration—for the 
214 gear teeth tested.    Of this total,   173 failed; the remaining gear tooth tests were 
terminated at 2 X 106 or 10? cycles. 

Fatigue test data for each configuration are plotted as S/N curves based on unit load in 
Figures 23 through 38.    Unit load is defined as tne equivalent load in pounds on a tooth 
having a diametral pitch of 1 and a face width of 1 inch.    The mean curve drawn through 
the data was calculated by a procedure explained in detail in Appendix III.    Proportion- 
ality factors can be used to relate applied load (test rig load),  unit load,   Lewis stress, 
Dolan-Broghamer stress,  AGMA stress,  Heywood stress,  and Kelley-Pedersen stress 
for any single gear configuration.    Therefore,  S/N curves of the test data based on any 
of these stress calculation methods would produce the same fit of the mean curve to the 
data points.    S/N curves based on AGMA calculated stress are presented in Appendix 
IV. 

A series of reworks was initiated during the test program to modify or perfect parts 
related to the fatigue rig.    The areas involved are discussed in the following paragraphs. 

Cooling Air 

As a result of the high fatigue loads required for the gears having a diametral pitch of 
6,  it became necessary to provide cooling air to the fatigue tooth at the tension fillet 
and lubrication between the tooth and load cell tip.    The need for cooling air at the 
compression fillet became apparent when two gears cracked from the tooth root to the 
gear center.    Metallurgical analysis indicated that high localized temperatures existed 
during the final phase of tooth fatigue.   Additional cooling air eliminated this problem. 
All but three teeth on the large gears were tested with the additional cooling air.    It is 
believed that the test results for these three teeth were not seriously biased. 

Tip 

The initial design specified that the contact surfaces of the tips be coated with plasma 
spray tungsten carbide.   The process was to provide a surface which would offer re- 
sistance to wear, scuffing, and distortion.   However, after limited usage, the coating 
cracked and cavitated.    The first rework, nitriding the contact surface, was an improve- 
ment under low-load conditions, but the surface distorted under high loads.    The second 
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TABLE XI 
GEAR TEETH FATIGUE TEST DATA 

Number 
Serial 

Number 
Tooth 

Number 
Load (pounds) Cycles to   1 

Failure     j 

Test      1 
Frequency 
(cp. 8.) 

Y Corr 
Static Dynamic   i Total 1 S/N Side 

1 EX-78772 CX 9092 1         | 5340 5300        | 10.640 Void Data — 0.3657 
2          1 4810 4770 9.580 1 585X104     j 220 0.3657 

3          i 4810 4770         i 9,580 1.715X104 220 0.3637 
4 4810 4770 9,580 2. 38X104 220 0.3597 

CX 9091 1 4430 4230 8,660 1.06X104 220 0.3697 
2 4430 4230 8,660 1. 32X104 220 0.3577 
3 4430 4230 8,660 1.3X104          i 220 0.3677 
4 ?995 3795 7,790 2.38X104       i 

5. 8X104 
220 — 

CX 9090 1 3600 3400 7,000 220 — 
2         i 3995 3795 7,790 4. 8X104 220 — 
3 3995 3795 7,790 4.0X104          1 220 — 

EX-78774 CX 9067 1 5900 Void Oats High Dynamic Load 220 0.3547 
2 5390 5190 10.580 1. 188X104     | 220 i       0.3607 
3 5390 5190 10,580 8. 9X103 220 |       0.3617 
4 5390 5190 10,580 6.6X103 220 0.3557 

CX 9068 1 4860 4660 9,520 1.076X104 220 0.3576 
2 4860 4660 9,520 1.32X104 220 0.3576 
3 4860 4660 9.520 1.32X104 220 0.3546 
4 4385 4185 8.570 3,43X104 220 0.3586 

CX 9064 1 4385 4185 8.570 1.32X104 220 0.3536 
2 4385 4185 8.570 1. 98X104 220 0.3616 
3 4385 4185 8.570 2, 64X104 220 0.3536 
4 4385 4185 8.570 1.85X104 220 0.3536 

CX 9065 1 4385 4185 8,570 1. 7X104 220 0.3586 
2 4385 4185 8,570 1.85X104 220 0.3606 
3 4385 4185 8.570 2.64X104 220 0.3496 
4 4385 4185 8.570 1.85X104 220 0.3526 

|   EX-78776 CX 9010 1 4340 4300 8.640 6.6X103 220 0.3793 
2 3910 3870 7.780 7.92X104 220 — 
3 3910 3870 7.780 1.32X104 220 — 
4 3910 3870 7,780 1.04X104 220 0.3933 

CX 9008 1 3600 3400 7,000 1.78X104 220 — 
2 3600 3400 7,000 5. 94X104 220 0.3873 
3 3600 3400 7, 000 206X104 220 — 
4 3250 3050 6,300 6.6X104 220 0.3903 

CX 9009 1 2950 2750 5.700 10?-* 220 — 
2 325 i 3050 6. 300 Void Data — 0.3883 
3 3250 3050 6,300 Void Data   — 
4 3250 3050 6,300 1.3X105 220 — 

CX 9007 1 3250 3050 6,300 5.3X104 220 — 

EX-78778 CX 9054 1 4400 4200 8,600 2, 9X104 220 0,3637 
2 4400 4200 8,600 3, 96X104 220 0.3757 

(\ 
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! 

r Test       r Fatigue Crack Dimensions 
Cycles to   | Frequency P Y Corrected (inches)     | Z(d( sprees) 

• . 

Failure    1 (c. p. s.)    r S/N Side ]" Opposite Side F S/N Side]" Opposite Side] 

oid Data —            1 0.3657   j 0.3657 33        T 36            1 "T 
585X10*    i 220 0.3657   | 0.3657 31 34 

715X104    1 220 0.3637 0.3647 27 31 

38X104 220            | 0.3597 0.3647 30 31 Y 
06X104 220 0.3697   | 0.3697        j 32 35 

32X104 220            { 0.3577   | 0.3657        | 30 37            | 

3X104 220            | 0.3577 0.3587        | 35 30            | 

38X104 

8X104        1 
220 —      | —           1 32 "~                         1 
220 — — '—*                     1 '^~'                            i \ 

8X104        I 220 — —                       1 "^'                            l 

0X104 220            ! — — "'                     1 | 

i        Load 220 0.3547 0.3637 26 36            ! 

. 188X104    1 220 0.3607 0.3717 32          | 35             j 

. 9X103 220 0.3617 0.3637 30         | 32 

. 6X103 220 0.3557 0.3617 29 29            1 

. 076X104 220 0.3576 — 32 "'"' 

. 32X104 220 0.3576 0.3596 31 32 

. 32X104      | 220 0.3546 0.3516 31 35 

.43X104 220 0.3586 0.3586        | 25 32 

. 32X104 220 0.3536 0.3536        j 28 33 

. 98X104 220 0.3616 0.3526 28 34 

;.64X104 220 0.3536 0.3576 33 32 

. 85X104 220 0.3536 0.3576 28 33 

I. 7X104 220 0.3586 0.3656 29 28 

1.85X104 220 ,       0.3606 0. 3-,46 30 1           31 

2.64X104 220 0.3496 0.3616 32 j           29 

1.85X104 \      220 |       0.3526 0.3536 31 29 

i.6X103 220 i       0.3793 0.3823 j       26 30 

7. 92X104 220 — \              ^~ 1       ~ 
1. 32X104 |      220 — — 31 !      ~ 
1.04X104 

I. 78X104 
j      220 
1      220 

I       0.3933 0. 3973 31 
28 

31 
1          27 
1                     o ri 

5. 94X104 220 0.3873 0.3913 28 29 

206X104 220 j             — 1                               ",— ~ I                   on 

6. 6X104 220 0,3903 0.3923 j       28 28 

107-, 
Void Data 

220 
0.3883 0.3913 21 15 

Void Data 1       — 1                           ""** 

1.3X105 220 1                           """" 
5. 3X104 220 1                            ^^ 

2. 9X104 

3. 96X104 
220 

j      220 

j      0.3637 
!       0.3757 

0. 3667 
0.3847 

28 
29 

28 
j          28 
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TABLE XI (CONT) 

Test 
^m 

|      Part 
Number 

Serial 
j    Number 

Tooth 
Number 

Load (pounds) j    Cycles to 
j      Failure 

1    Frequency 
(c.p.s.) Static Dynamic Total 

!           3 4400 4200 8.600 2.1X104 220 
4 3970 3770 7.740 i     9.23X104 220 

CX 9057 1            1 3970 3770 7,740 j    8.71X104 220 
1           2 3970 3770 7, 740 1.346X105 220 
1           3 i     3583 3383 6.965 Void Data-» — 

4 3583 3383 6.965 2. 0X106 -» ]       220 
CX 9056 1 3583 3383 6.965 7. 65X104 220 

2 3583 3383 6,965 6. 6X104 220 

EX-78780 CX 9097 1 4900 4700 9,600 5.28X105 220 
2 4900 4700 9,600 !    6.6X10* 220 
3 4900 4700 9. 600 i     5.94X10* 220 
4 5500 5300 10,800 4.62X104 220 

CX 9098 1 5500 5300 10,800 I    4.125X104 220 
CX 9095 1 5500 5300 i0,800 i    4.62X104 220 

2 4420 4220 8, 640 2.0X105 220 
3 4420 4220 8, 640 1.85X105 220 
4 4420 4220 8, 640 1.85X105 220 

CX 9096 1 6040 5840 11,880 1. 32X104 220 
2 6040 5840 11,880 6.6X103 220 
3 6040 5840 11,880 6. 6X103 220 

EX-78782 CX 9113 1 6360 6160 12, 520 9. 5X103 220 
2 6360 6160 12, 520 Void Data — 
3 5730 5530 11,26,0 5. 38X104 220 
4 5730 5530 11,260 1.42X105 220 

CX9112 1 5110 4910 10.020 1.19X105 220 
2 5110 4910 10.020 5.93X104 220 
3 5110 4910 10.020 2.0X106-» 220 
4 4600 4400 9.000 107     - 220 

CX9111 1 5730 5530 11.260 1. 32X104 220 
2 6360 6160 12,520 1. 32X104 220 
3 6360 6160 12.5L0 1. 76X104 220 

EX-78784 CX 9072 1 5250 5050 10,300 1. 8X104 220 
2 5250 5050 10,300    | 1. 8X104 220 
3 5250 5050 10,300 8. 6X103 220 
4 4220 4020 8, 240 1.345X105 220 

CX 9070 1        ! 4220 4020 8,240    1 2.0X106-» 220 
2 4220        { 4020 8,240 3.313X105 220 
3        1 3800        | 3600 7,400 2. 0X106 -» 220 
4 3800 3600          j 7,400    ] 2. 0X106-» 220 

CX 9073 1 3800 3600 7,400 3. 96X103 220 

f\ 
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Cycles to 
!     Failure 

Test 
Frequency 
(c.p. s.) 

Fatigue Crack Dimensions                             | 
•ounds) |      Y Corrected (inches) |              Z (degrees)              f 
-mic Total S/NSlde Opposite Side S/N Side Opposite Side 

) 8.600 1    2. 1X104 1      220 m*m «_ ^^ 28 
) 7, 740 9. 23X104 220 0.3637 0.3657 30 27 

• » 7. 740 8. 71X104 220 0.3737 0.3767 27 30 
• i 7. 740 1. 346X105 220 0.3587 0. 3647 27 29 
• t 6. 965 Void Data-» — — — 1           — — 

, 6. 965 I    2.0X106- 220 ••" __ — — 
, 6. 965 7. 65X10* 220 _> — — — 
■ 6, 965 6. 6X104 220 — — — —              1 

i 9.600 5.28X105 220 ^^ ^^ i           42 45 
9,600 6. 6X10* 220 — — — —               i 

i 1       9.600 5. 94X10* 220 — — — — 
10,800 4. 62X10* 220 0.3717 0.3717 38 43 
10,800 4. 125X10* 220 M _ _ —_                 ! 
10,800 4. 62X10* 220 __ _ __ 1            —                 ' 

i 8,640 2. 0X105 220 — — — i           — 
i 8,640 1.85X105 220 — — — !           — 
i 8,640 1.85X105 220 M. __   '             
i 11,880 1. 32X10* 220 — — ... —                I 
) 11,880 6. 6X103 220 •_ — — —                I 
i 11,880 €. 6X103 220 — — — —                1 

) 12,520 9. 5X103 220 0.3599 0.3699 __ 
••■) 12,520 Void Data — 0.3719 0.3679 — 
0 11,26,0 5. 38X104 220 0.3669 0.3659 — — 

>•■) 11.260 1.42X105 220 i—■ — — — 
10,020 1.19X105 220 — — — — 
10. 020 5. 93X10* 220 0.3628 0.3688 39 41 
10.020 2.0X106- 220 — — — — 
9,000 10'     - 220 — — — — 

11,260 1.32X10* 220 — — — — 
12,520 1. 32X10* 220 — — — —              i 

12, 520 1. 76X10* 220 — — — —          ! 

10,300 1. 8X10* 220 0.3731 0.3921 34 32 
10,300 1. 8X10* 220 0.3911 0.3941 31 30              i 

.') 10,300 8.6X103 220 0.3901 0.3941 35 36 
' ■"* 8,240 1. 345X105 220 0.3961 0.3981 31 39 
'■■» 8,240 2.0X106-» 220 — — — — 

8.240 3.313X105 220 0.3869 0.3919 34 34 
"T 7,400 2. 0X106 -» 220 — — — — 

7.400 2. 0X106- 220 — — — — 
7.400 3. 96X103 220 0.3881 0.3951 35 42 

1 
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TABLE XI   (CONT) 

Part 
Number 

Serial 
Number 

Tooth 
dumber    j 

Load (pounds) Cycles to 
Failure 

Test         I 
Frequency   1 
(c p.s.)      | 

Y Corrc 
Static       ' Dynamic    1 Total     ! S/N Side 

2         1 3800 3600          { 7,400 8. 58X104 220             { 0.3821 
3 3800 3600 7,400 7. 1X104 220             | — 
4 4735 4535 9,270 1. 76X104 220 0.3881 

CX 9071 1 4735 4535 9,270 3. 16X104 5>20             i — 
2         1 4735 4535 9,270 Void Data j — 
3         i 4735 4535 9,270 1.85X104 220 — 

EX-78786 CX 9013 1 5295 5095 10,390 1.057X104 220 0.3842 
2         1 5295 5095 10,390 9. 23X103 220             i 0.3862 
3 5295 5095 10,390 9. 9X103 220 0.3872 
4 4260 4060          | 8,320 9. 77X104 220 — 

CX 9014 1 4260 4060 8,320 2X106 - 220 — 
2 4260 4060 8,320 2X106 -» 220              ! — 
3 3830 3660           i 7,490 2X106 -» 220 — 

^ 3830 3660 7,490 2X106-Id'1— 220 — 
CX9015 1 4775 4575 9,350 2. 64X164 220 — 

2 4775 4575 9,350 2. 64X104 220 — 
3 47.75 4575           i 9,350 5.28X104 220 — 
4 4260 4060 8.320 9. 2X104 220 0.3822 

EX-78773 CX 9076 1 678 658 1,335 2. 0X106-* 240 _ 
2 1198 1178 2,375 1.0X105 240 — 
3 1198 1178 2,375 1. 58X105 240 — 
4 1198 1178 2,375 4. 32X104 240 — 

CX 9077 1 1303 1283 2,585 2. 1X104 50 0.1830 
2 1303 1283 2,585 2.4X104 50 0. 1860 
3 1303 1283 2,585 1. 5X104 50 0.1830 
4 1073 1053 2,125 2.0X106-» 

1. 29X104 
240 0. 1870 

CX 9075 1 1073 1053 2,125 240 0. 1849 
2 1073 1053 2,125 5. 04X104 240 — 
3 1073 1053 2,125 2. 88X104 240 — 
4 1198 |       1178 2,375 3. 96X104 240 — 

CX 9074 1 1198 i       1178 2,375 2. 11X104 

1. 85X104 
240 0. 1829 

2 1198 li78 2,375 240 — 
3 966 946 1,912 1. 05X105 240 — 
4 966 946 1,912 2X106 - 240 — 

CX 9078 1 966 946 1,912 3. 16X104 240 0. 1829 

EX-78775 CX 9099 1 1135 1115 2,250 2. OXIOJ - 
2.0X107-» 

240 j          _ 

2 1198 1178 2,375 240 — 
3 1303 1283 2,585 1. 296X105 !      240 !        — 
4         | 1303 1283 2,585 3. 6X104 240 0. 1675 

t 
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Cycles to 
Failure 

Test 
Frequency 
(c. p. s.) 

Fatigue Crack Dimensions 
1 (pounds Y Corrected (inches)     | Z(degrees)              i 
/namic Total S/N Side Opposite Side S/N Side Opposite Side 

!600 7,400 8. 58X104 220 0.3821 0.3891 34 36 
600 7.400 7. 1X104 220 

L535 9,270 1. 76X104 220 0.3881 0.3911 36 38 
535 9,270 3.16X104 220 — —     
535 9,270 Void Data —   _   _ 
535 9,270 1. 85X104 220 — — — — 

095 10,390 1.057X104 220 0.3842 0.3882 36 35 
095 10,390 9. 23X103 220 0.3862 0.3872 33 33 
095 10, 390 9. 9X103 220 0. 3872 0.3932 33 32 
060 8,320 9. 77X104 220 «_ ,_ ^_ ^ 
060 8,320 2X106 - 220 — _ __ — 
060 8,320 2X106 - 220 _ ^_ ^^ ^— 

660 7,490 2X106 -♦ 220 M- __ _ «» 
660 7,490 2X106-»107-* 220 _ _ .v _ 
575 9,350 2.64X104 220 «w — 30 .— 
575 9,350 2. 64X104 220 mmm _ ^^t ^^. 
575 9,350 5. 28X104 220 _ _ __ ^ 
060 8,320 9.2X104 220 0.3822 0.3852 3o 36 

658 1,335 2. 0X106- 240 __ ^_ ^mm M_ 
178 i!,375 1.0X105 240 _   „mm .M. 

178 2. 375 1. 58X105 240 — — «M .. 
178 2,375 4.32X104 240 — — «. MM. 

283 2, 585 2. 1X104 50 0.1830 0.1880 31 38 
283 2.585 2.4X104 50 0.1860 0. 1830 31 36 
283 2,585 1. 5X104 50 0.1830 0.1830 30 35 
053 2, 125 2. 0X106- 

1.29X104 
240 0.1870 0.1800 33 26 

053 2. 125 240 0. 1849 0.1859 28 37 
053 2. 125 5. 04X104 240 — — —   
053 2, 125 2. 88X104 240 — — —   
178 2,375 3. 96X104 240 — — — — 
178 2.375 2. 11X104 240 0.1829 0. 1849 29 32 
178 2,375 1.85X104 240 — — — — 
946 1,912 1.05X105 240 — — —   
946 1,912 2X106 -» 240 — — — — 
946 1.912 3. 16X104 240 0. 1829 0.1809 30 31 

115 2,250 2.0X106-» 240   _ ^_ ^^ 
178 2,375 2.0X107 - 240 — — — — 
263 2,585 1.296X105 240 — — — — 
283 2,585 3. 6X104 240 0.1675 0.1715 — — 
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TABLE XI  (CONT) 

Test       1 
Part 

Number 
Serial 

Number 
Tooth 

Number 
Load(pounds Cycles to 

Failure 
Frequency 
(c.p. s.) Static Dynamic Total 

CX 9033 1 1460 1440 2,900 2. 4X104 50 
2 1«05 1585 3,190 1. 8X104 50 
3 1005 1585 3,190 2. 1X104 50 
4 1765 1745 3,510 1.65X104 50 

CX 9034 1 1160 1140 2,300 2X106 - 240 
2 1160 1140 2,300 2X106 - 240 
3 1330 1310 2.640 2X106 - 240 
4 1330 1310 2,640 2X106 - 240 

EX-78783 CX 9025 1 1160 1140 2,300 2X106 - 240 
2 1160 1140 2,300 2X106 - 240             i 
3 1330 1310 2,640 1. 73X105 240            1 
4 1330 1310 2,640 4. 03X105 240 

CX 9026 1 1460 1440 2,900 2. 0X106-» 240 
2 1460 1440 2,900 I. 008X105 240 
3 1510 1490 3,000 2. 52X104 50 
4 1510 1490 3,000 1.98X104 50 

CX 9027 1 1510 1489 3,000 4. 32X104 50 
2 1660 1640 3,300 1. 95X104 50 
3 1660 1640 3,300 1.5X104 50 
4 1660 1640 3,300 2. 55X104 50 

CX 9028 1 1810 1790 3,600 1.44X104 50 
2 1810 1790 3,600 1.53X104 50            j 
3 1810 1790 3,600 7. 5X103 50 

CX 9029 1 1460 1440 2, 900 |     2.68X105 240 
2 1460 1440 2, 900 5.76X105 240 
3 1330 1310 2,640 7.2X103 50 
4 1330 1310 2, 640 2. 1X104 50 

EX-78785 CX 9035 1 1200 1160 2,360 1, 15X105 240 
2 950 928 1,878 3.6X104 240             | 
3 850 800 1,650 107 - 240             1 
4 890 860 1.750 io7 -» 240             j 

CX 9037 1 1100 1080 2,180 4. 32X104 50 
2 1100 1080 2,180 5. 04X104 50 
3 1040 1020 2,060 1.29X105 50 
4 1040 1020 2,060 1.512X105 50 

CX 9038 1 1160 1140 2,300 9.37X104 50 
2 1160 1140 2,300 4. 5X104 50             j 
3 1160 1140 2.300 1. 62X104 50 
4 1100 1080 2,180 2. 16X104 50 
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0. 
0. 
0. 
0. 

0. 
0. 

0. 
0. 

i Cycles to 
Failure 

Test 
Frequency 
(c.p. s.) 

Fatigue Crack Dimensions 
Load (pounds Y Corrected (inches)    f Z(degrees)              i 

Dynamic Total S/N Side Opposite Side S/N Side Opposite Side 

1440 2,900 2.4X104 50 0.1769 0.1769 31 33 
1585 3,190 1. 8X104 50 0.1789 0.1769 34 34 
1585 3,190 2. 1X104 50 0.1789 0. 1789 32 37 
1745 3,510 1. 65X104 50 0,1759 0.1759 31 36 
1140 2,300 2X106 -» 240 _ — — — 
1140 2,300 2X106 -» 240 — — — — 
1310 2,640 2X106 - 240   — — — 
1310 2,640 2X106 -* 240 — — — — 

1140 2,300 2X106 - 240 __ _ _. _ 
1140 2,300 2X106 - 240 — — — — 
1310 2,640 1. 73X105 240 — — — — 
1310 2,640 4.0-X105 240 — — — — 
1440 2,900 2. 0X106-» 240 — — — — 
1440 2,900 1.008X105 240 — — — — 
1490 3,000 2. 52X104 50 0.1807 0.1857 32 41 
1490 3,000 1.98X104 50 0.1847 0.1847 36 37 
1490 3,000 4.32X104 50 — — — — 
1640 3,300 1. 95X104 50 0.1867 0.1827 35 36 
1640 3,300 I. 5X104 50 0,1787 0.1807 34 36 
1640 3,300 2. 55X104 50 — — — — 
1790 3,600 1.44X104 50 — — — — 
1790 3,600 1. 53X104 50 — — — — 
1790 3,600 7. 5X103 50 — — — — 
1440 2,900 2.68X105 240 0. 1720 0.1740 31 33 
1440 2,900 5. 76X105 240 — — — — 
1310 2,640 7. 2X103 50 — — — — 
1310 2,640 2. 1X104 50 — — — — 

1160 2,360 1. 15X105 240 0.1891 0.1871 28 31 
928 1,878 3.6X104 240 — — — — 
800 1,650 107  - 240 — — — — 
860 1.750 107 - 240 — — — — 

1080 2,180 4. 32X104 50 — — — — 
1080 2, 180 5. 04X104 50 — — — — 
1020 2,060 1.29X105 50 — — — — 
1020 2,060 1.512X105 50 — — — — 
1140 2,300 9. 37X104 50 0.1901 0. 1921 26 32 
1140 2,300 4. 5X104 50 — — — — 
1140 2,300 1.62X104 50 — — — — 
1080 2,180 2. 16X104 50 ^~ ^^ ^■— 
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TABLE XT   (CONT) 

Part 
Number 

Serial 
Number 

Tooth 
Number 

Load (pounds) Cycles to 
Failure 

Test 
Fiequency 
(c. p.s.) 

Y« 
Static Dynamic Total S/N.' 

EX-78787 CX9114 1 1160 1140 2,300 4. 32X104 240 
2 1160 1140 2,300 1.87X105 240 
3 1160 1140 2,300 7, 2X105 240 - 

CX 9115 1 1100 1080 2.180 240 - 
2 1100 1080 2,180 6.91X105 240 
3 1100 1080 2,180 107- 240 - 
4 1100 1080 2,180 10?-* 240 - 

CX 9116 1 1285 1265 2,550 6. 9X104 50 0.1 
2 1285 1265 2,550 4.2X10* 50 0. 1 
3 1285 1265 2,550 3. 6X104 50 
4 1415 1395 2.810 2. 85X104 50 

CX9117 1 935 915 1.850 10?  - 240 
2 935 915 1,850 107  - 240 
3 980 970 1,950 107  - 240 
4 980 970 1.950 107  - 240 

CX 9118 1 1415 1395 2,810 3X104 50 0.1 
2 1415 1395 2.810 2. 94X105 50 
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Cycles to 
Failure 

Test 
Frequency 
(c. p. s.) 

Fatigue Crack Dimensions 
.unds) Y Corrected (inches) Z(degrees)              1 
-imic Total S/N Side Opposite Side S/N Side Opposite Side 1 

2,300 4. 32X104 240   ^_ 26 27 
2,300 1.87X105 240 — — — — 
2.300 
2. 180 

7. 2X105 240 
240 

— — — — 

2,180 6.91X105 240 — — — — 
2, 180 ID?- 240 — — — — 
2, 180 107 - 240 — — — — 
2,550 6. 9X104 50 0.1890 0.1920 27 32 
2,550 4.2X104 50 0.1890 0. 1930 27 32 
2,550 3.6X104 50   __   — 
2,810 2. 85X104 50 — — — — 
1.850 10?  - 240 — — — — 
1.850 107  - 240 — — — —, 
1,950 107  - 240 — — — — 
1,950 10?  - 240 — — — — 
2,810 3X104 50 0. 1843 0. 1893 25 34 
2,810 2.94X105 50 

" " 
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rework involved fabricating tips with carburized surfaces.   The carburized surfaces 
did not distort under high load; thus, carburizing appeared to be a desirable process 
for this type of testing.    It is believed that the difficulties encountered did not affect 
the data because each condition was recognized early and was corrected. 

Another difficulty involved tip rotation under high loads during the fatigue test of the 
4. O-inch-pitch-diameter gears.    By rotating, the load point was changed; thus,  one data 
point was affected and was discarded.    To prevent rotation, a small piece of shim stock 
was spot-welded to the outside diameter of the tip and load cell,   locking the two together 
and preventing rotation. 

Gage Locating Block 

Interference between the gage locating block and the stub tooth was discovered early in 
the program.    This interference would have prevented true angular positioning of the 
gear tooth on the contact surface of the tip, thus defining a load point other than the high 
point of single tooth contact.    The gage blocks were reworked for clearance; no data 
points were affected. 

Bias Spring 

The original bias spring had a spring rate of 2000 pounds per inch,  which was not 
sufficient to preload the 4. O-inch-pitch-diameter gears.    Therefore,  springs with a 
spring rate of 20,000 pounds per inch were purchased to satisfy the preload require- 
ments. 

Load Cell 

It was discovered during the rework of the tips that the squareness and flatness of the 
tip surface mating with the load cell affected load cell calibration.    The rework that 
most effectively corrected this difficulty was lapping of the two surfaces.   Once good 
surface contact was established, the difficulty was eliminated.    A number of data 
points (32 total) were affected by this condition.   A series of tests was conducted where 
this condition existed; the test was duplicated.   This yielded a correction factor which 
was applied to the affected data points.    It is believed that the data were corrected with 
sufficient accuracy to avoid distortion of the final evaluation. 

Test Frequency 

The gears having a diametral pitch of 12 were tested at two frequencies—50 and 240 
c. p. s.    The frequency of 240 c.p. s. was at system resonance.    The 50-c.p. s. fre- 
quency was selected for use at the higher test loads to provide increased duration of 
fatigue test time.   The time required to establish the test rig load was thereby main- 
tained small when compared with the fatigue time at load.    The literature indicates that 
less than a 2-percent difference in fatigue life would be expected from this change in 
frequency (reference 20).    A similar nonresonance operating procedure was not possible 
with the gears having a diametral pitch of 6 without overloading the shaker.    Quicker 
establishment of the load on the larger gears was possible without overloading,  so there 
was no strong requirement for a drop in test frequency. 

FAILED GEAR TOOTH CRACK MEASUREMENTS 

A comparison was made of the calculated location of the weakest section of each 
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tooth and the actual location.   To do this,  the crack in each tailed tooth was measured 
and recorded.   See Table XI.   The bar charts in Figures 39 and 40 summarize the 
results of this investigation.   For each config aration, the location of the crack at the 
tooth surface was measured from the outside diaaieter and center line of the tooth, 
within an estimated 0. 002 inch.    The average diiTmsion corrected for outside diameter 
variations is plotted for comparison with the theoretical locations as determined by 
both Lewis and Kelley-Pedersen construction.    The charts indicate that for all configura- 
tions, Kelley-Pedersen construction locates the weakest section of the tooth closer to the 
actual measured location than does Lewis constriction.    The gears having a diametral 
pitch of 12 show the measured location to be, on the average,  0, 015 inch closer to the 
root than the Lewis theoretical locations.    In the gears having a diametral pitch of 6, 
the deviation is proportional or 0. 030 inch closer to the root than the calculated Lewis 
location.    For a graphical presentation of these data, a typical tooth profile trace of 
each configuration was made.    Two such traces are shown in Figures 41 and 42.    The 
weakest section is shown on each trace as calculated by Lewis and Kelley-Pedersen 
and as measured. 

It would be natural to conclude from the examination of these results alone that the 
Kelley-Pedersen construction provides a more accurate means to locate the true weakest 
section of the tooth.   However, fatigue test data have already shown that the AGMA 
stress formula using the Lewis tooth form factor most nearly approximates the endurance 
characteristics of the gear material.   The reason for this paradox may be the change of 
tooth geometry as the tooth deflects under load.   Another possibility is the Kelley- 
Pedersen stress formula, which was derived from a photoelastic study.    It may be 
assumed that the method derived for locating the weakest section is accurate, as the 
experimental data show.   However, the stress concentration factor employed may re- 
quire modification to obtain a stress value comparable to the true stress in the material. 
Unfortunately, further pursuit of this phase of the investigation was not possible within 
the scope of this program; it should be considered, however, in future studies. 

Crack measurements were obtained on twelve EX-78774 gears (configuration 3).   These 
data were statistically analyzed to calculate a standard deviation of 0.48X10"4 and a 
variance of 0.234X10-4 from the 0.3581 corrected average "Y" value for this configura- 
tion.    These data tend to indicate the consistency of fatigue test gear manufacturing and 
test. 

METALLURGICAL INVESTIGATIONS 

Metallurgical examinations of failed test gears were conducted to determine mode of 
failure, origin of failure, microstructure, case depth, hardness gradient, and material 
cleanliness. 

Six gears were submitted for metallurgical investigation as follows: 

Part Number Serial Number 

EX-78773 CX 9077 
EX-78775 CX 9100 
EX-78777 CX 9059 
EX-78779 CX 9104 
EX-78782 CX 9113 
EX-78784 CX 9069 
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Part No. EX-78772(No. 
Serial No. 0X9092 
Tooth No. 1 

Load Side ot Tootti 

Figure 41.  Typical Tooth Profile 

Trace-EX-78772. 

Calculated (Kelley-Pedersen) 

|/_  

Origin 01 
Failure 

Part No.    EX-78776 Wo. 5» 
Serial No. CX9008 
Tooth No.  2 

bad Side of Tooth 

Figure 42.  Typical Tooth Profile 

Trace-EX-78776, 
Origin ol 
Failure 
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The following metallurgical conclusions were made. 

• Failure of the tested teeth occurred in fatigue. 
• The fatigue failures of the tested gear teeth originated in the carburized case 

of the root radius below the loaded involute. 
• Electron fractographs were used to determine the precise origin of failure. 

The failures appeared to be predominantly multiple. 
• The microstructure of the carburized case of the various gears was typical 

of spheroidized carbides in a martensitic matrix with no indication of carbide 
network in the areas of failure in the root radii.   The core microstructures 
were of tempered martensite. 

• The effective case depth, measured to the Rc 50 level, was indicated to be 
approximately 0.030 inch on test gears (EX-78773 and EX-78775); approximately 
0.040 inch on test r^ears EX-78777, EX-78779, and EX-78782; and approximately 
0. 050 inch on test gear EX-78784. 

• The test gear material was clean and free from inclusions. 
• The material conformed to the compositional requirements of AMS-6265. 

Electron fractographs of the failure surfaces of the four failed teeth of test gear 
EX-78784,  serial number CX 9069,  confirmed a fatigue failure mode on each surface, as 
shown in Figures 43,  44,  45,  and 46.   Visual examination of the failure surfaces of the 
failed teeth of all submitted gears revealed similar straight-line failures,  some of which 
displayed occasional arrest lines of progressing, typical of fatigue,  originating in the root 
radii.   Visual examination of test gear EX-78782, serial number CX 9113, revealed an 
additional fatigue failure progressing radially from below the root on the nonloaded 
side of a failed tooth to the center of the £ear.   (This isolated failure, discussed in the 
subsection titled Fatigue Tests, was due to localized temperature and was subsequently 
corrected by cooling the gear.)  Microexamination of transverse sections through the 
failure surfaces of failed teeth from each of the submitted gears revealed straight-line 
failures typical of fatigue.    These failures originated in the carburized case structure 
in the root radius below the loaded involute,  as shown in Figures 47 through 52.    The 
failures, typically, had multiple origins, indicating equalized loading in clean material. 
Unetched, polished specimens revealed good material quality.   The microstructures 
were of spheroidized carbides in a martensitic matrix with no carbide network in the 
case and tempered martensite in the core.   A typical core microstructure of tempered 
martensite is shown in Figure 53.    Effective case depth measured to the Rc 50 level 
varied approximately 0. 030 inch on part numbers EX-78773 and EX-78775; approximately 
0. 040 inch on part numbers EX-78777, EX-78779, and EX-78782; and approximately 
0. 050 inch on part number EX-78784.    Case hardness of the various test gears was 
Rc 61 to 62 at 0. 002 inch below the surface with a diminishing gradient as shown in Table 
XII.   Spectrographic analysis indicated conformance of the material in the test gears to 
the compositional requirements of AMS-6265.    Photographs indicating case depths around 
root fillet contour are shown in Figures 54 through 59. 

Fluorescent penetrant inspection of the test gears indicated that all failures of the 
teeth occurred in the root radii, as indicated in Figures 60 through 65.    Fluorescent 
penetrant inspection of test gear part number EX-78782,  serial number CX 9113,  re- 
vealed an additional radial crack, as shown in Figure 64.   Visual examination of the 
surfaces of failure revealed flat fractures with multiple origins of failure, but only 
occasional arrest lines indicative of fatigue,  as shown in Figures 66 through 70. 
Visual examination of the failure surface of the radial failure in test gear part number 
EX-78782, serial number CX 9113. revealed a smooth failure with arrest lines of 
progression, typical of fatigue, originating below the root radius on the unloaded side 
of a failed tooth and progressing to the hub.  as shown in Figure 71. 
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Magnification: 2, 500X Magnification: 10, 000X 

EX-78784, Ser ia l Number CX 9069 

Figure 43. Fractographs of Surface of Failure of Gear Tooth Number 1 Showing 
Failure Contour Typical of Fatigue. 

Magnification: 2, 500X Magnification: 10,000X 

EX-78784, Serial Number CX 9069 

Figure 44. Fractographs of Surface of Failure of Gear Tooth Number 2 Showing 
Failure Contour Typical of Fatigue. 
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Magnification:   2, 500X Magnification:    10,000X 

r:X-78784, Serial Number CX 9069 

Figure 45.   Fractographs of Surface of Failure of Gear Tooth Number 3 

Showing Failure Topography Typical of Fatigue. 

Magnification:   2, 500X Magnification:    10,000X 

EX-78784, Serial Number CX 9069 

Figure 46.   Fractographs of Surface of Failure of Gear Tooth Number 4 
Showing Failure Topography Typical of Fatigue. 
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Magnification: 100X 
Etchant: Vilella's Reagent 
EX-78773, Serial Number CX 9077 

Figure 47. Photomicrograph of Transverse Section Through Failure Surface of Failed 
Tooth Showing Straight-Line Failure Typical of Fatigue Originating in the Carburized 

Case Hardened Root Radius. 

Magnification: 100X 
Etchant: Villella's Reagent 
EX-78775, Serial Number CX 9100 

Figure 48. Photomicrograph of Transverse Section Through Failure Surface of Failed 
Tooth Showing Straight-Line Failure Surface Typical of Fatigue Originating in the Case 

Hardened Root Radius. 
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Magnification: 100X 
Etchant: Vilella's Reagent 
EX-78777, Serial Number CX 9059 

Figure 49. Photomicrograph of Transverse Section Through Failure Surface of Failed 
Tooth Showing Straight-Line Failure Surface Typical of Fatigue Originating in Carburized 

Case in the Root Radius. 
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Magnification: 100X 
Etchant: Vilella's Reagent 
EX-78779, Serial Number CX 7104 

Figure 50. Photomicrograph of Transverse Section Through Failure Surface of Failed 
Tooth Showing Straight-Line Failure Surface Typical of Fatigue Originating In the 

Case Hardened Root Radius. 
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Magnification: 100X 
Etchant: Villella's Reagent 
EX-78782, Serial Number CX 9113 

Figure 51. Photomicrograph of li-ansverse Section Through Failed Tooth Showing 
Straight-Line Failure Typical of Fatigue Through a Carburized Case on 

Martensitic Microstructure. 
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Magnification: 100X 
Etchant: Vilella's Reagent 
EX-78784, Serial Number CX 9069 

Figure 52. Photomicrograph of Transverse Section Through Failure Surface of Failed 
Tooth Showing a Straight-Line Failure Surface Typical of Fatigue Through 

Case Hardened Microstructure. 
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Magnification:. 250X 
Etchant: Vilella's Reagent 
EX-78777, Serial Number CX 9059 

Figure 53. Photomicrograph of Transverse Section Through Test Gear Showing 
Typical Core Structure of Tempered Martensite. 

Figure 54. Photograph of Section Through Test Gear Showing 
Case Depth Around Root Fillet Contour. 
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Magnification: 6X EX-78775, Serial Number CX 9100 

Figure 55. Photograph of Section Through Test Gear Showing 
Case Depth Around Root Fillet Contour. 

Magnification: 6X EX-78777, Serial Number CX 9059 

Figure 56. Photograph of Section Through Test Gear Showing Case 
Depth Around Root Fillet Contour. 
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Magnification: 6X EX-78779, Serial Number CX 9104 

Figure 57. Photograph of Section Through Test Gear Showing 
Carburized Case Depth Around Root Fillet Contour. 

Magnification: 6X EX-78782, Ser ia l Number CX 9113 

Figure 58. Photograph of Section Through Test Gear Showing Carburized 
Case Depth Around Root Fillet Contour. 
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Magnification: 6X EX-78784, Serial Number CX 9069 

Figure 59. Photograph of Section Through Test Gear Showing Carburized 
Case Depth Around Root Fillet Contour. 

Magnification: IX 
EX-78775, Serial Number CX 9077 

Figure 60. Blacklight Photograph of Test 
Gear Showing Cracks Indicated by 
Fluorescent Penetrant Inspection 

in Root Radii of Tested Teeth. 
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Magnification: IX 
EX-78775, Serial Number CX 9100 

Figure 61. Blacklight Photograph of Test Gear Showing 
Cracks Indicated by Fluorescent Penetrant Inspection in 

Root Radii of Failed Teeth. 

Magnification: IX 
EX-78777, Serial Number CX 9059 

Figure 62. Blacklight Photograph of Test Gear Showing 
Cracks Indicated by Fluorescent Penetrant Inspection in 

Center Root Radius Adjacent to Failed Tooth. 
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Magnification: IX 
EX-78779, Serial Number CX 9104 

Figure 63. Blacklight Photograph of Test Gear Showing Cracks 
Indicated by Fluorescent Penetrant Inspection in Root 

Radii of Failed Teeth. 

Magnification: IX 
EX-78782, 
Serial Number CX 9113 

Figure 64. Blacklight Photograph of Test Gear Showing Radial Crack and Failed Teeth. 
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Figure 65. Blacklight Photograph of Test Gear Showing Cracks Indicated by 
Fluorescent Penetrant Inspection in Root Radii of Teeth 1, 2, 3, and 4. 

Magnification: 9X 
EX-78773, Serial Number CX 9077 

Figure 66. Photomicrograph of Surface of Failure of Tooth From Test Gear. 
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Magnification: 9X 
EX-78775, Serial Number CX 9100 

Figure 67. Photomicrograph of Surface of Failure of Failed Tooth From Test 
Gear Showing Flat Failure in Root Radii of Teeth. 

Magnification: 9X 
EX-78779, Serial Number CX 9104 

Figure 68. Photomicrograph of Surface of Failure of Tooth From Test Gear. 
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Magnification: 9X EX-78782, Serial Number CX 9113 
Figure 69. Photomicrograph of Surface of Failure of Tooth 1 of Test Gear Showing 
Multiple Origins of Failure in Root of Loaded Involute —No Typical Arrest Lines of 

Fatigue Progression. 

Magnification: 9X EX-78782, Serial Number CX9113 
Figure 70. Photomicrograph of Surface of Failure of Tooth 3 of Test Gear Showing 

Multiple Origins of Failure and No Distinct Arrest Lines Typical of Fatigue Progression. 
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Magnification: 5X 
EX-78782 
Ser ia l Number CX 9113 

Figure 71. Photomicrograph of Radial Surface of Fai lure of Tes t Gear Showing 
Marks of Fatigue Progress ion From Below the Root to the Hub. 

TABLE XH 
RECORD OF HARDNESS GRADIENT TESTS OF TEST GEARS 

Depth Below R c Readings 
C a r b u r i z e d 
u r f a c e ( inch) 

E X - 7 8 7 7 3 
CX 9077 

E X - 7 8 7 7 5 
CX 9100 

E X - 7 8 7 7 7 
CX 9059 

E X - 7 8 7 7 9 
CX 9104 

E X - 7 8 7 8 2 
CX 9113 

E X - 7 8 7 8 4 
CX 9069 

0. 002 61 62 61 62 61 61 
0. 005 61 61 60 61 61 61 
0. 010 60 60 58 59 60 62 
0. 015 56 58 57 55 57 62 
0. 020 55 58 57 54 *7 57 
0. 025 55 54 55 54 55 57 
0. 030 51 * 51* 53 55 53 56 
0. 035 46 46 51 55 51 56 
0. 040 42 46 51* 53* 48* 55 
0. 045 40 44 47 47 46 52 
0. 050 42 45 46 48 46 52* 
0. 055 42 43 45 46 44 48 
0. 060 41 43 45 45 43 45 
0. 065 41 41 42 44 44 46 
0. 070 41 41 42 43 43 45 
0. 075 — — — 42 42 45 
0. 080 — — — — 42 45 
0. 085 — — — — — 43 
0. 090 — — — — — 43 
* Approximate effective case depth. 
All hardness readings were taken at the root radi i adjacent to the fa i lure sur face . 
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R.  R. MOORE TESTS 

R. R. Moore test specimens were manufactured from the same heat of material as the 
test gears.    Manufacturing followed heat treating and grinding routings used for the 
gears as closely as feasible.   The process routing for the specimens is presented in 
Table Xm.   The test results are given in Table XIV. 

TABLE XIII 
SPECIMEN PROCESS ROUTING PROCEDURE 

1. Carburize and anneal per EPS* 202 to an effective case depth of 0. 035 inch as 
determined by the fracture specimen. 

2. Harden and temper per EPS 202 and PCI** 8000 and stabilize per EPS 202. 

Core Hardness — Rc 40 
Case Hardness —R15/N 90 (Rc 60) 

3. Grit blast with 80-grit shot. 
4. Remove 0.010 to 0.016 inch from outside diameter by grinding. 
5. Stress relieve per EPS 202 and PCI 8000. 
6. Nital etch per EIS t 1510. 
7. Shot peen per EPS 12140 followed by EPS 12176. 
8. Stress relieve per EPS 202 and PCI 8000. 
9. Coat with black oxide per AMS-2485. 

*  Allison Engineering Processing Specification. 
**   Allison Process Control Instruction. 

t   Allison Engineering Inspection Specification. 

EXPERIMENTAL INVESTIGATIONS 

In this phase Oi the program, photostress and strain gage measurements were used to 
investigate the location and magnitude of the maximum bending stress. 

By cementing a sheet of special plastic* io the gear face (actual fatigue test gear) and 
trimming to the contour of the test tooth, it was possible to obtain indications of stress 
distribution, stress values along the tooth contour, and maximum stress locations. 
A large field reflection polariscope (LF/Z meter) and a telemicroscope were used to 
study in some detail the point of high stress. 

To complement the photostress analysis, strain gages were installed in the root of the 
gear tooth at the theoretical point of maximum stress as shown in Figure 72.   The gear 
was mounted to the fatigue test rig and loaded by means of the bias spring. 

The protuberance hobbed gear, part number EX-78776 (with a 20-degree pressure angle 
and a minimum fillet radius),  was selected for stress analysis. 

The plastic sheet manufacturer supplied the calibration of the optical strain constant 
of 1080 microincbes por inch per fringe or tint-o^-passage (sharp line between red and 
blue). 

♦ Special birefringent material, plastic sheet type S,  0. 120 inch thick,  Model Number 
X-10062,  Instruments Division of The Budd Company.  Phoenixville,  Pennsylvania 
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TABLE XIV 
R.  R. MOORE TEST RESULTS 

Specimen 
Number 

Stress 
(p. s.i.) 

Test Cycles* 
(X 103) 

Surface 
Finish 

(microinches) 
Failure 
Origin 

Failure 
Location 

18 

17 

2 
6 

15 

14 
1 

4 
13 

11 

10 
7 
5 
3 

9 
8 

12 

130,000 

135,000 

140,000 
140,000 
140,000 

150.000 
150,000 

150,000 
150,000 

150,000 

160,000 
160,000 
160,000 
160,000 

170,000 

170,000 
170,000 
170,000 

106,584 

105,951 

101,234 
102,384 
111.435 

74 
138 

50.683 
90.852 

103,034 

44 
134 

3,317 
6,061 

74 

114 
187 
228 

23 to 27 

25 to 28 

30 to 35 
25 to 30 
20 to 25 

25 to 30 
32 to 37 

30 to 35 
28 to 32 

8 to 13 

25 to 28 
12 to 20 
25 to 30 
30 to 35 

25 to 30 

20 to 25 
10 to 15 
28 to 32 

Terminated 

Terminated 

Terminated 
Terminated 
Terminated 

Surface 
Surface 

Subsurface ** 
Surface 

Terminated 

Surface 
Surface 
Surface 
Surface 

Surface 

Surface 
Surface 
Surface 

Off center ** 
Slightly off 

center t 
Center t 

Slightly off 
center 

Center 
Off center 

Center 
Center 

Slightly off 
center 
Center 
Center 
Center 

t 
t 

Arithmetic average. 
Within effective case. 
Center is midpoint of specimen. 
Slightly off center is 1/16 to 1/4 inch from midpoint. 
Off center is 1/4 to 1/2 inch from midpoint. 

The photostress gear was statically loaded in 1000-pound increments.    Readings were 
taken at each 1000-pound step,  and photographs were taken at zero and 4000 pounds. 
This load limit was chosen as the stopping point because the concentration of strain 
was so confined and wa^ beyond the reading capacity of the LF/Z meter. 

The greatest stress concentration,  as measured by the LF/Z meter,  occurred at tlu 
calculated point for the placement of the strain gages.    The strain rate was 1080 
microinches per inch (32,400 p. s.i.) per 1000 pounds of load by photostress and 1140 
microinches per inch (34, 200 p. s. i. ) by strain gage.     Figure 73 illustrates the stress 
distribution for the 4000-pound load point.    Since monochromatic light was not used, 
both isoclinic lines (lines of stress direction) and tints-of-passage are seen us the 
darker lines and cannot be defined without the aid of the color photographs. 

82 



0.120-Inch-Thick Photostress Sheet 

File Photostress Plastic to Tooth 
Contours 

-K 

Typical Strain Gage Location 

Grid Adjacent 
to Broken Edge 

Lead Wire 
Routing 
EA-06-031DE-120 

1.790-Inch-Radius for P/N EX-78776 

/. 

Figure 72.   Schematic of Instrumentation on Photostress Gear. 

To permit comparison of calculated stresses with actual measured stresses, one tooth 
from each of the eight 4-inch-pitch-diameter gears was instrumented with strain gages. 
Static strain versus load at the high point of single tooth contact was obtained.   Each gear 
was instrumented with strain gages as shown in Figure 74.   The radial location of the 
gages was at the expected crack point based on crack measurements from the gears 
(diametral pitch = 12) that were available at the time. 

The gears were tested on the fatigue test rig using the same procedure for installation 
as used for fatigue and photostress tests.    The results of the data are shown in Figures 
7 5 and 76.    The gages were located on the tension side except for one on the compression 
side of one gear. 

DYNAMIC TESTS 

The effect of speed on bending stress can be categorized as follows. 

• Centrifugal stress, a steady-state stress at any particular speed caused by 
internal forces.   As noted in Figure 77, this effect consists of tensile stresses 
in the tooth and hoop stresses in the gear rim. 

• Dynamic stress, a cyclic stress with a constant peak magnitude at any partic- 
ular speed caused by tooth load,  imperfect tooth meshing,  load sharing,  and 
other geometrical and manufacturing properties of the gear.    It is cyclic 
since it occurs only when the tooth is under load, e. g.,  in mesh with a mating 
gear.    This is shown graphically in Figure 78. 
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P/N EX-78776 
(20-Degree Pressure Angle) 

First Tint ^ t Second Tint 
^ Second Tint 

Load Point 
-Location of Maximum Stress 

Figure 73. Gear Tooth Showing Photostress Pattern at 4000-Pound Load. 
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Lead Wire 
Pathn 

Face A —i 

Typical Gear 
Configuration 

Gear t 

+ 

Strain Gage Mounting Procedure 

1. Vapor blast to remove black 
oxide. 

2. Wipe with W. T. Bean 
neutralizer. 

3. Attach strain gage with Eastman 
No. 910 contact cement. 

4. Protect gage with Dow Corning 
silicon wax fluid F145. 

5. Attach 4-foot-long lead wires. 

Lay out scribe marks 
as shown on both sides. 
Then draw line between 
scribe marks. Locate 
strain gage grid on 
scribe line adjacent to 
edge break on face A. 

i 

EA-06-031DE-120- 
Two Required per 
Tooth 

* Strain gages to be installed 
on both A and B faces on 
tmsc iear. 

Part 
Number 

Pitch 
Diameter 
(inches) 

Pressure 
Angle 
(degrees) 

Serial 
Number 

Tooth 
Number Radius, R 

EX-78772 4.0 20 CX9090 4 1.7959 
EX-78774 4.0 20 CX9066 1 1.8023  1 
EX-78776 4.0 20 CX9007 2 1.7713  | 
EX-78778 4.0 20 CX9056 3 1.7781   1 

EX-78780* 4.0 25 CX90% 4 1.7804 
EX-78782 4.0 25 CX9111 4 1.8058 
EX-78784 4.0 25 CX9071 4 1.7741   1 
EX-78786 4.0 25 CX9012 1 1.7751   | 

Figure 74.   Schematic of Strain Gage Instrumentation for 4-Inch-Pitch-Diameter Gear. 
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7000 EX-78776 Tension 

EX-78774 Tension 
 I 
EX-78778 Tension 

EX-78772lTension 

3000 4000 
Rig Load-Pounds 

7000 

Figure 75.   Calibration Curve for Gear Test Rig- 20-Degree Pressure Angle. 

As shown in Figure 78, doubling the speed not only increases the frequency of the 
dynamic stress,   but also raises the centrifugal stress level and the amplitude of the 
dynamic stress. 

To better understand the effects of speed on gear tooth bending stress, a gear was in- 
strumented and strain data were recorded during actual running conditions.   Data were 
recorded to 26, 500 feet per minute pitch-line velocity.    The gear tested was the pro- 
peller brake outer member (part number 6829395) in a 501-Dl3 turboprop engine gear- 
box.    The instrumentation consisted of strain gages located on the tooth as shown in 
Figure 79.    One tooth had gages located on the tension side and another tooth,   180 de- 
grees,  had gages on the compression side.    Two gages were located in the root and 
two at the point of expected maximum stress in the root fillet. 
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7000 

ension 

EX-78784 Tension 

ension 

EX-78780 Compression 
EX-78780 Tension 

2000 3000 4000 

Rig Load-Pounds 

7000 

Figure 76.   Calibration Curve for Gear Test Rig- 25-Degree Pressure Angle. 

By means of electronic test data recording, the centrifugal stress and the dynamic 
stress were separated.   This was possible since centrifugal stress is a steady-state 
stress and dynamic stress is a cyclic stress.   The centrifugal stress was obtained by 
taking strain gage readings under zero-load conditions at various speeds.   The dynamic 
stress was taken under loaded conditions and was the peak strain reading above the 
centrifugal base line. 

The gear train used is shown schematically in Figure 80.   The power input was through 
the main accessory drive gear which mated with the test gear.   The load was applied 
by means of a water brake attached to the alternator drive.    To calibrate the strain 
gages, torque was applied in a static condition.   The instrumented tooth was rolled 
through the highest load point for maximum stress calibration.   This setup is shown in 
Figure 81.    The test gear and mating gear meet AGMA class 10 to 12 tolerances.    The 
gear geometry and tolerances are shown in Figure 82. 
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Centrifugal 

Radial Tensile Stress 

Hoop Stress (Circumferential Tensile) 

Tangential Tooth Load 

Cyclic Bending Stress 

AGMA Stress 

Stress 

Figure 77.   Gear Tooth Bending Stress Schematic. 

JUUUUNUl 
Speed • 2N 

/ 

iCentrifugal Stress 

—»j 1 Revolution |«— 

-A /U 

Peak Dynamic Stress 

Speed =■ N 
M A. 

Time- 

Figure 78.   Diagram Showing Effect of Speed on Gear Tooth Stresses. 
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Strain Gages 

Figure 79. Dynamic Tes t Gear Strain Gage Instrumentation. 

To isolate the s t r e s s e s due to speed effects in the tooth root, the instrumented gear was 
f i r s t tested at zero load in the reduction gearbox. Using a th ree -wi re s t ra in gage hookup 
and allowing gearbox oil t empera tu res to stabil ize, s t ra in due to centrifugal loads was 
recorded. Testing was conducted at essential ly zero tangential loads for speeds va ry -
ing f rom 10, 000 to 15, 000 r . p. m. Figure 83 shows the centr ifugal s t ra in (tension) on 
the gear tooth. 

The gear was then loaded by means of a water brake to obtain s t r e s s ve r sus speed data. 
The s t ra in gage instrumentation was routed through a s l ip- r ing assembly, and the gage 
signal was recorded by a 16-channel Miller oscilloscope r eco rde r . The gear was tested 
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Dynamometer Input 

66 Teeth 
10 Diametral Pitch 

Water Brake 
Power Absorption 

68 Teeth 
10 Diametral Pitch 

Test Gear (Prop Brake) 
(6829395) 

31 Teeth 
10 Diametral Pitch 

74 Teeth 
10 Diametral Pitch 

Figure 80.   Schematic of T56 Propeller Brake Gear Train. 

at speeds of 10, 000 to 15, 530 r, p. m. and tangential loads of 350 to 950 pounds.    Figure 
84 shows data from foui strain gages.    The data shown represent the average strain 
range at the speed at which the gear was tested.    Of the eight gages installed, only these 
four survived the testing schedule. 
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Figure 81. T56 Gearbox Used for Dynamic Gear Test. 



Propeller Brake Outer Gear 6829395 
(dynamic test gear) 

GEAR TOOTH CONTROL 
INVOLUTE PROFLE TOLERANCE 

+0.0006 
^ÖÖÖOO 

SPACING TOLERANCE 
0.0005 B. 0.0007 

LEAD TOLERANCEni. 0.0005RH 0.0007 RH 
^ 0.0005 LH ^ 0.0007 LH 

FULLNESS TOLERANCE 
0.0006 
0.0002 

MAXIMUM HOLLOW INFORM 

n  0.0007 
0.0001 0.0002 

NOTE U ■ / UNIT'0.0147 IN 
Maximum fullness to occur within 
0.70{2.5U)of PD. 

10 pitch 
66 teeth 
25° Pressure Angle 

Distance over two 0.1728-dia pins 

ftvn +0.0000 
6-837l) -0.0041 

PD run-out, 0.002 

Face width. 0.375 
Arc tooth thickness at PD 

0.1541 +0.0000 
-0.0020 

Base circle diameter—5.9816 

Accessory Drive Gear 68293% (drivirn,    ir) 

GEAR TOOTH CONTROL 
INVOLUTE PROFILE TOLERANCE 

SPACING TOLERANCE 
A   0.0005 a     0.0007 

LEAD TOLERANCE 
0.0005RK 0.0007 RH 

A 0.0005 LH B 0.0007 LH 
FULLNESS TOLERANCE 

0.0006 B    0.0007 
0.0002 0.0001 n „„ 

MAXIMUM HOLLOW INFORM    00002 

NOTE V' I UNIT*0.0I47 IN. 
Maximum 'ullness to occur within 
0.7o(2.6U) of PD. 

10 pitch 
68 teeth 
25° Pressure Angle 

Distance over two 0.1728-dia pins 

7 0370 +0-0000 
'•u:"u  -0.0041 

PD run-out, 0.002 

Face width, 0.628 
Arc tooth thickness at PD 

0.1541 +0.0000 
-0.0020 

Base circle diameter-6.1629 

0.006 to 0.010 backlash with mating gear on STD centers 

Figure 82.  Dynamic Test Gear and Driving Gear Geometry and Tolerances. 
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6 8 10 
Prop Brake Gear—r. p. m. x 1000 

Figure 83.   Effect of Speed on Gear Tooth at No-Load Condition. 

6 8 10 12 
Prop Brake Gear—.p.m. x 1000 

Figure 84.  Effect of Speed on Loaded Gear Tooth. 
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DISCUSSION OF RESULTS 

EVALUATION PROCEDURE 

The test results were evaluated by the following steps: 

1. Determine predictive ability of the five calculation methods. 

2. Compare strain gage and photostress data with calculated stress. 

3. Determine significance of geometric variables based on most predictive calcu- 
lation methods. 

4. Determine basic material strength and design value. 

5. Compare test data and design value to the literature. 

6. Analyze centrifugal and dynamic load effects. 

7. Establish computer program. 

PREDICTIVE ABILITY OF CALCULATION METHODS 

The predictive ability of the five methods studied for calculating bending stress was 
evaluated by use of the mean endurance limits fitted through the fatigue test gear data 
points.   Proportionality factors were used to convert the unit load endurance limits for 
each gear configuration to endurance limit values based on each of the stress calcula- 
tion methods.   These endurance limit values are listed in Table XV and are ranked in 
descending order.   Average, range,  and variation in endurance strength for each cal- 
culation method are also given.    The AGMA method produced the smallest variation 
which is considered to be one of the best criteria for evaluation of the various calcula- 
tion methods.    Also, the test rig (applied load) ranked all the larger (6-diametral- 
pitch) gears first as would be expected.    However, the Hey wood and Kelley-Pedersen 
method also ranked all but one of the large gears first, indicating that these calculation 
methods may not adequately compensate for changes in diametral pitch. 

Further analyses were made by comparing the rank given to each test gear configura- 
tion by each calculation method with the test rig load endurance limit ranking.   Since a 
high stress should result in a low life, the calculated stress rankings were inverted. 
The results of this comparison are given in Table XVI.   The AGMA formula predicted 
the greatest number of correct rank positions (6 out of 16) and also had the best average 
prediction accuracy (within 1.25 rank positions). 

The endurance limit for fatigue test gear configuration number 3 appears to be ab- 
normally low.    See Table XV.   It was therefore deleted from critical calculations 
(range and variation) but not from averages.    This configuration (part number EX- 
78774) did have dimensional discrepancies (0. 070-inch root fillet radius instead of 
0. 080-inch minimum print requirement).   This should have lowered the life to approach 
that of configuration number 1, which is the same except for 0. 050-inch minimum root 
fillet radius.   The life was actually only two-thirds of that of configuration number 1. 
The test data had very low fatigue life scatter, which may be indicative of a severe 
stress concentration.   Since the low endurance life was not determined until late in the 
program, no metallurgical investigations of this gear were accomplished. 
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Continued analysis of the fatigue test results based on individual measured physical 
dimensions rather than part number drawing dimensions could appreciably increase the 
confidence level of the results.   The test results of one gear have been corrected to a 
10-percent lower stress level to adjust for a 0. 010-inch oversize root diameter.   Thus, 
correction of all data to compensate for individual sizes within the ± 0. 002-inch root 
diameter drawing tolerance would adjust relative calculated stresses by approximately 
4 percent.    Similar changes could be made for individually measured tooth thicknesses 
and fillet radii.    The protuberant hobbed configurations could be revised,  based on 
measured hob dimensions. 

To accomplish the individuell analysis described for each fatigue test tooth would re- 
quire conversion of the present computer program to permit operation on the smaller 
IBM 1130 rather than on the IBM 7094.   The program would also require revision to 
eliminate unnecessary output and thus would avoid overloading the smaller computer. 
Also, the input would have to be modified to use the measured dimensions directly. 
Table XVII lists the critical root diameter,   root fillet radius,  and over-pin dimen- 
sions for each gear. 

Each fatigue test gear tooth was examined to determine and record the edge break con- 
dition in the failure region.    See Table XVII.    These edge breaks were not as consistent 
as desired due to the difficulty of controlling a hand operation.   Direct comparison of 
edge break and fatigue life failed to indicate any general influence of edge break on the 
test results. 

STRAIN GAGE DATA 

Evaluation of the static strain gage measurements confirmed the validity of the AGMA 
method of calculating bending strength.    Table XVIII shows the measured strain gage 
data in terms of strain rate for each configuration tested.   The remaining columns 
show a comparison of the various methods of calculating bending strength in terms of 
strain rate.   The percent deviation shows the magnitude of difference between the mea- 
sured and calculated strain for each configuration.    The AGMA method produces a 
minimum difference for each configuration.    Ttv? last column shows the stress concen- 
tration factor calculated from the difference between the Lewis calculated and the mea- 
sured data. 

To further indicate the degree of correlation,   Figure 85 shows stress versus load for 
the measured data and the AGMA calculation.    The pei -ent deviation of the calculated 
stress from the measured stress is shown in Figure 86.    The present AGMA method 
gave the smallest deviation from the measured stress. 

Since none of the formulas considered fillet configuration, the data were split into two 
groups—full form ground and protuberance hobbed.    Although Figure 86 shows that the 
averages for the two groups differed,  statistical "t" tests indicated that these differences 
could have occurred by chance alone.   (See Appendix III for description of "t" tests.) 
The comparisons were based on four data pointb in each set.   Real differences would 
have to be very large to be detectable in such small samples.   The results were there- 
fore not inconsistent with the analysis of endurance limits which showed that, based on 
about 200 points, the fillet configuration does produce different endurance limits based 
on AGMA stresses.    Even with this small sample, the results, while not conclusive, 
have the same sense as the more comprehensive analysis; i. e. , protuberance hobbed 
fillet should produce a higher endurance limit when stresses are calculated with the 
AGMA formula. 
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TABLE XV 
RANKED ENDURANCE LIMITS FOR VARIOUS STRESS CALCULATION METHODS 

Configuration                  Endurance Load 
Lewis Heywood Kelley-Pederr. 

Configuration Endurance Configuration     Endurance Configuration Ench 
Number                                (p. s. i.) Number Limit (p. s. i.). Number       Limit (p. s. i.) Number Limi 

10                                    96,429 16 154,560 5                  164,050 9 162 
4                                    94,968 6 143.040 9                  162,182 13 14! 

11                                      90,107 15 138,530 13                  150,419 5 14; 
16                                      88,149 13 123,070 15                  148,948 11 14! 

9                                      86,978 10 122,610 11                   148.539 15 141 
15                                      83,507 4 122,250 7                  137,582 1 13; 
12                                      80,647 7 118.660 1                   134,517 7 113 
13                                      74,698 5 116,430 6                  107,429 6 91 

6                                      72,192 14 116,360 10                    94,267 10 8f 
14                                      65,807 9 115,035 4                    87,820 4 8{ 

7                                      65,698 11 115,000 16                    82.852 16 75 
2                                      64,400 8 110,210 3                    74,769 12 64 
1                                      61,901 12 100,080 2                    74,000 3 74 
8                                      60,622 1 90, 562 12                    70,617 2 74 
5                                      59,165 2 88,754 14                    69.581 14 6 b 
3*                                    42,689 3* 58, 292 8                    67.914 8 52 

Average                         74,247 114,590 110,970 104 

Range                             59, 165 to 90.562 to 67,914 to 52 
96,429 154.560 164,050 162 

maximum 
Variation = minimum range =1.63 1.71 2.42 3 

Note:   Configuration number 3 was delet ed from range and variation calculation when it was lowest value. 
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r --elley-Pedersen Dolan- Br oehamer I                      AGMA Test Rig Load 
r,: i.     atlon     Endurance Configuration     Endurance Configuration Endurance Configuration     Endurance 
r •t,,..oer       Limit (p. s. i.) Number      Limit (p. s. i.) Number Limit (p. s. i.) Number       Limit (p. 8. i.) 

162,389 6                 204,030 6 223,400 11                    8.210 
2 .' '.                   149, 504 16                 196,380 16 218,700 9                    7,997 

145. 707 4                 180,960 4 203,100 15                     7,678 
143,768 15                 179,020 15 199,600 13                     6,868 

J : ;.                   142, 965 10                  168,430 10 191,300 7                     5,826 
2 133.006 5                  166,800 7 182,600 1                     5,490 
^ 1 ■                    113,718 7                  166,360 5 182,300 5                     5.247 
i 8                     91,292 13                  161,410 13 180, 000 3                     3,786 

■ J                     89, 268 9                  159,035 9 179,900 10                    2,217 
1                     88,111 11                  156,200 11 177.100 4                    2.106 

3 11                     75, 368 8                  153.370 8 168,600 16                    2.026 
3 ;2                     64,428 14                  148,230 14 165.000 12                    1.854 
1 3                     74,405 1                  139,480 1 154,900 6                    1.601 
1 :■                   74,200 2                  136,300 12 153,800 14                    1.513 
1 I                    65,731 12                  135,160 2 152,200 2                    1.429 
i I                     52,957 3*                  86,559 3* 96.600 8                    1.344 

104,180 158,600 176,820 4.075 

52.957 to 136,300 to 153,800 to 1. 344 to 
162.389 204,030 223,400 8.210 

3.07 1.50 1.45 6.11 
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Figure 86.   Comparison of Methods for Calculating Gear Stress. 
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TABLE XVni 
MEASURED STRESS OF FATIGUE TEST GEARS COMPARED 

WITH CALCULATED STRESS 

Pressure Fillet Measured AGMA 
Fatigue Angle Radius Fillet Strain Gage Strain Percent Kelley-Pedersen 

Strain Rate* 
Perc 

Test Gear Pitch (degrees) (inch) Configuration Strain Rate* Rate* Deviation Deviai 

EX-78772 6 20 0.050 Full form 927 941 +   1.5 810 -12. 
EX-78774 6 20 0.080 Full form 1010 850 -15.8 655 -35. 
EX-78776 6 20 0.050 Protuberance 1150 1157 +   0.6 923 -19. 
EX-78778 6 30 0.080 Protuberance 1008 1042 +  3.4 652 -35. 
EX-78780 6 25 0.050 Full form 691 750 +  8.5 677 -   2. 
EX-78782 6 25 0.067 Full form 856 718 -16.1 584 -31. 
EX-78784 6 25 0.050 Protuberance 900 873 -   3.0 723 -19. 
EX-78786 6 25 0.067 Protuberance 1017 867 -14.5 621 -39. 

*Strain Rat e—•• . hes/ini :h/l000 p ounds 

fr 
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- 
Heywood Lewis Stress         { 

Marsen Percent Strain Percent Dolan- Broghamer Percent Strain Percent Concentration 
ni       >t; te Deviation Rate* Deviation Strain Rate* Deviation Rate* Deviation Factor (Lewis) | 
O: 

-12.6 817 -11.9 756 -18.5 423 -54.5 2.19 
i -35.1 659 -34.8 645 -36.1 367 -63.6 2.75 

-19.7 1040 -  9.6 945 -17.8 591 -48.6 1.95           ! 
i     ' -35.4 787 -21.9 760 -22.6 466 -53.8 2.16           1 
i -   2.2 675 -  2.3 585 -15.4 328 -52.5 2.10 

-31.8 602 -29.7 555 -35.2 314 -63.3 2.72           | 
-19.7 730 -18.9 622 -30.8 367 -59.2 2.45           i 
-39.0 646 -36.5 585 -42.5 349 -65.6 2.91           1 

— 

^ 



In summary, the bar chart in Figure 87 shows the average degree of correlation for 
the various methods of calculation versus the measured data. It is apparent that the 
AGMA method offers the greatest degree of correlation. 

PHOTOSTRESS DATA 

As described in the section titled Results, the photostress investigations showed the 
stress location and stress distribution to be in agreement with the theoretical location. 

EFFECT OF GEOMETRIC VARIABLES OF GEAR FATIGUE TEST 

The following studies of the data evatyate the four variables of the gear fatigue test. 
Despite the high precision achieved in the manufacture of test gears, the scatter in 
fatigue life was high.    Many run-outs (termination of test before failure) occurred, 
although the planned stress levels were altered in an attempt to fail teeth with 107 

cycles.   It was decided, therefore, to base the analysis on the endurance limit pro- 
duced by each of the 16 configurations of gear teeth by developing a mathematical model 
for the S/N curve.   The derivation of the analytical model is included in Appendix V. 
This method was used to determine the characteristic and fit of the S/N curve for all 
the fatigue test points, stress curves, and R. R. Moore curves.    S/N curves were 
fitted to the gear tooth fatigue data with respect to basic applied load. AGMA calculated 
stress, and Kelley-Pedersen calculated stress.   The basic applied load (lest rig load) 
was used as a positive baseline since it is unaffected by any calculations.    The AGMA 
calculated stress was of prime interest,  since it was determined to be the best predic- 
tive calculation method.   The Kelley-Pedersen method was used as a second stress 
method to provide direct comparison for the AGMA method.   The endurance limits ob- 
tained from the S/N curves were used to evaluate each of the four geometric variables 
and their interactions—i. e., diametral pitch, pressure angle, fillet size, and fillet 
configuration. 

ist 
l/t 
a» 

Cn 
•a 
a> 

a> 

E o 

2 "> 

o 

a. 

AGMA      ^e'ley     Heywood   Do,an- Lewis 
Pedersen Broghamer 

Figure 87.   Comparison of Calculated and Measured Stresses. 
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A summary of significant test results is given in the following paragraphs.   The pre- 
selected significance level was a > 0. 05, which corresponds to a statistical "t" value 
of 2. 0.   This level indicates that the result would occur 95 out of 100 times.   A dis- 
cussion of the statistical test of significance is included in Appendix III. 

Diametral Pitch 

As would be expected, due to the different face width and pitch, a significant effect was 
found for diametral pitch (6 and 12) based on applied load.   It would be expected that 
stress calculations would adequately consider these geometric variables.    It was found 
that the AGMA stress calculation did adequately predict a stress level.    The Kelley- 
Pedersen method reduced the significance value but was still very significant.   Table 
XK summarizes these data (the load values have been corrected for diametr?1 ^itch 
and load for comparison). 

TABLE XIX 
EFFECT OF DIAMETRAL PITCH ON GEAR FATIGUE DATA 

Diametral      Load         Corrected            AGMA        Kelley-Pedersen 
Pilch     (pounds!   Load (pounds)'   Stress (p. s.i.l    Stress (p. s.i.l    | 

6           6674            6»7" 
12           17«            6820 

175,500              138,750 
184,600               75.500         | 

'Corrected 12 pitch as follows lor comparison with 6 pitch on a load 
basis: 

Pitch                  6         12                   Correction               | 

Pitch                               6         12                   2.00 «load               1 
Face Width (inch)             0.500    0.250                2.00 «load               1 

Total-4.0«Load 
Y (average)                     0.513    0.486    0.95 x 4.0«load • 3.8 x load 
3.8 x 1795 ■ 6820 pounds 

"Per relerence 37, a 2-percent size ellect mioM be expected lor the range 
of (ace widths tested; therelore, 1.02 x 6674 ■ 6807 pounds. 

Pressure Angle 

A significant effect was found due to the change in 20- and 25-degree pressure angle 
gears based on applied load.   Also, it would be expected that the stress calculation 
should adequately predict this geometric effect.    The study indicated that the AGMA 
and Kelley-Pedersen calculation methods adequately predicted the stress level.   Table 
XX summarizes these data (the load values have been corrected for pressure angle for 
comparison), 

TABLE XX 
EFFECT OF PRESSURE ANGLE ON GEAR FATIGUE DATA 

Pressure 
Angle        load Corrected AGMA        Kelley-Pedersen 

(degrees)   (pounds)   Load (pounds)-   Stress (p.s.i.l    Stress (p.s.i.) 

20 
25 

3802 
432« 

5027 
4328 

176,500 
183,600 

104,480 
105,700 

•Correction lor pressure angle was made by averaging Y values lor 20- 
and 25-degree pressure angle gears. 
20-degree average Y • 0.4302 
25-d«gree average Y • 0.5688: 3802 x 0.5688 

0.4302 
5027 pound; 
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Fillet Size 

For the practical range of fillet sizes tested, no significant difference was found on the 
basis of applied load or AGMA calculations.   A significant difference was found, how- 
ever,  on the basis of the Kelley-Pedersen calculated stress.    These data are summa- 
rized as follows: 

Load 
(pounds) 

3915 
4246 

AGMA 
Stress (p. s. i.) 

Kelley-Pedersen 
Stress (p. s. i.) 

Small Fillet 
Large Fillet 

Fillet Configuration 

179.000 
181.500 

111.960 
98.540 

For the fillet configurations tested—full form and protuberance hobbed—no significant 
difference was found on the basis of applied load or the Kelley-Pedersen method.    A 
significant difference was found,  however, on the basis of calculated AGMA stress. 
These data are summarized as follows: 

Load AGMA Kelley-Pedersen 
(pounds) Stress (p. s i.) Stress (p. s. i.) 

Full form 4234 169,300 106.100 
Protuberance 3908 193,000 104,100 

ii.ii The average endurance limit for each variable and the corresponding statistical   t 
value for the tests of significance are presented in Table XXI.    Several interactions 
were found,  as indicated in the table. 

It is apparent that the AGMA formula adequately predicts gear tooth bending stress with 
but two exceptions:   fillet configuration and the interaction of pressure angle,  fillet 
radius, and fillet configuration.    No exact reason for these differences can be shown. 
The difference may be due to any of the changes previously listed between the two fillet 
configurations such as residual stress, case depth,  surface finish, etc.   In view of the 
interaction obtained and its relative value, the difference may be due to the accumula- 
tion of errors in extrapolation of the stress concentration factor. 

The significant differences between levels for each factor are apparent.   Changing the 
value assigned to any significant geometric factor produces a change in the endurance 
limit.   This limit is larger than can be explained by the inherent variability associated 
with fatigue testing.    For example, diametral pitch was significant in terms of basic 
load, as was expected.   The reduction in endurance limit in going from a diametral 
pitch of 6 to 12 was 4879 pounds.   The fillet configuration was not significant in terms 
of basic load; the difference between endurance limits for the full form and the pro- 
tuberance configuration was only 326 pounds. 

The interpretation of significant interactions is more difficult.    In general, it can be 
stated that the change in endurance limits caused by changing one factor is dependent on 
the value assigned to the interacting factor.   An example is provided by the significant 
AB interaction associated with applied load.    See Table XXI.    At the 20-degree pres- 
sure angle, the endurance limit is reduced from 5780 to 1610 pounds in going from a 
diametral pitch value of 6 to 12; at the 25-degree pressure angle, the endurance limit 
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is reduced from 7650 to 1930 pounds for the same change in diametral pitch.    This ex- 
ample is shown graphically in Figure 88,    The interaction is indicated by the con- 
vergence of the lines; i. e. ,  the difference in endurance limits between a 20- and a 25- 
degree pressure angle is not the same at the two values of diametral pitch.    The in- 
formation used is presented in Tables XXII,  XXIII,  and XXIV for the basic applied 
load and the AGMA and Kelley-Pedersen calculated stress. 

(1) LOAD-Diametral Pitch and Pressure Angle 

TO 

ro Q. 

0      2      4 
Endurance Limit—p, s. i. x 1000 

(2) LOAD-Diametral Pitch and Fillet Configuration 

Full Form 

0     2     4      6      8     10 
Endurance Limit—p. s. i. x 1000 

(3) LOAD-Pressure Angle and Root Fillet Radius 

a, £ 25l-Large Radius iff 
Q- CT>20 c 

< 

Radius^ ^V-^x- 

Small Radius 
2.5 3.0   3.5   4.0   4.5   5.0 
Endurance Limit—p. s. i. x 1000 

(4)KELLEY-PEDERSEN-Diametral Pitch and 
Pressure Angle 

12 
sz u 
a. 
"TO 

e 
2 
o 

25 Degrees 

20 Degrees 

60    80    100   120   140    160 
Endurance Limit—p. s. i. x 1000 

Figure 88.   Significant Two-Factor Interactions. 
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The endurance limit for test gear configuration number 1 (EX-78774) was increased 
from a computed 96, 600-p. a. i. AGMA stress value to 159, 200 p. s. i.    It was necessary 
to neutralize this low value to prevent bias to the designed experiment.    The new value 
was determined by proportioning the configuration number 1 endurance limit based on 
fillet size.    Fillet size is the only difference between configurations 1 and 3.    The basic 
applied load and Kelley-Pedersen endurance limit for configuration 3 were similarly 
proportioned. 

BASIC MATERIAL STRENGTH 

An ideal bending stress calculation would permit direct correlation of tooth strength 
with the basic material strength. R. R. Moore rotating beam fatigue test data were 
compared with fatigue test gear data to determine the degree of correlation. 

The R.  R.   Moore S/N curve shown in Figure 89 presents the basic bending strength of 
the carburized AMS-6265 material of the test gears.    R.  R. Moore rotating beam 
specimens are related to gears as described in the iollowing paragraphs. 

Type of Loading 

The R. R.  Moore test bar rotates while supporting a bending load.    This results in 
complete reversal of the bending load on the test bar once each revolution.   The re- 
lationship of fatigue data for the two types of loading is indicated in the modified Good- 
man diagram in Figure 90.    Metallurgical investigations showed that the fatigue failures 
for the R. R. Moore samples and the test gears started on the carburized case surface. 
The modified Goodman diagram, therefore, is based on the case material properties. 
The ultimate strength level for the case was calculated by increasing the measured 
ultimate strength of the core material by the ratio of the case hardness and the core 
hardness at the surface: 

180, 000 X-|l   =   274,000 p. s.i. 

Points A and B in Figure 89 are located on the S/N curve to establish 108 and 105 

cycle lines.    These points are then plotted on the modified Goodman diagram. Figure 
90, at the zero mean stress ordinate.    Since the gear tooth load was in one direction 
only, the one-direction line was drawn at a slope of 2.    A slope of 2 is used since the 
mean stress is one-half of the maximum stress for one-direction loading as shown in 
the following sketch.   The intersection of the one-direction line and the cycle lines, 

^Maximum Stress 
 0     Q^-v^-^-r Mean Stress 

R. R. Moore Gear Fatigue Test 
Cf mp'etely Reversed One Direction 

points C and D,  establish points for an R.  R. Moore S/N data curve modified for the 
fatigue test gear mode of loading.    The modified S/N curve is shown in Figure 89. 
This modification is not required for use with idler gear applications where the gear 
tooth is subjected to complete reversal of loading. 
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Figure 90.   Modified Goodman Diagram. 

Size Effect 

R.  R. Moore standard specimens are 0. 250-inch-diameter bars.    Generally, for bend- 
ing, the endurance strength tends to decrease as size increases.    To relate the size 
effect factor to carburized gears, it is recommended that the factor be "one."   The 
literature indicates that the decrease of endurance strength for size is approximately 
2 percent for carburized material; however, this effect has not been completely tested. 

Surface Effect 

Usually R.  R. Moore specimens are polished.    For this analysis, however, the R. R. 
Moore specimens were ground to the same surface finish as the gear roots; thus, the 
surface effect factor is "one."   R. R. Moore data from polished samples must be re- 
duced 10 percent. 

Stress Concentration 

R.  R. Moore specimens are considered to have no stress concentration.   Most current 
gear tooth bending stress calculation methods incorporate a stress concentration term 
based on tooth geometry.   Therefore, no further consideration of stress concentration 
is required. 
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Reliability 

Both R. R. Moore and fatigue test data have been analyzed based on mean endurance 
strength (50 percent failures) for comparison.   Depending on the application, any con- 
fidence level may be selected for the gear design. 

Surface Treatment 

The R. R. Moore samples in this program were carburized, shot peened, and black 
oxided to the same specifications as the gears.    Thus,  the surface treatment factor is 

one. 

All of the aforementioned factors except stress concentration, size effect, and mode of 
loading are considered as one for this analysis.   Thus, the modified R.  R. Moore data 
as plotted on the S/N curve of Figure 89 are comparable (within 2 percent) to a calcu- 
lated stress that incorporates a stress concentration factor. 

Figures 91,  92,  93, and 94 show the fatigue test data with respect to size and pres- 
sure angle plotted against AGMA stress.    Superimposed on these curves is the endurance 
strength line from the modified R. R. Moore data developed previously.    It is considered 
significant that close correlation is indicated for the AGMA method and the basic R.  R. 
Moore data.    A further comparison is made in Figures 95 and 96 by superimposing 
the R. R. Moore S/N curve on the protuberance hobbed and the full form ground data. 
A final comparison is made by averaging the fatigue test gear data and comparing with 
the R.  R. Moore S/N curve.    Figure 97 shows this comparison.    It is apparent that 
extremely close correlation was demonstrated between the overall AGMA stress calcu- 
lation for the gear fatigue tests and the basic strength as determined by the R.  R.  Moore 
data. 

The endurance strengths previously listed in Tables XXII, XXIII, and XXIV are plotted 
in  Figure 98 and are compared to the basic R.   R.  Moore data.    It is apparent that the 
Lewis, Heywood, and Kelley-Pedersen methods do not approach the basic material 
strength.   The Dolan-Broghamer and AGMA methods,   which are very similar, do 
bracket the basic material strength line. 

DEVELOPMENT OF DESIGN VALUE 

The S/N curve of Figure 97 was obtained from an average of all the fatigue test data. 
It represents a mean or 50-percent failure estimate of the test data.    For design pur- 
poses, a much lower failure probability would normally be required.   An endurance 
limit consistent with such a higher reliability was obtained as follows.    If some of the 
differences among the derived endurance limits are attributed to geometric factors and 
combined into one group, a distributed quantity results.    The group of endurance limits 
has an average value and some scatter or dispersion about this average.    A meaningful 
statement of the form of this distribution is not possible because there are only 16 
points.    However, a plot of these points on normal probability paper (Figure 99),  using 
the mean rank procedure,   indicates that an assumption of normalcy is reasonable. 
Assuming normalcy,  a lower tolerance value can be calculated for the endurance limit. 
The average, X, and standard deviations of the distribution were calculated after deleting 
the endurance limit derived from configuration 3.   The K factor for a one-sided toler- 
ance limit was obtained from tables which can be found in standard statistical texts. 
This K factor for a proportion P = 0. 99 and a probability of 0. 80 is 3. 212.   The 1-per- 
cent endurance limit is then X - K0 or 182, 000 - 3. 212 (24, 900) = 102, 000 p. s. i.    The 
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Figure 91.   AGMA Stress Fatigue Teat Data 
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(Diametral Pitch = 12; Pitch Diameter = 2 Inches; Pressure Angle = 25 Degrees). 
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Figure 93.   AGMA Stress Fatigue Test Data 
(Diametral Pitch = 6; Pitch Diameter = 4 Inches; Pressure Angle = 20 Degrees) 

400 

300 

I 
(/« 
a> 

Si 
200 

< 

100 

Legend: 
oEX-78780 
äEX-78782 

aEX-78784 
^EX-78786 

Fatigue Test Average Endurance Strength 

"R. R. Moore Average Endurance Strength 

Points shown with arrow indicate 
test completed with no failure. 

103 105 10* 

Life Cycles 

10' 108 10^ 

Figure 94.   AGMA Stress Fatigue Test Data 
(Diametral Pitch = 6; Pitch Diameter = 4 Inches; Pressure Angle = 25 Degrees). 
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Figure 97.   Average Fatigue Endurance Strengths Compared With R. R. Moore Data. 

probability statement then is:   "There is 95 percent probability (copfidence) that at least 
99 percent of the endurance limits of gears will be greater than 102, 000 p. s. i. ". Thus, 
a fatigue reliability factor of approximately 182, 000/102, 000 = 1. 78 is indicated. 

The S/N curve representing the overall average and a tolerance representing 1-percent 
failure are shown in Figure 100. Using the 1-percent line as a design value, it is esti- 
mated that 1 percent of the gear teeth will experience failure in bending. This state- 
ment is only an approximation, being restricted by the range of variables investigated, 
the significant effect of some of the geometric factors, and the limited knowledge of re- 
lating failure analysis of a single tooth to the probability of failure of one or more teeth 
on a gear. 

LITERATURE COMPARISON 

A comparison of the data with the literature indicates good correlation.   Figures 101 
through 104 show a comparison of the fatigue test points with the data published in refer- 
ence 54.    The data in the paper have been reduced to AGMA stress for comparison with 
the fatigue test data.   In general the scatter is similar, with some fatigue points show- 
ing early failures. 

Additional comparison was made with AGMA Proposed Standard 411. 02, which specifies 
allowable endurance life values with load and stress distribution factors.   This com- 
parison is shown in Figure 105.    Table XXV summarizes these data for AGMA, R.  R. 
Moore, and the fatigue test gears.   There is close correlation of the gear test data 
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endurance strengths for 10' cycle life with the basic R.  R. Moore data.    The selection 
of the load and stress distribution factors for the fatigue test gears was based on the 
dynamic tests (Figure 109) for a gear at 16, 000 feet/minute pitch-line velocity.    It is 
obvious that selection of the various load and stress distribution factors may change the 
calculated stress appreciably. 

EVALUATION OF DYNAMIC EFFECTS 

Centrifugal Stress 

Centrifugal stress consists of two major part«—hoop stress and centrifugal force stress. 
The hoop stress is a circumferential tenEile ttress at the root diameter caused by the 
tendency of the rim to expand from centrifugal force.    The centrifugal force stress is a 
radial tensile stress caused by the centrifugal force exerted by the gear tooth. 

The measured centrifugal stress was found to be much higher than the calculated stress 
caused by centrifugal forces on the gear teeth.    However, the measured stress was 
found to coincide closely with the calculated hoop stress.   This was true for both the 
root and the active profile positions.   This suggested that the hoop stress spread onto 
the active profile of the gear tooth.   Figure 106 shows a comparison of calculated cen- 
trifugal force stress,  calculated hoop stress,  and measured centrifugal stress.    The 
measured stress was found to be 75 percent of the calculated hoop stress. 
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Figure 101.   Comparison of Test Data With ASME Paper 63-WA-199 (Reference 54). 
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Figure 104.   Comparison of Test Data With ASME Paper 63-WA-199 (Reference 54). 
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Figure 106.   Comparison of Calculated and Measured Gear Stresses. 

No detailed study was made of the possible effect of various gear tooth geometries 
and/or rim proportions on centrifugal stress at the v/eakest section.    The similarity of 
the hoop stress and centrifugal force formula,  both of which vary with the square of the 
speed, and the similarity of normal gear tooth geometry (unit diametral pitch rule) 
suggest that the observed proportional values should remain essentially constant.    De- 
sign use of the calculated hoop stress should therefore be conservative. 

Hoop stress, S^, can be calculated by the following equation: 

Su = P 
g 

where 

V   =   velocity at rim,  inches/second 
P   =   material density, pounds/cubic inch 
g   =   gravitational acceleration constant,  386 inches/second squared 

Since the stress was desired at the root diameter, the equation may be expressed as: 

where 

N Sh = -^-j-  P Dr = 0. 000136 PNDr 

N     =   rotational speed,  r. p. m. 
Dr   =   root diameter,  inches 
P     =   materiell density, pounds/cubic inch 

Since the centrifugal stress is at a constant level (at constant speed), use of a modified 
Goodman diagram was required to permit combining with the alternating bending stress 
from the normal tooth load.    See Figure 107,    The S/N curve developed from the fatigue 
test program (Figure 97) was used at the zero centrifugal stress ordinate to construct 
the modified Goodman diagram.   The Goodman diagram may be used to determine the 
endurance strength required for the bending stress calculation given a desired life, 
speed, and gear size. 
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Figure 107.   Modified Goodman Diagram Combining Centrifugal and Bending Stresses. 

For example,  the dynamic test gear when operating at 16, 000 r. p. m.  has a calculated 
hoop stress of 20, 000 p. s. i.    For 10' cycle life, a bending stress of 175, 000 p. s. i, 
would be permitted based on the modified Goodman diagram.    Based on direct addition 
of the centrifugal and bending stress (an improper procedure), the S/N curve wouTd 
permit only 1S2  000-p. s. i. bending stress.    Also, this gear, if designed for 10^   37 \e 

life without considering centrifugal stress,  would actually have a mean life expectan y 
of slightly less than 10^ cycles or only 1 percent of that anticipated.    To calculate a 
more comprehensive gear tooth bending stress under high-speed operating conditions, 
the hoop stress must be combined with bending stress by use of the modified Goodman 
diagram. 

Dynamic Stress 

Figure 108 is a plot of the peak dynamic stress versus r. p. m.    The strain readings 
were converted to stress and plotted against gear r.p.m.  for three load conditions—380, 
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570,  and 766 pounds (1000,   1400,  and 2000 pounds/inch of face width).    The curves 
represent the best fit square curve above the static base line; thus, the amount of in- 
crease above the static stress level is equal to the square of the ratio of the speed. 
The static stress level is the measured stress at zero r. p. m. for pure tangential load. 
It was felt that a square curve would be the most desirable,  since the dynamic effect 
could be related to kinetic energy which involves velocity squared.   Again, the mea- 
sured dynamic stress does not include ahy constant centrifugal stress. 

Figure 109 shows a dynamic stress correction factor derived from the curves in Figure 
108, 

Figure 110 is a comparison of the dynamic factor as previously described with the one 
given in AGMA Standards 220. 02 (Appendix VI).    Curves 1,  2.  and 3 represent various 
grades of gear quality with 1 being the highest quality gear.    The propeller brake gear 
used in testing would be defined as a grade 1 gear.    The two curves agree within 8 per- 
cent at 8000 feet/minute.    Also, the AGMA data do not exceed 8000 feet/minute. 

Although the dynamic data presented are very limited,  they do indicate trends for high 
speed,  lightweight gearing.    It is recommended,  therefore,  that the curve of Figure 100 
be used as a design factor for applications above 8000 feet/minute.    Below this speed, 
a factor of one should be satisfactory for close-tolerance aircraft applications. 

-0_ Actual Data-766 Pounds 
I I I 

D  Actual Data—570 Pounds 
I I 

-A_ Actual Data—380 Pounds 

2,000     4.000     6,iXß    8,000    10,000    12,000   14.000   16.000 
Prop Brake Gear Speed—r. p. m. 

TOM   %m   nroöö nrööö  SS^SOö  24.000 28,ix» 
Pitch Line Velocity—f.p.m. 

Figure 108.   Graph Showing Peak Dynamic Stresses During Testing. 

133 



0 4,000 8,000        12,000      16,000      20,000       24,000       28,000       32,000 

Pitch Line Velocity-f. p. m. 

Figure 109.   Dynamic Stress Factor as a Function of Pitch Line Velocity. 
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ESTABLISHMENT OF COMPUTER PROGRAM 

Analysis of the fatigue test data indicates fiat the AGMA formula is the most accurate 
for predicting ranking,  produces the least variation in calculated endurance limits, 
best matches experimentally measured stresses,  and accommodates the geometric 
variables with the least difference of significant values.    The AGMA formula was 
selected,  therefore,  for use in the computer program.    The AGMA formula also is a 
well known method-it is required by some Government specifications (reference 47). 

The Lewis gear tooth geometry form factor values (Y),  as calculated by the computer, 
should be more accurate than values normally obtained by graphical layouts.    The point 
of tangency between the inscribed parabola and the generated trochoidal root fillet as 
well as the trochoidal root fillet contour can be established with precision. 

A dynamic factor is an input item of the computer program. The dynamic factor for a 
given application may be obtained from existing AGMA curves, the curve presented in 
Figure 109,  literature sources,  or from direct "in-house" measurements. 

Hoop stress is calculated in the program and combined with the AGMA calculated bend- 
ing stress based on the modified Goodman diagram.   A mathematical expression for 
the combined stress is: 

„       ..„     us [US -  (Sh + st)3 
bc   -   Ub US   -  Sh 

where 

Sc = combined stress, p. s. i. 
S^ = hoop stress, p. s. i. (reference page 130) 
St = tensile stress (AGMA), p. s. i, (reference page 10) 
US = ultimate strength of the material, p. s. i. 

Life cycles are then determined from the combined stress and the S/N curve based on 
R. R. Moore rotating beam tests of the gear material.    The life may be modified 
further by the AGMA temperature factor and reliability factor (factor of safety) as 
indicated by the expression: 

L « S,, KT K T^R 

where 

L = life in cycles 
Sc = combined stress, p. s. i. 
KT = AGMA temperature factor (reference page 11) 
KR = AGMA factor of safety (reference page 11) 

The term «  indicates the S/N curve stress-to-life cycle relationship. 

Both AGMA bending stress and the combined bending and hoop stresses are printed 
out.    Life is printed out if it is in the finite life area of the modified Goodman diagram; 
otherwise, an infinite life or an excessive stress note is printed. 

Considerable effort was expended in graphical analysis of the Lewis gear tooth form 
factor Y and its relationship to the Dolan-Broghamer stress concentration factor Kf. 
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It is expected that strength and stress concentration factors should be geometrically 
related.   Gear sets with the following range of parameters were computed and plotted: 

• Pressure angle—14. 5. 20,  and 25 degrees 
• Nv.mber of teeth in pinion—12 through 52 
• Gear ratio—1. 0 through 10. 0 
• Hob tip radius—100,  75, 50, and 25 percent of maximum possible 
• Dedendum factor—1. 157,  1.2,  1.3, and 1.4 
• Tooth thickness at pitch diameter—100,  90,  and 110 percent of half of the circular 

pitch 

The parametric plots were not smooth, overlapping curves as expected.    The original 
Dolan-Broghamer data (from reference 16) were therefore analyzed.   Computer-deter- 
mined dimensions (h, t, and 6^) for the given gear teeth do not coincide with the dimen- 
sions for the plastic models as tabulated in reference 16.    The computer values plot as 
smooth curves while the original data do not; this indicates that the error is most likely 
that which is inherent with the drafting layout procedure.    Computed Kf values based on 
corrected geometry and observed stresses produce data which vary by ± 11 percent 
from that computed by the formula as indicated in Table XXVI. 

Work to generate a formula to duplicate the corrected stress concentration factors ob- 
tained has not been completed. 

The Dolan-Broghamer photoelastic data were obtained from models having pressure 
angles of 14. 5 and 20 degrees, diametral pitch of 2,  and a dedendum factor of 1, 157, 
Graphical analyses should be used with the new stress concentration formula to deter- 
mine the validity of the extrapolation if Kf values throughout the range of gear tooth 
geometric variables, as previously investigated.    Similar analysis of additional photo- 
elastic data (such as from Kelley-Pedersen work) would be valuable for correlation, 

A new stress concentration factor, developed as described,  would considerably enhance 
the correlation of the test data and would be a valuable modification to the AGMA formula 
and the computer program. 

TABLE XXVI 
COMPARISON OF STRESS CONCENTRATION FACTORS 

Model 
Number Kf (Dolan-Broghamer) Kf (AGMA) Kf (Calculated) Kf (Calculated) /Kf (AGMA) 

6-1 1.53 1.511591 1.500636 0. i?9272 
6-2 1.65 1.647910 1.733851 1.05i!8 
6-3 1.82 1.832482 1.876810 1.02417 
6-4 2.18 2.097727 2.117530 1.00943 

6-5 1.56 1.558408 1.638576 1.05146 
6-6 1.68 1.694056 1.817664 1.07295 
6-7 1.86 1.877288 1.959995 1.04405 
6-8 2.10 2.141456 2.287704 1.06826 

6-9 1.68 1.644061 1.826440 1.11088 
6-10 1.76 1.783399 1.936391 1.08579 
6-11 1.94 1.97C920 2.057944 1.04414 
6-12 2.21 2.241207 2.314211 1.03257 
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TABLE XXVI (CONT) 

1 Model 1 
[Number Kf (Dolan-Broghamer) Kf (AGMA) Kf (Calculated) Kf (Calculated) /Kf (AGMA)| 

7-1 1.57 1.588621 1.589230 1.00037 
7-2 1,68 1.735900 1.746881 1.00633 
7-3 1.93 1.936614 1.882616 0.97211 
7-4 2.37 2.228237 2.168161 0.97307 

7-5 1.69 1.664860 1.788942 1.07747 
7-6 1.86 1.810860 1.843543 1.01800                f 
7-7 2.04 2.008900 1.986026 0.98860                t 
7-8 2.30 2.297209 2.124755 0.92495 

1   7"9 1.74 1.750553 1.938912 1.10756 
7-10 1.90 1.899773 2. 085223 1.09758 
7-11 2.10 2.101321 2.215057 1.05420                1 
7-12 2.40 2.394263 2.368038 0.98905                | 

8-1 1.62 1.629011 1.687625 1.03597 
8-2 1.74 1.782054 1.782343 1.00011 
8-3 1.94 1.991574 1.913581 0.96083                1 
8-4 2.25 2.298240 2.063709 0.89796 

8-5 1.74 1.724950 1.883809 1.09205 
8-6 1.86 1.876S33 1.956013 1.04247 
8-7 2.06 2.082457 2.165639 1.03990 
8-8 2.31 2.384652 2.271327 0.95244                { 

Notes: Kf (Dolan-Broghamer) from reference 16 based on observed stress. 

Kf (AGMA) computed by formula from corrected geometry. 

Kf (Calculated) computed from corrected geometry and observed stress.              | 
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CONCLUSIONS 

The following conclusions are made from this study. 

-V 
• The investigation of four geometric variables indicated that the endurance strength 

was significantly affected by changes in pitch diameter and pressure angle. 
These effects were in some instances greater than those predicted by bending 
stress calculations.    The effects of fillet size and fillet configuration—full form 
or protuberance—were not significant with respect to the endurance strength of 
the configurations tested.    Stress calculations did not accurately consider the 
fillet configuration. 

^t A basic material strength curve for carburized AMS-6265 was established by 
R. R. Moore specimens.   This strength curve correlated very closely with the 
AGMA method of calculating stress. 

• By averaging all fatigue lest data points, a design S/N curve was established. 
For design purposes, a 1-percent failure endurance strength of 102, 000 p. s. i. 
was also established. 

• Of the five strength formulas investigated, the AGMA bending strength formula 
provides the most accurate method for assessment of spur gear tooth bending 
strength, 

• The limited dynamic testing conducted indicated that a dynamic factor for light- 
weight aircraft gears should be considered for applications with a pitch line 
velocity over 8000 feet/minute. 

• A centrifugal speed factor is necessary for high pitch line velocity applications. 
• A modification is required to the Dolai; -Broghamer stress concentration factor 

used in the AGMA formula to consider tooth geometry more accurately. 
• The AGMA formula modified to incorporate a centrifugal speed, a high speed 

dynamic factor, and to use R. R. Moore material strength data will produce 
an accurate estimate of gear tooth bending stress and life^ The dynamic fluctuat- 

Wt K   /P.  K   Km 
ing stress   alculated by the AGMA formula, S^   =     M    

?   —     ■.  m, is combined 

v2 
with the steady centrifugal hoop stress formula, Sn   =   P    -2-, to produce a 

g 

combined stress, Sc,  as follows: 

US  [US   -   (Sh   +   St)] 
sc -^ us Ü5 - Sh  

The terms are defined on page 135.    Life cycles may then be determined from an 
S/N curve based on R. R. Moore rotating beam tests of the gear material.   The 
life may be modified further by the AGMA temperature and reliability factors 
as follows: 

L  -   Sc KT KR 
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APPENDIX I 

FATIGUE TEST GEAR DRAWINGS 

This appendix consists of the fatigue test gear drawings for the 16 configurations tested. 
These drawings are shown in Figures 111 through 126.    The spur gear main accessory 
drive and propeller brake outer member are shown in Figures 127 and 128, respec- 
tively. 
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NUHBCRS   ON VOOTH TO TOOTH SPACING 
SRROR  CHSCKS 

MATERIAL - AMS tZiS STEEi FOPGEO BAfiS 

Z.200O-.ao*7 

SPUR GEAR DATA 
12   PITCH ^V TEETH 

20* PRESSURE  ANGLE 
DISTANCE OVER TWO JWO   DIA PINS 

ROOT 01 A-   /.7S£  ±.>J0a. 
PITCH 0IA- l.OOOO 
OUTSIDE DIA-   Z./667-: o8%% 

ACTIVE PROFILE OUTSIDE 1.0969 0IA 
GEAR TOOTH ELEMENTS  SHALL BEIN ACCORDANCE WITH COI 

REFERENCE .<^_ 
ARC  TOOTH   THICKNESS   AT PD- ./»OV-loelS 
BASE CIRCLE  DIA- I.BT9H 

DIA 

BR 

MA 

5Uh 
SWl 
FAC 
QUA. 

HE 

CA 
(OL 
DE 

PO 

IN 

Nl 
BL 

AH 
FC 

Figure 112.   Fatigue Test Gear Configuration 2—EX-78773. 
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BREAK  TIP .OOSMA* 

-.OyO BOUNDED WEAK 

.OZS   R MIN BEf-ORE 
SHOT   P£ENIN9 

ENLARGED   VIEW  OF SEAR PROFILE 
SCALE  NONE 

OTH SPACE SHALL   BE  PULLY GROUND INCLUDING ROOT 
A   AND   ADJACENT  FILLETS   AFTER  HEAT   TREAT.    NO 
SCONTINU/TY SHALL   OCCUR  AT THE BLEND  OF THE FILLET 
DIUS   WITH  THE   ROOT CHA 'AND INVOLUTE   SURFACES.   SHOT 
EN   THE  ENTIRE  TOOTH   SPACE  PER  EPS IZIVO  FCLICWED 

' sps/znt AFre/KfriAio/vc r*eHH*t* su&*€*■£ ro VALUE 
OWN. REMAHMH* SmFACMS Hft faePeiHEO PER EPS /i>/<to UHLESS 
eClFtCAUY CONTRptEO mv ff   >fStliBOL.. STOCK REMOVAL BY 
IND/NG TO A£ UNIFORM UN P/tOf/U, f/UET RADIUS   AND ROOT 
V. W/TN/fV .00 <L.   MEASUPE AN/' ft CO*D FULET RADWS, 
TAA/CE OVER P/NS ArtOAOOr PIA. B€FOHE AND AF7CR GAlNOI/VQ. 

S5a TYPICAL. 
■943 It PLACE» 

SIDEB 

fetMose. iz TEKTM SPACE.D AS SHOHN 

AFTKO   (SEGB, TEETH ÄßE TO FlHIiHEO 
size ANUALL aenR TOOTH INSPECTION 

/gv   KEQUIREMENrs ARE  COUPLEreo 

ELECTBCJ   CHEMICAL. ETCH POUTIOM NUMBERS 
ON TEETH AS SHOWN. ffEOOGO INVOLUTE 
PROFILE AND LE*0 CH£C<& FOR UDE A 
OF TEETH I.Z.3>AHO -A / AND POP SIDE B 
OF TEETH 1U, X2,X9AND*A. RECORD POSITION 
NUHBERS   ON TOOTH TO TOOTH SPACING 
eRRO* cnactc» 

MA TEA I AL -AMSiZiSSTen FORGtO BARS 

,_-Ä +.0000 
'000-.oo*7 

DIA A  SHALL  BE CONCENTRIC   WITH  PD  WITHIN .002 TIR 

BREAK   SHARP  EDGES   .OIO UOS 

MACHINE  ALL  OVER. 

SUPFtd   CHAPACimSTlCS NOT CONTPOLLED BY A J 
SYMBOL SMLL Of COmtEt.^ltTE WITH GOOD MANU- 
FtCTVmtG PPACTKXS WHICH PPOOUCC ACCEPTABLE 
OUAUTY LEVELS 

HEAT  TREAT PER   EPS  202 

CASE  HARDEN   GEAR   TEETH  OUTSIDE 1.570 DIA 
(OPTIONAL TO CASE  HARDEN ALL OVER)EFFECTIVE   CASE 
DEPTHS  AS  FOLLOWS: 

.oeo-oao  BEFORE FINISHING 

.0/3-.O3O    AFTER   FINISHING 
ROCKWELL  HARDNESS - CASE   CSBMIN 

CORE  CIV MIN 

INSPECT PER EIS 985 (MAGNETIC) 

NITAL ETCH   PER EIS 1510   THEN 
BLACK 0X/OE PER AMS 2VBZ 

ALL DIMENSIONS 70 BE MET AFTER PROCESSING 
FORGING SHALL CONFORM TO EDI 133 AND EIS SOZ 

ANCE WITH EDI  9 

2-EX-78773. 
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L 
 RbäAk 7/P .005 WU" 

.0/5 -.030 »OUHP B*e*K 

.oeo R MIN 

EN CAUSED v/ew OF SCAR 
SCALE NONE 

SHOT PEi 

PROFILE 

TYPICAL. 

/-9ÖÖO0'AA 

SIDE B 

CSK 90* TO I. f 60 D4A ^ ^ 
(ROT» 5'Oes) 

eLECTKO CHEMICAL  STCH ALLISON PAKT NO. AND 
CAST CHANoe cerreB 'seig-AND SERIAL NO neue 
Pe* AS 476-7*1 O^ 7/>l 

CCM TOOTH CONTROL 
IWOLUTC nOFLE TOLEMMCe 
six 4        Too Isier 
OP 
AO U\\-<}0Ot f 

0000 

ILQL 
Z4.fei/ 

00 
000 

IV 

^OOOOircji 
..^jUpOOOt] 

f¥.7U 
»CO 

SAME 

fSSJd 
SP4CM6 TOLEKÄIKC 

OOOl 0   OOOt 

LCAO TOLCIMKC 
A* OOOl m-.00OI 

TOOTH SPACE SHALL BE FULLY SROUHD INCLUOIN6 
DIA ANO ADJACENT FILLETS AFTEIi HEAT TRt 
DISCONTINUITY SHALL OCCUR AT THE BLEND OF T 
RADIUS WITN THE ROOT 01A AND INVOLUTE SURI 
PEEN THE ENTIRE TOOTH SPACE PER EPS 12IW 
if-S tznt AFt€R 1»*****' 7H£,J »ONE SURFACE £ T.i 
REMAINItK SURFACES MAV bEPEENEU PCREPS /2/V<7 
SPECIFICALLY CONTROLLED W A J SYMBOL. STOCK F 
GRINDING TO BE UNIFORM ON PROFILE, FIUET RAOIW. 
WITHIN .00Z. MEASURE ANO RECORD FILLET RADIU 
OVER PINS ANO ROOT UN*. ßCFORE AND AFTER GR'Nl 

REMOVE IE TEETH SPACED AS SHOWN AFn 
&EAR Tit TH ARE rOFlNISHEO Size ANO ALU 
QEAH TOOTH lUiPEOION REQülRENGNTS Agi 
coMPiereo 

DIA A 5 

BREAK 

MACHINt 

supf*ce a 
srmoL sm 
rtcnjmtG 1 
OUAUTY LE 

HEAT  Tt 

CASE A 
(OPTION 
DEPTHi 

.0 

.0 
ROCKWt 

ELECTtiO CHEMICAL ETCH POSITION f^UMOERS ON TEETH 
AS SHOWN. RECORD INyOLUrE FHQI^LJE AND LEAD 
CH£C<S PCifUlOEAOF-TEerH I^S.AN04:ANC? 
FOR SIDE O OF TSEmxi.XZKAANDk*. f?ECORO 
POSITION NUMBERS ON T&OTN TO TOOTH SAACIN9 
ERROR CHECf» 

HATER"'- AMStECf STEEL roACED S** 

FULLNESS TOLEm 

AMI     » 
ttajemu» HOLLO* IN romi ^SSSL. 
NOTE lÜNiü'.öiiFm 

SPUN GEM DAT» 
6    PITCH Z* TEETH 

iO* PHESSUPS ANGLE + 000(t 
DISTANCE OVEN rNV .2880    Dl* PINS' Vv J999-.oö5i 

NOOT m- ).5e? I."^2 
PITCH at- u.oooo 
OUTSOS oi*' V.J333- 88^8 

ACTIVE PROPILE  OuTSlOt >.79eV OIA 
SEAN TOOTH ELEMENTS SHALL BEIM ACCONDANCE WITH CO/ 9 

NEfENENCE .aaatt 
UK  TOOTH  THKKNESS  AT P0- .Z«/a -601% 
BASE CmCLE »A'   >.7>80 

INSPEC 

NITAL   I 
BLACK 

ALL DIM 
FORGIf* 

Figure 113.   Fatigue Test Gear Configuration 3—EX-78774. 
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 5Ä1ZS TIP .005 WR 
.0/5 -.OX? ROUND 6R£*K 

.080 R MIN Bepoae 
SNOT PeSNING 

•c    ■ ii'i-au 
d.. 

r 
r... 

K 

ENLA*6eO   VIEW  OF  SCAR   PROFILS 
SCALE   NONE 

TOOTH  SPACE SMALL  &  FULLY SROUMD INCLUOING   ROOT 
D/A   AND   ADJACENT FILLETS   AFTER   NEAT TREAT. NO 
DISCONTINUITY SHALL OCCUR  AT THE  BLEND OF THE   FILLET 
RADIUS   WITH  THE  ROOT DIA   AND   INVOLUTE  SURFACES.   SNOT 
PEEN   THE ENTIRE TOOTH  SPACE  PER   EPS I2IUO FOUmWer 
CfS /S/7C APISH fAMfSPMTf, 7H£H HOHC SOHFACE £ TJ YAWS SHOWN. 
REMAtMNf SURFACCS MAi BE PECNEU P£R EPS lil¥0 UNU SS 
SPEClFtCA ILY CON TROi. I-CD BY *   / S YMBOL. S TOCF R C MOV AL BY 
GRINDING TO BS UNIFORM OH PROF/IE. FILLET RADIUS /»NO ROOT Dl*. 
WITHIN .OOZ.   MIASURC AND RECORD FILLET RADIUS, DISTANCE 
OVER PINS AND ROOT DIA. ÖCFOHE AHO AFTER GRINDIHC 

    RKMOVE It TEETH aPRCEO *i SHOWN AFTER 
QEAR TturMA/tE TOFW/SHEO SIX* ANO ALL 

_      (?£»« TOOTH lUSPECnON REQtAREHeHTS AfE 
SIDE B     COMPIETEO 

ELECmo CHEMICAL £TCH POSlTlOU NUMBERS, OM TEETH 
as SHOWN, RECO&D INVOLUTE PROrHjE AND LEAD 
CHECK* ^CiajlOEA OF TEETH I.E3.AHO<4/VC? 
POR SIDE B OP TSem*>.&.)&ANOk4.l?BCQRO 
POStriON .VUHBEIfS <JN TOOTH TO TOOTH OAAClNB 
ERROR CNSC/TS 

HAKHIAL- AMS 61« f STtEL roAQEO BAR 

>999 t.lvH 

DIA A SHALL BE CONCENTRIC WITH PD WITHIN .002 TIR 

BREAK  SHARP SOGES .OIOUOS 

MACHINE ALL  OVER. 

SUAFiCe CHMtCUmsriCS NOT CMTHOLUD Bf » J 
srmoL SMAU. m camtf*su**rt mm cooo mmi- 
rtcnme mtcnces WHKH mxxxx *ccef>r*»u 
outurr uveis 
HEAT TREAT PER  EPS 202 

CASE HARDEN GEAR  TEETH OUTSIDE }*«0 DlA 
(OPTIONAL TO CASE  HARDEN ALL OVER)EFFECTIVE  CASE 
DEPTHS  AS FOLLOWS: 

.OJf-.ovy BEFORE FINISMIHG 

.03O-.0V5 AFTER   FINISHING 
ROCKWELL HARDNESS -CASE   CSS MIN 

CORE C^VMIN 

INSPECT PER EIS ?&*> (MAGNETIC) 

NITAL  ETCH  PER E/S ISIO  THEN 
BLACK OXIDE  PER  AM5 BUaS 

ALL DIMENSIONS TOBE MET AFTER PROCESSING 
FORGING SHALL CONFORM TO £01 I3B AHO EIS SCZ 

w*Mce mm EOI » 

3-EX-78774. 
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BRBAK riP.OOSMA* 

.o/S-.oyiRouHoeD BREAK 

.OHO R MIN BEFORE 
SHOT  PEENIN* 

es* so* ro .a/o 
(BOT» S>OES) 

OIA 

ENLARGED   VIEW  OF SBAR PROFILE 
SCALE NONE 

TOOTH SPACE SHALL   BE   FULLY  GROUND INCLUDING ROOT 
DIA   AND   ADJACENT  FILLETS   AFTER   HEAT  TREAT.   NO 
DISCONTINUITY SHALL   OCCUR  AT THE BLEND OF THE FILLET 
RADIUS   WITH  THE  ROOT OIA   AND  INVOLUTE  SURFACES.   SHOT 
PEEN   THE  ENTIRE   TOOTH   SPACE   PER   EPS IZIHO rPUfirtHfBY 
e*sm** firu* tfiM6SM§.rue* doneyoRFtce+r* vsaae 
SHOWN. HtMA/NINt*  SURFACES MAf ÖE PeeN£D Pi? CPS /?/MO 
UNLCbS XP£C/F/CALLY   CONTROClEi  BY fi J SYHaOL. 3tOC* 
HEMOS/Sl   BY 4F/A/0/A/f TO BE UNtFORM ON PROFtLi. F/LCer 
RADIUS ANv ROOT DiA   W/T*S* .OOZ . M£ASt/*tr ANO h.COffP 
flLLCTRAOIUS. DlSTA/VCE OVER P/fax. *ND ROOT DIA   BeFci&S 
ANO AFreie. GG/A/O/MG. +y_ 

aSB TTPICAL 
.«4ä ttPlMZS 

7505 p/4 A .7500 "'■ ^ 

SLECrHO CHBHIC4L ETCNALUSO*/ PVRr NO.- 
ANO CAST CNAAfGE teTTBR, 'WANO SefflfiiC NO. 
H£/9e PER AS 47B- 7AI O? 7e 

REM<yj£ IZ TOtTH Sf>ACeOA9 
SHOWN APTC& G£AR TtCTM ARC TO 
riMiaHEO SIZE ANO ALL OEAR TOOTH 
INSPECTION IKX)UlR£M£Hrs ARE 

^ELECTRO CHCHICACETCN POSITION NUMOKRS 
ON TCETH AS SHQWM RECORD INVOLUTE 
PROFILE ANO LM.AD CHBCK3 FOB SLO£ A 

OF TEETH IX* ANO A; AND FOR SIDE D 
OF TEETH *< *< X4 ANO XA. RECOFFO POSITION 

NUMBERS ON TOOTH TO TOOTH BRACING 
ERROR CHECKS 

SIDE B 

6CM TQOTH COMTßOL 

SMcm TOLitMce 

LCtO TOLCHAMCt 
At.OOOl atOOOl 

JULLNtSS TOLii 

tuxmm HOLLO* m nm^QoaL. 
Hon 1 WUT- OHrm 

MATEHIAL-AMS t£tS 5T£fi ronceo OAKS 

sum eeut OAU 
IZ   PITCH 2V TFfTH 

ZO" FKSSimt MMSLE *aÄÄÄ 
ttSTAMce ove* TWO .i#uo 01» PINS- Z.2OOOTioevr 

*O0T OIA-  1.792.  t.OlZ 
PITCH Ola- i.0000 
aiTsoeoif 2./«67-:S8W 

Acnve mor/ie OUTSIDS /.8969 OIA 
IXM TOOTH uemms SHALL arm ACCOAOAMCE mm men 

mrsMmt 
AßC TOOTH  mCKHCSS  AT P0- ./>0«-!Set8 
«M5f CmCLC AM* /.a79V 

DIA A SHA 

BREAK  SH; 

MACHIHB   (■ 

SURFACC CM»*' 
S*mOL SHALL : 
PACTUtNC PPM 
OUAUTT ism 
HEAT TRE' 

CASE HAI- 
(OPTIONAL 
DEPTHS <■ 

.OK 
o/s- 

ROCKWELL 

INSPECT 

NITAL ETc 
BLACK OX 

All DlMf.Ni 
rOHGINCS 5' 

T 

Figure 114.   Fatigue Test Gear Configuration 4—EX-78775. 
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6RCAK rif».0O5MA* 

■.Oy>ROUNDED BREAK 

.OVO R Ml* BEFORE 
SHOT  PEENIN* 

ENLARGED  VIEW OF OEM PROFILE 
SCALE NONE 

VTH SPACE SHALL   BE FULLY  GROUND INCLUDING ROOT 
A   AND   ADJACENT FILLETS   AFTER   NEAT   TREAT.   NO 
SCONTINUITY SHALL   OCCUR AT THE BLEND  OF THE FILLET 
DIUS   WITH  THE   ROOT DM  AND INVOLUTE   SUKFACES.   SHOT 
EN   THE  ENTIRE  TOOTH   SPACE  PER   EPS IZI**0 r$up»itOei 
'5/2/"» ArrtR 6*/A/6Wf,rH£* HOME 3u*f*c*4r»v*u/£ 
WM Xc/'iA/HINV SURFAceS M*i ÖS Pe£N£D PCp CVS /?/*0 
'LFSS t.P£C/FtCALLY CONTROLLf,  BY * J SYMBOL. STOCK 
zt*o\i*L BY UP/A/owe TO ee UMFORM ON ppornt, F/ucr 
»OIOS */** ROOT D/A   W/T*/Af .OOZ .   MePSOfit Pfi/D PtCOtfp 
LIT RAOIUS. DlST*nC£ OVER P/lfic *M0 POOT D/A   B£F</££ 

asa TYPICAL 
&& It PLACE» 

e IZ TU.TH Sf>AC£04S 
APTEH GCPRneTM/mcro 

£0 SIZC ANOALL OCARnXirH 
VON ire.QuiP£MKNr* Me 

~£re0 S/D£ A 
^O CHEHfCAuErCH POSITION NUMOKRi 

" T/V AS   SHOMU RECORD INVOLUIT 
ILE AND LZAD CHECKS FOP sioe A 
ern i&a, *NO <• >wc FOR aioe B 

r£rN *l. ^? r-A, AND *4. RECOKO POSITION 
^■£Ri ON TOOrn TO TOOTH SPACING 

■.jR CHECKS, 

»toe B 

MATeAIAl-AMS tlCS STtfi r0RC£O BARS 

.2000..oo*7 

DIA A SHALL  BE CONCENTRIC WITH PO WITHIN .OOZ T/R 

BREAK   SHARP EDGES .O/O UOS 

MACHINE   AIL   OVER. 

SUffäCe CHMUCTtmSTlCS NOT COMmOLLCO ff tsf 
snmoL SHALL BE comtttMsuuTr mm sooomMu- 
FKTume ßmencs m*oi mxuee tcctrrtBLC 

HEAT TREAT PER EPS 202 

CASE HARDEN  GEAR  TEETH OUTSlOB 1.570 DIA 
(OPTIONAL TO CASE HARDEN ALL OVER)EFFECTIVE  CASE 
DEPTHS  AS  FOLLOWS: 

.On-OSO   BEPORE FINISHING 
O/S-.OSO   AFTER   FINISHING 

ROCKWELL HARDNESS - CASE  CSB MIN 
CORE CSHMIN 

INSPECT PER EIS 9«5 (MAGNETIC) 

NITAL ETCH  PER EIS IflO THEN 
BLACK OXIDE PER AM5 ZUBf 

Al I DlHF.NSICNS TO B£ MET AFTER PPOCCSSING 
rOHGINCS SHALL CONrOHM TO £& '3t AMD StS SOZ 

'lOAMCf WITH  moi » 

318 

T 

a 4—EX-78775. 
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3*eAK Tip.oosmx 
. 0/5 -. 030 BOUNOED 
BBCAK 

.090 R  NUN 

SUVACME 

ELEOrBO CHCHICALefCH ALUtON HW NO. 
mO LAST CM4MM UT1t*.*e»'4HOaä*l4L 
MO./*«e AT*/(9 47a - W/O« 74 * 

.502 

.¥9e 

.00¥-.OO6AFTeR FIHISHINS 
UNOeHCUT SHALL MOT SKTeND 
OUTSIDC THC APO 

CSK 90*70 /.nOOtA 
(BOTH s/oes) 

a 

oemae. 
petMN* 

DO NOT FINISH 
SHOT peeNeo fiOO 
/NSIDC THIS  DIA 

ENLAMCD   VIEW Of CSAA   PBOTILB 
SCALE. NONE 

L9IO  TYPICAL. 
I.BOO  /EPLACE* 

S/OEA 

AJOOO**^ 

ELECTRO CHEMICAL ETCH POS/r/OV NUMBEBS) 
ON reeTH AS SNONN. aecooo iN^OLt/i* PQOFILE 

ANDLEAO CHECKS/'O* SIOEiA Of TEETHI.2.*. 
AN04-: AND POP SIDE 6 OP TEETH *!, KZ.M,ANO X4.; 
RBCOßD POSITION NUHBEBi/ON TOOTH TO 
TOOTH SPAONQ £«aO<e CHECK» 

•HOME IE TEETH 9P*CCD ' 
OCAR TEETH ARE TO PIN IS 
OtSA» TOOTH INSPECTION 
ARC COMPLETEO 

O/DEB 

6£A* TOOTH COHTnOL 
INVOLUTE Htonu TOLEHANCC 

SUE » 

4ir ooot 

0^* 

m 
0000 ircA 

■J0OOZ 

00 
000 

n 

*n 

SCO 

SBLl, 

SP*Cm T0LE**MCe 
.OOOt m .OOOt 

LEAD TOLOUMCE 
■ OOP/ mtOOOl 

FULLNESS TOLEIt, 

». 

mxmut MOLLom m romt^SiSStL. 
NOTE 1 UNIT' .onrm. 

PROCESS   OEAR   IH THE POLLOWIH9    SEQUENCE 

AFTER  CUTTING GEAR TEETH, CARBUAIZE AMD HARDEN 

AREPFSHALL INCLUDE ALL SURFACES OETINEEN 
THE APO  AND  THE ROOT DIA 
SOLUTION MACHINE  AREA F" PE* «RS /90C« 
TO REMOVE .OOt-.OOH PEA  SURFACE 

GRIND /HvcLure b,oi?FAce £ TO rwswsizr 

MßTlKHl- AMS tZtS 
^TEEl  FOetEO BAGS 

SPUN SEAN 0»TA 
«   HTCM Z¥ TEETH 

ZO* NNESSVNE  AMOLE 
DISTANCE 0¥EN TWO .2680   UA AMI« 

NOOT UA-   5.533   t.OOZ 

ouTStxoiA' V.>535-;W" 
ACT//f PHOPILE  OUTSIOk J.79ö^ PIA 
«BUt TOOTH ELEMENTS SNAU tEP 

AT «• .t«/«'tOIS 
3.7588 

,««* + 0000 3999 -.00** 

O/AAS* 

MACMMi 

HEMAINI 
UNLESS r 
SUNfACE CM'' ■ 
smeoL SMi   ■ 
rtcn/HNB *•' 
OUAUTT LEW 

HEAT  TPt 

CASE H<- 
QOPTIONt 
DEPTHS 

.03 

.03 
ROCKWEL 

INSPEC7 

NITAL  El 
6LACK O 

ALL DinU 
F9AGING 

wmt EDI 9 

Figure 115.   Fatigue Test Gear Configuration 5—EX-78776. 
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dftAUf TfP.oofmx 
.ois-.oyoßouNoeo 
BBCAH 

.OSO R MIN 

-.00* AFTER FINISHING 
e^CUT SHALL NOT «TINO 
SIDB THC APO 

fiemiH* 

ENLARSeO   mW QF SfiAA 
SCALM NONM 

DO NOT FINISH 
SMaT PeENCD ßCOT 
HSIOe THIS  DIA 

PBOPILM 

s/oeA 

>AA 

A9/0 TYPICAL. 
1.900 /e*.Ace% 

>fOvr /e 7EC7V sf*csx> 45 aMouuAmn 
OlARTttTH AI9£ TO   PIN I SHED 9IZC ANO ALL 
oeAff VOOTH tNSPecnoN tKaumcHeNn. 
ARC COMPLSrmO 

3/Ocß 

., . •*.• 
Process aeAR IM TUE FOLLOWIHH  SBQUKNCE 

I. AFTER CUTTIM* GBAR TEETH, CARBURIZM MD mRDCN 

Z. AREA FSHALL INCLUDE ALL 5(MA«0n ÖETWEEN 
THE APO  AND THE ROOT DIA   1 
SOLUTION MACHINE   AREA F PER BPS /90CC 
TO REMOVE .002-.00« PER   SURFACE 

V   ORIHD /HVCLOT£   ^VISfACe    E TO   F//if/SUSIZ£ 

MAT£KMC- MMS tSiS 

+ 0000 
<a- V. 3999 -.00«* 

BRS4X SH4*P eP6£S . O/O  i/OS 

DIA A SHALL BE CONCENTRIC WITH PD WITHIH .002 77« 

hlACMMC 4U OVeK.  P6£* 6£** TJftTr^ /y^   £PS   121*10 
rotLOweo  gr £n. /fifi) 
REMAININQ SURFACES  MAY BE PEENEO  PER EPS 121 lO 
UNLESS SPECIFICALLY CONTROLLED BY A J SYMBOL 

surface cn***CTemsrcs HOT coMmaueo Br »V 
SfXeOL SHALL X COmKNSUMTC mTH GOOD HUMJ- 
rtcnmn MHCTKCS m*cH mxxxe scceprtBLe 
OtMJTY LCVCLS. 

HEAT TREAT PER EPS ZOZ 

CASE HARDEN SEAR  TEETH OUTSIDEJWO D/A 
(OPTIONAL TO CASE  HARDEN ALL OVER)EFFECTIVE  CASE 
DEPTHS   AS  FOLLOWS: 

.03? -.OVf BEFORE FINISHING 

.O3O-.0V5 AFTER   FINISHING 
ROCKWELL  HARDNESS -CASE   C5B MIN 

CORE  CV*MW 

INSPECT PER EIS 905 (MAGNETIC) 

NITAL  ETCH  PEP EIS I5i0 THEN 
BLACK OX/OE PEH AMS 2**B9 

AH DIHLNSIONS TO B£Mer AFTER FROCCSSINC 
F0R9INC SHAU CONFORM TO CD! /3B AND EIS SOZ 

mm EDI 9 

T" 
tion 5—EX-78776. 
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"       BUEMC VP.OOS mx 
.OI5- OiOROUNOBD 
BfKBAK 

M5   R   MIN 

.0014-.006 AFTER FINISHING 
UNOeRCUT SHALL NOT CXTENO 
OUTSIDE THE APD 

SURFACE £ 

SHOT pee* 

00 NOT FINIS 
SHOT PEENEO 
INSIOE THIS 

CSK 90* TO .a/o 
(BOTH  SIDES) 

OIA 

ENLARGED   VIEW OF »EAR PROFILE 
SCALE NONii 

ELecreocHeMicAL £TCH AUIHOM PART AW. 
fiMO L*STC*4*6e l£TT£-*t 'SCR' *HD SeRHt 
HO  HCXC P£K AS  <4Ta-l*/ OK 7^2 

.7500 e'* * 

(g)' 

GeM TOOTH COMTttOL 
iNvdLure pmne'TOURUKf 

SIX A 

1.0 ü\X..ooat *'r\\-
0 

IZ.O* 

00 
ODB 

00 

stoe a 

SA' m. - - 
1 

REMCNE IE TSeTH  SPACED A9 9NOHN 
AFTER GEAR TteTH ARE TO FINISHEO 31ZM 
AHO ALL (j£AR TOOTH lN9P£CriON 

^) REQUIReHCNn ARE COMPLSTmO 

eLCCTRO CHEMICAL ETCH POSIT/OM HOMMRa 
ON TEETH AS SHONH RCCORO INVOLUTE 
PROFILE AND LEAD CHECKS FOR SIDE A 
OF TSETH it A ANOA', AND FOR SIDE B 
OF TSSTH X< X< XA AND X4. RECO/^O 
POSITION NUMBERS ON TOoTHTO TOOTH 
SPAC>N9 ERROR CMECf* 

.9J>0 TYPICAL 
J^ÄS E PLACES 

sioeB 

PROCESS   SEAR  IN THE FOLLOWING   SEQUENCE 

I. AFTER   CUTTING SEAR TEETH, CARBURlZE AND HAROSN 

AREAFSHALL INCLUDE ALL SURFACES BETWEEN 
THE  APD  AND THE ROOTJ?IA 
SOLUTION MACHINE AREA F PER   EPS 19066 
TO REMOVE .00Z-.OO1 PER  SURFACE 

ni'l.-oooo,!*,* 

SPACING rcu***ice 

i 9P9i.. H 000» 
LCM TOL£RMtC£ 

Atqooi a-.OOOl 

ruLiHtss roiei" 
* 188...      »_j 

MAXmMI HOLLO» U» WWW TOT' 
MOTf IUmT- .0147 m 

5 SHOT pee* SURFACES *s *eeu/pED 

V. dEINP  INVOIÜTC  3ÜKFACE £  TO r/M/SM SIZ£ 

ST££t   FORSEO OARS 

+.0000 z.zooo-.ootr 

SfUA SEM OtTA 
IZ men zv mn 

20* messute AMOLE 
USTAMCE OVEIt TWO .ItHO   OIA HH5' 

WOT OIA-   I. 76 7   t.OCi 
mrcH UA. z.oooo     . aM_ 
OUTSAA UA-   2. /C «7 - .©«f» 

ACTME FAOFILZ OUTSIOE 1.9969 OIA 
«EAA TOOTH ELEMEMTS SHALL Km ACCOAOAMOE WITH 

AAC  TOOTH  mCKMESS AT K- ./>0«-öSi8 
AASE CmCLE AM*/.879V 

BP£ 

DIA > 

M4C 
rocL 

REMt 
UNLB 

SU*f*G 
srmoL 
rtcnm 
ouAim 
HEAT 

CAS I 
(OPTi 
DEP1 

POCK 

INSP 

OLACi 

HU D 

FOR* 

etn 9 

Figure 116.   Fatigue Test Gear Configuration 6—EX-78777. 
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SO PC 
S   D/s 

/p.oos mx 
•XJNOED 

MIN 

SUHPACS E 

F y BBFOtie. 
SHOT PCKNINS 

DO NOT FINISH 
SHOT PSENED ROOT 
INSIDE THIS  DIA 

ENLARGED  VIEW OF SEAR PROFILE 
SCALE NONE 

'TCH 4UIS0M PART M>. 
£TT£*, 'SCR' 4HD Se*t*l 
470-74/ 0*  74Z 

4CH/* 
XLon 
AW//V 
LESS - 

«Of C'», 
Ml SH-- 
rumte «... 
urr u*.~ 

AT T«v 

SE h 
»TVO/v - 
PTN* 

.O/ 

SPEC 

KCK < 

Di***- 

!*4S ZPLtCKi 

3IDEB 

~-'R  IN THE FOLLOWING   SEQUENCE 

■' '/» 6CAR TEETH, CARBURIZE ANO HAßiOeN 

INCLUDE ALL SURFACES BETWEEN 
O THE ROOTblA 

V .CHINE AREA FPER  EPS 19066 
)0?-.00« PER  SURFACE 

■ "KF4C£s 4s teeuieeo 

■:■■'£   SOKFACe£  TO r/AfISM SIZ£ 

M4Te*(4t - 4MS tets 
ST£eC   FORSfD 3*RS 

B££4* SH4KP £D*£S . 010 OOS 

DIA A SHALL BB CONCENTRIC WITH PD WITHIN .OOZ TIR 

M4CH/Me 4li OVgne. Pee* 6£4K TiETM  P£R £/*S fZllO 
rouowsD BY ePS iznt 

REMAINING SURFACES MAT BE PEENED  PER EPS 121 HO 
UNLESS SPECIFICALLY CONTROLLED BY A JSYMBOL 

surftet CHtiucrtmrics NOT comnua * tj 
smeoL SMALL m cammauure mm 6000 mm/- 
fAcnms mtcnea mm* moaxe Acc&niu 
ammtgms. 
HEAT TREAT PER EPS ZOZ 

CASE HARDEN GEAR  TEETH OUTSlOB I. f 70 DIA 
(OPTIONAL TO CASE HARDEN ALL OVER)EFFECTIVE  CASE 
DEPTHS AS FOLLOWS: 

On-.OSO    BEFORE FINISHING 
.OfS'.OSO    AFTER   FINISHING 

ROCKWELL HARDNESS - CASE CSB MIN 
CORE CilNfiN 

INSPECT PER EIS 9B5 (MAGNETIC) 

BLACK OXIDE PER AMS ZUBS 

m omwsMws TO a£ Ater IFTC* rKocessiw* 

FO*G/M*S s*Au co*/ro*Ai TO eoi /304wo £is roz 

777. 

?> 



a*£AK  VP.OOfMAX 
.0/5-.03O*0UHOeD 
BBSAK 

.oao  * MfH 

SU*frAc££ 

eiscmo CHfWCAL ETCH ALL/SON mar /va- 
ANOumCHANSB LMrrmz'asm'A/ioSSRIAL 
NOL HtRB ßrm A» 476- Tttt 0*7** 

.soz 

.¥96 

CSK 90*70 l.ftO UA 
(BOTN s/oes) 

® 

.00¥-.OO6AFTeR FINISHING 
UNOeHCUT SMALL NOT OCTgNO 
oursioe THe APO 

petMw 

DO NOT FINISH 
SHOT PeEMED HOOT 
INSIDE THIS   DIA 

ENLARSeO   WKW OF «CAA   PROFILS 
SCALE HONE 

/.SVK» « PltKLS 

SIDE 

/.500f p,A 
i.sooo"* 

ELSCTOO CHEMICAL £rCH POSITION HUMaEKS ONTEBTH 
45 SHOIWJ- RECORD INVOI-UrE F-HOF-ILE AND LEAD 
CHCCKSrOG 31 OS A OTTEerH l,eA,AN04;ANO i*oq 
SlDEO OP TEETh H X*, X^ ANO xa RECORD POSITION 
NCMOER* ON TOOTH TO TOOTH APACINQ ERROK 
aHECK* 

RtMovr. iz rrj-.ru ZPACEO 
Q£AR TEETH AKE. TO FlNtOHi 
HEAR mOTH /NSPBCTtO» Rl 
COHPLETBD 

SIDEB 

6EUt TOOTH CONTnOL 
INVOLUTE PPOfLE T0LE1MCE 

SPACmS TOLEHMCC 
OOOt m  OOOt 

LEAD TOLEKANCE 
.oeo 1 BZOOOI 

FULLNESS TOLERi 

mxmu» HOLLOW IN mm^asoL 
NÖTE ~  IUtHT'-^IÖUfm' 

PROCESS   OSAP  IN  THF  FOLLOWING    SBQUBHCE 

1. AFTER  CUTTING GEAR TEETH, CARBURIZt AND HARDEN 

2. AREAFSHALL INCLUDE ALL  SURFACES ÖETWEEN 
THE APO  AND  THE  ROOT DIA 
SOLUTION MACHIHE   AREA F PER EPS 13066 
TO  REMOVE .OOl-.OOV PER   SURFACE 

3.5*07- fffs/ suierAcis ts WOUIEZD 

14 6RIND /NVOLVT£ SURFACi F TO f/WSH SIU 

sum «A* MTA 
«   PITCH Z¥ TEETH 

tO* PRESSURE ANGLE + oOOO 
DISTANCE OVER TWO .2080 OtA «W-^.3999-.00*< 

ROOT UA-t.f))    t-OOZ 
PITCH 01 A- tf.OOOO 

AM re Rise- /IMS t,ets 
ST€£L  FORSEO   OARS 

BRf** S ' 

D/A A SH/ 

MACM/Mf 
roiLowt 
REMAININ 
UNLESS Sf.. 

SURTAOE CHAP 
snmoL SMALL '• 
PACTumm PR* 
ouAurruvn 

HEAT TR£,> 

CASE HAL 
COPTIONAi. 
DEPTHS  / ■ 

.055   . 

.090 
ROCKWELL 

INSPECT 

BLACK <?> 

Sli Dlf*£* 

rORC/HSS 

OUTSOE DIA- 'v.>?3> -'88^8 
we PHOPILE ouTSitm usevc ACTIVE PKOPILE OUTiltm 1.7961 PIA 

SEAR TOOTH ELEMENTS SHALL KIN ACCOROAACE WITH EDI 9 

ARC mom mcKNESS AT PO- .z«/a7Ml8 
»ASE ORCLE 4M« 3.7580 

Figure 117.   Fatigue Test Gear Configuration 7—EX-78778. 
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MAX 
SU*e*C££ 

oepotte. 

DO NOT FINISH 
smr pasNeo HOOT 
INSIDe THIS  DIA 

LAMCD   mW OF «CAA   PHOPILB 
SCALE. HONM 

AiWO « H.nci.b 

rfv.' RF-Movn mrmrn ZPACED *S SHOWN Amu 
qe*G rssTTf AMC JO PiNt3Hs.o sizrA/so AU. 
oe/uf mom wapecr/ou «eQuiRCMfssrs Aae 
ooHPterBo 

"HE FOLLOWING   SBQUSNCE 

R TEETH, CHtOUBIZe AMD mUDCH 

S ALL SURFACES BBTWaN : ROOT D/A 
AREA F PCR BPS 19066 
*¥ PE*   SUPFACB 

4S k'iOUIZEO 

IC£ £ TO f/H/SHSlU 

BR&F SH*** rooes .oto oos 

DIA A SHALL Be CONCENTRIC WITH PO WITHIN .002 TIR 

MtcwA/e tu ove*. ree* te**: lecT» PCK eps IZIIO 
rOLLOV*£Ü BY fPS 'Zl/i 

REMAINING SURFACES MAY BE PEENBO PER EPSI2IMO 
UNLESS SPECIFICALLY CONTROLLED BY A s/ SYMBOL 

suHTict CHtrntcremsncs NOT canmoua tr »J 
srmoL smu ar commmmtit mm sooo mm- 
F*cnmm mtcna WMKH moouct aoemmx 
muurr terns. 
HEAT TREAT PER ERS 202 
CAS* NAROEN SEAR TEETH OUTSIDEJVtO DIA 
(OPTIONAL TO CASE HARDEN ALL OVER)EFFECTIVE CAßlt 
DEPTHS  AS FOLLOWS; y 

.OiS-.OVf BEFORE FINISHING 

.050-.OV5 AFTER   FINISHING 
ROCKWELL HARDNESS-CASE  CSB MIN 

CORE CyiMlH 

INSPECT PER EIS 985 (MAGNETIC) 

'€£L FOXSeD  OjgfS BLACK OXIDE PER AMS 2«BF 

AIL DIM£*SI0M%  ro BC M£T *FT£*   P*OC£SSlN» 

FO**INGS   ZHAtL CO*£0*f* 10 £DI 138 AHO £1* SOZ 

§ 



— BAtAH W.doSAM- 
.OIS - OJO ROUNOBD 
BREAK 

.OtO   fii   MIN 

.OOlt-.006AFTER FINISHING 
UNOEHCUT SHALL NOT EXTEND 
OUTSIDE THU APD 

SURFACE C 

SHOTPSEh 

DO NOT FINIS 
SHOT PEENED 
INSIDE THIS 

CSK 90* TO .©/O 
(BOTH SIDES) 

DIA 

ENLARGED  VIEW OF SEAR PROFILE 
SCALE NONE 

£t£CT*OCHeAIIOH.   £TCN   4CLISON P*RT HO. AND 
LAST CHtNSe l£TT£M:y "sem" AND SCKIAl NO. H€*t 
re/e AS *7e-7Ai OK 7*Z 

J»9ö rmcAL. 
94a tepctccs 

.7500 ***^ 

® 
SLtCrRO CNCMICAL. ETCH POSITION NUMBEI» 
ON TEMTH 49 SHOHH RBOORO INVOLUTS 
PROFIL* ANO LKAO CMCCia POH SlOC A 
OF TeeTH /,« 4 ANO A; ANDAOR aiDE B 
OFTSGTN *J,xe.*9. ANO*<RKCORO 
POSITION NUHICRS ON TOOTH TOTOOTH 
9PACJM9 eHROR CHECKS 

MA* rööTH commr 

sme A' 

?3~<A '-.ooai 

HMO 

Sä.«1- 

00 
OOB 

PD 

ßrp 

see B 

„SHte 

1 

OCB 

-REMOVE ItraCTH OP*Ca>A9 SHOWN 
AFTER QEAR TUJHARETOFINISHED 
SIZE ANO ALL OCAR TOOTH INSPECTiO/U 
REOLHREMENTS ARE COMPLETED 

PROCESS   SEAR   IN  THE FOLLOWING   SEQUENCE   • 

AFTER  CUT TIN» SEAR TEETH, CARBURIZt ANO HARDEN 

AREAFSHALL INCLUDE ALL SURFACES BETWEEN 
rDIA 
FPE 

THE  APD  AND   THE ROOT 
SOLUTION MACHINE  AREA F PER  EPS 19066 
TO REMOVE  .00^-.00«  PER  SURFACE 

SHOT per/if SURFACES AS eeovreeo 

CRIMD iNvoLUre siKF*ee £ TO FIMISK size 

EV/'/J.OOOO 

I7.»0| 
M.»*l 
947* 

SPACING TitURAHCi 

A.PP?*^        * 00°* 
UAO TOLemmce ~ 

atoooi fttoooi 
rULLMCSS fÜLW 

A-mL. 
MAXmU» HOLLO» INfOm.GQOl— 
NOT€ I iMIT- .ÖI4T m 

AAATe*iAC~ AMS 626S 
sreec FOKOD OAKS 

sum eeA* DATA 
II HTCH ZV itCTH 

20* Ptessun AHOLC 
USTAHCe Off* TWO ./WO   DIA UNS- 2.20OO -.OOV7 

nor oiA- 1.767 i.ooe 

ansue oiA' 2./C6 7?:889s 
ACTNE PROFILE OUTSlOe 1.3969 OIA 
eeAH room nmotTS SMALL Km ArccmoAnce mm epi 9 

HmKMce .ammt% 
ARC TOOTH mCKMeSS AT PD- ./>Ot-!Si8 
OAse cmcLf CM« I.B79V 

BR£ 

DIA / 

MAC 
FOli 
REM, 
UNLE 

SURftC 
srmoi 
FACJU* 
OUAUT 

HEAT 

CAS l 
(OPT 
DER- 

ROCH 

INSf- 

BLAC 

All i 

FOK6 

Figure 118.   Fatigue Test Gear Configuration 8—EX-78779. 
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tOUNDBD 

R   MIN 

«Na 
SXTEND 

.oao 
hPD/ F y KFOHE 

SHOT PeCN/NS 

DO NOT FfMSH 
SHOT PEENBD ROOT 
INSIDE THIS   DIA 

EULARSED  VIEW OF CrCAA PROFILE 
SCALE NONE 

eTCH  ALLISON P**T NO. AND 
TEAy "seif AND StKIAl NO. He** 
K  7AZ 

S9§ TYPICAU 
»4a K PLACE* 

UTH OAMZCDAa SHONH 
i TEETH ARETO FIMSH£0 
J. ÖEAR TOOTH IHStfaCTIOfJ 
NTS AGE COHPLETED 

AR  IN THE FOLLOWNS   SEQUENCE   « ■ 

NO GEAR TEETH, CARBURIZE AND HARDEN 

INCLUDE ALL  SURFACES BETWEEN 
NO  THE ROOT DIA 
4CHINE AREA FPER  EPS 19066 
.002-00» PER   SURFACE 

WkFAces /#s eecuteeo 
re suzrsce £ ro r/Mrs/s siz£ 

MATr^/Ai- AAtS 626 S 
sreec FOK&CD OAKS 

BGCAK SHA/eP £DSES   OtO t/OS 

DIA A SHALL  BE CONCENTRIC WITH PD WITHIN .OOZ TIR 

MACHINeALL OVEIE.   /»££N G£A* TeETN PC* EPS /ZIIO 
FOi.LOW£D BY  £f*S /ZHb 
REMAINING SURFACES  MAY BE PEENED  PER E^SIZIHO 
UNLESS SPECIFICALLY CONTROLLED BY A s/ SYMBOL 

SURFACE CHNUCTtmnCS NOT CONVKtUO FT * V 
SYMBOL SHtU BE COMKNSUUTt WTTV SOOOmNU- 
r*cnmG PMCTKES WHCH mooucE ACCEPTABLE 
omurrums. 
HEAT TREAT PER EPS ZOZ 

CASE HARDEN  GEAR   TEETH OUTSlOC /.f 70 DIA 
(OPTIONAL TO CASE HARDEN ALL OVER)EFFECTIVE  CASE 
DEPTHS  AS FOLLOWS: 

.OlO-OSO    BEFORE FINISHING 
.0/5:030   AFTER   FINISHING 

ROCKWELL HARDNESS - CASE  C5BMIN 
CORE C91MIN 

INSPECT PER EIS 365 (MAGNETIC) 

BLACK OXIDE PER AM 5 2UB5 

AIL D/M£NS/ONS   TO B£M£r AFTE* rtOCESSIN* 

FOK6tN«S  SHALL   CONFORM TO £OI /3B AND CIS SOZ 

m9. 

^ 



 BABÄk  m .ooi AMM 

,0/5 -.Oyo ROUND BREAK 

.OSO   R HtN 

ENLARGED V/EW OF  6EAR 
SCALE NONE 

PROF/ 

CSK 90* TO I. fto OlA 
(BOTH SIDES) 

TOOTH SPACE  SMALL  BE   FULLY GROUND INCLUDU 
D/A   AND   ADJACENT  F/LLETS   AFTER   »BAT m 

O/SCONTfNU/TY  SHALL OCCUR AT THE BLEND Of 
RAD/US   WITH   THE   ROOT D/A   AND   INVOLUTE  S 

m   PEEN   THE ENTIRE  TOOTH  SPACE  PER   EPS /l 
U-*   BY £PS/ai76   itrrs* SKlNOIHti, THEN ffOHE SURr* 

SHOWN.   R€M*/N*fifa SOKFACCS MttY B£ Pe£M£D F 
OHteSS   Sfec/FICALLY    CONTRLUP BV A \/SYMBO 
OY 6KINDIN6   TO  OS UN/FOKM  ON PROFILE. F/LLt 
ROOT PM   W/TH/N . OOZ. Mf*SOR£ jMO «CCOUD Fh 
D/ST4HC£ Ove* PfNS /INO *OOT DM  OeFOKE /IHD 

 REHCVK te Tt£TH »PACED Ai SHOHW APTGR 
atAR TteTH ABE TO RAJOHeO 9IISAHO ALL 

SIDEB BEAR TOOTH WSPECTIONReOUIRErieHTt, 
ARE COMPLE&eD 

ELECTRO CMENKAL. ETCH AUHON PART NO AND 
lAir CHANGE LErrgQisen' AND SE»IAL NO. 
HERE PER AS470-741 OK7*Z 

SeSA TOOTH CONTnOL 

EL&CTRO CHEHICPL. ETCH POS/T/ON HUMBE/*i OH TEETH 
43 aHom. «rcaw? /NyousTe PPOFILE ANL> LEAD 
CHECKS FOR3/OE A OF TESTH /^S.AUO^ AH& POI9 
s/DE B OF Tkem x/, x^ x% AND A* RECQ&O 
POB/r/OK/ NUHBETm ON TbOTN TO VOOTH SPACING 
ERROG CNBCKB 

IWOLUTC tAOFU TOLOWKe 
sue 4 

& 
TTööeö 
TThöööe 

^ 

17. zu 

i^ 
f/roooz 

00 
00a 

n 

re* 
AfV 

BCD 

uxt 

jtM± 

SPACIMS T0t£RAMC£ 
OOOI g .000» 

LEAD TOLCnmX 
A* OOOI m-.00OI 

rULLMCSS TOLCm 
41m     , 

M4XmU0 HOLLO* IM fomi ^SEiSL. 
More I UNIT' .0I4T m. 

SPUf» CE»H OAT* 
6    PITCH Z¥ TtfTH 

IS'**eSSimC ANGLE *ooOO 
OISTAMCE ONE* TWO .ZOQO   UA PINS- Q..U0/2 -OO}* 

*00T 01 A- yviot.ooz 
PITCH a*-1.0000    .. „„ 
OUTSOE OIA'   V.>33> -«»»ö 

ACTIVE PaOFILC  OUTSIDE yj$7/  OIA 
SEA» TOOTH ELEMENTS SHALL tE M ACCOPOAMCE WITH BDI 9 

KFENEMGE ^^^ 
»AC  TOOTH   THKKHESS AT P0- .Zt'd-oetS 
BASE OACLE OIA- ?.6Z9Z 

AtATSW/IL -AMS C2t5 
ST£fL FOKGED B*KS 

DIAi- 

BREt 

MACH 

sunTAa 
srmoL 
FAcnm 
OUAUTy 

HEAT 

CASt 
COPT/ 

ROCK 

INSP 

N/TAl 
BLAC 

AU D 

F0*G. 

Figure 119.   Fatigue Test Gear Configuration 9—EX-78780. 
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■ACE E 

BEFOfi 
ST PEE I 

>FILe 

DINS   ft 
' TREA 
OF THt 
SURFA 
W40 ' 

r*C£ £ 
> P£*  i 
BOC 5 

Fiuer 
'D 4fTt 

.0*9 -.090 ROUND BREAK 

.05O   * KHH 

SV*FACE f 

BEFORE 
SHOT PEEN.'NG 

ENLAH6ED   V/EW  OF  SEAR   PROFILE 
SCALE  NONE 

TOOTH SPACE   SHALL  BE FULLY GROUND INCLUDING  ROOT 
D/A    AND   ADJACENT FILLETS   AFTER   NEAT TREAT. NO 
DISCONTINUITY  SHALL OCCUR  AT THE  BLEND OF THE  FILLET 
RADIUS  WITH   THE   ROOT OIA   AND   INVOLUTE  SURFACES.  SNOT 
PEEN   THE  ENTIRE  TOOTH  SPACE  PER   EPS HltO FOUCWSD 
BY £f>S/SI7G   4frs* 6XIMOIH6   THCN M0*£ SOffWCe f TO  VALU£ 
5H0WM.   fSEM*/WM4 SUKHCeS MjY B£ Pee/VCO fi/^sn /ZHO 
UNceSS  SPIFCIF/C4UY   CONTRLUD BY A v'Sr^BOC. STOCK R£MC*U. 
Of GRINDING    TO B£ (JNlFOKM  Of/ P/iOFILE. F/llET **DWS UNO 
KOOT DM   W/TM/M . OOZ. Mf4Si/*E AMO *£CO*D FUifT K4DIUS. 
DIST4MC£ 0V£-* P/A/S *AfO *OOT DM  B£FOKe **0 jFTf* GKtMOWG 

^ A SHf 

EAM   S*' 

CHINE A. 

face cn*f 
tOL SMALL 
rume AM 
UTY LSVCL 

»r TPB 

SE NU 
*TIONA. 
PTHS ' 

.035 

.030 
CKWELL 

5 peer 

rAL er 
ACK €>>■ 

 KEMOve tS TEETH SPACED A3 SHOHtt AFTKK 
OtAtt. TegTH ABE TO HkltSHEO aiZSAHO ALL 

StOeB OSAR TOOT» MSPECnOM^eOUtREMeur^ 
Alte COHPLETeD 

TRO CHEMICGL. ETCH POSITION HUM6ef*S OH TEETH 
■ OMN. KCCOOD IN/OLUTE PROFILE ANL> LEAD 

.--<5 FORSIDE 4 OF reeTN 1,^3, ANO^: AND PGUP 
~BOP TEern xi, x* MIL ANP K4 PECO&O 

" noAj NUHoeoa ON TOOTH TO TOOTH SPACING 
O* CHECKS 

0000 
00)9 

HMTSmM. - /»MS C2iS 
ST££l FO/fG£D BAKS 

OIA A SHALL BE CONCENTRIC WITH PD WITHIN .002 TIR 

BREAK  SHARP EDGES  .OIO UOS 

MACHINE ALL  OVER. 

suAftce CHMtcimsTics NOT coMmoua mr AJ 
srmoL SHALL K COMFASUM/F mm eooo mmi- 
FACTumG miences WHKH FHOOUCC ACCFFTABLF 
OUAUTT UVELS- 
HEAT TREAT PER EPS 202 

CASE HARDEN GEAR  TEETH OUTSIDE WO DIA 
(OPTIONAL TO CASE HARDEN ALL OVER)EFFECTIVE  CASE 
DEPTHS   AS FOLLOWS: y 

.OJf -.OVy BEFORE FIHIiHING 

.030-.0^5 AFTER   FINISHING 
ROCKWELL  HARDNESS - CASE   CSB MIN 

CORE  CJVMIN 

INSPECT PER EIS 985 (MAGNETIC) 

NITAL  ETCH  PER EIS 1510 THEN 
BLACK OXIDE  PER  AMS 2189 

AU D"*£*S/eMS TO 3£ MET AFTER PPOCESSIN* 

FO/esiNG  TO COMFO*M TO £0/ 139 AHD CIS SOB 

«ITH eoi 3 

3-EX-78780. 
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BREAK  TIP  .OOf M*X 

.O/S-.OTOROUHOeD BREAK 

.02.S   R MIN BEFORE 
SHOT   PEENING 

CSK  90* TO .S/O   DIA 
(ROTH SIOES) 

etecmo cn€MfCAL. KTCH ALUSOH HART MO. WAD - 
LASrcmNOt LerTRB.'9eirANOstRiAL No.He.Re 
PC/? AS ATB-IAI- Of 70t. 

ENLARGED   VIEW  OF SEAR PROFILE 
SCALE  NONE 

TOOTH SPACE SHALL   BE  FULLY  GROUND INCLUDING ROOT 
DIA   AND   ADJACENT FILLETS   AFTER   HEAT   TREAT.    NO 
DISCONTINUITY SHALL   OCCUR  AT THE BLEND  OF THE FILLET 
RADIUS   WITH  THE   ROOT OIA   AND  INVOLUTE   SURFACES.   SHOT 
PEEN  THE  ENTIRE   TOOTH   SPACE   PER   EPS IZIHO  FOLLOWED 
BT   EPS 12/76  AFTSK GK/MOW«, THEN HOM£ SUKFACE f TO V4LUC 
SHOW*. eEMäWMS   SURFACE'S Mär BE PEENED PER £& /2/*C C/MCES' 
SPEClFKtUy CONTKOUEO BY /> \/ SYMBOL. STOC* *eMOV*£.   flK 
6KINDIN6 TOBE UNIFORM 0M PKOFflE.  FILLET l**ONJS /tND ROOT 
DM   WITHIN .00t. MEASOXE AND RECORD FILLET RAOfUS,OI5TAN<.c 
OYSR PIA/S AMD ROOT DM 0£FOR£   AMO SFTSR   GRINOIA/B 

7500X 
DIA 

R£HCM£ ItTKETH SPACED A9 SHOW 
AFTER OCAR TEETH NtE TO FINIMEO 
»U AHO AU OEARTOOTM IH9PfCnON 
RSPWREHEHrs ARE COMPLETEO 

® 

R93 rrpicAc 
S4B It PCACES, 

»OEB 

S/OEA 

EUKCTRO CHEMICAL. ETCH POMIOU NUMBERS 
OH TEETH AS  SNOHM RECORD INVOLUTE 
PROFILE AHO LEAD CHECKS FOR. SIDE A 
OF TEETH l,l,S,AN04:AH0 FOR SIDE fi 
OP TEETH »I. Kt, *9 AHO *A- RECORO AOOlTlOH 
NU*meRS   ON VOOTH TO TOOTH OPACINO 
SMROR CHMOe» 

6£*l> room CONTROL 
mvoLure mone rSffiSST 
six A 

TTiu 

j 
m 

0000 
■ooot 

00 
00» 

n 

yrcA 

Am 

BCD 

SIX t 

SäitM.—I 

SfACIHS TOLCHAMCe 
OOOt m  OOOl 

L£AO TOLCHANX 
A-.OOOI fttoooi 

FULLNCSS TOLCI 

A£S8L.     ». 
MAXMLH HOLLO» IM /mir iQflOt 
More lumr- on? m 

MATE RIAL- AAK 626S 
STEEL FORKED BARS 

SßUß XAA DATA 
IZ HTCH zv rerm 

OlSTANCe OVEIt TWO.1*1*0   OIA »MS- Z.ZOOtZSSf» 
MOT OIA' /.BOO t.OOE 
PITCH OIA. z.oooo      ^ -„p 
ouTSix oiA' 2./66 7-:88fS 

*cnve PROFILE OUTSIOE 1.8759 DIA 
«AH TOOTH eLenmrs SHALL XM ACCOKOAHCC mm EOI 

xnxNU   
AAC TOOTH   THKKHCSS  AT fV' .l909-SSt% 
*AS£ CmCL£ OIA' I.BIZC 

OIA A 

BREAt 

MACHI/ 

SMfF4Cf 
snmoLs- 
fACTUm, 
OUAurr L 

NEAT 

CASE 
COPTIC 
DEPTH 

ROCKW 

INSPC 

NITAl 
BLACK 

ALL  C/ 

FORd//* 

Figure 120.   Fatigue Test Gear Configuration 10—EX-78781. 
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BREAK  TIP  .OOfMM. 

.OHO ROUNDED BRCAK 

JOIS   R MIN aeFcme 
SHOT  PCBNINS 

0 

•r 
•c 

ENLARGED  WBW OF SEAR PROFILE 
SCALE  NONE 

ySTH SPACE 3NALL   BE FULLY  GROUND INCLUDING ROOT 
A   AND   ADJACENT FILLETS   AFTER   HEAT   TREAT.   NO 
SCONTINUITY SHALL   OCCUR  AT THE BLEND  OF THE FILLET 
AO/t/S   WITH  THE   ROOT DIA   AND  INVOLUTE   SUKFACES.   SHOT 
^EN   THE  ENTIRE  TOOTH   SPACE   PER   EPS IZIUO FOILOWSO 

efs /e/76 AFTe* GKIMDW«, rueN »ow SUBFACC £ TO WLUC 
JOWH. eeMtt/HM« suitPsces MM oe peeneo pen £/% izito UHLFSS 
'£CiFic*ur co/vr*ou£0 ar A >/ SYMBOL STOCK KeMow. BY 
tINDtM« TO Be UNIFORM OH P*OFfi.£ FtUFT WOfUS AND KOOT 
4 YtlTHIH .öö«. MetSOXe AND BECOPD FHiST KACMS.ZISTANCe 
r*PMS4MD eoOT D/A BCFOIK   AMO *FT£R   6KIMOIHB 

\Ah 

Hit 

Cf 
I s 
•vt 
y i 

r 
E 
IC 
Th 

rn 

t 
:K 

0/ 

/A. 

< MAP TEETH ARC TO PtNIAHtD 
»NO AIL owroom Mvccnou 
UteHENTS ARt OONPtmO   ~ 

»DC A 

*I i ^em 45 SHO*N. PECORO INVOLUTE 
iF/tC AND LSAD CHECKS POR SIDE A 
TSCTH I, Z.XANO*: ANO POR SlOS o 
tETH H K«. 1« *NO M- PECOPOFOSITK*/ 

*■  -•'♦«««5    ON TOOTH TO TOOTH »PACING 
'  -lORCNMOC* 

_ »90 TYPICAL. 
34B t PLACES 

»OEB 

MtreKtAC- MATS 426S 
sreei FotUD&tKS 

2.zoo6 t;8o>| 

DIA A SHALL  BE CONCENTRIC WITH  PD WITHIN .OOZ TIR 

BREAK   SHARP EDGES .OIOUOS 

MACHINE  ALL  OVER. 

SMfice cm/ucTEmncs MOT CONTKLLCD BY *J 
srmoL stui ee cemmmmut mm eooo mmj- 
FtcTume mtcnces WHKH mooucc äcctmtu 
mm/rrttms. 
HEAT TREAT PER   EPS  202 

CASE HARDEN  GEAR  TEETH OUTSIOB l.$70 D/A 
(OPTIONAL TO CASE HARDEN ALL OVER)EFFECTIVE   CASE 
DEPTHS  AS FOLLOWS: 

.oeo-.oao BEFORE FINISHING 
O/S'.OSO AFTER   FINISHING 

ROCKWELL  HARDNESS -CASE   C5BMIN 
CORE C9*/NHN 

ll-SPECT PER EIS 9e5(MAGI'liTIC) 

NITAL ETCH  PER EIS 1510 THEN 
BLACK OXIDE PER ANIS ZtBS 

AH 0//M£*S/0*S   TO aCMer AFTE*  P*OC£SS/MG 

Fo*<i/M6s SMIL coHFo*/* TO eo/ /sa AATO e/s SOZ 

OIA 
•OtOMKC WITH   EDI   9 

*St8 

tlon 10—EX-787ei. 
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.$02 

CSK 90*70 l.fW DfA 
(BOTH SIDES) 

. 0/5 -.090 BOUND BREAK 

.0*7 R MIN 

BNLA*6eD   View OF 6EM*   PRO 
SCALE NONE 

room SPACE SHALL BE FULLY SROUMO INCLUL 
D/A   AND   ADJACENT FILLETS  AFTEP  MAT 
DISCONTINUITY SMALL OCCUR AT The BLEND 
RADIUS WITH  THE  ROOT UA   AW INVOLUTE 
PEEN   THE ENTIRE  TOOTH SPACE PEP  EPS 
ay en iznt AFT** ««WA«», THEN Uwe SURF 
SHOWN. K€M4/MIM« SU*F*C£iM4V BC P/efftKi 
UNLCS* SP£CIFIC4UY COMTieoaCD^BH* VSYMBO/ 
Br HKINDIH* TO BS (/UtFO*M 0M PKOHLE, FliL 
HOOT OH WlTUtM .OOZ. Me/KU*£*MD *ecb*D f 
DfST4Ne£ ave* r/*s /IMO *OOT DM acpotee AA 

0£AR 7&TH ARE TOBNISHBD HUAHDAU. 
SEAR TOOTH MSPCCrtON IXOUIKJl£Nn> 
APE coHPterco orö 

® 
ELiCTKOCHeMfCtt   CTCH ALLISON PAKT NO. AMD 
LAST cHANae lerrae'seR'A/to set/At Ma. 
HeK£ PC*   AS MIS- 7AI0R 7A2 

ea* TOOTH co*moL 

oooo 
ooot 

1 
WaP\ m 

0000 
vpöäöi 

00 
009 

*fCA\ 

AfO 

BCD 

SKJL 

_?.**« 

SfACmt TOLCtAMCe 
.OOOl m .OOOt 

teAO TOLBMNGC 

ttoooL.       oloooi 

§. 

IMUMW Mouor «v/Mw^flflfiCl 
MOrt I UNIT- .OMT m. 

ELECrOO CHEMICAL. EVCH POSITIOf^NUMBKRS ON 
TEETH 4» 9HO\NN. RECORD INVOLUTE PROFIL£ 
MIO LEAD CHECKS FOR SIDE A OF TKKTH iZA, 
AND < : ANC FOR SIDE ß OF TEETH XI. XZ, X* AND 
**. RECORD POSITION NUMBERS ON TOOTH 
TO TO«—TV St-ACIN« ERROR CHECKS 

MAT£*7Al- 4MS i,2CS 
sr££t FORSED BAGS 

UMOIZ ZSofS 

SPU* 6€M DATA 
«   men Z* T£ETH 

tf'MKSStme jutOLC 
USTAMCe OtV* TWO ,2880 UA HMS- 

ROOT DIA. ytOOZOOi 
HTCH »4. V.00O0      .   aMr% 
OVTSOe OIA'   V.»» -°8S1B 

ACTIVE PROFILE   OUTSlOK }.7f7/   OIA 
eCAH TOOTH CLEIKIITS SHALL Km ACCOWAMCe WITH EtM 9 

KreKmx -—., 
AAC TOOTH THKttmeSS AT IV' .z«/a -ISli 
BASE CmCLE «4* >.6252 

D/F 

BP> 

MA(. 

SJRf 
smt 
FACT 
OUAL 

HE* 

CA 
(Of 
D£ 

PO< 

IN: 

Nn 
6L 

ALL 

Figure 121.   Fatigue Test Gear Configuration 11—EX-78782. 
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I* 
«A/ 

HO 

«01 

 AAEAH Tiß.bo!m 
.0/5 -.090 ROUNP 6*eAK 

.0*7 R MIN 

■SMftAice £" 

eepoae 
SHOT PCENiN* 

eM.A*6£p view OF SCAR PHOFILC 
SCALE  NONE 

TOOTH SA*C£ SHALL M FULLY SROUND INCLUUN«  ROOT 
D/A   AND   ADJACENT FILLCTS   AFTER  HEAT TReATNO 
DISCONTINUITY SHALL OCCUR  AT THE BLEND OF THE  FILLET 
RADIUS WITH THE ROOT DIA   AND  INVOLUTE SURFACES   SHOT 
PEEN  THE ENTIRE TOOTH SAtCff AM EPS I2IHO rcitCWCO 
BY en um /irrt* S*/HOHI*. THS/V NOMC smFteef TO YALUC 
SHOW A/. ReMA/HlM* SUKPSCgSi MA/ B£ PfSMV&iPtli **& ll/IO 
UA/ltSS SP£C/FlCAUiCO/i/TeoQ.£D%BH* VSY/MBOt. STOCK  ffCA40VAC 
BY 6/e/ND/H* TO B£ UH/FO/CM O* PKOZ/ie. F/ILET KAO/US 4A/0 
ROOT D/A W/T//M .ooz.Me/nuK£4/ro *ecomo F/IUT *AD/US, 
0/5T4HCe OV£K  F//YS ßf/O *OOT DM B£FO/fe AMP 4FTr/Z  G/f/MD/N* 

-Reno* lentJH äP*C£OA9 aHom/Arre/t 
OCARTBEIHAK10HNISHtD Hie.ANDAU. 

«orö a£'kRnorH M8PeCT,ON ^OWKrtCNn 
ARE COHRLEKO 

*AC -//eWCäL   £TCH ELLISON PAKT HO. AHO 
***£ UTTCKiSeR'tMO  SSKlAL   NO. 
*   A%<478- 1/t/OK 7*2 

£-RSON 

«r.. • ■■■ 
wm.'" 

PROFILE 

'mis, 
„tXANO 

IBA. 
.    OOTH 

ZA- 
'OP 
oet 

INt 

NU 
BL' 

Hi 

MATeXMl. 4MS tZCS 
srect FOKoeo &*/ES 

•t-.ooot 
-.oofi 

D/A A SHALL BE CONCENTRIC WITH PD WITHIN .002 77ft 

BREAM  SHARP EDGES .0/0 UOS 

MACHINE ALL  OVER. 

SMf«cf CMtMcremsncs NOT comnoLUO &f AJ 
srmoL sutu m commtsumn mm eooo mm- 
rtcnme rmcvocs «NOV moouce tccmtBLe 
outumrmji. 
HEAT TREAT PER  EPS 202 

CASE HARDEN SEAR  TEETH OUTSIDE i.^/O D/A 
(OPTIONAL TO CASE  HARDEN ALL OVER)EFFECTIVE   CASE 
DEATHS  AS FOLLOWS: 

.OSS-.OVf BEFORE FINISHING 

.030-.OV5 AFTER   FINISHINO 
ROCKWELL HAADNESS - CASE   C5B MIN 

CORE CytMlN 

INSPECT PER EIS 985 (MAGNETIC) 

NITAL  ETCH   PER EIS IS 10 THEN 
BLACK OXIDE PER AMS 2tB9 

ALL  D/MEA/S/OHS   TO BE MET 4FT ER PROCESS INt, 

FORS/Mä   SMLL CONFORM TO ED/ 139 AHD E/S SOZ 

WITH EM 9 

I—EX-78782. 
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BnSAK   TIP .005 MA* 

.OtS-.OyOHOUNOED BREAK 

JOJ)   R MIN 
SHOT KeNIN* 

CS>K  90' TO .»/O 
(BOTH  SfO£5) 

OtA 

ENLA06E0   V/EW  OF SCAR PROFILE 
SCALE  NONE 

TOOTH  SPACE SHALL  BE  POLLY  GROUND /NCLUDING ROOT 
DIA   AND   ADJACENT FILLETS   AFTER   HEAT TREAT.   NO 
DISCONTINUITY  SHALL   OCCUR  AT THE BLEND OF THE FILLET 
RADIUS   WITH   THE  ROOT OIA   AND  INVOLUTE  SURFACES.   SHOT 
PEEN   THE  ENTIRE  TOOTH   SPACE   PER   EPS 111*0 FOUOHCO ST 
gPS /z/r* /frre* aMf/rtp///*, T*£H HOME so/trtce f TO v/utte SM* 
REMßlNINQ SURFfiCES M4Y B£ PeeMEO PC* en/ZIMC l/f*L£SS 
5P£C/F/C*tl.Y CONTROLCEO BY *  y/SYMBOL. STOCK REMOVAL BY 
GRINDING TO BE UNIFORM ON PROFILE. FILLET RADIUS AND ROOT 
OIA WITHIN .00E.  MEASURE AHD RECORD F/LLCTRADIUS, DISTAAfCE 
OVER PINS /tNO ROOT^Pl/t   BEFaRE AND AFTER GRINO/NS. 

ggg TYI»lCRL 
SiS/e*LRe§% 

•7505 DIA A .7500 U'* * 

EteCTRO CHEHICRL ETO/ALUSON PART NO. 
AND LAST CMANOB. LETTER "Xtf^NO SERIAL NO. 
HERE AS473-741 OR 7RZ 

6C** TOOTH CONTItOL 
THVOLUTC Nnfuc TOLentMce 

TuTii 

00 
00» 

N> 

«PC» 

_S^Ü1 

*. 
swcme roLtiUMce 

OOOt m OOOt 

LtAO TOLtlWtce 
^t.OOQI mtOQOI 

4 + 

JVLLHCSS TOLCi 
§. 

m*mm HOLim m rom QflB/ 
mre HAKT' our m 

sioeB 

-REMOVE  16 TEETH SPIACED J>S> 3HO\NN 
AFTER   SEAR TEETH ARE TO FINISHED 
OIZE AND ALL GEAR TOOTH INSPECT/ON 

-^ REOUIBEHENTS AlRE COMPLETED 

^ELECTROr  CHEMICAL BTCM POSITION NUMBEBA 
ON TEETH AS SHOm RECORD INNXJUTS 
POOFILE AND LEAO CHECKS FOR SIDE A 
OP TEETH 1,2.9. ANO*; AND FOR 31 OS 6 
OP TEETH X« X? X3, AND X4. RECORD 
POSITION   NUMBERS ON TOOTH TO TOOr* 
SPACING ERROR CHECKS 

MATERim- AMS nts srcei fVAteo »An 

SPU* HCAA DATA 
U PITCH 2i reen 

25* PtessiMe Mm.e +.0000 
usTAMce ore* TWO JHHO ott »«• 2.200«-.00j» 

m>0T OIA- 1.BOO *AOI 
PITCH OIA- 2.0000 
ouTsne oiA- 2./667-.o8i8 

ACT/yp PHOriLE OUTSIDE I.B7fS OIA 
ecAP TOOTH etemuTS SHALL §em ACCOPOAMX WITH eoi • 

perepemce .„^^ 
tAC TOOTH  THKKNeSS AT P0' ./)09-!Sei8 
use cmcLe AM. /.a/zc 

DIA A i 

BREAK 

MtCHINt 

suAftce 0 
SrmOL SM) 
rAcnme > 
OUAUTT U 
HEAT T 

CASE I 
(0PTI0I 
DEPTHS 

.c 
c 

ROCKWt 

INSPEC 

NITAL t 
BLACK 

AU DIMt 
FORGING 

Figure 122.   Fatigue Test Gear Configuration 12—EX-78783. 
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BRCAK   TIP .OOSMATH 

. oyo RouNoeo BREAK 

joy) A MIN BCFOBE 
SHOT  PEBNIN* 

£NLAtl9eD   V/eW  OF SBAR PROFILE 
SCALE  NONE 

TH SPACE SHALL  BE  FULLY  GROUND INCLUDING ROOT 
AND   ADJACENT FILLETS   AFTER  HEAT  TREAT.   NO 

CONTINUITY SHALL   OCCUR  AT THE BLEND OF THE FILLET 
^lUS   WITH  THE  ROOT OIA   AND  INVOLUTE   SURFACES.   SHOT 
A/   THE ENTIRE  TOOTH   SPACE   PER  EPS IZI**0 FOlLOHeo BT 

<• /s/?* trre* s&fi/p/tfe, TM^H HOHE SORFACS f TO v/nae SMOWM. 
IßiNINQ SURFACES M*Y BE PEEA/EO PER EPS/E/MO l/f/LFSS 
C/FtC*lCY CONTROCCEO BY *  J SYMBOL. STOCK REMOVAL BY 
NDING TO BE UHtFOKM ON PROFfLE, FULET RADIUS RNO ROOT 
WITHIN .00B. MEASURE HHO RECORD PIUETRADIUS, DISTHHCE 

R PINS AHO ROOZyCHA   BEFORE AHO AFTEK GRIHOIHC. 

■936 TYPICAC 
*4aiE *LAce* 

sioed 

REMOVE lereerH SPMC£O AS, SHOWN 
AFTER   SEAR TEETH ARE TO FINISHED 
SIZE AND ALL GEAR. TOOTH INSPECTION 
REOUIBEHEHrS AKE COMPLETED 

ELECTRO  CHEMICAL BTCH POSITION NUMBER* 
ON TEETH AS SHOHH. RECORD INVOLUTE 
PROFILE ANO LEAO CHECKS FOR 3ICX. A 
OP TEETH 1,2.9, AND A: AND FOR 3IOB B 
OP TEETH X« X? XS, AND *A. RECORD 
POSITION   NUMBERS ON rOOTH TO TOOTH 
SPACING ERROR CHECKS 

MATERiai- AM5 iZ6S ST££l IVACfO MM 

?O06-.oo;9 

DIA A SHALL BE CONCENTRIC  WITH PO NITHIN .OOZ TIR 

BREAK   SHARP EDGES  .OIO UOS 

MACHINE ALL OVER. 

suHfAce CHMucrtmrics NOT COHWOLLCD or tv 
srmOL smii m COMWASUUTF mm eooo mtnu- 
FiKTumte mtcnces men mxuee ACCIPTMLC 
OUAUTT LEVCLS 

HEAT TREAT PER  EPS ZOZ 

CASE HARDEN GEAR  TEETH OUTSiOB 1.570 DIA 
(OPTIONAL TO CASE HARDEN ALL OVER)EFFECTIVE   CASE 
DEPTHS  AS FOLLOWS: 

MO-OSO    BEFORE FINISHING 
OM-.OSO    AFTER   FINISHING 

ROCKWELL  HARDNESS - CASE   CSB MIN 
CORE  C 31 MIN 

INSPECT PER EIS 985 (MAGNETIC) 

NITAL ETCH PER E/S 1510 THEN 
BLACK OXIDE PER AMS ZUBf 

ALL DHfEHSlOMS TOBEHET AFTFA PAOCESSIHS 
FORGING SHALL COHFORM TO £01 139 AHO EIS SOE 

OAMCe WITH eoi • 

18 

tlon 12-EX-78783. 
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 BUEAHT/ß.toiUid 
.ots-oyoRouNoeo 
aaeAH 

OSO  R MIN 

suttrAOLE 

fiOM-.OOtAPte* FINISHIM* 
uNoencur SMALL NOT exreno 
oursioe rue APO 

SHOT PtEtNlf 

00 NOT FINISH 
SHOT peeneß ff 
iNsioe THIS ex 

ILtCTOO CHEMICAL etCH ALLISONP**T MO-AHO LAST- 
CHAHAt UTTtm '9UlmANO MRIAL NOHtSfAtA 43 
AS419-MI O* 7At 

.501 _ 

.¥9B 

CSK 90'TO /.VtODtA 
(BOTH s/oes) 

® 
euemo CHEfHCOL ETCH POSiriO*/ HUHBCRS OHTEETH 
AS sHonunecono INVOLUTE PROFILE AM» LEAD 
OttCKS FOR 9lOCA OF TEETH l.t^ANO+'ANO 
FOR »DE. 6 OF TEBTH KI.Xg,K*,AHPX4.£WCOaO 
POSlTIOIS/ NUMBARS Ohl TOOTH TO TOOTH SFACIH6 
£«ROQ  CHECKS 

eNLARseo ufgw or «EAA PBOPILM 
5CÄLM NOHM 

REMCHE IE TEST* 3PHCZD/I9 OHOr, 
ae/w TEETH ARE TO FINISHED a/zf- 
GEAR TOOTH INAPECTIOH REOUIRtt- 
ARE COMPIETBO 

'DEB 

eeM TOOTH conrndr 

SPAcms roLCVMMCf 
*»« 'OOP* 

LEAP TOLOUMCE 
■.OOOI mt.0001 

rULLMESS TOtm 

murmM HOLum mmm^stOSL. 
MOff lumT' .omm 

PROCESS   SEAR  IH THE  FOLLOWING   SBQUtNCE 

I. AFTER CUTTING GEAR TEETH, CARBURIZE HMD mRDEN 

z. AREAFSHALL INCLUDE ALL SURFACES BETWEEN 
THE APO AND THE ROOTDIA 
SOLUTION MACHINE  AREA/^PER EPS I906B 
TO  REMOVE .001-0041 PER   SURFACE 

y  SHOT P£EN 3UPFACE3 AS R£QUI*ED 

<i &e/ND INVOLUTE SURFACE £ TO FINISH SIZ£ 

O/AA 

MACMlf 
FOLLO' 
REMA 
UHLBi 

simfta 

sum IEAA am 
« FITCH t* reem 

XS* HWSMAe MRU 
USTAMCE Ott* TWO .2060 AM MM». 

MOOT AM* }.ff0 tOOt 
mrcM M* V.0OOO 
ouRwr AHM 

Acr/wr 
m** TOOTH nemtm smu mm 

mnmme 
HK T90TH TMOamSS ST AP» .t«/« 5 
AMT emeu AM* f.tzfz 

¥.¥0ll~.eS»t MATT/f/AL-ARS «265 STEEL 
FOIKEO BAITS 

racnm 
omurr 

HEAT 

CASE 
COPTh 
DEPTi 

ROCK*, 

INSPt 

3LAC* 

ALL D 

FOIfO, 

nm IM* t.QOOO     .  «««_ 
TSRtUM  ¥.M)3 -•'••?• 
fmeriLE einimk xisfi OIA 

mm EDi 9 

Figure 123.   Fatigue Test Gear Configuration 13—EX-78784. 
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.ois-.oyo ßouNoett 
exeAK 

■OSO  fit t*N- 

OOt AFTER FfNISHIH* 
*CUT SMALL NOT OCTWHO 
Ve TNT APO 

fmmim* 

CNLARSeD MBW Of CEAA 
SOALM NOHM 

DO NOT FINISH 
utar P€£HU> HOOT 
INSIOe THIS DIA 

fißoriLM 

L9IO 

TYPtCac 
«PC/KB» 

aioeA 

3 

Gern meru ARE TO FINISHKD »as AND ALL. 
sem. room iMs*>ecr/o*i »eQuiesHe*rs 
ARE coMFtereo 

oeB 

PBocess aeA* IN THE FOLLOWIH*  SBQUMNCE 

1. AFTER CUT TIN* GEAR TEETH,CARBU*IZE MHO HARDEN 

2. AREA FSHALL INCLUDE ALL JUftftkO» BETWEEN 
THE APO  AND  THE ROOT DIA 
SOLUTION MACHINE  AREA PfiER EPS I906B 
TO REMOVE .OOt-.00¥ RER SURFACE 

J SHOT P£CN 3UlfFAC£5 AS PEQUlPED 

ti Gg/MO  INVOLUTe SURFACE £ TO FINISH SIZ£ 

DIA A SHALL BE CONCENTRIC WITH RD WITHIN .OOI TIR 
BRFAK SHARP EDGES   .010 UOS 
MACHINt ALL OVER. F££N GEAR TEETH F£* EFS IEI40 
FOLLOWED OY EPS ItlTt 
REMAININQ SURFACES  MAY BE PBEHBO PER EPSWMO 
UNLESS SPECIFICALLY CONTROLLED BY A J SYMBOL 

%mnot CMmtcnmncs nor carmeuto FT »J 
stmoL smtL m cotmnmmrr mm toco mm- 
neiutm rmenea WHKM moouct *ocmmi 
ommutm». 
HEAT TREAT PER EPS ZOZ 

CAS» HARDEN SEAR TEETH OUTSIDE J.)llO MA 
(OPTIONAL TO CASE HARCN ALL OVEÜ)EFFECTIVE  CAJE 
DEPTHS AS FOLLOWS: r 

.OiS-.OVf BEFORE PIHISHINU 

.OJO-.OM5 A^TBA   FIN/SHINS 
ROCKWELL HARDNESS - CASE  CSS MIN 

CORE CyUAlN 

INSPBCT PER EIS 905 (MAGNETIC) 

V.WEZoSit MATEFHL-AMS 6265 STEEL 
FOKGED BAPS 

BLACK OXIDE PER AMS 2*09 

ALL DIMENSIONS TO BE MET AFTER PROCESSING 

FORGING SHALL CONFORM TO £011 SB AND E/SSOZ 

>A 
mm EDI 9 

mt 

-»tion 13—EX-78784. 
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.015 -090 RouHoeo 
BfKEAK. 

.025 A   MIN 

JOOlf-.00*AFTER FINISHING 
UNoencur SHALL NOT EXTEND 
OUTSIDE THE APD 

SHOT PS. 

DO NOT FIN 
SHOT PEENE 
IK SIDE THIt 

CSK 90% TO .e/0  DIA 
(BOTH StOES) 

.7505 ruA A 

ENLARGED  VIEW OF SEAR PROFILE 
SCALE NONE 

£L£crm CMCMICAL ETCH ALLISON PAKT NO. AMD LAST 
CM Amt UTTER, 'SOTAND SOU AL AO HOtE Ptlf 43476- JAlOlfTAZ 

asm rtPicai. 
946 ItßUKKi 

3fCMC& 

eSA* TOOTH COMnOL 
mvOLurt pm>fa€ TotenäMce 

sue A '   ']oö 
«56 

tt.iv 

.0000 tfCA 
ifaOOt 

A/V 

BCD 

OOB  

n 

SUB 

JA'tE  

SFACm TOt FHAMCC 

RtNOVE HTUmSPfBCMOAS 
9H0IHN AFTUt 6CAP TttTH ARK TO 
FMISHeO MC AHO ALL SEAR 
TOOTH INSFCCnONRBQUIRENENra 

ARE aoMPLereD . 

eieCTRO CHCMICAL ETCH POSITtON Z, 
NUMBERS ONTEETHASSHOMRffECORO 
INVOLUTE PROFILE ANOLEAD CHECKS POR 
SIDE A OF TEETH I,*,*. AND«:AMOrOR 
SIDE B OF TKETH XI, «,XJ. AND*4. 
RECORD POSITION NUNOEPS ON ' 
TOOTH TO room SPACING ERROR    U 

CNECKS * 

PROCESS   SEAR   IN  THE FOLLOWING   SEQUENCE 

AFTER  CUT TIN» SEAR TEETH, CARBURIZt AND HARDCH 

AREA FSHALL. INCLUDE ALL SURFACES BETWEEN 
THE  APD  AND   THE ROOT^IA 
SOLUTION MACHINE  AREA F PER   EPS 19066 
TO REMOVE .OOZ-.OOV PER SURFACE 

SHOT PEEN SUFFACES A3 PEQUIIfCD 

6PIND INVOLUTE SURFACE £ TO FINISH SIZE 

DIA 

BPi 
MAi 
FOL 
REi 
UNL 

SUHf 
snm 
FACT: 

OU HMS' 2.2006 -vOoyV 

LEAD TOLOUACE 
At.OOQI mtOOOf 

jvLtmess T01C4 
B. 

nofi' lurnT- .öi*r'm' 

smm SEA* DATA 
II men 21 rrrm 

25* ABESStme AMU 
USTAMCC even nro.iwo 

BOOT OU- /.775 i-oot 
mrcHOiA- 2.0000 
CUTSRE UA-  2./C6 

ACT/ve PHOFILE OUTSJOE 1.6799 DIA 
tEAB TOOm ELEMEMTS SHALL BEB) ACCOBOAMCE mm EOl 9 

BErEBEHCe   
ABC TOOTH TMKKMESS AT BO' ./)09-!SI8 
BASE CmCLE AM' /.a/26 

MATEKIALANS *2<5 STEEL 
FORSCDBARS 

HEf. 

CA'. 
(OP 
DEI 

ROC 

INS 

BLA 

ALL 

fO* 

« 

Figure 124.   Fatigue Test Gear Configuration 14- EX-78785. 
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.oit-0)0 Rounoeo 
BREAK 

.025 A   M/N 

OOt AFTER FINISHING 
QO/r SMALL NOT EXTEND 
'OK THE APD 

CO NOT FINISH 
SHOT PEENED HOOT 
/NSIDE 7NIS   DIA 

ENLAR6ED  VIEW OF SEAR. fHOFILE 
SCALE NONE 

eCTKO CHCMICAL ITCH ALLISON PAKT NIX AND LAST 
'AMte LeTTEK, '5ar4NO SOtlML NO. NOfE At* AJ47»- 7AlO*7At 

_ TfPlCAU 
94S itfOXXi 

»oeA 

PROCESS   SEAR  IN THE FOLLOWING   SEQUENCE 

1. AFTER  CUTTING SEAR TEETH.CAREURIZEANO HARDEN 

2. AREAFSHALL-INCLUDE ALL SURFACES BETWEEN 
THE  APD  AND  THE ROOT DIA 

OR SOLUTION MACHINE  AREA f PER  EPS /9066 
TO REMOVE .002-.00« PER SURFACE 

J SHOT PtEN SUPFACSS Ai PEQUIREO 

HL SPIND INVOLUTE SUPFACC E TO FINISH SIZE 

DIA A SHALL BE CONCENTRIC  WITH PO WITHIN .002 TIR 

OXEAM SMAPP E06CS .OfO UOS 
MACHINE ALL OVOf. PEEH «CAP TEETH PEP EPS IZI40 
FOLLOWED BY EPS IZITU 
REMAINING SURFACES MAY BE PEENED PER £PS/2/«C 
UNLESS SPECIFICALLY CONTROLLED BY A -7SYMBOL 

SUHfttX CHIMCTtmTKS MOT CONmULtO BT * J 
snmoL smu m cvmmeuwE mm sooo mm- 
FKJVHNS mCTKES WHCH AKWUST MX&TtU 
mmirriems. 
NEAT, TREAT PER EPS 20£ 

CAS£ HAROEN GEAR  TEETH OUTSIDB l.fTO DIA 
(OPTIONAL TO CASE HARDEN ALL OVER)CFFECTIVE  CASE 
DEPTHS AS FOLLOWS: 

M0-.O3O    BEFORE PINISHIN* 
.O/S-.OSO   AFTER   FINISH/NO 

ROCKWELL HARDNESS - CASE  CSBMIH 
CORE C91MIH 

INSPECT PER MIS 9B5 (MAGNETIC) 

2.2006-weey9 MATEPIALAHS 6Z6S STEEL 
FOPSEDBAPS 

BLACK OXIDE PER AMS EVES 

ALL DIMENSIONS TO AC MET AFTE* REOUSSINS 

FOtGlNG SHALL COHFOPM TOEO/IS» AHO EIS SOZ 

DIA 
G<mmce mm eot» 

^St8 

tion 14—EX-78785. 
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WHXK TIP .009 MAX 
.OlS-.OVi ROUNOEO 
BBCAK 

.067    R  MIN 

ELEC TRO   CHSMICAL ETCH ALL ISDN PAW NO- ANO ■ 
c»sr CHAN<S£ Lfrre/^'an'AHo SCMMC NO. Heat 
Pen Ai ^TO-TAiOHfAZ 

.502 

.^98 

CSK 90' TO l.fM DIA 
(aOTH SIDES) 

.OOV-.OC* AFTER FINISHIHti 
UNDeHCUT SHALL NOT OTBND 
OUTSlOe  THE APO 

DO NOT FIH 
SNOT peei-'i.L 
INSIDE Tl 

ENLARSCD   VIEW Of SEAR   PROFILE 
SCALE NONE 

I.9IO TYPICAL. 
L900 IKPL/Ke* 

SIDE A 

siosB 

I.S005 wA 
I. S0OO *** 

REMOVE It n 
OEARTEeTH - 
ALL (SCAR TO 
ARE  COM PL. 

GCM TOOTH C0NTH0L 
INVOLUTE PROFie TOLCRANCE 

sae * 

03Ü\ •oooi 

loe," 

Ai' 

8&V 

.0000 

oooofrrcA 
OUooOi 

00 
00B 

PD 

APD 

. BCD 

sue B 

SAME 

SPACING TOLERANCE 
.0001 m  OOOt 

LEAD TOLERANCE 
it.0001 fl/.OQO/ 

FULLNESS TOLERi 

A-m    B. 
MAXMM MOLL Cm IN fOmt^StaOL 

MOTE I UNrT^~Öl4fm~' 

—Ott 
V.VOIZ 

SPUR GEAR DATA 
«   PITCH Z¥ TEETH 

IS' PRESSURE ANCLE 
DISTANCE OVER TWO .aBBO   DIA 

ROOT DIA'   y. 550 t.OOZ 
PITCH OU. t.OOOO      + 
OUTSIDE DIA-   V.5)3?-e**B 

ACTIVE PftOPILt   OUTSIOm.1.7%71   OIA 
HEAR TOOTH ELEMENTS SHALL Km ACCOROANCE mm   EDI 9 

RenRENce 

PROCESS   GEAR   IH  THE  FOLLOW/US    SEQUENCE 

1. AFTER CUT TINS- GEAR TEETH, CARBURIZE AND mRDEN 

2. AREA FSHALL INCLUDE ALL SURFACES BETWEEN 
THE APD  AND  THE  ROOT DIA 
SOLUTION MACHINE   AREA P PER EPS HOCH 
TO  REMOVE .002-OOV PER  SURFACE 

y  SHOT P££N SURFACES AS REQUlHEO 

H. GeiNO INVOLUTE SURFACE E TO FINISH SIZE 

ELECTRO CHEHlCAL ETCH POSITION NUMBERS OH 
TEETH AS SMO*N.e£COI?0 INVOLUTE PffOFILC AHO 
LEAD CHECKS FOR aiDsA Oß TEETH M^ANO*.; 
ANO FOR SIDE B OF TEETH HI, *t, *5,AND X4. 
eecono POSITION NUMBERS ONTOOTH 
TO TOOTH SPACING SRROR, CHECKS 

® 

ARC TOOTH  THKKMESS AT PO' 
BASE CIRCLE UA-  }.625* 

.zft/a^nn 

Figure 125.   Fatigue Test Gear Configuration 15—EX-78786. 
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} 

.0IS-.09O*OUNO£D 
BftCAK 

.067    R MUN 

»fTBR FINISH INS 
/. .;•: •/     SMALL NOT CXTENO 
.TO . The APD 

pemiiN* 

ENLARGED   Vf£W OF SCAft 
SCALE NONB 

DO NOT FINISH 
SMOT PSENED ROOT 
INSIDe THIS  DIA 

PBOFILB 

sioeA 

JglO JYPieAL. 
1.900 ItPLJKn 

-REMOVe. It TCCTH »ACCOM SHOMH ATrmti 
OEAIi. TceTN A9E TO FlNISNEO S'Zfi AND 
ALL OCA* TOOTH HHSPeCTfON eequiOEHKNTS 
ARE COHPLCnO 

sioeB 

'QOCESS   SEAR   IN  THg tOLLOW/NS   SEQUENCE 

MFTER  CUTTING SEAR TEETH, CAROUMZE AND HARDEN 

*«£A FSHALL INCLUDE ALL SUtFACES BETWEEN 
.HE APD   AND  THE  ROOT DIA 
• 0LUTI0N MACHINE   AREA f? PER EPS 13066 

0  REMOVE  .OOt~.0O¥ PER   SURFACE 

.HOT PEEN SURFACES AS REQUIIfED 

-.RINO INYOLUTC SURFACE E TO FINISH SIZE 

® etecrao CK.HICAL ETCH POSITION NUMBERS OH 
TEETH AS SHO*'H.R€COP'D IWOLUre PffOFIte AHO 
LEAO CHECK* FOR 3lDeA OF TEETH M,S,AN04; 
AHO FOR 9iO£ B OF TSETH HI, jit, *S,ANO X.4. 
RECORD POSITION NUMBERS OHTOOTH 
TO TOOTH SP*CiNä ERROR. CHECK* 

■ ■0M» 

O/A A SHALL e '    -*   CENTRIQ WITH PD WITHIN .002 TIR 
BRe**. SHARP CüisL.S .0IOU0S 

MACHINE ALL OVER. P£tN GEAR TEETH PER EPS IZI40 
FOLLOWED BV EPS iZHb 
REMAINING SURFACES  MAY BE PEENEO  PER EPSIilVO 
UNLESS SPECIFICALLY CONTR0LLS0 BY A  s/ SYMBOL 

SUtfJKX CHM*CTmSTlCS NOT CONWOLLEO IT »J 
SV*ieOL SHtLL BE COmtEMSUUTe mm COOO 4MM/- 
ncTume HUCTKES m*cn FBOOUCE *CCEPT*BLC 
outurr ums 
HEAT TREAT  PEP   EP>S  202 

CASE HARDEN GEAR   TEETH OUTSIDE IWO DIA 
(OPTIONAL TO CASE  HARDEN ALL OVER)EFFECTIVE  CASE 
DEPTHS AS FOLLOWS: 

.OSS -.OHS BEFORE FIHISMIN6 

.05O-.0V5 AFTER   FINISHING 
ROCKWELL HARDNESS - CASE   CS6 MIN 

CORE CUMIN 

INSPECT PER EIS 9Bt (MAGNETIC) 

BLACK OXIDE PER AMS 2*39 

ALL DIHENS/OHS TO BE MET AFTER PROCESS'/VG 

FOPÜ/A/G SHALL  CONFORM TO £0/'38 4AO£/5SOZ 
MATERIAL: AMS eze>9 SrmtL. 

FOR9SO OARS 

net mm EDI 5 

m 15—EX-78786. 
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.OI5 - Oyo ROUNDED 
BREAK 

.033   «   M/H 

OOU-.006 AFTER FINIiHING 
UNDERCUT SHALL NOT EXTEND 
OUTSIDE THE APD 

SOfifACE E 

F   \f ÖEFOi. 
SHOT PeBNIt 

DO NOT FINISH 
SHOT PEENED R 
INSIDE THIS   Oi 

ENLARGED  VIEW OF SEAR. PROFILE 
SCALE NONE 

CSK 90' TO .a/o 
(QOTH  SIDES) 

DIA 

€LeCTROCMeM/C*i  ETCH 41CISOM P/I*T HA 
MHO LAST CHtNOE L£TT£*t 'SS*' AHO SEKIßL 
NO. H£*E P£* AS  «78 - TAJ Off 7*2 

•7505 DIA A .7500 u'* * 

.993 TYPICAL 
.946 'tPUKeS 

SIDE B 

—REMOTE  IZ TEETH SPACED 45 SHOWN 
(g)     APTEfi. GEAR   lEetH ARE TO FINISHED 

ELECTRO CHEMICAL. ETCH  POS/TVOV HUHBERS S'ZE   ANO ALL  S£A* y^or» INSPECTION 
ON TEETH AS SHOMN, RECORD INVOLUTE. 
PROPILE  AND LEAD CHECKS FO* SIDE A 
OF TEETH USANOA; AND FOtf SIDE fl OP 
TEETH HI, XZ, XS AHO X4.. RECORD POSITION 
NUMBBRS   ON TOOTH  TO TOOTH SPACING 
RKROR  CHEC.K.S 

OF AR   TOOTH  CONTROL 
NVCIire PRiit 11 L rouRANce 

SiU£ ,i l on I SIDl B 

OVU-wwojfW»; 
0.9«^ -ooozl ,.. 

ll-bO 
n 

O.J'I .0000 imc*. 
Z.lO-X>OOZ 

I 
SAHfE 

REQUIREMENTS AQ.E COHPLETCO 

PROCESS   SEAR   IN   THE FOLLOW/NS   SEQUENCE 

I. AFTER   CUTTINO  GEAR  TEETHtCARBURIZE AND HARDEN 

Z. AREA FSHALL INCLUDE ALL  SURFACES BETWEEN 
THE   APD   ANO   THE ROOT blA 
SQLUTION   MACHINE   AREA F PEP   EPS 19066 
TO  REMOVE  .OOZ-OOU PER  SURFACE 

3. iHoT pee* •iuxFAces AS zeoufteo 

V GKIND  INVOLUTE SOKr*ce£ TO FINISH Site 

»re 
to 

SPACING TtKCRANCl 
a  oooi fj qqqt  

L£AD TdfRANCe 
a-0001 pi.oooi 

FULiVCSS rOLCRANCC 
8000 
.«Pi  

MAXIMUM HOL LOW IN rOKM-OSOJ.. 

NOTf I UNIT-  .0147 IN 

A-m 

SPUR 6CAR DATA 
12   PITCH ^V TEETH 

2>* PRESSURE  ANGLE ^^ 
DISTANCE  OVER  TWO .IWO   DIA PINS- Z.ZOO** °°?S9 

ROOT DIA-  1,775 tooe '.OOST 
PITCH DIA.  2.0000 
OUTSIOe DIA-   2./fi6 7-o855 

ACT/Vff PROFILE OUTSIOE 1.0759  DIA 
GEAR TOOTH ELEMENTS SHALL dEIN ACCORDANCE WITH  ED' 

REFERENCE 
ARC  TOOTH  THICKNESS AT PC-    /J0»-ool8 
BASE  CIRCLE  OIA'  I.BIZi 

AAATeP/Al - AMS tP66 
sTeet roraeo B**?* 

Bite*- 

DlA k 

NiKHl , 
FOCLC r 
REMAh 
UNLES-. 

SURFACC ■. 
SYMBOL S 
FtCTU** 
OUAUTT i 

HEAT 

CASE 
(OPTIC 
DEPTl* 

ROCKV* 

INSPt 

BLACK 

ALI Di 

F0P6I* 

Figure 126.   Fatigue Test Gear Configuration 16-EX-78787. 
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 im* rrrssnm 
.015 - 09O ROUNOeD 
BREAK 

.033   A   MIN 

OOt AFTER PINISHING 
RCUT SHALL NOT EXTEND 
•IDE  THE APD 

SURFACE £ 

F W BEFORE 
SNOT PEENING 

DO NOT FINISH 
SHOT PEENED ROOT 
INSIDE TNIS   DIA 

ENLARGED  VIEW OF SEAR.  PROFILE 
SCALE NONE 

CTGOCMeM/CH CTCM 4UIS0H P**TMO. 
cssr CHtftoe LCTreK 'se*' AND semuL 

.996 TYPICAL 
943 it Peaces 

sioeB 

-RBHOSE.   IZ TEETH SPACED AS SHOWN 
(g)    Arrei* GEAR itew ARE TO FIMUHED 

,IL,   3 -HZE   AND ALL HEAR TOOTH INSPECTION 
REOUIRENENTS ARE COHPLETSO 

PROCESS   SEAR  IN  THE FOLLOWINS   SEQUENCE 

I. AFTER   CUTTING' G£AR  TEETH.CARBURIZE AND HARDEN 

2   AREA FSHALL INCLUDE ALL  SURFACES BETNEEN 
THE   APO   AND  THE ROOT DIA 
SOLUTION   MACHINE   AREA FPER   EPS 19066 
TO  REMOVE   .002-.00V PER   SURFACE 

3. >HOT P££H   "zUKFICeS A%  ££CU/*£0 

V GRIND iNvoiore 5i/xr/tc££ ro FINISH s/ze 

B*e** SHARP £D«ES . 0/0  UOZ 

DIA A SHALL  BE CONCENTRIC   WITH  PO  WITHIN .002 TIR 

MSCHZ/ve SU  OVER     P£EN G£AR T£$TM  P£R  EPS 'ZHO 
FOilOW££> BY ePS 12176, 
REMAINING  SURFACES  MAY BE PEENED   PER EPS 121 HO 
UNLESS SPeciFICALLY CONTROLLED BY A  J SYMBOL 

SUflFKX CHARACTOHSTICS HOT CONTnOLLtD BY * ■/ 
SYMBOL SHALL BE COMMeNSÜRATE mm GOOD MANU - 
FACJvmG PRACVces WHICH PROOUCX ACUPTABLE 

OUAUTY LEVB.3 

NEAT TREAT PER   EPS 202 

CASE HARDEN   GEAR   TEETH  OUTSIDE 1.570 DlA 
(OPTIONAL TO CASE  HARDEN ALL OVER) EFFECTIVE   CASE 
DEPTHS   AS  FOLLOWS: 

.0«0-.Q30    BE^^RE FINISHING 
O/S-.OSO   AFTER   FINISHING 

ROCKWELL   HARDNESS - CASE   C5BMIN 
CORE C 3^MIN 

INSPECT PER EIS 965 (MAGNETIC) 

e..noo*__oosf 

^T££L f O^OSD BA/PS 
BLACK OXIDE PER AMS WE? 

All DIMtMStOA/S   TO  B£ MET AFT£/i  PROCESSING 

F0R6IN6S   SHAU   COAtroem TO £Dl 136 *ND  £* SOZ 

DIA 
COHDANCE WITH  EDI   9 

-"SSI8 

iration 16—EX-78787. 
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MARK   AJ.LI30H   PART   NO. * LAir  CMANSg 
Lcrrea.acR'A se/tiAL A/O.. • M^R^S 
COO€ OR   rRAOS MARK   MKRt.   PER 
eR*-/€*00   S 

OSSLM UXATIOM Of THIS WTfW 
OfMriäS.Aißtir MLAJIVi TO 
61 A»  TttTH get MW rMtLY 

it- 
(«m 

#fr 

iSfc- 

49 

u  

»M » (CO«tT) 

i -35 

• SoST 

■i«"'» 

fflg ' «g- 

curtMtliriTa* 

MttMLamiaM 

M*V   rULtWf«     10   OCCUH   WfTMlN   07* 
(;.<u) o» »o 

OWlLL .315 -2» DlA Tl 
CSK60* TO .345 Dl* 
6 HOLES EOUAtUT SfMCCO 
ONTHC BASIS OFSMOttS 
AND  LOCATED WlTHW.OOt OIP 
2 HOLES MARKED B  OFrSETAND 
lOCATCd WITHIN .00101» 

THt  TOT^ ^CCUMUL»>•TeO a»^ONfc tRRO« 
eyREJLKTIVt rOKK\*/x/x <l»(CU»0IH<i PITCHUMC 

cc.ctMT«\aTr) SHMLX. NOT t.*cwto .oot. ON 

a»OE A' At..004 OK «IDE.*ft' 

SPUg GEAR DATA 

\ tr 
ea a 

/£f4: 

amf THE inn txrma tr ms o*mms MO KKNTm 
gy THC ALLISON m*T mmt* MAS tern rtsrco AM> Ammto 
gf ALLISON PON USC IN ALLISON AUKNAFT CMONeS 
(see nuiTS LIST ON nutrs CATALOG FON specific «cms; 
A SUBSTITUTC item ON «MT «WW «toner souKe SHALL NOT 
m USED WITHOUT ßNION TEST AMP APPNOmL NT ALLISON 

C/VG//VCCR//VC   SOURCE   APPROVAL   R£Q'D 
FOR   FORGING,ALSO   FOR  FINISHED  PART 
AfTCN OUALFICmON*M> APmm. gf ALLISON NOCHAMOe SHALL 
midAoeMmttmjfACTuNmPNocessesoNmiMfXTißm; 
SOUKCS mtCH mu *mcT ne mLuaurror ,ws MHT 

suRfsce CHANAcrmsrics NOT coNmoLieo g* AJ 
SYMBOL SHALL K COmKNSUNATt mm G000 UtANU- 
FACTumK mKTKis men moouce AtxePTAgLe 
OUAUTY Levas 

CAUHMOI 
«KKHtLL 

riNKH n«C 
Affi&AA 

THC fIK S'1 

smyvtcf F 
SHALL COT, ■ 

mamLtiu. 
TQ f PS tf tf 

ALL QIMCWS 

Figure 127.   Main Accessory Drive Spur Gear (6829396). 
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AM (Mm au jmaotmaaot BJ< OW 
f«cr>wf C4»g c<n>w ra at MI.oar t*£*r auaneu 

S 

amir HOLt aa '»s »*oo- omnat a» 

■ r. 

i 
crrecnvt cxsf ofPW TO acatsrOJMCiKtfT 

TO KOK) 035 ^^ 
5/i.Vf» PLAK fig *««* 2«« 
ft.»rf a if .OOQI-JOOOS  THICK 

flfljBUacag 

it 

F   - 

L>vr,, 

V 

tt)Rt.\.KTwe.  T0AX\fc/%7% (lt*U)OIM& PITCH LIHC 
tCCtNTR\C\Tt') aKA».V.  KOT ClCUS .001. ON 
&\DC A' 0«. .004 ON «.iDt'ft' 

.. v oemto ar THIS cmmme MD nxurrto 
:m mm Mume* HAS KEM Toreo MD amtevm 
i* use m ALL ISM AIKCKAFT onmcs 

>ST or m*rs CATALOG n* specific mxeLS) 
''r ire* or ONE not ANOTHCR soumx SHALL MOT 

CUT mno* rest AND MPfmrnt ar ALL/SON 

.vG   SOURCE   APPROVAL   REQ'O 
vC^tso   FOR riNiSMK.O RAmT 

■,Try AM) AfmmL S» »U.ISON HOCHAMOe SHALL 
lAMuncnme mosses onmuncrumi 
mu AfncT ne miAturrop mis nutr 

iCTemsTics nor cmmKLeo m AJ 
ee comteNSUMTt mm GOOD MAMU- 
nces m*cH pnouce tccePTABLe 

CHLAMCD VCW 
or S<ir 

IMAK smm tpcei go vos 
CAS£ HARBIN HKMfOt %HOm 

KCKWtLL HMDHIK - CAU  C tQ MH (QR eOVJVAVtM) 
COWf C JOMOV 

fim%H aw G <wo H Afnn SHOT etomi 
Ami AA/S aTtauSHeo tronD AND SIMMCM E 
f[ATM£% SHALL t£ COHOHTIHC AaOUT AXIS X'A.  WITHIH 

SUßfACt F SHALL flf PAHALLCL HITH UMfACE E WHTW» OOi flA. 

SHALL omm ro'Euaai 
fOMiHM SMALL COirOAM TO tIS 502 
HACM* ALLOlltA. PftN SIAA *f A AOJAOMT WHITS 
TO f PS tf/JOfaPDWf WLAT.^S) 

ALL uuemon n at mi Arm K-ATIMO 

ur Gear (6829396). 
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iS&kSL jS&ffi 
mjf 

Sf/tN SLOTS LOC»1 

SHOWN ANO £Oo*^. 
//ITHIN   OOS C T'- 

.0*7 

•I'CHICI 
MC TOOTN tHlCmUSS «1 P0>.lt4i:T«M 
OCX. TO 0>0 ttCntSM •ll« NtTl« KM ON STUOMO ««It« 
WSI ClKCll tl».   « SAlb 

ItTIMU VI IN MT> 
■v»«    f UM »6 rtm 
30" »■mail ucn 
•9C vtci «mil ti pf.o«ftt!tM 
Ml 10 «MC 
miuact M mm Teen HMITI wui N n 

• ITU ltl-9 » 

»Aft« •Ul.t.oiIM TO OCUA «"" 

M'IMKI 
MM CIKLI IK. IS««6 

ENLAA 6(0 View 
.     . f» ** 5l2e 

AXIS #%-#» EbTABLISHtD  BY Dl«k V> 
FEATURES SHALL BE CONCENTRIC  & SQUARE 
ABOUT AXIS ^.^WITHIN THE FIR. SPECIFIED  BY 

ANGULAR LOCATION OF SLOTS AS A UNIT, HOLES IN THEIR 
RESPECTIVE PATTERNS AS UNITS, SPLINE, AND GEAR 
MAY VARY FREELY 

ONLY THC iTEitoermtD ar THIS cmmm AND kXHTreo 
er THf ALLISON MRT Hume* HAS BEEN TESTCD AW APPHOVED 
BY ALLISON FOR USE IN ALLISON AmCKAFT £N6IN£S 
( SEE PARTS LIST OR MRTS  CATALOG FOR SPECIFIC ItOOELS) 
A  SUBSTITUTE  ITEM OR ONE FROM ANOTHER SOURCE SHALL NOT 
BE USED WITHOUT PRIOR TEST AND APPROmL  BY ALLISON 
EN6INEERMG  SOURCE APPROVAL REOURfD   POP  FORGING . 
ALSO POP riNisneo PART 
AFTER auALnCMt)NAM) APPROmL BTALLOON MOCMAMBe SHA.L 
mnAOE * ne mMuPtcTume PROCESSES OR mNUFAcrume 
somes WHKH mu AFFECT nt RELIABA-ITT OP THIS PART 

~r 

Figure 128.    Propeller Brake Outer Member (6829395). 
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JiSth*- OiiU .09* DiATHBU 

4.(.0CATE0   WlfMIN .0/0 
OTP 

o*w ilcTl0H \-\_ 

DD'LL 092-.094OIA THRU 
C5K 90" TO OtWH SHOWN 
?4 MOLtS tOuALLV SPACED 
& LOCATED WiTHI* .005 
OTP 

eecAH JH**P rote o/s-oso 

ENLARSCCyilw 
2» SIZE 

I) 
MI5 A'A ESTABLISHED  BY D)A C 
FEATURES SHALL BE CONCENTRIC  Bt SQUARE 
ABOUT  AXIS  A./. WITHIN TME  FlR. SPECIFIED  BY 

ANGULAR LOCATION OF SLOTS AS A UNIT, HOLES IN THEIR 
RESPECTIVE PATTERNS A5 UNITS, SPLINE, AND GEAR 
MAY VARY FREELY 

./ r rne ITCH OCfiNCD Br THIS ORmiNG AND lDCNTiri£D 
THE ALUSON PMTmme» »AS BEeN TESTED Aft) APmWEO 

r ALLISON fOP USE IS ALLISON  AIKPAFT ENGINES 
■iEE PARTS LIST OP PtPTS  CATALOG  POP SPECIEIC MOOELSI 

:   SUBSTITUTE   ITEM OP ONE  FPCM AMTHEP SOUPCE SHALL NOT 
-   USED WITHOUT  PPIOP   TEST AND   APPPOHAL   BY ALLISON 

rSINEEPMG SOUPCE APPPOVAl PEOUtPED  POP  FOB&INCj . 
50 FOR FINISHED PAßT 
rEP OUALnCATON AM) APPPOm. gf ALLISON NOCHANOE SHALL 
UAOE H n€ MAMPKTUmHS PPOCeSSeSOPMANUFACTimK 
pas m*cH mu AFFECT n€ im.umjTrOP THIS PAPT  1  

MACHINE. ALL OVER   PEEN 6LAK W£B AMD ADJACENT 

FILLETS TO EPS IlllO  «fAM/N/Wfi iVHrACl* MAr Bi . 
PltUtO TO EPS IZIIOONLCSS SKClFICALLr COHTHOLLlO If A s/STMOM. 

BREAK SHARP E.0SE9   OlO UOS 

CASE HARDIM WHERE. SHOMN 

ROCK«CU HARDNESS   CASE  CfcO MN fO* CQUIttUtNT*) 
CORE   CSC MIN 

FORQiua  SHALL CONFORM TO EIS-SOL 

SURFACE CMAPACTEPISTiCS NOT CONTPOLLED Of A V 
SYMBOL SHALL BE COMMENSURATE mm GOOD MANU- 
FAcnme FPACKES WHKH PPOOUCC ACCEPTABLE 

OUALITT UVB.5 

l)er (6829395). 
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APPENDIX II 

SAMPLE PROCESS ROUTING SHEETS 

This appendix consists of sar/iple process routing sheets for a full form ground fillet 
gear (EX-78772, Figure 129) and for a protuberant hobbed gear (EX-78776, Figure 
130).   The processing routings for all 16 fatigue test gear part numbers were identical 
except for the changes required by the two root fillet configurations, as shown in these 
samples, and for the difference in carburized case depth required by the two diametral 
pitches. 
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APPENDIX III 

MATHEMATICAL DESCRIPTION OF STATISTICAL TREATMENT 
OF TEST DATA 

This appendix consists of a detailed description of the mathematical model developed to 
linearize the test data,  its substantiation, its use to determine an endurance limit,  and 
the determination of the variability associated with this endurance limit.    A description 
of the method used to determine the significance of main effects and interactions for 
the four designed experiment variables is included.    Finally,  a mathematical equation 
developed to assign numerical values to the four geometric factors studied is described. 

DERIVATION OF S/N CURVE 

Analytical Model 

There were two requisites for the mathematical model; it should linearize the relation- 
ship between cycles-to-failure and stress to define the endurance limit accurately,and 
it should make the variance of the transformed cycles equal within the range of interest 
for stress to make tests of significance meaningful. 

The mathematical model developed is: 

LifeT = [^)    = A + Bx 

where 

K = kilocycles to failure 
x = applied stress 
C = linearizing parameter 
A and B = constants to be determined by the least squares fitting method 

The model was checked against two relatively large sets of data.    The transformed data 
are plotted in Figures 131 and 132.    The points and the fitted curve are presented in 
conventional S/N format in Figures 133 and 134.    The linearity of the transformed data 
is evident by inspection.    The homogeneity cf variances was checked using Baftlett's 
test.    The stress (or strength) at infinite life is clearly shown at Lifef = /i-\     = 0. 

The value of C was selected by trial and error because of time limitations.    Further 
development work is suggested to automate the optimization of C and to investigate an 

alternate transformation, Liferp = i     . 

Treatment of Runouts 

Runout data were used in one of *wo ways.    If only runouts occurred at any one stress 
level,  the runouts were treated as failures at lO^ cycles.    Where both runouts and 
failures occurred at a stress level for any configuration, the data were plotted on 
normal probability paper using mean ranks to plot the cumulative probability.    The 
points were fitted with a straight line with a slope that best fit all sets of data.    The 
cycles at 50-percent failure represented the average life for all teeth tested at that 
stress level for the configuration.    This value of life,  weighted for the associated num- 
ber of failed teeth, was used in the least squares fit of the complete S/N line. 
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J. G., Bending Strength of Gear Teeth 
MIRA Report, Dec 1952. 
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Figure 132.   Transformed Gear Tooth Fatigue Data—British Steel EN 39A. 

Analysis 

The least squares fit of the S/N line for each combination of gear factors represents a 
solution to the equation LifeT = A + Bx.    Recalling that the endurance limit occurs at 
Life'f = 0.  it follows that A + Bx = 0 at this point.    Subtracting A from both sides of the 
equation and dividing through by B, and since A is negative, the value of x at the en- 
durance limit is simply A/B. 

Each endurance limit A/B has a measure of variability associated with it.    This vari- 
ability is indicated by the scatter in test points about the line, which results from in- 
herent variability in material,  processing,  and testing factors.    The variability or 
variance. (OA/B^

2
-  

of each intercept was derived through error propagation techniques 
(reference 20): 

(<rA/B)2^   ^V B 
A. 
4 

rB 
B3 AB 

where the components <rA
2, <rB

2, and irAB
2 represent the variance of A, variance of B, 

and covariance of A and B,  respectively.   The variances of A, B, and the covariance 

207 



\m t 
— to       - 

c ■o 
■ «• - <">   1 • S  1 

0) C I 

1 
.p

.m
.,
 

No
rn

 
tn

., 
N

om
in

a 
i co

m
pl

et
 

nb
er

 
te

st
s 

ilu
re

. 

at
 e

ac
h 

; Si. 
/ 

J   C7< T 

to   3  "o «2    -o "  c 
^^       Oi    TO    TO • j 

k_ 
(-1 G   ' 

E 
C 

pl
et

ed
 w

ith
 n

 

te
st

s 
co

nd
uc

 

: a> •• / 

in
di

ca
l 

fa
ilu

re
 

••/ • / 
ml 

TO    TO uo  O  «> 

^ c 3 > c 
•  9 

■K "K    -i.   ?- £ •■S E    c  ^i= 

M        1.           O 

< i E c 
<- !  ^r i i 

iA •   o    z w 
A M • 

J** 
ll' 
/ 

r                 c^i ci 
1/ L     «/ TO . 

r Ll_' 
CM 

/ C^ 
k_ 1       Q. 

,/ 
^  o 
3    _ £ 

1 / 
«^ 

l_ 
o 

s 
to 

o 
Q- 

> 
/ 

• 

J r x §» .a 
TO lÄ       Q) 

ix1 . c o +*   uo 
m   w in — 

Q fTi \j\ c> Q. r^J c: ÖL'" 

f .a
l 

Re
 

Fo
rc

e 

f 

{ 
o 

o 

a» 

s-g 

_    TO 
TO   UL. 

ec
hn

ic
 

Dn
 A

ir
 

( 
§ 

c - 

'S 
OS W

A
D

C
1 

P
at

te
rs

 

X 
in 

CVJ   CM   ^-»     ^H       ^H ^H i-H 

o o 

X 
LA 

CVJ o 

cvj 

tfi 
0) 
H 
bo c 

c 
X <u 0) 

CQ ITS i_ 
• 

CM 
3 

c TO •^H 

U- rt 
o -4-" 

o 
1-0 K eu 

0) o ^4 >> o o o 

^ 0) 
s 

X —1 K 
Lr\ • 
cvi 

• 
CO 

0) u 

rr\ 
O 
^-i 

X 
m 
CM 

0001 X '! *s 'd-ssaj^s ßu^eujativ 

208 



150 

140 

130 

120 

110 

100 

L      • 
Note: Points shown with arrow       i 

indicate test completed          | 
with no failure. 

• \   • 

\ • 

• 
• 

**■ 

• 
^^^ 

Reference: Love, R. J., and Campbell, 
J. G.. Bending Strength of Gear Teeth, 
MIRA Report, Dec 1952. 

L                                                                                             1 ^^1 
104 105 106 10' 

Cycles to failure 

Figure 134.   Gear Tooth Fatigue Data—British Steel EN 39A. 

of A and B were evaluated using the techniques presented in reference 3.    Briefly, a 
matrix arising from the least squares solution of A and B is set up and inverted.   The 
inverse elements of the least squares matrix,  when multiplied by the variance, Sg^ 

J(LifeT - A - Bx)2 

=   (where n is the number of test points defining the line) associ- 
n* 2 

ated with regression,  are the variances of A, B, and the covariance of A and B. 

To test the significance of main effects and interactions, linear combinations of the 16 
endurance limits were computed and then divided by the appropriate standard deviation. 
The linear combination divided by the standard deviation constitutes the criterion for 
"t" tests of significance. 

r-rATISTICAJ. TESTS OF SIGNIFICANCE 

The concept of statistical tests of significance arises becauso of thrt innerent variability 
associated with aviy type of testing.    In particular, the variability aaoociated with fatigue 
testing is large. 

If repeat iatigue tests are made under identical test conditions, the computed endurance 
limits will not be identical, but will be distributed about the average of the computed 
values.    II one or more test conditions are changed (i.e.,  geometric factors), a criterion 
may be set up to determine if the magnitude of the change in endurance limits is larger 
than can be expected due to chance alone—at a preselected probability level. 
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The criterion established was the "t" test, where "t" is the observed difference in en- 
durance limits generated from two different test conditions.    These test conditions 
were then divided by the standard deviation of the difference; 

H.ii 
EL«  - EL2 

V Si+S? 
where 

ELj =   the endurance limit associated with the first test condition 

EL2 =   the endurance limit associated with the second test condition 

2 2 S.   and Sg    =   the variances associated with the respective endurance limits 

The critical "t" value is a number based on degrees of freedom (related to number of 
data points), and some preselected significance level *(an arbitrary risk of making a 
wrong conclusioi;).    The degrees of freedom for the gear test program was approxi- 
mately 50.    The significance level was selected as 0= 0.05.    Therefore, if the com- 
puted "t" was equal to or greater than 2. 0, it was concluded that the factor evaluated 
caused a real (or significant) change in endurance limit.    For the mathematical sense, 
a is defined as the probability that a "t" value larger than the critical "t" will result if 
the evaluated geometric factor has no true effect on endurance limit; therefore,  if a 
"t" larger than the critical "t" is computed, the odds are 19 to 1 that the effect is real. 

Some modification of the "t" tests of significance was necessary because of unequal 
sample sizes in the 16 combinations of the four geometric factors.   The resulting "t" 
tests are set up by first obtaining the difference between weighted average associated 
with low and high values assigned to the geometric factors, and then dividing by an 
approximate standard deviation. 

"t" 

(SWL ELL        XWH ELH\ 

\     ^WL   ~ 2WH     / 

IT*       ~ [6 
I 

■l 

where 

W     =   sample size 
EL   =   endurance limit 
L      =   low 
H      =   high 
The undefined indices of summation include run numbers to which low values and 
high values, respectively,  have been assigned for the evaluation of any factor or 
interaction. 

Confidence intervals are also based on the same critical "t" values and variances used 
in tests of significance.    Confidence intervals are set up by the equations: 

LL   =   EL - "t"a/2 X SEL 

UL   =   EL+"t"a/2XSEL 
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For mathematical terms, the probability is (l-«0 that the resulting interval will contnin 
the true endurance limit. 

An example of a test of significance is provided for the main effect—diametral pitch. 
For ccrvenience, the following notation is defined: 

High Low 

a = diametral pitch 12 6 
b = pressure angle, degrees 25 20 
c = root radius Large Small 
d = fillet configuration Full form Protuberance 

By convention, the presence of a letter (associated with a geometric factor) indicates 
that the high value is assigned to that factor.    The abs* .ice of a letter indicates that the 
low level is assigned to that factor.    Further,   (1) means that the low level is assigned 
to all factors.    Thus,  the configuration ab means gears of 12 diametral pitch,  25-degree 
pressure angle,  small radius, and protuberance ground. 

To test the significance of diametral pitch using the notation developed,  a linear com- 
bination of 16 computed endurance limits was set up. 

L   =   1 /8 [a + ab + ac + abc + ad + abd + acd + abed] - 

1/8 [(1) + b+ c+ be + d + bd + cd + bed] 

The first group contains all gearconfigurationsof 12 diametral pitch, and the second 
group contains all configurations of 6 diametral pitch. 

The variance of L,  which is the sam^ for all tests, is: 

,2 ^22 2"|ir2 21 L2   =    64ra + <rab+-"+<rabcdJ+64['(l) + ---+'bcdJ 

A "t" test of significance is set up by dividing L by the standard deviation of Wj^ or "t" 
L 

The four main effects,  all two-factor interactions and all three-factor interactions, 
were tested using this method.   The exact linear combination for any specified effect 
or interaction is found in reference 14 or 29, 

PREDICTIVE EQUATION BASED ON TEST RESULTS 

A second objective in the analysis of gear tooth fatigue failures was to develop a single 
predictive equation incorporating numerical values assigned to the geometric factors 
in addition to the basic applied load.   The technique is as follows: 

1.     Define a linear mathematical model 

LifeT   =   A + Bx 
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where 

LifeT   =   (1/K)1/2-2 

K =   kilocycles to failure 
x =   unit stress 

2.     Redefine the geometric factors 

Factor Range 

Ul    =   pressure angle,  degrees 20 - 25 
U2   =   diametral pitch 6-12 
U3    =   dedendum 1.20-1.40 
TT^ minimum fillet radius     .     , r>  ,.n     n  on U4   =    1 ..„  :   ■   ..—,   inch 0. 49 - 0. 80 maximum fillet radius 

The coefficients A and B in the linear model are defined by the geometric factors as 
follows: 

A = (aO + al Ul +. , ,  + a4 U4 + a5 Ul U2 +. . .  + a-10 U3 U4 + all Ul U2 U3 +. . .  + 
al4 U2 U3 U4) 

B = (bO + bl Ul +. . .  + bl4 U2 U3 U4) 

In terms of the refined coefficients, the expanded model is: 

LifeT = (1/K)1/2,2 -- (aO + al Ul +... + al4 U2 U3 U4) + 
(bO + bl Ul +. . .  + bl4 U2 U3 U4) X 

The individual coefficients were evaluated using the least squares technique. 

The following geometric factors affect fatigue life and are listed in order of decreasing 
importance: 

1. (Pressure angle X diametral pitch X dedendum) X load 
2. Pressure angle X diametral pitch X dedendum 
3. Pressure angle X diametral pitch 
4. Pressure angle X dedendum X fillet radius 
5. Pressure angle X fillet radius 
6. Pressure angle X load 
7. Pressure angle 
8. Dedendum 
9. Diametral pitch X dedendum 

10. (Pressure angle X diametral pitch) X load 
11. Dedendum X fillet radius 

In terms of coding,  the finalized equation is: 

LifeT   =   (l/K)1^2,2   =    2.27864 - 5. 47376 X 10'2 (Ul) - 1. 18640 (U3) - 

8, 97196 X 10'3 (Ul U2) + 1. 20233 X lO-1 (Ul U4) - 
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3. 67334 X 10"2 (U2 U3) + 4.43879 X 10'1 (U3 U4) + 

9. 11496 X 10'3 (Ul U2 U3) -  1. 17884 X 10'1 (Ul U3 U4) (load) + 

X   |-3. 58085 X 10'6 (Ul) -  1. 09015 X 10'6 (Ul U2) + 

1. 75948 X 10'6 (Ul U2 U3)j 

The standard deviation (o-y) associated with the predictive equation is 0, 0656. 

The equation can be used to predict transformed kilocycles only within the range of in- 
terest for applied load values and only within the range of values assigned to the geo- 
metric factors from which the equation was derived. 

The most efficient use of the predictive equation can be obtained by first computing 
transformed kilocycles using observed values itr the geometric factors and the applied 
load,  and then converting to cycles or kilocycles,  as desired.    To obtain an approxi- 
mate confidence interval for k;locycles to failure,  add and subtract the quantity 
(Zai2 X 0. 0656) to and from the calculated Y = transformed kilocycles (Za/2 is a con- 
fidence factor to be obtained from a table of areas for the normal distribution).    These 
computed upper and lower limits are then transformed to kilocycles using the same 
procedures used to convert Y to kilocycles. 

The equation,   although derived from valid test data, is yet untried in the predictive 
sense.   It may be that additional testing,  at more than two levels per geometric factor, 
may be required to derive a mathematical model suitable for general usage in predicting 
gear failures. 
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APPENDIX IV 

AGMA CALCULATED STRESS VERSUS LIFE AND TRANSFORMED LIFE 

This appendix consists of life versus AGMA calculated stress plots of the fatigue test 
data points for each of the 16 gear configurations.    See Figures 135 through 150.    The 
calculated mean S/N curve fitting the data points is drawn on each plot.   Also included 
are transformed life versus AGMA calculated stress plots of the fatigue test data points 
for each of the 16 gear configurations.    See Figures 151 through 166.   Life and trans- 
formed life versus alternating stress (R, R. Moore) data are shown in Figures 167 and 
168,  respectively. 
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Fipoire 167.    Fatigue Test Gear Life Data (R. R. Moore). 
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Figure 168.   Fatigue Test Gear Transformed Life Data (R. R. Moore). 
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APPENDIX V 

DESCRIPTION OF COMPUTER PROGRAM 

This appendix consists of a complete description of the computer program and includes 
the program equations,  input data sheet,  source program print-out,  and a sample 
problem.    The equations are given in both engineering and computer program terms. 

DESCRIPTION OF PROBLEM 

Gear tooth bending strength is one of the major criteria in gear design.    Gear tooth 
loading is cyclic in nature, therefore subjecting the material to fatigue.    The critical 
section is close to the root diameter.    Failure usually results in fracture of an entire 
tooth from the gear rim. 

Calculation of gear tooth bending stress requires geometrically precise description of 
the root fillet contour and loci tion of the critical section.    The point of the involute 
tooth profile at which the transmitted load produces the maximum bending stress is 
also required.    Knowledge of the mounting and operating conditions of the unit in which 
the gear is assembled is required to assess the increase in bending stress caused by 
misalignment, overloads, system dynamics,  and centrifugal forces.    Gear material 
ultimate strength and fatigue data must be kr.own to convert the calculated stress to 
anticipated gear life. 

The purpose of this program is to calculate gear tooth bending stress and gear life 
considering these factors. 

METHOD OF SOLUTION 

The gear tooth geometry has been developed using basic formulas available in the liter- 
ature.    The hob dimensions have been used to generate in the program the trochoidal 
fillet contour resulting en a finished gear from some gear processing procedures.    A 
true radius fillet is used when a shaped contour is specified in the program input.    The 
program uses an iteration routine to inscribe a parabola (per Lewis construction) and to 
locate its tangent point with the root fillet contour.    The Lewis dimensional parameters 
for the weakest section thus obtained are then calculated.    These parameters are then 
used in the AGMA formula as given in AGMA 220. 02 (Appendix VI herein) to calculate 
a bending stress,    A hoop stress at the root diameter is also calculated.    The AGMA 
temperature factor and factor of safety are applied to the bending and hoop stresses, 
which are dien combined by use of a modified Goodman diagram.    The modified Goodman 
diagram is based on an ultimate strength and S/N curve determined for the material 
used and the gear tooth designs tested; they may be easily changed within the program. 
A life is also determined from the modified Goodman diagram. 

COMPUTER TYPE AND PROGRAM LANGUAGE 

The subject program is written in FORTRAN IV language for use on an IBM 7094 computer. 

There must be four, five, or six cards per data set depending on data input for words 4 
and 5 on Card 1.    Data sets may be stacked.    Computer running time will be approxi- 
mately 0. 1 minute per set of data. 
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INPUT DATA 

A sample input data form is shown in Figure 169.    Each set of data requires four, five, 
or six cards.    A description of the cards follows. 

Input Card 1 

Word Column Description 

1 1-5 Number of teeth—Pinion. 
2 6-10 Number of teeth—Gear. 
3 11-20 Nonstandard center distance (blank if standard gear set). 
4 21-26 This must be one of the following beginning in Column 21: 

SHAPED 
HOBBED 

— 27-29 These spaces left blank. 
5 30 This must be one of the following in Column 30: 

0—if pinion is hobbed 
1 — if gear is hobbed 
2—if both pinion and gear are hobbed 
Blank—if "SHAPED" is in Column 21 through 26 

Horsepower. 
r. p. m. —Pinion. 
Density—pounds/cubic inch. 
Temperature factor. 
Safety factor. 
Load distribution factor. 

6 31 - 40 
7 41 - 50 
8 51 - 55 
9 56 - 60 

10 61 - 65 
11 66 - 70 

Input Card '. I 

1 - 1 10 
2 11 - 20 
3 21 - 25 
4 26 - 30 
5 31 - 40 

7 51 - 60 

8 61 - 70 

_ 71 
9 72 

Pressure angle at the standard pitch diameter—degrees. 
Diametral pitch at the standard pitch diameter. 
Backlash—minimum. 
Backlash—maximum. 
Arc or chordal tooth thickness at the standard pitch 
diameter—minimum (pinion). 

41-50 Arc or chordal tooth thickness at the standard pitch 
diameter—maximum (pinion). 
Arc or chordal tooth thickness at the standard pitch 
diameter—minimum (gear). 
Arc or chordal tooth thickness at the standard pitch 
diameter—maximum (gear). 
This space is left blank. 
This must be one of the following in Column 72: 

0—if Columns 31 through 70 are arc tooth thickness 
1 — if Columns 31 through 70 are chordal tooth thick- 

ness 

Input Card 3 

1 1-10 Outside diameter—minimum (pinion). 
2 11-20 Outside diameter—maximum (pinion). 
3 21-30 Outside diameter—minimum (gear). 
4 31-40 Outside diameter—maximum (gear). 
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Word 

5 
6 
7 
8 

Column 

41 - 50 
51 - 60 
61 - 65 
66 - 70 

Input Card 4 

1 
2 
3 
4 
5 

6 
7 
8 
9 

10 

Input Card 5 

1 - 10 
11 - 20 
21 - 30 
31 - 40 
41 - 45 

46 - 50 
51 - 55 
56 - 60 
61 - 65 
66 - 70 

Description 

Face width—minimum (pinion). 
Face width—minimum (gear). 
Maximum tip break (pinion). 
Maximum tip break (gear). 

Root diameter—minimum (pinion). 
Root diameter—maximum (pinion). 
Root diameter—minimum (gear). 
Root diameter—maximum (gear). 
Fillet radius — minimum (pinion) (blank if pinion is 
hobbed). 
Fillet radius — minimum (gear) (blank if gear is hobbed). 
Maximum undercut (pinion) (blank if pinion is hobbed). 
Maximum undercut (gear) (blank if gear is hobbed). 
Overload factor. 
Dynamic factor. 

This card is needed only when words 4 and 5 of Card 1 are given as "HOBBED" and 
"0" or "2, " respectively.    This card is for PINION only.    See Figure 170. 

H LEAD - HOB L£AD 

HADD 

Figure 170,   Standard or Protuberance Hob Form for Input. 
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Word Column 

1 - 10 

Description 

1 Hob tooth thickness. 
2 11 - 20 Hob addendum. 
3 21 - 30 Hob lead. 
4 31 - 40 Hob pressure angle—degrees 
5 41 - 50 Hob tip radius—inches. 
6 51 - 6C HPW.    (See Figure 170.) 

Input Card 6 

This card is needed only when words 4 and 5 of Card 1 are given as "HOBBED" and 
"l" or "2," respectively.   This card is for GEAR only and is the same format as input 
Card 5. 

PROGRAM EQUATIONS 

Computer program input symbols in both engineering (AGMA) and program terms are 
listed as follows. 

AGMA Program 

NP ANP 
NG ANG 
»MI BMIN 
BMA BMAX 
— BRKP 
— BRKG 
C CSTDIN 
cx CNSTD 
— CODE 
— CUTTER 

DOMA DOGMA 
DOMI DOGMI 
dOMA DOPMA 
dOMI DOPMI 
DRMA DRGMA 
DRMI DRGMI 
dRMA DRPMA 
dRMI DRPMI 
FGMI FMING 
F

PMI FMINP 
HP HORSES 
— L 
Km KM 
Ko KO 
KR KR 
KT KT 
Ky KV 
i»p RPMP 

tGMA or tcGMA TGMAS 

k5MI or tcGMI TGMIS 

Definition 

Number of teeth—pinion. 
Number of teeth—gear. 
Backlash—minimum. 
Backlash— maximum. 
Maximum tip break—pinion. 
Maximum tip break—gear. 
Standard center distance. 
Nonstandard center distance. 
See input fillout. 
See input fillout. 
Outside diameter—maximum (gear). 
Outside diameter—mnimum (gear). 
Outside diameter—muximum (pinion). 
Outside diameter—minimum (pinion). 
Root diameter—maximum (gear). 
Root diameter—minimum (gear). 
Root diameter—maximum (pinion). 
Root diameter—minimum (pinion). 
Face width—minimum (gear). 
Face width—minimum (pinion). 
Horsepower. 
See input fillout. 
Load distribution factor. 
Overload factor. 
Safety factor. 
Temperature factor. 
Dynamic factor. 
r. p. m. —pinion. 
Arc or chordal tooth thickness 

Maximum—gear. 
Minimum— gear. 
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AGMA 

tpMA or tcpMA 

rfGMI 
rfpMI 

aC 

rT 

Program Definition 

TPMAS Maximum—pinion. 
TPMIS Minimum—pinion. 
RFMIG True root fillet radius—gear. 
RFMIP True root fillet radius—pinion 
UCG Maximum undercut—gear. 
UCP Maximum undercut—pinion. 
HADD Hob addendum. 
HLEAD Hob lead. 
HPA Hob pressure angle. 
HPW Hob protuberance. 
HTIPR Hob tip radius. 
HTT Hob tooth thickness. 

The computer program equations in both engineering (AGMA) and program terms follow. 
The basic geometric equations for gear teeth can be obtained or developed from textbooks. 

AGMA 

Pd, 

mg = 

Np + NG 
2 XCX 

NG 
Np 

Rmg Np 
NG 

dp   = 
Np 
Pnd 

db   = dp X COS ir, 

N£_ 
dx   - Pdx 

DG   = 
NG 
Pnd 

Db = Dn X COS 4, 

D, 
NG 
Pd„ 

dODB = dOMI " 2 X BRKP 

DODB " DOMI 

ECP 
/dODB\2  , 
\ db / " 1 

2 X BRKG 

1/2 

Program 

PDX 

AMG = 

RMG 

DP 

ANP + ANG 
2 X CNSTD 

ANG 
ANP 

ANP 
ANG 

ANP 
PND 

DBP = DP X FNCO 

ANP 
DXP = PDX 

DG 
ANG 
PND 

DBG = DG X FNCO 

ANG 
DXG 

DODBP 

DODBG 

EECP - 

PDX 

DOPMI - 2 X BRKP 

DOGMI - 2 X BRKG 

/ DODBP\ 
\ DBP j     ■1 

1/2 
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AGMA Program 

BCG 
[DODB\ 

\Db   / 
-1 

1/2 

EBCG 

nl/2 
DODBG 

.   DBG 1 

<
BCp = (TAN^x(mg+ 1))-(«BCG X mg) 

*ECG = (TAN^x(Rmg+ 1))-(«ECP X Rmg) 

2* 
*BSTCP   '-   lECP   '   NP 

2» 
"ESTCP   "   €BCP   +   NP 

11 
'BSTCG 

=  'ECG 
+  NG" 

-   IJL 
ESTCG   "      BCG        TJQ 

dcMA 

DOMA 

/dOMA 

DOMA 
DK 

-1 

1/2 

1/2 

[;BCP
2
 

+
 

1
] 

1/2 
dBC   =   MBCP^ ^ db 

lBSTC 

'ESTt 

1/2 

^STCP    + M db 

1/2 

'ESTCP  
+ M      db 

*ECp-+l| db 

D BC 

[;ECP
2
 

+
 

1
] 

■] 
1/2 

'BCG    + ^ Db 

DBSTC 'BSTCG  
+i|      Db 

1/2 

DESTC   "     * ESTCG    + 1 

DEC   =    ['EGG2"1] 

1/2 
+ 11 Db 

1/2 

'EGG  
+1!      Db 

EBCP = (FXTA(AMG + 1)) - (EBCG X AMG) 

EECG = (FXTA(RMG+ 1» - (EECP X RMG) 

2 XPI 
EBSP   =   EECP 

EESP   =   EBCP   + 

EBSG   +   EECG   + 

EESG   =   EBCG   - 

ANP 

2 XPI 
ANP 

2 XPI 
ANG 

2 X PI 
ANG 

EOPMA 
/DOPMA\ 

\    DBP/       J 

E OGMA 
'DOGMA) 
\ DBG     i 

1/2 

1/2 

DBCP   =      EBCP2 + 1 
11/2 

XDBP 

-[ DBSP   =      EBSP   + 1 
1/2 

X DBP 

DESP EESP    + 1 
1/2 

X DBP 

DECP   =      EECP   + 1 
1/2 

X DBP 

DBCG   = 

DBSG   = 

EBCG    + 1 

EBSG" + 1 

1/2 
X DBG 

1/2 
X DBG 

DESG   -      EESG" + 1 
1/2 

XDBG 

DECG I EECG2 + 
1/2 

X DBG 
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AGMA 

mN »   NG («nr. - TAN 1,1 max ^J 
♦ J)/2» (Np(«OP " TAN^¥ 

mNmln   s   NG(.BCG-TAN*X)W 

(NP(«ECp - TAN^x))/2« 

See Figure 171. 

0. 5 t„ 
SIN (AN)   = 0. 5 D 

AN   =   ARC TAN 
Wl - AN2/ 

t   =   ANXD 

tx 
Dx[((s)+ m7 - INV^xJ 

AMPMA 

AMPMI 

Program 

ANG (EOGMA - FX7 A) + 

ANP (EOPMA - FXTA)/? )/2 

ANG(EBCG - FXTA) + 

ANP (EECP-FXTA) /Z 
■/■ 

AN   = 
0. 5 X TPMIS 

0. 5 X DP 

AN   =   ATAN 

TPMIN 

\Vl - AN2/ 

TPMIS   =   AN X DP 

DXP[((T-s)tZF). ZFX 

Figure 171.   Arc and Chordal Tooth Thickaess. 
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AG MA Program 

cos4x     ^ Db 

x 

^x   =   ARC TAN \ T  

INV ^x   =   TAN (^x) - ^x 

K   =   -^  +INV*X 

F   =   TAN it) - K 

Db 
DV   =   COS(F) 

Basic Hob Data (See Figure 172.) 

TSA   =  ^ 

F   =   -25- 
DIA(I) 

FRA(I)   =   ATAN 
V.~^ 

ZF(I)   =   FTA(I) - FRA(I) 

TPMIN 
PK   =  "DXP—   + ZFX 

F(I)   =   FPTA(I) - PK 

DBP DVP(I) = cosmm 

Program 

DHPA   =   N X 
HLEAD 

HADDN   =   0. 5 (DHPA - DR) 

HPAR   =   0.017453293 XHPA 

HTTN   =   HTT + 2 (HADDN - HADD) TAN (HPAR) 

HTTR   =   0. 5 X HTT - HADD X TAN (HPAR) 

HTIPR - HPW 
HA   =   HTTR   - cos <HpAR) 

HRCTRX   =   HA + HTIPR X TAN (HPAR) 

RHPA   =   0. 5 DHPA 

HRCTRP   =   HADDN - HTIPR 

^HRCTRX\ 
HPCA = ARC TAN 0 ^HRCTRP/ 
HYP   = VHRCTRX

2
 + HRCTRP2 

Wrap pitch line of hob around gear pitch circle by equal increments and calculate path 
of hob tip radius center.    See Figure 173. 
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HADDN 

HADD 

Figure 172.   Standard or Protuberance Hob Form for Calculation. 

PITCH LINE 

CIRCU 

Figure 173.   Tooth Generation by Hob. 
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INC   =   0, I X HTTN 

PPPOS   =   0 

PPPOS 

Program 

(increment of change) 

(pitch point position—first time through increase PPPOS 
by increments each time) 

PPA RHPA 

HPCTR   = VPPPOS2 + RHPA2 

PHA   =   ARC TAN 
/PPPOS\ 
\ RHPA ) 

PPPHA   =   PPA - PHA 

HPCX   =   HPCTR X SIN (PPPHA) 

HPCY   =   HPCTR X COS (^FPHA) 

RCTRA   =   HPCA + PPA 

RCTX   =   HYP X SIN (RCTRA) - HPCX 

RCTY   =   HPCY - HYP X COS (RCTRA) 

Calculate points where hob tip radius is making final cut in fillet of gear.   See Figui. 
174. 

PITCH LINE 

PITCH CIRCLE 

Figure 174.   Fillet Generation by Hob. 
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Program 

FCPLA  -   ARC TAN ( ppposH 

FCA  «   FCPLA - PPA 

XFIL   »   RCTX + HTIPR X COS (FCA) 

YFIL   =   RCTY - HTIPR X SIN (FCA) 

Convert location of fillet points from center of tooth space to center of gear tooth.   See 
Figure 175. 

/XFIL\ 
V 

FSA   =   ARC TAN ( YFIL ) 

FTA   =   TSA - FSA 

RFIL   = VxFIL2 + YFIL2^ 

XTFIL   =   RFIL X SIN (FTA) 

YTFIL   =   RFIL X COS (FTA) 

Find parabola for evaluating bending stress.    See Figure 176. 

DV 

YTFIL YFIL YTFIL 

Figure 175.   Generated Tooth Fillet. Figure 176.   Trochoidal Fillet 

Inscribed Lewis Parabola. 
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Program 

FTCA   -  | - TSA 

FT PA (FTCA + FCA) 

FPARA   =  "9   - FTPA 

AB   =   T X TAN (FPARA) 

H   =   0. 5 DV - YTFIL 

Reiterate for new T. H,  and YTFIL values until AB = 2H is satisfied. 

Find the radius of curvature of generated fillet tangent to parabola.    See Figure 177. 

SIDEA   =   YFIL - (RHPA - HADDN) 

SIDEA 
HYPA   =   cos (FCA) 

ANGLEA   =   0.5H-UFCA1 •   0.5((i)+FCA) 

FDLR   =   HYPA X TAN (ANGLEA) 

Figure 177.   Radius of Curvature at Weakest Section. 
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Find X value from parabola and diameter of the weakest section of tooth.    See Figure 
178. 

Program 

ANGLED   =   ARC TAN 

T 

ii) 
ADJ   = 

XDIM   * 

SIN (ANGLED) 

ADJ 
COS (ANGLED) - H 

DW   =   2 VT2 + YTFIL2 

Find coordinates to center of true fillet radius.    See Figures 179 and 180 

H   =  £*   + RF 

When^B  <H,  then (Figure 179): 

CPR 
0.5 DB 

H 

Figure 178.   Diameter of Weakest Section and Lewis Y Value. 
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Figure 179.   Coordinates at Center of True Fillet Radius—Base 
Circle Below Root Diameter. 

Figure 180.   Coordinates at Center of "rue Fillet Radius—Base 

Circle Above Root Diameter. 
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Program 

(Vl - CPR2\ 
CpR J 

OPP   =   VH2 - (0, 5 DB)2 

A   «   OPP - RF 

HI    =   VA2 + (0. 5 DB)2 

CA   =   0-5DB 

HI 

F¥) CARA   =   ARC TAN 

ZCA   =   TAN (CARA) - CARA 

B   =   CPRA - CARA - ZCA 

FAPRA   =   PK + B 

XCENT   - SIN (FAPRA) X H 

YCENT = COS (FAPRA) X H 

DB 
When -y- > H,   then (Figure 180): 

■m XX   =   |~1 SIN (PK) 

„.„„         XX •»- RF 
FAPSI   =    g  

FAPRA   =   ARC TAN /      FAPSI       \ 

\Vl - FAPSI2/ 

XCENT    =   SIN (FAPRA) X H 

YCENT    =   COS (FAPRA) X H 

Find parabola for evaluating bending stress.   Also, find X value and diameter of weakest 
section.    See Figure 181. 

ALPHA   =   0. 1 (First time only) 

V =   SIN (ALPHA) X RF 

VI = VRF2 - V2 

T   =   XCENT - VI 
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ALPHA 

ROOT FILLET 
RADIUS-MIN __ 

YCENT 

Figure 181.   True Fillet Radius Inscribed Lewis Parabola. 

Program 

YA   - TAN (ALPHA) 

H   =   (RV - YCENT) + V 

Reiterate for new value of ALPHA until YA = 2H is satisfied. 

YB   =   YCENT - V 

DW   =  VYB
2
 + T2 X 2 
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Program 

Q  • ARC TAN \2j 

Q  = l-Q 

XDIM   =   T X TAN (Q) 

AGMA 

T   = 63025 XHp 
IP 

Wt   = 2 XT 
^P 

G   = '»PXRmg 

Sh   = 
v2 

g 

bl   = b-rT 

bl2 

rl Rp + bl 

rf   = r1 + rT 

^0. 20 
Kf' 0-22,(^)'   (F) 

0.40 

0.45 

0.50 

J   = 
Kf x mij 

WtKp  Pd   K8Km 

Kv      F        J 

TQ 

WT 

Program 

_   63025 X HORSES 
RPMP 

2 XTQ 
RPMP 

RPMG   =    RPMP X RMG 

„2 
SHOOP   =    RHO 

386.064 

Bl    =   HADD - HTIPR 

2 
Rl Bl 

RP + Bl 

RFMI   =    Rl + HTIPR 

KF   =   0. 22 + 
0.20/^x0.40 /     T    \0- 20 (T\ 

{RFMI)       \H/ 

,0.15 
KF   =   0. 18 + (—I—1 |X) 

VRFMI^ \H/ 

(   T    V^/TV 
\RFMI/ \ Hj 

0.45 

0.50 
KF   =   0. 14 + 

YAGMA 

SB   = 

KF XMN 

WT X KO     PDX      KS X KM 
KV FMINP 

Combine bending and centrifugal stress on the modified Goodman diagram.    See Figure 
182. 

From S/N curve in Figure 183, find the life cycle endurance limit. 
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274,000 p.s. 

100 200 

Centrifugal Stress-p. s. i. x 1000 

300 

Figure 182.   Modified Goodman Diagram Combining Centrifugal and Bending Stresses. 
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Life Cycles 

Figure 183.   Fatigue Test Gear Endurance Strength for Computer Program. 

SOURCE PROGRAM LISTING 

The source program is listed on the following pages.    Comment cards have been used 
to define generated symbols within the program.    Several subroutines are used and are 
also listed. 
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SOURCE PROGRAM PRINT-OUT 

C *     EXT£ftNAL   SPUR  GEARS   -   FOR     * 
C •     EVALUATING   BENDING   STRESS     * 
C *     PROGRANEO   BY   P.R.   CHAPLIN     * 
C *     ALLISON,OIV.   OF   6HC • 
C •••*«*«****•**** 
C 

REAL KT,KRfKH,KO,KV,MN,JP,JG,KFPtKHG,KSP,KSG 
INTEGER COCE 20 
CIHENSICN CI API 6) ,01AGI6),FPRA(6),FPDE( 6 ) ,FPSI(61 ,FPCO( 6),FPTA(6), 30 

• ZFP(6),FGRA(6),FCCE(6l,FGSn6),FGC0(6),FGTA(6>,ZFG(«) , ^0 
• D.P(6»,RVP(6),ALPhP(6),TP<6),HP(6) ,0MP(6> , XOIHP 16), 50 
*CVGI6),«VC(6l,ALPHG(6»,TG(6),HG(6),0WG(6),XDIHGt6) , M 
•SBP(6>,SBG(fc),SBPHDP(fc>,SBGMnPi6?,YPAGHA(6I,YGACMA(6), 70 
• FILRP(6),F ILRG(6) .XCYCI'JJ^PSI    m, JPI 5 ) , JG( 5 I , KFP I 5 ) , 80 
• KFG(5),C1I 12l,C3( 12) 90 

EQUIVALENCE   (0 IAP(1),DBCP» , ( 0 UP I 2).DBSP ) . (01 APm.CP),                                           100 
*(OIAP(^),OyPI,(DIAP(5),DESP>,I0IAP(6).OECP). 110 
*(CIAGm,OECG),(DIAG( 21 ,UBSG) , ( D I AGO »,0G), 101AGIA ) ,nXG) , 120 
*(0IAG(5),OESC),(DIAG(6),OEC&) 130 

C 
C     LOGICAL   UNIT/f'OCE    ILIN^S      INPUT      5/HCO) 
C (LCU-6     OUTPUT   fc/BCD» 
C 

LIN-5 1*0 
L0U»6 150 

1 READ (LIN,2) ANP, «NCCNSTD,CUTTER .CODE .HORSES,RPMP.RHO^T .KR, KH, 160 
• PHIN,PNC,B»<IN,6MAX,TPMlS,nMAS,TGNiS,TGMAS,L, 170 
•CQPHI,OCPHA,CCGMI,DOGHA,FMlNPtFNING,BRKP,BRKG. 180 
*DRPHI(ORPMA.ORGHI,DRCHA,RFHIP,RFHIG,UCP,UCG,KQ,KV 1<)0 

2 FORMAT (2F,;.0,Fl0.O,A6,2X,«?f2FlO.0,<»F5.C/ 200 
♦2FIO.O,2F5.0,*F10.0,I2/ 210 
•6F10.0,2F5.0/ 220 
•*F10.0,6F5.CI 230 

C 
CO*HON   RhP/,HPCA,FYP,HRCTRP, TSA,FCA,YFIL 2*0 

SP«ANP 250 
NG»ANG 260 

C 
C     DATA   STATEMENTS     -     LSED   TO  DEFINE   VARIABLE   TITLES  FOR   OUTPUT 
C 

DATA   (Q1(NI,NM,12I   /6HBC   (LP,6HC) .6H6STC   (.'.HLPSTCl, 3*0 
• 6HPP   (ST,61-0) ,6HPP   (0P,6H) ,6HESTC   (,6HMPSTC), 350 
•6HEC   (FP,6^C» / 360 

DATA   (Q3(N»,N=1,12I   /6HBC   (HP,6HC) ,6HBSTC   (,6HHPSTC), 370 
*6hPP   (ST,6FD) ,61-PP   (0P,6H) ,6HESTC   (,6HLPSTC}, 380 
♦6HEC   (LP,fc^C) / 390 

C 
CATA   SHAPEC/6HSHAPED/ 400 
DATA   PINIOK.GECR        /6HPINION,6HGEAR      / 410 

C 
DATA   (XCYC(f»),H"l,5>   /4. ,5. f 6. , 7. , 8./ 420 
DATA   (YPSI   (H),M«!,5)/265000.«212000.,198000.,166000.,1R2000./ 430 

C 
C •••••••♦♦•• 
C 
C RN   — CONVERT FROM DEGREES TO RADIANS 
C OEGR — CCNVERT FROM RADIANS TO DEGREES 
C 

RN«.017453293 450 
DECR«57.29*7795131 460 
PI«3.1415926535896 470 
IPHI-PHIN 480 
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c 
c 
c 
c 

c 
c 
c 
c 
c 
c 
c 

FNRA>PHIN*FN 
FKSl«SINIF*ftA) 
FNCO-COS(FMUi 
FNTA-FNSI/FNCC 

490 
100 
510 
520 

C 
c 
c 
c 
c 

POX 
CSTO 
FXM 

 DIAMETRAL   PITC        INON   STO   CENTERS) 
 STO   CENTER   DISiANCE 
 PHI   X (NON   STD   CENTERS) 

CSTD-(ANPC«NG)/(2.*PN0) 
IF   (CNSTO) 20,l«J,20 

19 CNSTD»CSTC 
20 PCX«<ANPCAKG)/I2.«CNS7D) 

FX«(CSTC»FKCO)/CNSTO 
FXRA»ATANI 5QRT(l,-(FX)**2»/FX) 
FXSI>SINIF>RA) 
FXCC»COS(F>RA) 
FXTA>FXSI/FXCO 

C 
C 
C 
C 

2FN 
ZFX 

INVOLUTE   PHI (STO 
INVOLUTE   PHI «NON 

CENTERS) 
STO   CENTERS) 

IF   (CNSTO   -   CSTO) 60*.606,608 
604   WRITE   (LOU,1000) 

GO   TO   21 
A06   kftlTE   (LOU,1001) 

CO   TO  21 
608   kiR!TE   (LOU,1002) 

21   *R»TE   (LOU,1004)    NP,NG,CNSTO,CUTTER,CODE,HORSES,RPMP,RHO,KT,KR, KH 
li    (LI 90,92,90 

90   WRITE   (LOU,1005)   PHIN,PNO,BN IN,BNAX ,TPP IS,TPMAS,TGf* IS.TGHAS 
GO   TO  94 

92   WRITE   (LOUtlOO«)    PHIN,PNO,BFIN,B«AX ,TPf« IS,TPMAS,TGM IS .TOMAS 
94   WRITE   (LOU,1007)   OOPHI,OOPMA,0QGNI,DaCPA,FMINP,FMING,BRKP, BRKG, 

•ORPNI,0RPP<,ORGKI,0RGPA,RFMIP,RFMIG,UCP,UCC,KO,KV 
WRITE   (LOU,2000) 
2FN*FNT«-FKRA 
ZFX«FXTA-FXRA 

ANC 
RMG 

 GEAR   RATIO 
 1/GEAR   RATIO 

APG"ANG/ANF 
RPG«ANP/ANC 

PINIOf 
OP 
CBP 
OXP 
COCBP 

530 
540 
550 
560 
570 
580 
590 
600 
610 

2260 
2270 
2280 
2290 
2 300 
2310 

270 
280 
290 
300 
310 
320 
330 

620 
630 

640 
650 

GEAR 
CO 
CBC 
CXG 
CCOBG 

- STO   PITCH   DIA. 
- BASE   CIRCLE   DIA. 
- NON   STO   PITCH   OIA. 
- OUTSIDE   OIA   BREAK 

CP-ANP/PNO 
CBP»OP«FNCC 
DXP-ANP/PCX 
OG-ANG/PNO 
C6G-0OFNCC 
OXG-ANG/PC» 
OGOBP-OCPP!-( 2.*BRKP) 
COOBC-OCGMl-( 2.*BRKG) 

660 
670 
680 
690 
700 
710 
720 
730 

C 
c PIM^ GEAR 

c EECP EECG -  EPSILON END  CONTACT 
c EBCP EBCG -   EPSILON BEGIN   CONTACT 
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c E8SP EBSG - EPSILCN BEGIN SINGLE TOOTH CONTACT 
c EESP EESG - EPS ILON END SINGLE TCOTH CONTACT 
C EOPMA EOGMA - EPSILON OD MAX 
C 

EECP-SQRTI<C0CBP/CBP>»*2-1. I 740 
EBCG-SQRTI(COOBG/C8G)**2-1.J 750 
EBCP-IFXTAMAMGCl.) >-IEBCG«AMG) 760 
EECG*(FXTA*(RKG61.)) - (EECP*RMG) 770 
EBSP»EECP-( (2 . *P IJ/ANPJ 780 
EESP=EBCP£H2.»PI l /ANP) 790 
EBSG»EECGCt(2.*PIJ/ANG) 800 
EESG*EBCG-<(2 . *P I l /ANG) 810 
EOPMA=SCRT((OCPMA/DBP 1**2—I -» 820 
EOGMA=SCRT <(G0GMA/CBG)**2-1«) 830 

C 
C CIAMETERS AT ENGAGEMENT CONDITIONS 

PINION GEAR 
CBCP CBCG - BEGIN CONTACT 
CBSP CBSG - BEGIN SINGLE TOOTH CONTACT 
DESP CESG - END SINGLE TOOTH CONTACT 
OECP CECG - END CONTACT 

CBCP*SCRT((E8CP)**2£1.1*DBP 840 
CBSP=SCRT((EBSP )**2£1.)*DBP 850 
CESP=SQRT(<EESP)«*2£1.)*0BP 860 
CECP=SQRT(<EECP)*»261.)«DBP 870 
CBCG=SCRTt (EBCG)•*2£1.)*OBG 880 
CBSG=SCRT<<EBSG)**2£).»*OBG 890 
CESG^SGRTI (EESG)*»2tl.)*DBG 900 
CECG*SQRT(( EECG)**2&1.)*DBG 910 

C 
C AMPKA — PROFILE CONTACT RATIO MAX 
C AMPMI — PROFILE CONTACT RATIO MIN 
C 

A*PPA«( IANCMECGMA-FXTA) ) CI ANP» ( EOPMA-F XTA) ) )/!2.*PI) 920 
AMPMI *( (ANCHE8CG -FXTA) )C(ANP*(EECP -FXTA>I>/1 2.*PI I 930 

C 
If «L) 80.82.80 940 

C 
C CALCULATE ARC TOOTH THK. FROM CHORDAL THK. 
C 

80 AN*(.5*TPMISI/(.5*DPI 950 
AN*ATAN|AN/ISCRT1 !.-(AN)••2 I )) 960 
TPMIS»AN«CF 970 
AN=(,5»TPM/S»/f.5«DP» 9 8 0 
AN=ATAN(AN/(SCRT( l.-(AN>**2)>) 990 
TPMAS«AN*CP 1000 
AN«(.5»TGMIS)/(.5»0GI 1010 
AN*ATAN(AN/<SCRT< 1 < AN ) **2 I ) I 1020 
TGMIS»AN»CC 1030 
AN«I.5»TGM/SI/(.5*DG) 10*0 
AN'ATAN(AN/(SCRT( l.-(AN)**2 >I ) 1050 
TGMAS»AN*Ct 1060 

C 
C CALCULATE ARC TOOTH THK. AT THE OPERATING PITCH DIA. tOXPI 
C 

82 TPMIN»OXP»l<ITPMIS/CP)CZFN)-ZFX> 1070 
TPMAX»OXP*l((TPMA S/OP11ZFN)-ZFX J 1080 
TGMIN«DXG* 111TGMIS/DG)£ZFNJ-ZFX> 1090 
TGMAX«DXG*«CITGMAS/OG)CZFN»-ZFX) 1100 

C 
C CALCULATE PHI ANC INVOLUTE PHI AT THE ENGAGEMENT CCNOITIONS 
C 
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CALL   PHI    (CIAP,OfeCR,FPRA.PP0E,FPSI,FPCO,FPTA,2FP,O8PJ 1110 
CALL   PHI   (CIACtOECRfFCftA.FGOEiFCSItFGCO.FGrA.ZFG.DBG) 1120 

C 
C PINION CEAR 
C PK CK       -      ANGLE FROM THE QRGIN OF THE 
C INVOLUTE TO THE CENTER LINE OF TOOTH 
C OVP CVG      -  DIA. TC VERTEX OF PARAECLAS 
C RVP RVG      -  RAO. TC VERTEX OF PARABOLAS 
C 

PK-ITPMIN/CXPICZF» mo 
GK»(TCHIN/CXG)EZFX 1140 
CO 500 I«lt6 1150 
F«FPTAm-FK U60 
CVP( II-CBP/COSIF) 1170 
RVP(n<«CVPIII*.5 1180 
F«FCTA( U-CK 1190 
OVG( I)«CBG/COS(F> 1200 

500 RVG( II»CVGm».5 l?10 
IF (CUTTER.EQ.SHAPEDI  GO TO 512 1220 
IF (CCOE - li 502,50*.506 1210 

502 CALL HCE ([XP,CRPPI,ANP,PI(RNtTP,HP,OWPvXOIMPtHADDP.HPMP,FILRP, 1240 
•HTIPRP,CVP,6) 1250 
GC TO 50B 1260 

504 CALL HOB ( CXG,CRGMtANGfPI,RN,TG,M'-.1 ^G.XOIMG.HAOOGtHPWG.FILRG. 1270 
♦HTIPRC,CVG,6> I2fl0 
GO TO 510 1290 

506 CALL HCB ( CXP.CRPM , ANP,P I ,RNf TP.HP.ONP , XOI HP .HAOOP.HPWP.F I LRP, 1300 
• HTiPRP.cvp.t» mo 
CALL HOB ( CXG.CRGPI,ANG,PI,RN,TG.HGtOfcG,XO(r<C M^ODG »HPMC,FI LRG. ^20 

•HTIPRGtCVC,6) . >30 
GO TO 51<. 1 )40 

508 CALL XY (CEG,CRGM I.RFNIG,DEGR.GK,XGVYG) 1350 
RFHG'RFHIGCUCC 1360 
CALL WEAK (RVG,XG,YG,RFMC,ALPHC,TGfHG,0WG(X0IMC,6) 1370 
GO TO 51« 1380 

510   CALL   XY   ICeP,CRPHIfRFHIP,OEGR,PKtXPfYP» 1390 
RFMP-RFMIPCUCP 1400 
CALL MEAK (RVPtXP (YP,RFMP,ALPhP.TP,HP(CtaP,KCIHP,CI U10 
GO TO 514 1420 

512 CALL XY (üfP,CRPHI,RFHlP,OEGR,PK,XP,VP| 1430 
CALL   XY   (CEG,0RGHIvRFMIGfOEGR(GK,XCfYG) 1440 
RFHP«RFH|PeUCP 1«50 
«tFHG>RFHICCUCG 1460 
CALL HEAK ( RVP.XP .YP, RFMP, ALPHP . TP .HP .OhPt XOI MP,6) 14^-) 
CALL WEAK (RVCtXG,YG,RFHG,ALPHG.TG,HG.0WG.X0IHG,6) 1480 

C 
514 TCP»«63C25.«HCRSES)/RPMP 1490 

RPMG-RPHP*RHG 1500 
TQG-(63C25.*HCRSES)/RPHG 1510 
WTP«(2.«TCFI/CXP 1520 
WTG«(2.*TCC)/CXG 1530 
DO 515 I«2«5 n«. 

»JOB  CHAPLIN.H.        FT«   N8«   7893   P57507   002   CIO   1 
»EXECUTE       lEJOB 
»IBJOB N8« 
»IBFTC N8« 

C *  STANDARD AND NON STANDARD  • 
A»FPTA( M-FK 
BB>COS(A)/fXCC 
eBB-l.5/XC IHP( I I 1560 
eeee-tsiNiAi/cosi An/(TP( 11*2.1 
YPAGMAI I)«FCX/(BB*(BaB-BBBBn 1580 
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515 

400 

404 

402 

406 
408 

410 

412 

414 

416 

418 
420 

A-FCTM I)-CK 
Ee»C0SS*)/FXCC 
eBB-1.5/XC IMGtI) 
eeBB-«siNm/cos(«) )/(TG( i )*?.) 
YGAGMA« H-FCX/jefi*(eBB-BB8B)l 

422 

426 

••N-l.O 
IF (CUT 
IF (CCD 
ei»HACD 
Ri»ei** 
BFHIP«« 
fil-HACC 
Ri»ei*» 
HFHlG'R 
GO TO 4 
ei»HACD 
Rl^Bl»« 
RFM1P«R 
IF UPH 
DC 410 
KFPd )- 
KFGIIJ- 
GC TO 4 
CC 414 
KFPd I» 
KFG( D- 
GC TO 4 
CO   418 
KFP( n- 
KFG« U« 
CC   422 
JP( I)-Y 
JG( n*Y 
KSP-1. 
.>SG«1. 
SBPd I« 
S9GI I)- 
VP»PI»0 
SHCCPP 
VG«PI«D 
SHCCPG« 
DC   426 
SBPHQPI 
SBGHOPI 

TE 
E 
P- 
2/ 
IC 
C- 
21 
IC 
Ct 
P- 
2/ 
U 
i- 
1 = 
.2 
.2 
20 
1 = 
.1 
.1 
20 
I» 
.1 
.1 
I» 
PA 
GA 

GO   TO   406 
402,404,400 

R.FCSHAPED) 
-   li 
MIPRP 
(<CP*.5ltEl) 
HTIPBP 
t-TIPPG 
( (CG«.5»£Bn 
HTIPRG 

HTIPRP 
( (CP».5)EB1) 
MIPRP 
2CI 
2,5 
2   G   d(mi)»2.)/RFHIP)«*.20   • 
2   t   (((TG«I)*2.)/RFMIG)**.20   • 

2,5 
8   C   dtTP( n*2.»/RFMIPJ*».l5   ♦ 
8   C   ((«TC<l)»2.)/RF«IG)*».15   ♦ 

40t?,412,416 

2,5 
4 
4 
2,5 
GMJ I )/IKFPI n*MN» 
C^A( I)/(KFG( I)*MNI 

G    ( ( ITP( I)«2.)/RFMIPl**.ll 
G   dITGd )«2.)/RFMIC)**.ll 

(TP( I »•2.)/HP(I\ )»».40» 
(TQl I »»2.)/HG( I) J»*.40) 

1TP( n*2. )/HP( I ) )**.45> 
(TG(I)»?.)/HG(li »•♦.45) 

(TP( I l»2.)/HP« I)»♦♦.50) 
JTG( !)•?.I/HG« I) )**.50> 

(«h1P*K0l/KV)*IP0X/FMINP)»( (KSPOKf)/JP I I)) 
dmG*K0»/m»(POX/FMlNG»*( (KSG*KM)/JG( d) 
RPHI*(RPI«P/60.) 
RHC«IVP«»2/3e6.064) 
RGHI*(RPMG/60.I 
PHO*«VG**2/386.064) 
1-2,5 
n-sepi dGSHOopp 
d«IBG( DGSHOOPG 

C 
C 
C 

BENDING   t   HOOF   STRESS   FROM   MODIFIED   GOODMAN  DIAGRAM 

H0CPMA-274CCC. 
CO   522    1-2,5 
DIFFP-HCCPM   -   SaPHOPd» 
CIFFG-HCOP^A   -   SBGHOPd) 
EP-HOCPMA-SHOOPP 
EG-HOOPMA-JHOOPG 
AP-IHCGPMA   •   CIFFP)/EP 
AG«(HOOPMA   ♦   CIFFO/EG 
SBPHOPI I»«HCOPMA-AP 
SBGHOPI I)»»-CCPMA-AG 522 

524 
526 
528 

iS^   (SPPHOPISI   -   274000.) 
WRITE   «LOU,100.')   PINION 
IF   (SBGH0PI2)   -   274000.1 
WRITE   (LOU,10031   GEAR 

526,526,524 

530,530,528 

1600 

1620 

1630 
1640 
1650 
1660 
i670 
1680 
16<)0 
1700 
1710 
1720 
1730 
1740 
1750 
1760 
1770 
1780 
1790 
1800 
1810 
1820 
1830 
1840 
1850 
1860 
1870 
1880 
1890 
1900 
1902 
1904 
1920 
1930 
1940 
1950 
1960 
1970 
1980 
1990 
2000 

2010 
2020 
2030 
2040 
2050 
20*.0 
2070 
2080 
2090 
?100 
2110 
2120 
2130 
2150 
2160 
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530   IF   ISBPHQPm-ieZGOO.)   62<kt i2*'626 ?I80 
624   kiRITE   UOU.lOCe)   PINION 2190 

GO   TO  628 2200 
626   CALL   CISC01   f SBPHCP(5)tOUfU.YPSI tXCYCt 01IMB.-31 «S.OtEXPI 7210 
628   IF   ISBCHQP(2)-ie2C0C. )   63C,630,632 2220 
690   kRIIE   (ICU.lOOet   CE4R 2230 

GO   TO  609 2240 
632 C«U CISCCT (SBGHCP(2),OUHAtVPSItXCYC,0tMB,-31,5.0, EXC) 2250 

C 
609 WRITE IL0tflCC9) PINION,GEAR 2320 

N«3 2330 
CC 201 1*2,5 23*0 
WRITE (LOU,10101 CIINi,Ql(NCl),SBPHOPmfQ3(N),Q3(Nen,SBGHOP( I)      2350 

201 MNC2 ?360 
WRITE ILCU,999) PINION,GEAR 

999 FCRMAT (///26X36He ENDING   STRESS   IAGHA»//21X,A6,28X 
• ,A6I 
N-3 
CO 202 1*2,5 
WRITE (LQLi.lOlO) CI(N),Q1(NC1),SBP( 1) ,C)3(N),03(NC1) .SBGd) 

202 N*Nt2 
WRITE (LaU,S9SS) SHOOPP.SHOOPC 

9999 FORMAT I///20X11HI-00P STRE SS/10X6HP IN 10N23X*HGE AR/F 19.* , 15XF I 2. 4 » 
IF ISBPH0P«5»-lfl2C0C.I 612,tl2,610 2370 

610 WRITE (LOU,1011) PINION.EXP 2360 
612 IF (SeGh0P<2l-182C0C.) i,1,614 2390 
61* WRITE (LOU,1011) GEAP.,EXC 2*00 
1000 FORMAT!1H13*X23HNCN STANDARD SPUR GEARS/35X25HDECREASEO CENTER OIS 

•TANCE) 
1001 FORMAT! lHi;*X19HSIAN0ARD SPUR GEAPS/35X2*HSTAN0AR0 CENTER DISTANCE 

• ) 
1002 FORMAT!1H12*X23HNCN   STANDARD   SPOR   GEARS/35X25HIKCREASED   CENTER   CIS 

•TANCE» 
1003 FORMAT1///»X15FBENOING   STRESS   At,   9H   AT   MPSTCMX31HEXCEEDS   ULTIMAT 

• E   OF   27*00C.   PSD 
IOC*   FORMAT   I///3SX35HI   NPUT        DATA SECTIC   ^///5X 

• 15HNUMBER   CF   TEETh9X6HCENTER9X 1H*7X*HC0DE7X2HHPI IX3HRPM5X 
• 7HCENSITV6>2HKT7X2HKR7X2HKM/5X15HPIMCN GEAR8X 
• 8H0ISTANCE79X 18HPINIQN        LB/CO.    IN/5XI*,6XI*,F17. 6, BXA6t 

•2XI2,1X2FI*.*,*F9.*) 
1005 FORMAT   !/5X8HPRESSURE5X9H0IAMETRAL9X8HBACKLASH8X25HCHQRDAL   TOCTH   T 

♦HK   -PINI0N<X23HCH0RDAL   TOOTH   THK   -GEAR/5X5HANGLE8X5HPITCH11X3HMIN 
♦6X3HMAX6X2fhMIN !STD     PD) MAX6X2*HMIN (STO     PD) MAX 
•/F1*.6,F13.6,F11.*,F9.*,F13.6,3X2F1*.6,F15.6) 

1006 FORMAT   !/5XSHPRESSURE5K9H0IAMETRAL9X8HBACKLASH8X21HARC   TOOTH   THK   - 
• PINIONIOXISHARC   TCOTH   THK  ~GEAR/5X5HANCLE8X5HPITCH11X3HMI N6X3HMAX 
•6X21HMIN tSTD   PO)        MAX1CX20HNIN ISTO   PO)      MAX   /Fl*.6,F13.6, 
• F1I.*,F<).*,2F13.6,7X2F11.6) 

1007 FORMAT   ( //iX2CH0U IS IDE   DIA  -   PINI0N9X2CH0UTSI0E   DIA     -     GEAR7X 
•I8HFACE   WICTH     -     NIN*X13HMAX   TIP   BREAK/5X3HMIN1*X3HMAX9X3HMIN1*X 
•3HMAX7X6HPINI0N8X*HGEAR*X6HPINI0N3X*HGEAR/3X2F11.6,7X2F11.6(5X 
♦2F10.6,3X2F7.*//5X20HROOT   OIA -   PINICN9X20HROOT   CIA -     GEAR 
♦7X18HFILLET   RAOIUS  -MIN*X13HMAX     UNDERCIT5X2HK07X2HKV/5X3HMIN1*X 
• 3HMAX9X3HMINl*X3Hr>AX7X6HPINION8X*HGEAR*X6HPlNION3X*HGEAR/3X 
*2F11.6,7X2F11.6,1X2F12.6,3X2F7.*,2F9.*) 

1008 FORMAT   I///5X15HBEN0INC   STRESS-A6,I7H-AT   HPSTC   IS   LESS/*X 
•56HTHAN   THE   ENDURANCE   LIMIT   OF   182000.   PSI   -   INFINITE   LIFE.) 

1009 F0RMAT(///;6X27HB   ENDING        STRES   S3X10H(CCfBINED)// 
*21X,A6,28X,A6) 

1010 FCRMAT   llOX,2Ae,F)5.*.5X,2A6,F15.*) 
1011 FORMAT   !//*X12HLIFE  CYCLES   ,A6, 19H   10   TO   A   EXPONET   CF,F7.2) 
2000   FORMAT   (1H134X37H0  UTPLT        DATA        SECTIC   N) 

GO   TO   1 
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EMC 
»IBFTC   PHI 
C 
C 
C 

ENGAGEMENT 
PHJ  -CALC. 
CGNCmONS 

PRESSURE   ANGLES   AND   INVOLUTE   ANGLES   AT 

10 

SUBROUTINE   PHI   ( D IA ,OE&R , FR A , FOE , FSl f FCCFTA , ZF , DB » 
CIMENSICNCIA(6»,FRAJ6),F0C(6»,FSI(6),FC0I6),FTA(6),ZFI6) 
CO   10    1=1,< 
F=Ce/ClAI I I 
FBA( I) = aTAMSCRT( 1.-( F ) ♦♦2 I/F J 
FCE(IJ=FRA(tJ*CEGP 
FSII I>=SIN(FRA|1) ) 
FCO( I ) = CCS(fRA(I» ) 
FTA( I )=:FSS(H/FCO(I ) 
IFi i»=FTA(M-FRAI1) 
CONTINUE 
RETURN 
FND 

tlBFTC   XY. 
C 
C 

SUBRCUTINF    XY  —CALCULATES   COORDINATES   TO   CENTER   OF   FiLLFT   RADIUS 

SUBROUTINE   XY    (DB,DR,RF,OEGR,PK, 
H=(CR/2.KPF 
IF    ((CB/2.I-H 10,1C,12 

10 CPR=(CB/2. )/H 
CPRA = ATAN(:CRTn.-ICPR)»*2»/CPR) 
OPP=SORT( m**2-(DB/2.)»*2) 
A=CPP-RF 
hl=SQRT((»»**2f;(De/2.l*»2» 
CA=(CB/2. )/Hl 
CARA = ATANISCRT(1.-(CA)^2)/CA» 
2CA=«SIN(C/IRA)/C0S(CARA) )-CARA 
B=«CPRA-CAF<)-/CA 
FAPRA=PKCe 

11 X = SIN(FAPPn«F 
Y=COS(FAPR/l*H 
RETURN 

12 XX=( Ce/2. )»SIMPK ) 
FAPSI=(XX£PF)/H 
FAPRA^ATAN(FAPSI/(SGRT(I.-(FAPSI 
GO   TO   11 
END 

$IBFTC   WEAK. 

X, Y) 

»•2))I 

C 
C 
C 

SUBROUTINE   KEAK   CALCS.   THE   CIA.   OF   THE   WEAKEST   SECTION    IDW)   BV 
INSCRIBING   UE   LARGEST   PARABOLA   THAI   WILL   FIT   THE   GEAR   TOOTH   SHAPE. 

SUBROUTINE   WEAK   ( RV,XCENT,YCHNT,RF,ALPHA,T,H,DW,XO I f,NOD» 
CIMENSION   FV(6),ALPHA(6),T(6) 5H(6 I,XOIM(6),OW(6) 
CO   10   1 = 1,NCC 
ALPHA! I » = .1 
DELTAS. 1 

344   V = SIN(ALPHni ) )*RF 
V1 = SQRT( (BF)»»2-m**21 

T   —      HALF   CHORC   AT   THE   WEAKEST   SECTION 
T(I)=XCENT-V1 
YA=T( I»/(SIN( ALPHAI IH/COS (ALPHA! 1)1) 

H   —      TOCTH   HEIGHT   FROM   WEAKEST   SECTION   TO   VERTEX   OF   PARABOLA 
HI I = (RVI n-YCENT)tV 
VAP=YA*-5 
IF    (YAP   -   MI > ) 146, 150,148 

146   ALPHA! I )-ülPHA( D-DELTA 
C£LTA«.l*CfLTA 
IF   I.OCCOOCOi-OELTA) 144,150,150 

PHI 1 
PHI 2 
PHI 3 
PHI 4 
PHI 5 
PHI 6 
PHI 7 
PHI 9 
PHI 9 
PHI 10 
PHI 11 
PHI 12 
PHI 13 

XY 1 
XY 2 
XY 3 
XY 4 
XY S 
XY 6 
XY 7 
XY « 
XY 9 
XY 10 
XY It 
XY 12 
XY 13 
XY 14 
XY 15 
XY 17 
XY 18 
XY 10 
XY 20 
XY 21 
XY 22 
XY 24 
XY 25 

WEAK 1 
WEAK 2 
WEAK 3 
WEAK 4 
WEAK 5 
WEAK 6 
WEAK 7 
WEAK n 
WEAK q 
WEAK in 
WEAK n 
WEAK 12 
WEAK 13 
WEAK 14 
WEAK 15 
WEAK 16 
WEAK 17 
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WEAK IB 
WEAK 19 
WEAK ?n 
WEAK 21 
WEAK 22 
WEAK 23 
WEAK 2'« 
WEAK 25 
WEAK 26 
WEAK 27 
WEAK 28 
WEAK 29 

148   ALPHAf II.ALPHAIIUOELTA 
CO   TQ   144 

150  YC-VCCNT-V 
C OH     —     WEAKEST   SECIION  DIAMETER 

0MII)-SQRTIIYe)*«2CITIin**2)*2. 
C-ATAMH D/TU)) 
C-1.57C79623-Q 

C XDIP- X   CIMENSION 
XOItM I)>T( 1I*(SINIQ)/C0S(Q)) 

10   CONTINUE 
RETURN 
END 

UBFTC   HCB. 
C      SUBROUTINE   HOE     — 
C 
C 

SUBROUTINE   HOC   < OX.ORPM.ANP ,P I VRN »T.H.OW. XOIM.HADO , t-PW,F I LR , HOB I 
♦HTIPR.OVP.fCC) 

0IMENS1CN   CVP(6).XDIM(6)i0W(6),T(6),H(6),Pl(6).YYFILI6»f0IAP(6).      HOB 2 
• 0IAG(6),F UR(6» HOB 3 

EQUIVALENCE   (0IAP(11,ORCP)i(DIAP(21.OBSP)i ( DIAPI 3),CP)t(C(AP(4),                    70 
*OXP),(OIAP(5l»0ESP).l0IAP(6),OECP),(0IAG(l).DBCGI,(0IAG(2». 80 
• 06SGt«<CIACn),OG)>(OIAG(6)*OXG),(0IAG(5»,OESG) , (01 AC (6 I ,OECG) 90 

C     LOGICAL   UNIT/fOCE      (LIN'S      INPUT   5/BCD) 
C (LOU-6     OUTPUT   6/BCO) 
C 

LIN-5 
ICU-6 
«EAC   (LIN«2I   HTT,»-A0O,hLEADtHPA.HTIPR,HPW 

2   FORHAT   (6F10.C» 
COMHON   RHP/,HPCA|hYP,HRCTRP, TSA.FCA.YFIL 
WRITE   (LOU,10081    HTT«HAOO. HLEAD,HPA.HT I PR.HPW 

1008   FORMAT    (//3X9HHOB     DATA//5X21HT00TH   THK.        ADDEN0UM7X4MLEAD4X 
• 24HPRESSURE   ANGLE      TIP   RAO. 7X3MHPW/6F13.6) 

REAL    INC 
TSA-PI/ANP 
OHPA«( ANP^KEAO/PI 
HA0DN-.5*(CHPA-0RPMI) 
HPAR»^PA«RN 
HTTN«HTTG2.»(HA0DN-hA0D)*TAN(HPAR) 
HTTR».5«HT1-HAC0*TAN(HPAR) 
HA>hTTR-(MIPR-HPh)/COS(HPAR) 
HRCTRX>hAGfTIPR*TAN(HPAR) 
RHPA«.5»DHFA 
HRCTRP-FACC-HTIPR 
HPCA»ATAN(hRCTRX/hRCTRP) 
FYP«HRCTRF/COS(HPCA) 

C      FINC   PARABOLA   TANGENT   TO   GENERATED   FILLET 
FTCA»(PI/2.»-TSA 
DO   25    1*1,KOO 
INC».1*»-TTN 
PPPCS-O. 

5   PPPOS«PPPOSCINC 
CALL   GENFIl   (PPPOS.   T(I I,VVF 1L( 1) ,0U(I).FCA.HTIPR) 
FTPA»PI-(FKACFCAI 
FPARA»(PI/;.I-FTPA 
AB«   T< I )/TAMFPARA) 
H( I )«.5«DVP(II-YVFILII) 
K«1000000.«(AB-2.«H(1I) 
IF   (K) 5fl5,10 

10   PPPCS-PPPOS-INC 
1NC-.1*INC 
GO   TO   5 
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HOB A 
HOB 5 
HOB 6 
HOB 7 
HOB a 
HOB <* 
HOB 
HOB 
HOB 7 
HOB 8 
HOB 9 
HOB 10 
HOO 
HOB 
HOB 
HOB 
HOB 
HOB 
HOP 
HCB 
HOP 
HCB 
HOB 
HOB 
HOB 
HCB 
HOB 
HOB 
HOB 
HOB 
HOB 
HOB 
HOB 
HOB 
HOB 
HOB 
HOB 



15 Pirn« T( i 
C FINC RADIUS OF 

SIOEA-YFIL 
FYPA-SICEA 
ANGLE*».5* 
FILRm-HY 

C FINO —X— VA 
ANGLEO-M* 
AOJ« T( 1)/ 

26 XCIK(I)>AO 
RETURN 
ENC 

«IBFTC GENFI. 

)**2/(2.*H( 1)1 
CURVATURE OF GENERATED FILLET AT 
CMOON-RHPA 
/COSIFCA) 
tlPt/2.HFCA) 
rA*TAN(ANGLEA) 
LUE FOR PARABOLA 
M T(n/H(in 
SIN(ANGLEO) 
J/CGS«ANGLEO)-H(I» 

TANGENT (IF PARABOLA 

C 
C 
c 

SUBRCUTiNE   GENF1L     - 

SUBROUTINE 
ClfENSION 
ECUIVALENC 

♦DXPJ,(OIAP 
♦ ceso.tciA 
COf^QN PHP 
PPA=PPPCS/ 
PHA^ATANtP 
HPCTRxRHPA 
PPPHA^PPA- 
hPCX«hPCT» 
HPCV = I-PCTR 
RCTRA^HPCA 
RCTK-Fvp^S 
RCTY«f-PCV- 
IF (PPPOS) 

10 XFIL'RCTX 
YFIL«RCTY- 
GO TO 15 

5 FCPLA*ATAN 
FCA-FCPLA- 
XFIL=RCTXC 
YFIL«RCTY- 

15 FSA«ATANIX 
FTA^TSA-FS 
RFIL'-YFIL/ 
XTFIL»RFIL 
YTFIL«RFIL 
CFIL=*2.0*R 
RETURN 
END 

»IBFTC OISCCD L 
CDISCCT 

SUBROUTINE 
CIMENSICN 
CALL UMS ( 
IF (N2-1) 

5 CALL CISSE 
NNN*ICXCI 
CALL LAGRA 
6U TO 7C 

ID 2ARC»ZA 
IPlX=IDXtl 
IP1Z>I02U 
IF   (IA) 

15   IF   (2ARG-T 
20  2ARG-TAB2( 

GENFIL    (PPPOS,X^FIL,YTFIL,0FIL,FCA,HTIPR» 
CIAP(6(fOlAG(6) 
i    (01AP(l),0BCP)f (DIAP(2).1}BSPI . ( 01 AP ( 3 I ,CPi i ( 01 API 4) , 
(5l«0ESP).(0IAP|6).0ECP)t(0IAG(ll ,OBCG> , I ClAG(2)« 
C(3lf0GI,(OIAG(4liDXG),(DIAG(5l.0ESGI,(01A6(6I,OECG) 
A,HPCA,FYPtHRCTRPt TSA.FCA.YFIL 
PHPA 
FAI 
/C0S(PH/1) 
FHA 
«SINIPPPHA) 
«CCS«PPPHA> 
£PP/) 
INtHCTRAI-HPCX 
FYP*COS(RCTRA) 

ICIO.S 

FTIPR 

IHRCTRP/PPPOS» 
FPA 
FTIPR*CCS«FCA» 
FTIPR*SIN(FCA? 
FIL/YFIL) 
A 
COS(FSA) 
*SIMFTA) 
•COSIFTA) 
FIL 

JST 

C I SCOT   (XA,2A,TABX,TABYtTABZfNC,NY,N2,ANS) 
TAQX(50C).TA8Y(500),7ABZI500),NPX(8)tNPY(81iVYJ81 
hCtIA.ICX.IOZIIPS) 
*,5,10 
P   (XA.TABX,IcNY.IOX.NN) 

^ (XAtTABX(NN).TABY(NN)fNNNfANS) 

HOB 
HOB 
HOB 
HOB 
HOB 
HOB 
HOB 
HOB 
HOB 
HOB 
HOB 
HOB 

36 
3? 
38 
39 
AO 
<►! 

42 
43 
44 
45 
46 
47 

GENFIL I 

TO 
80 
90 
8 HOB 

GENF 
GENF 
GENF 
GENF 
GENF 
GENF 
GENF 
GENF 
GENF 
GENF 
GENF 
GENF 
GENF 
GENF 
GENF 
GENF 
GENF 
GENF 
GENF 
GENF 
GENF 
GENF 
GENF 
GENF 
GENF 

IL 
IL 
IL 
IL 
IL 
IL 
IL 
ILIO 
ILll 
IL 
IL 
IL 
IL 
ILI2 
IL13 
IL14 
IL15 
ILI6 
KIT 
II 18 
IL19 
1120 
IL21 
IL22 
IL?3 

15.25,15 
/eZINZI ) 
KZ) 

25»25,2C 

0ISCOO1O 
0ISC0020 
0ISCOO30 
0ISC0050 
niscoofto 
0ISC0070 
OISCOOBO 
0ISC0090 
0ISCO10O 
0ISCC11O 
OISC0120 
0ISC0130 
0ISC0140 
DISC0150 
01SC0160 
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(2ARGtTABZ»lvNZ.I0Z.NPll 25   CALL   CISSED 
NX>NV/NI 
KPZL>NPZ£ICZ 
1-1 
IF   IIPS\ 3C,30,<»C 
CALL   CISSED   (XA,T ABX, UNXt 10X »NPX) 
00   35     JJ^PZtNPZL 
NPV(I)"(JJ-1»»NX£NPX(1) 
NPXin-NPXdl 
I-Ul 
CO   TO  50 
CO   *5   JJ»f»FZtNPZL 
is»(jj-n*hxci 
CALL   CISSEP   (XAtTABX,IStNX,IDX,NPX(I)I 
NPV( n«NPXU) 
I»UI 
CO   65     l=l,lPll 
NLOC = NPX(I ) 
NLOCY«NPY( I) 
CALL   LAGRA^   ( XA,T ABXl NLGC ) t TABY(N(.OCY i. IP IX , YY (I ) ) 
CALL   LAGRAf«   ( Z ARC . T ABZ ( NPZ ) . YY . IP 1Z t ANS ) 
RETURN 
END 

SIBFTC LAGRAO  L1ST 
CLAGRAN 

SUBROUTINE LAGRAN (XA,X,Y ,N , ANS I 
DIMENSION M2CC),Y520C) 
SU«»0.0 
00 3   I'ltN 
PR0D«Y(I) 
CO 2   JMtN 
A-X(I)-X( J) 
IF (Al   1,2,1 
e-(XA-X(J|l/A 
PRQO>PRQO*C 
CONTINUE 
SUMsSUMCPRCO 
ANS-SUM 

30 

35 

40 

45 
50 

55 

70 

IIBFTC 
GUNS 

RETURN 
FNO 
UNSD LIST 

UNS (ICIAtlCXtlDZtlMSI 
5,5,10 

SUBROUTINE 
IF (ICI 

5 IHS-l 
NC—IC 
GO TO 15 

10 IHS«0 
NC-IC 

15 IF (NC-IOO)   20,25,25 
20 IA«0 

GC TO 30 
25 IA=l 

NC-NC-lOO 
30 !0X«NC/10 

IOZ«NC-ICX«10 
RETURN 
END 

SIBFTC CISSEO  LIST 
CCISSER 

SUBROUTINE CISSER (XA»TAB , I ,NX,IO,NPXI 
DIMENSION TAB(200C) 
NPT-IC&l 

0ISC0170 
0ISC01BO 
oiscoiqo 
0ISCO2OO 
DISC0210 
DISC0220 
DISC0230 
DISC0240 
0ISCG250 
DISC0260 
0ISCO270 
oisco?ao 
DISC0290 
OISC0300 
0ISC0310 
DI$C0320 
01500330 
0ISCO34O 
0ISCO35O 
0ISC0360 
0ISC0370 
0ISC0380 
OISC0390 

LAGROOin 
LAGR0020 
LAGR0030 
LAGR0050 
LAGR0060 
LAGR0070 
LAGROONO 

''LAGR0090 
LACROIOO 
LACROUO 
LAGR0120 
LAGR0130 
LAGR01A0 
l.AGR0l5n 
(.AGR0160 
LACR0170 

UNS 
UNS 
UNS 
UNS 
UNS 
UNS 
UNS 
UNS 
UNS 
UNS 
UNS 
UNS 
UNS 
UNS 
UNS 
UNS 
UNS 

0010 
0020 
0030 
0040 
0050 
0060 
0070 
0080 
0090 
010U 
0110 
0120 
0130 
OUO 
0150 
0160 
0170 

OISSOOIO 
OISS0020 
DISi0030 
DISS0050 
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I^PB-NPT/2 0ISS0O60 
KPU-NPT-NPt DISSOOTO 
IF   (NX-NPT)         10,«,10 DISS0090 

5   NPX-I OISS0090 
FETURN OISSOIOO 

10   NLCW»ItNPe OISSOHO 
NUPP«itNx-(NPLei) cissoizn 
CO   15   II=MCW,NUPP DISS0130 
MOf,= II OISSOHO 
IF    IT*B(in-X«)         15,20,20 OISSOISO 

15  CONTINUE niSS0160 
NPXxNLPP-NFetl DISS0170 
PETURN oissoien 

20   KL = MCC-NPE r)ISS0l9O 
NU=NLCIC DISS0200 
CC   25      JJ = M.,MJ DISSOPIO 
NCIS=J) ni5S0220 
IF (TAB! JJ )-lÄE( JJtm 25,10,25                                  DISSOP^O 

25 CONTINUE DISSO?^ 
NPX=NL OISS0250 
PETURN DISS0260 

30 IF tTAB(NCISI-XA)    '•0,35,35 niSS0270 
35 NPX=NCIS-It 01550280 

PETURN DISS0290 
<i0 NPX = NCIS&1 OIS50300 

PETURN 01550310 
END DIS50320 

SCATA 
32.0 1C0.0           SHAPEC 3755,C    13820.C   .283 1.H51.0  1.0 
25.0      6.0       ,012 .018 .2778     .2808     .2278     .2308      0 
5,702     5.7C7     U.92S 16,93*    2,5*5     2.4.90     .020 ,0?n 
*,95<,     .**<1?*     16.1800 16,2000   .030 .030 .0   .0   1.0  l.*50 
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SAMPLE PROBLEM 

H 
W 
a 

< 

< 
0 
H 
P 
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STANDARD  IPUR   Gf^ARS 
STANDARn  CFMTER   OISTANCF 

I    N   o   (J   T DATA SECT    ION 

NUMBER OF TEHTH^ 
PINION GEAR 

32       lOO' 

NON STn CENTER 
_DISTANCE_ 
1 1. OÖOCC 0 

cnnF HP 

SHAPFO 375^.0^00 

RDM       DFVSITY 
PINTTON    ~VB/CU.   IN 

13 9 rr. c o r»"      r> ,"■? ^i n 

PRESSURE 
ANGLE 
Z^.OOGOOU 

DIAMETRAL 
PITCH 

6.000000 

BACKLASH 
MIN MAX 

o.oi?^      n.ciflO 

APC   TOOTH   THK   -PINION 
MIN (STD   on) MAX 
0.277Prn 0.2P0^rn 

ARC    TCinTH 
MIN] f S T " 
0.pp 7snp 

OUT SI OR   01 A   -   PINIHN 
MIN MAX 

5.7C2GOO 5.707'J00 

OUT SI OF    01A      -      GEAR 
MIN ^ A X 
16.929000      16.934000 

FACE   WIDTH      -      MjN 
PINION r.FAR 
?.54SAnO     p.^^oo^o 

MAX    TIP   ^ 
PtNI'iM r- 

ROOT   OIA -   PINION 
MIN MAX 

A.954000 4.974000 

P (TGJ _!}]_ A - T,FAR 

'MI N        MAX" 

FILLET RAT IDS --.IN 
PINION  "'  GFAR' 

0.030000 0.030000 

MAX UNDFR 

PTNTTTN " '' 
f .'".(ion   o.n 

BENDING    STRESS-PINION-AT   HPSTC    IS    LFSS   
THAN   THE   'ENOURANCE"   LIMIT   OF'  1P2000.    PSl''- INFINATF   LIFE. 

RENDING    STRESS-GEAR      -AT   HPSTC    IS   LESS 
THAN   THE    ENOURANCF   LIMIT   OF    1820CO.    PS I INFINATF   LIFE. 

R   F   N   0   I    N   G STRESS 

PINION 
BSTC    (J.PSTC)   __    _32ft96.3555 
PP    (STD)" 68065.47ÖT 
PP    (OP) 68f,65.4707 
ESTC    (HPSTC) 123804.72^5 

GEAR 
BSTC    (HPSJC") ~J       125957.71 88 

'PP '(STD)   " 94310 .62'3'G 
PP   (OP)      _ '94310.6230 
ESTC    (LPSTC) 24 721.3926 

BENDING STRESS ( AGMA) 

PINION 
BSTC    (LPSTC) 31572.2649 
PP    (ST05 65725.4014 

_PP_( OPJ 6572 5.4014 
ES'TCI HPSTC) 119548.3613 

_ ^ 1R 

BSTC   (HPSTC) 121227.6045 
PP   (STOJ 90 76 8. 95 80 
PP   (OP) 
ESTC   (LPSTC) 

90 76 8.9580_ 
2Tf9 3.'Ö264 

HOOP   STRESS 
PINION GEAR 
9420.0336 10 289.5746 

OUTPUT SHEET 
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SUMDAqO  SPUR   GHARS 
STANnARD   CFNT^k   OISTANCP 

I   N   o   U   T DATA SECT   ION 

3N   STD   CENTPq 
DISTANCE^ 

"ll.OOÖüC'O 

cnoF HP RPM 

PINIHN 
nPMSITY 
LR/CU. IN 

KT KP 

SHAPFO  -C 375S.O^On nepn.conn      n.?nn 1.1'^"o   l.bT"" 

BACKLASH^ 
^MIN      MAX 
0.01?^  n.C'i«o 

APC THOTH THK -PINION 
MIN    (STD on)   MAX 
0.277pr"n o.zsoVrö 

OUT S I OE   DIA      - _ GE AP^ 
"MIN   ' MAX 
lh.979000     16,93400C 

FACE   wnTH      -     «MN 
PINION OEAR 
TTS4»iAÖO      2, 4900^0" 

POCT   PIA 
"MIN 

-      GFAP 
MAX_ 

l^.ieÖOJO     16.2nÖ0Or 

FILLET   HAOIHS  -MIN 
"PINION GMP' 

ü.030000 o.030000 

ARC    TOOTH   THK   -GEA« 
MIM     "  fSTO    POI      M4V 

M/\X    TIP   RREAK 
PINION r,FÄR 
^.C'POO  r.npnn 

MAX     l IN OF P CUT KO 
PINION"-  GFÄP' 
f .'".OOO   O.Gnrn        ] ,nn« 

KV 

1 .^onn 

-AT   HPSTC   IS   LESS   
IT   DF   182000.    PSl'"-" INFINATF   LIFE. 

-AT HPSTC IS LESS  
IT OF I820CO. PSI - INFINATE LIFE. 

B   F   N   0   I   N   G STRESS 

IN 
32696.3555 
'681165.4707 
68065.4707 

12 380t. 72.8 5 

GEAR 
BSTC    IHPSJCJ 
PP" "( STDI 
PP   (HP) 

125957.7188 

ESTC    (LPSTCI 

^4 3J 0.6 2 30 
94 310.6230 
24721.3926 

BENDING   STRESS (AGMA) 

GFÖR 
31572.2649 

_65725^40U 
65725.4014 
~195tB.3613 

BSTO-    (HPSTC) 
PP   (STD> 
PP   (0P> 
FSTC    (LPSTC> 

121227.6045 
90768.9580 
90768.9580 

"23 793.0264" 

■RESS 
GEAR 

10 2 89.5746 

OUTPUT SHEET 
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APPENDIX VI 

AGMA STANDARD 220. 02 

Following is a reprint of "Tentative AGMA Standard for Rating the Strength of Spur 
Gear Teethj " by permission of V. C. Sears, American Gear Manufacturers Associa- 
tion. 

FOREWORD 

This standard is for rating tht strength of spur gear teeth. It contains the 
following: 

BASIC RATING FORMULA 

This section enumerates the factors iwwn ro affect strength. Numerical 
values are presented (or those factors which have been evaluated by an- 
alytical means, test results or field experience*. Suggestions are made for 
the factors which are not now capable of being expressed accurately. New 
knowledge and more definite measurement of these parameters will con- 
tinually necessitate revisions and improvements. 

In addition to the above, it ia contemplated to publish design practices, such 
as AGMA 220.02A, having specific application under the heading of: 

DESIGN  PRACTICES FOR SPECIALIZED APPLICATIONS 

It is recognized that it is sometimes desirable to provide simplified design 
practice data applicable to a specialized field of application. These in- 
dividual design practices will enable enclosed speed reducer, mill gear, 
aircraft or other specialized product designers to record the modifications 
and limitations they wish to use. 

Basic data illustrating the coordination of rating for all types of gears is 
contained in Tentative Information Sheet AGMA 22'.01, "Strength of Spur, 
Helical, Herringbone and Bevel Gear Teeth.". 

The first draft of the revision to this standard was prepared by the committee 
in September, 19^5. It was approved by the AGMA membership as of April 7, 
196}. 

Tables or other self-supporting sections may be quoted or extracted in their 
entirety. Credit lines should read; "Extracted from AGMA Standard /or Rating 
the Strength of Spur Gear Teeth (ACMA 220.02), with the permission of the pub- 
lisher, the American Gear Manufacturers Association, One Thomas Circle, Wash- 
ington, D. C.  20005". 

COPvmOMT.   1M4. BY 

AMCKICAN   CCAR   MANUFACTURERS   USSOCIATION 
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Personnel of 

Gear Rating Committee 

Technical  Division 

January, 1964 

E. J. Wellauer, Chairman, The Falle Corp., Milwaukee, Wis. 

D. L. Borden, The Falk Corp., Milwaukee, Wis. 

W. Coleman, Gleason Works, Rochester, New York 

D. W. Dudley, General Electric Co., West Lynn, Mass. 

J. H. Glover, Ford Motor Co., Dearborn, Michigan 

I. Koenig, Hewitt-Robins, Inc.. Chicago, Illinois 

C. F. Schwan, Reliance Electric & En^ineerinf; Co., Cleveland, Ohio 

J. C. Straub, Wheelabrator Corp., Mishawaka, Indiana 

F. A. Thoma, De Laval Turbine, Inc., Trenton, New Jersey 

N. A. Wilson, Morgan Construction Co., Worcester, Mass. 

G. L. Scott, AGMA, Washington, D. C. 

AGMA Standards and related publications represent minimum or average data, 

conditions or application. They are subject to constant improvement, revision or 

withdrawal as dictated by experience. Any person woo refers to AGMA technical 

publications should satisfy himself that he has the latest information available 

from the Association on the subject matter. 
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TENTATIVE 
AGMA STANDARD 

STRENGTH OF SPUR GEAR TEETH 

Basic Rating Formula 

1.  Scope 2.  FundamenUl Bending Stress Formula 

1.1 This standard presents the fundamental foimu- 
las for the strength of spur gear teeth. It includes 
all of the factors which are known to affect gear 
tooth strength. This standard is based on Informa- 

tion Sheet AGMA 225.01 and is iherefore coordinated 
with strength ratings for helical and bevel gears. 

2.1   The basic equation for the bending stress in a 
gear is calculated as follows: 

Wt Ko      Pd     Ks  Km 

1.2 Both pinion and rear teeth must be checked for 
bending strength rating to account for differences in 
geometry factors, material properties, and numbers 
of tooth contact cycles under load. 

1.3 Other AGMA standards contain numerical values 
to be used to rate gears for specific applications. 
These should be consulted when applicable. 

1.4 Where no applicable specific AGMA standard is 
est iblished, numerical values may be estimated for 
the factors in the fv . imenri1 formula and an ap- 
proximate stren >. '   i ci. 

1.5   The  formul-..        ^   ...  \r this reference apply 
to external gears unless oth^rvise noted. 

1.6 The symbols used, wherever applicable, conform 
to Standard AGMA 111.03 "Letter Symbols for Gear 
Engineering" (ASA B6.5-1954) and "Letter Symbols 
for  Mechanics of Solid  Bodies" (ASA Z10.3-1948). 

Where: 

£,     =    calculated tensile bending stress at the 
root of the tooth, psi 

W, = transmitted tangential load at 
operating pitch dia. lbs. (see 
Section 4). 

Load 
K0 =   overload  factor (see Section 9) 

Kv =   dynamic factor (see Section 8) 

Tooth I Prf =   diametral P"ch 

s
'2e    \   ■ , .... I ^ =   face width, in. 

I Ks =   size factor (see Section 7) 

Stress \ 
_.     .   j ^_, =   Load    distribution   factor   (see 
Distri-\ o      •      ^> 

I Section 6) 
bution / 

>./ =   geometry  factor (see Section 5) 
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AGMA STANDARD 
STRENGTH OF SPUR GEAR TEETH 

t.l.l Noce that the above equation ia divided into 

three groups of terms, the first of which is concerned 

with the load, the second with tooth size, and the 

third with stress distribution. 

d     =    operating  pitch diameter of pinion, in. 

4.  TrammlUed Tangential Load 

2.2   The  relation of calculated stress to allowable 

stress is: 

^     sat KL 

KB K 

Where: 

KL 

*T 

KR 

R *T 

allowable   bending  stress   for material, 
psi (see Section 13) 

calculated    bending   stress,   psi   (see 
paragraph 2.1) 

life factor (see Section 11) 

temperature factor (see Section 12) 

factor of safety (see Section 10) 

3.  FundamenUI Power Formula 

4.1 The transmitted tangential load is calculated 

directly from the power transmitted by ihe gear set. 

(When operating near a critical speed of the drive, a 

careful analysis of conditions must be made.) When 

the transmitted load is not uniform, consideration 

should be given not only to the peak load and its 

anticipated number of cycles, but also to intermedi- 

ate loads and their number of cycles. 

4.2  The transmitted tangential load is: 

*.    = 
33,000 P 27 126,000 P 

vt d rtpd 

Where: 

P     =    power transmitted, hp 

T     =    pinion torque, lb.in. 

vt    =    pitch line velocity, fpm 

3.1 In preparing handbook data, for gear designs 

already developed, the following formula can be used 

to directly calculate the power which can be trans- 

mitted by a given gear set: 

«P   d     K. 
Pa,   = 

sal KL 

126,000   Ko    Km    Ks Pd    KR KT 

Where: 

5.  Geometry Factcr — J 

5.1 The geometry factor evaluates the shape of the 
tooth, the position at which the most damaging load 
is applied, stress concentration due to geometric 
shape and the sharing of load. 

Pal =    allowable power of gear set, hp 

np    =    pinion speed, rpm 

5.2 See Appendix A for a further discussion of spur 

gear geometry factors, and paper AGMA 229.07, 

"Spur and Helical Gear Geometry Factors." 
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AGMA STANDARD 
STRENGTH OF SPUR GEAR TEETH 

5.3 Accurate spur gears develop the most critical 
stress when load is applied at the highest point of 
the tooth where a single pair of teeth is carrying all 
the load. Less accurate spur gears, having errors 
that prevent two pairs of teeth from sharing the load, 
may be stressed most heavily when load is applied 
ar the tip. Figures 1A and IB show the geometry 
factor for equal addendum involute spur gears of 20 
deg and 25 deg pressure angle. In these curves, it 
is assumed that the theoretical stress concentration 
factor is not affected seriously by surface finish, 
plasticity, residual stresses or other factors. 

3.3.1 Table 1 shows the variation in base pitch be* 
tween the gear and pinion which determines whether 
or npt load sharing exists in 20 degree pressure 
angle spur gears. 

6.   Load Distribution Factor — Km 

6.1   The   load  distribution factor depends  upon the 
combined effect of: 

1. misalignment of axes of rotation 

2. lead deviations 

3. elastic   deflection   of   shafts,   bearings  and 
housing. 

6.3 Manufacturers of precision gears with face 
widths greater than 6 inches generally find it neces- 
sary to control misalignment by other means than 
allowed rates of misalignment. To handle such 
cases, Table 2 shows appropriate values of K   . 

6.6 When the estimated or actual misalignment is 
not known, the Km factor may be obtained from 
Table 3. 

7.  Size Factor — K, 

7.1   The   size  factor reflects non-uniformity of ma 
terial properties.    It depends primarily on: 

1) tooth size; 

2) diameter of parts; 

3) rat'o tooth size to diameter of pan; 

4} face width; 

3) area of stress pattern; 

6) ratio of case depth to tooth size; 

7) hardenability and heat treatment of materials. 

6.2   Figures  2 and 3 illustrate misalignment and its 
effect on load distribution. 

6.3  The  effect of different rates of spur gear mis- 
alignment is shown in Figure 4. 

7.2 The size factor may be taken as unity for most 
spur gears provided a proper choice of steel is made 
for the size of the parts and the case depth or hard- 
ness pattern is adequate. 

6.4 When the misalignment is knovn, use Figure 4 
to select Km. Fm represents the face width having 
just 100 per cent contact for a given tangential load 
and alignment error.  Generally Fm should exceed F. 

7.3 Standard size factors for spur gear teeth have 
.not yet been established for cases where there is a 
detrimental size effect. In such cases a size factor 
greater than unity should be used. 
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Ttble 1   «■■««■§ Eiror In Action for Steel Spur Gear 

(VvteUon In Base Pitch) 

Number 

of 

Allowable Error When 
Teeth Share Load* 

Amount of Error When 
Teeth Fail to Share Load** 

Pinioo Load Per In. of Face Load  Per  In. of Face 

Teeth 
500 1b. 1,000 1b. 2,000 lb. 4,000 lb. 8,000 lb. 500 lb. 1,000 lb. 2,000 lb. 4,000 lb. 8,000 lb. 

15 

20 

25 

0.0004 

0.0003 

0.0002 

0.0007 

0.0006 

0.0005 

0.0014 

0.0011 

0.0009 

0.0024 

0.0020 

0.0017 

0.0042 

0.0036 

0.0030 p
   

  p
   

  p
 

0.0011 

0.0011 

0.0011 

0.0023 

0.0023 

0.0023 

0.0039 

0.0039 

0.0039 

0.0064 

0.0064 

0.0064 

*llse upper curves on Fig. 1 — highest point of single tooth loading. 

**Use lower curve of Fig. 1 — tip loading. 

8.   Dynamic Factor — Kv 

8.1 The dynamic factor depends on: 

1) effect of tooth spacing and profile errors. 

2) effect of pitch line and rotational speeds. 

3) inertia and stiffness of all rotating elements. 

4) transmitted load pet inch of face. 

5) tooth stiffness. 

8.2 Figure   5   shows   some  of the  dynamic factors 

that are commonly used. 

Curve No. 1 — To be used with high precision 
shaved or ground spur gears where the effect ot toe 

items listed in paragraph 8.1 are such that no appre- 

ciable dynamic load is developed. 

Curve No. 2 — To be used with high precision 

shaved or ground spur gears when the items listed 
in paragraph 8.1 can develop a dynamic load. 

Curve No. 3 — To be used with spur gears fin- 

ished by bobbing or shaping. 

8.3 When milling cutters are used to cut the teeth or 
inaccurate teeth are generated, lower dynamic fac- 
tors than shown must be used since the dynamic 
factor reflects the effect of inaccuracies in profile, 
tooth spacing and runout. 

9. Overload Factor — K0 

9.1 The overload factor makes allowances for the 
roughness or smoothness of operation of both the 
driving and driven apparatus. Specific overload 
factors can only be established after considerable 
field experience is gained in a particular application. 

9.2 In determining the overload factor, considera- 
tion should be given to the fact that many prime 
movers develop momentary overload torques appre- 
ciably greater than those determined by the name- 
plate ratings of either the prime mover or the driven 
apparatus. 

9.3 In the absence of specific overload factors, the 
values in Table 4 should be used. 
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Table 2   Load Distribution Factor for Precision Wide-Face Spur Gears — K 

Ratio Load Distribution 

^ 
Contact Factor —  K 

93% face width contact obtained at 1/3 torque 1.4 at 1/3 torque 

95% face width contact obtained at full torque 1.1 at full torque 

73% face width contact obtained at i/3 torque 1.8 at 1/3 torque 

93% face width contact obtained at full torque 1.3 at full torque 

1.0 
33% face width contact obtained at 1/3 torque 2.5 at 1/3 torque 

ot 93% face w<dth contact obtained at full torque 1.9 at full torque 

less 20% face width contact obtained at full torque 4.0 at 1/3 torque 

73% face width contact obtained at full torque 2.5 at full torque 

Teeth are crowned 

33% face width contact at 1/3 torque 2.5 at 1/3 torque 

83% face width contact at full torque 1.7 at full torque 

Calculated combined twist and bending of pinion 
not over .001 in. over entire face 

Pinion not orer 230 Bhn hardness 

75% contact obtained at 1/3 torque 2.Ü at 1/3 torque 

95% contact obtained at full torque 1.4 at full torque 
over  1 

Calculated combined twist and bending of pinion 
less not over .0007 in. over entire fac c 

than 2 Pinion not over 350 Bhn hardness 

75% contact obtained at 1/3 torque 2.0 at 1/3 torque 

95% contact obtained at full torque 1.4 at full torque 

30% contact obtained at 1/3 torque 4.0 at 1/3 torijue 

75% contact obtained at full torque 3.0 at full torque 
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Table 3    Load Distribution Factor — K. 

Face Width, in. 

Condition of Support 2 in. Face 
and 

Under 

6 in. 
Face 

9 in. 
Face 

16 in. Face 
and 

Over 

Accurate mountings, low bearing clearances, minimum 
elastic deflection, precision gears 

1.3 1.4 1.5 1.8 

Less rigid mountings, less accurate gears, contact 
across full face 

1.6 1.7 1.8 2.0 

Accuracy and mounting such that less than full face 
contact exists 

over 2.0 

Table 4   Overload Factors» — K„ 

Power 
Source 

Load on Driven Machine 

Uniform 
Moderate 

Shock 
Heavy 
Shock 

Uniform 1.00 1.25 
1.75 

or higher 

Light Shock 1.25 1.50 
2.00 

or higher 

Medium Shock 1.50 1.75 
2.25 

or higher 

1 Note that this table is for speed decreasing drives 
only.   For speed increasing drives add 

0.01  f  I to the factors in Table 4. 

9.4 Service factors have been established where 
field data is available for specific applications. 
These service factors include not only the overload 
factor, but also the life factor and factor of safety. 
Service factors for many applications are listed in 
other AGMA Standards, and should be used whenever 
available. If a specific service factor is used in 
place of the overload factor K0, use a value of 1.0 

for KR and KL. 

10.  Factor of Safety — KR 

10.1 The factor of safety is introduced in this 
equation to offer the designer an opportunity to de- 
sign for high reliability or, in some instances, to 
design for a calculated risk. Table 5 shows a sug- 
gested list of factors of safety to be applied to the 
fatigue strength of the material rather than to the 
tensile strength. For this reason, the values are 
much smaller than customarily used in other 
branches of machine design. 

Where: 

Np   =    number of teeth in the pinion 

NG   =    number of teeth in the gear. 

10.1.1 Failure in the following table does not mean 
an immediate failure under applied load, but rather a 
shorter life than the minimum specified. 
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Table 5   Fact«« of Safety — KR 

Fatigue Strenctli 

Table 7   Life Factor 

Requirements of Application «R 

High Reliability 1.50 or higher 

Fewer than 1 failure in 100 1.00 

Fewer than 1 failure in 3 0.70 

10.2 Table 6 shows safety fnctors to be applied to 
the yield strength of the material. These values 
must be applied to the irazimum peak load to which 
the gears are subjected. 

Number ^L 

of 
Cycles 

160 
Bhn 

250 
Bhn 

450 
Bhn 

case 
oarb.' 

Up to 1,000 1.6 2.4 3.4 2.7 

10,000 
% 

1.4 1.9 2.4 2.0 

100,000 1.2 1.4 1.7 1.5 

1 million 1.1 1.1 1.2 1.1 

10 million 
and over 

1.0 1.0 1.0 1.0 

'case carburized 55*63 R, 

Table 6   Factors of Safety — KR 

Yield Strencth 

Requirements of Application *R 

High Reliability 3.00 or higher 

Industrial 1.33 

12. Temperatwe Factor — KT 

12.1 When gears operate at oil or gear blank tem- 
peratures nu exceeding 250 degree F, KT is gen- 
erally taken as unity. In some instances, it is 
necessary to use a KT value greater than unity for 
case carburized gears at a temperature above 160 
degree F.  One basis of correction is: 

11.  Life Factor — KL 

Kr    = 
460   +   Tf. 

620 

11.1 The life factor adjusts the allowable loading 
for the required number of cycles. Table 7 shows 
typical values, for use with the allowable stress 
values of Figure 6 or Table 8. 

Where: 

T*   = The  peak operating oil temperature in 
degrees Fahrenheit. 
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13. Allowable Bendlm Stress — 

■ay 

13.1 An allowable design bending stress for unity 
application tfactor and 10 million cycles of load 
application is detetipined by field experience, for 
each material and condition of that material. This 
stress is designated sat. 

stress is determined by the allowable yield proper- 
ties rather than rhe fatigue strength of the material. 
This stress is designated as s . Figure 7 shows 
suggested values! for allowable yield strength, for 
through hardened steel. In these cases the design 
should be checked to make :ertain that the teeth are 
not permanently deformed. When yield is the gov- 
erning stress, the stress concentration factor is 
sometimes considered ineffective. 

13.2 The allowable stress for gear materials varies 
considerably with heat treatment, forging or casting 
practice, material composition, and with various 
surface treatments. 

13.3  Frequently,   shot   peening   permits   a  higher 
allowable stress to be used. 

13.4 The allowable fatigue design stress for steel 
is shown in Figure 6. These values are suggested 
for general dtsign purposes. 

13.3 The allowable fatigue design stress for surface 
hardened steel and other materials is shown in 

Table  8. 

13.6 Use 70 pet cent of the sat values for idler 
gears and other gears where the teeth are loaded in 
both directions. 

13.7  When    the   gear   is   subjected   to infrequent 
momentary   high  overloads  the   maximum allowable 

Table 8   Allowable Fatigue Design Stress — sat 

Material 
Material 

Hardness 

min. 
sat-psi 

Steel 

Case Carburized 
and Hardened 

55 Rc 55-65,000 

Induction or 
Flame Hardened 

300 Bhn Hard Root 

Unhardened 
Root 

use values from 
Fig. 6 

22,000 

"ast .'ror 

AGMA Grade 20 
AGMA Grade 30 
AGMA Grade 40 

175 Bhn 
200 Bhn 

5,000 
8,500 

13,000 
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PINION 
) 

GEAR 
^^^ 

y a ^-^ a 
^ ALIGNMENT   ERROR 

FIG. 2    EXAMPLE  OF A PINION  AND  GEAR  MISALIGNED UNDER 
NO LOAD.   TEETH  CONTACT AT LEFT HAND END 

AND ARE OPEN AT RIGHT HAND END. 

FACE    WIDTH - F 

FIG. 3   LOAD DISTRIBUTION ACROSS FACE WIDTH 
FOR  VARIOUS CONTACT CONDITIONS 
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APPENDIX A 

SPUR GEAR GEOMETRY FACTOR 

1. Geometry Factor 

J     = 
Kl   mN 

Where: 

J = geometry factor 

V = tooth form factor 

K, = stress correction factor 

m^ = load sharing ratio 

2.  Tooth Form Factor - 

2.1 V is detervined for the most critical position of 
load application. This is at the tip of the tooth 
when load sharing does not exist and usually at the 
highest load position for single tooth contact when 
load sharing does exist. 

2.2 The V factor, which considers both the tangen- 
tial (bending) and radial (compressive) components 
of the load is calculated as follows: 

1 
V      = 

Where: 

4>     =    pressure angle 

2.3   Use   the   following   procedure   to   determine   Y. 

2.3.1 Lay out a generated tooth profile at a scale 
of one diametral pitch (Pj), as shown in Figures 

Al  end A2. 

2.3.2 When load sharing exists (Fig. M), lay a 
scale tangent to the base circle and locate the posi- 
tion where the distance from thi- intersection point 
with the pitch circle to (he intersection point with 
the profile equals distance r. - inches (obtained 
from Figures A3 or A4).   This locates line aa. 

2.3.3 When load sharing does not exist (Fig. A2), 

draw line aa through point p and tangent to the base 
circle.   This locates line aa. 

2.3.4 Through point / draw line bb perpendicular to 
the tooth center line. The included angle between 
lines aa and bb is angle  £L. 

2.3.5 Draw line cde tangent to the tooth fillet 
radius (»,) at c, intersecting line bb at d and the 
tooth center line at c so that cd  =   de. 

2.3.6   Draw line fe. 

2.3.7   Through point  e draw a  line perpendicular to 
fe, intersecting the tooth center line at n. 

2.3.8   Through point e, draw a line me perpendicular 
to the tooth center line. 

2.3.9 Measure the following from the tooth layout: 

mn   —    X   ~    inches 

me   =     t/2   —    inches 

angle 4iL 

2.3.10 Calculate form factor Y. 
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3. BtoaM CoraeUoB Factor — K, 

S.l Screa« correction factor depeoda on: 

1) effective stress concentration; 

2) location of load; 

3) plasticity effects; 

4) residual stress effects; 

5) material composition effects; 

6) surface finish: 

a) resulting from gear production 

b) resulting from service. 

7) Hertz stress effects; 

8) size effect; 

9) end of tooth effects. 

3.2 The following stress correction factor is that of 

Dolan and Broghamer and only includes the effects 
of items 1 and 2. 

" ^ 0 (:f 
Where: 

H, J and L are obtained from Table A-l. For 

other pressure angles, the values of H, J and L 

can be obtained by interpolation and extrapola- 
tion. 

Table A-l   Values for H, J and L 

Pressure  Angle H J L 

l^o 0.22 0.20 0.40 

20° 0.18 0.15 0.45 

25° 0.14 0.11 0.50 

2 

Tl 

Where: 

T 

Where: 

R 

=    distance   /m measured   from  the layout 

— inches 

-    distance   me measured  from  the layout 
— inches 

=     M   +   rT 

edge radius of tool — inches. For a 
cutter with chamfered teeth, take 
rr   =   0. 

h1 

R„ + fci 

the relative radius of curvature of the 
pitch circle of the gear and the pitch 

line or pitch circle of the generating 

tool. For generation by a rack or hob, 

R0 equals the pitch radius R of the 

gear being generated. For generation 

by a pinion-shaped cutter, 1/R0 = 

1/R + 1/Rc, where Rc is the pitch 
radius of the cutter. 

b,    =    h  - 

Where: 

=    dedeudum — inches 

3.3 Plasticity reduces the effect of stress concen- 
tration and is partially measured by the life factor 

of Table 7. When more accurate data such as notch 

sensitivity values are available, they may be used, 

3.4 If more exact values for the stress correction 

factor are available, they may be used. 

4.  Load Sharing Ratio "N 

4.1 Load sharing ratio is influenced by profile con- 
tact ratio. 

4.2 The most critical position of spur gear load 
application normally occurs when only one tooth is 
in contact. 

Theiefore, m^   =   1.0. 
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<{.  TOOTH 

LOAD   AT HIGHEST   POINT   FOR   S'NGLE   TOOTH   CONTACT 

FIG. A-l   TOOTH   FORM   FACTOR  LAYOUT  WITH   LOAD  SHARING 

^ I TOOTH 

TIP LOADING 

FIG. A-2   TOOTH   FORM FACTOR   LAYOUT  WITHOUT LOAD SHARING 
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WHEN  DEi ERMINING   Zc  FOR A PINION, USE THE 
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FIG. A-3    Zc-FOR HIGHEST POINT OF SINGLE TOOTH CONTACT 
WHEN LOAD SHARING EXISTS   BETWEEN  TEETH 
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20 30 40 50       60     70    80   90 

TEETH  IN MATING  PINION  OR GEAR 

FIG. A-4    Zc-FOR HIGHEST POINT  OF SINGLE TOOTH CONTACT 
WHEN  LOAD   SHARING    EXISTS  BETWEEN TEETH 
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The user of this Standard (AGMA 220.02) may find these 
other AGMA Standards of value as reference data: 

Number Title 

AGMA 110.03 Gear Tooth Wear and Failure  

AGMA 112.03 Terms, Definitions, and Illustrations  

AGMA 115,01 Basic Gear Geometry — Reference Information  

AGMA 201.02 Tooth Proponions for Coarse-Pitch Involute Spur Grars  

AGMA 207.04 20-Degree Involute Fine-Pitch System for Spur and Helical Gears  

AGMA 208.02 System for Straight Bevel Gears  

AGMA 212.02 Surface Durability (Pitting) Formulas for Straight Bevel 

and Zerol Bevel Gear Teeth  

AGMA 216.01 Surface Durability (Pitting) Formulas for Spiral Bevel Gear Teeth   

AGMA 221.02 Strength of Helical and Herringbone Gear Teeth  

AGMA 225.01 Strength of Spur, Helical, Herringbone and Bevel Gear Teeth  

AGMA 241.02 Gear Materials — Steel  

AGMA 244.01 Nodular Iron Gear Materials   

AGMA 245.01 Recommended Procedure for Cast Steel Gear Materials  

AGMA 247.01 Recommended Procedure for Steel, Nitriding, Materials and Process . 

AGMA 248.01 Recommended Procedure for Induction Hardened Gears and Pinions .... 

AGMA 249.01 Recommended Procedure for Flame Hardening  

AGMA 250.02 Lubrication of Industrial Lnclosed Gearing  

AGMA 252.01 Mild Extreme Pressure Lubricants for Industrial Enclosed Gearing  

AGMA 390.01 Gear Classification Manual for Spur, Helical and Herringbone Gears  

AGMA 411.01 Design Procedure for Aircraft Engine and Power Take-Off Spur Gears 

A more complete  list of AGMA Standards published by the American Gear 
Manufacturers Association is available upon request. 
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