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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:

The

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 calculaiion 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,

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,
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@ 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 endnrance 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 across
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, 000-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 1s 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.
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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. T<coth breakage is the most severe and often causes considerable secondary
damage and sumetimes catastrophic failure of an entire gear unit, It may be caused
accidentally, such as when a foreign object pasces through a tooth mesh, or it may be
caused by the repetitive high bendirg 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 whick 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 filiet 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 surcessive sections 0. 100-inch apart to de-
termine the minimum load section for an arpbitrary 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 in:luded in many stress and en-
gineering handbooks as a modified LLewis 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 additionai 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.

W —normal applied load

Wt —tangential component of W

Wr—radial component of W

Wc—compressive load at weakest section from Wy
Ws—shear load at weakest section from W;

M —bending moment at weakest section from Wy
M,—bending moment at weakest section from Wy

Figure 1. Gear Tooth Static Load Analysis,
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Tip loading, a3 used in the original Lewis formula, was often changea 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 stiess
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 stresg). 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 nurnbers
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 II and III, The Dolan-
Broghamer and AGMA methods use Lewis gecmetric 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-FPedersen 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.
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Figure 2. Relative Gear Tooth Bending Stress.

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

Sp = maximum bending stress

height of equivalent constant stress parabolic beam

=g
-

thickness of beam at weakest section

-
-

p = circular pitch

Figure 3. Lewis Construction and Gear Tooth Bending Stress Formula.
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TABLE I
COMPARISON OF GEAR TOOTH BENDING STRESSES
CALCULATED BY VARIOUS METHODS

—_ — — —— —  — ——————— — ———  ——————————

Gear Configuration Gear .Tooth Str«
Unit
Pressure Angle Load
Gear Pitch (deg) Radius (in.) (1b) Lewis Dolan-Broghamer Dolan-Broghamer A’
1 6 20 0. 050 6,000 12,692 22,682 179 xx 2.
3 6 20 0. 080 6,000 11,020 19, 382 176 1y
5 6 20 0.050% 6,000 17,572 28, 385 162 o
7 6 20 0.080%* 6,000 14,023 22,796 163 2y
9 6 25 0.050 6,000 9,871 17,583 178 1y
11 6 25 0.067 6,000 176 L
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 47,181 174 4,
4 12 20 0.040 12,000 23, 869 40, 944 171 3
6 12 20 0.025% 12,000 [38,497) 60, 920 157 x B
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 8 .
Average 19, 007 31,813 167. 4 2¢
Variution (M. : + Min) 4. 075 3.635 1. 140
¥ Root diameter for protuberance cut.
x designates low stress range configuration.
xx designates high stress range configuration.
Notes:
A value of 1.0 was used for K, (load distribution factor).
High and low calculated stress configurations are boxed.




—ﬁ_-\\“—_——_——:_-:
Tooth Stress at High Point of Single Tooth Contact (p. 8. i. )
AGMA as Heywood as Kelley-Pedersen
:mer AGMA % of Lewis Heywooc! % of Lewis Kelley-Pedersen % of Lewis
i 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
149 192 185
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, 4417 153 41,710 175 41, 848 175
144 174 57,038 148
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
.'-r ~ TR e TN e T W e e




where:

where:

hy -

(-9

¥ ©wW X ®

Sb

»

Figure 4.

= maximum fillet stress
= normal load
= tooth face width

= dimension of resisting material

= fillet radius at the point of maximum stress

distance from point of load application to
maximum stress

deviation of load line from direction of
principal stress

+ face width

= moment arm

« resisting material
= fillet radius

= normal load

= angle deviation of load from the

0.5
. l,n_mii)ﬂ'?][%+{?$} Il+ﬂ.?55nnr}]$ W

tooth depth

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

Heywood Construction and Gear Tooth Bending Stress Formula.

0.7 .
W e 1.5a  sinB 0.45
SU-F[“O'Z()(rf) ][ e2 ' ?e+me}n~5]

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

6 Wh =W
Sb=K[tF - F tan ¢L]

where
W = tangential load at load point
¢ = pressure angle at load point
h, t = load height and maximum stress section tooth thickness from gear tooth
layout (Lewis construction)
F = gear tooth face width
Sp = combined stress (from radial and flexural components of load) at the ten-
sile fiilet
K = concentration factor for combined stress at tensile fillet
. maximum observed tensile stress
N computed combined stress
t\0.2 /¢t\ 0.4
= 0.22 +<ﬁ) h, for 14.5-degree pressure angle
t\0.15/4\ 0.45
= 0.18 +(ﬁ) (T) for 20-degree pressure angle
Dl minimum fillet radius at bottom of the trochoidal fillet of a generated
tooth as determined by procedure developed by Mr. A. H. Candee.
= ri *+ rq
ri = bj2/(R=b;) = minimum radius of curvature of trochoid at center of edge
radius
bj = b -ry = dedendum to center of tool edge radius
ry =  tool edge radius
b = length of dedendum of the gear
R = radius of the pitch circle
t = thickness of tooth at theoretical weakest section (Lewis)
h = height of load position above the theoretical weakest section
TABLE III
AGMA GEAR TOOTH BENDING STRESS FORMU LA
—
_ WtKo (Pd) Ks Km
St Kv \F J
where
St = calculated tensile stress at the root of the tooth
Wi = transmitted tangential load at operating pitch diameter
Ko = overload factor Load
Kv =  dynamic facto."
P4 = transverse diametral pitch '
F =  pet face width Tooth Size
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TABLE III (CONT)
AGMA GEAR TOOTH BENDING STRESS FORMULA

gize factor
load distribution factor Stress Distribution
geometry factor

f%nﬁ for spur gears
Y = tooth form factor
Kf = stress correction factor
mp; = load sharing ratio

J L
H +(rL> (%) = Dolan-Broghamer Stress Concentration Factor
f

Pressure Angle (Degrees)

0.22 14.5
0.18 20
0.20 14.5
0.15 20
0. 40 14.5
0.45 20

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

my = normally 1 for spur gears
: L for r gears
Yy - cosg 1.5 _ tangp spur g
cos ¢ X t
¢ = tooth pressure angle
é | = load pressure angle
t = tooth thickness at the section of maximum stress (Lewis
construction)
X = tooth strength factor from layout (Lewis construction)
r¢ = radius of curvature of fillet at point tangent to root circle (may also be
calculated)
< Sa Ki,
t = KT KR
where
Sa = allowable stress for material
Ki, = life factor
Kp = temperature factor
Kr = 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 Levels Values assigned
® Diametral pitch 2 6 and 12
@ Pressure angle 2 20 and 25 degrees
® Root radius size 2 Small and large (exact values dependent
on diametral pitch)
@ Fillet configuration 2 Full form ground and protuberance
hobbed

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 1n 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
diametrzl 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 tc avoid undercutting and to provide rea-

sonable gear sizes.
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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-78779 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 3.17588 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. 080 0. 025 0.080 0.040 0.05
Maximum possible

fillet radius, ,

inches 0.1008 0. 0506 0.1008 0. 0506 2, 1008 0.0506 0.1008 0.0506 0.08
Minimum fillet

radius*¥, per-

cent 50 50 80 80 50 50 80 80 60
Fillet type *+——ee F'ull Ground + - Protuberant - <
Tooth thickness, 0.2618 0.1309 0.2618 0.1309 0.2618 0. 1309 0.2618 0.1309 0.26

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 .38

*HPSTC —high point of single tooth contact.

**Percent of maximum possible.
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8 9 10 11 12 13 14 15 16
78 EX-78779 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 3.17571 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
————————- <4 Full Ground > === Protuberant -
. 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
[
- - oot T o Tk E=:




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.

Hobbing 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 trochoidal 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 {111 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.

15



Figure 6. Typical Fatigue Test Gears.

® Gear tooth hobbing and grinding were accomplished by using an arbor that stacked

all gears of each group. Each gear was honed separately.

® All test gears were black-oxide coated simultaneously (except for several sets

which were processed early to permit initiation of testing).

® The high point of concentricity of all gears in each set was
grinding operation, and gears were carefull

removal.

TABLE V
RAW MATERIAL RECORD

Material specification—AMS-6265

Heat number —61629

Material size-—6-inch round corner squares
Grain size—5

Jominy hardenability —Top of ingot

Bottom of ingot

16

Allison Purchase Order Numbers J8-05266 and J8-05265

STEEL SUPPLIER DATA —CARPENTER STEEL COMPANY

R(38 at surface
Rc38 at 6/16 inch
Rc39 at surface
Rc38 at 6/16 inch

matched at each gear
y aligned to obtain uniformity of stock




TABLE V (CONT)
RAW MATERIAL RECORD

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

Inclusion Type A B C D
Inclusion Size Thin Thick Thin Thick Thin Thick Thin Thick
Top 1 0 1 0 0 0 1 0
Bottom 1 0 1 0 0 0 1 1

Chemical analysis

C Mn P S 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 kars—okay
Chemical analysis

C Mn P S 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: 1475°F. for 1 hour, oil quenched; 325°F. for 1 hour, air cooled;

Rockwell ""C'" hardness of 38.0 to 38.5. Tests were conducted at room temperature.

Specimen Yield strength Tensile Elongation in Reduction of
number  0.2%offset (p.s.i.) strength (p.s.i.) 1 inch (percent) area (percent)

A 140, 200 181, 100 18.2 70. 2
B 141, 500 180, 300 18.2 68. 8
C 142, €00 179, 000 18.0 68.0

Izod impact tests

The heat treated material tests were conducted at room temperature.

Specimen Impact energy
number (foot-pounds) Reference
D 74.0 Russel, J. E,, and Chesters, W.T,,
E 75.0 "Significance of the Izod Test
F 74.0 with Regard to Gear Design and

Performance, " Engineering,

Volume 176, 1953, pp. 166-169,
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Many in-process and finished part measurements were made to I.. = Jdefine stock re-
moval and to record the final geometry of each part. Tables VI and VII list the protuber-
ant cut gear measurements and analysis. Tables VIII and IX 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, repeatabilily 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 tes*
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 eleciromagnetic 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 achicved at
the specified test loads. Additional considerations were accurate tooth load meusure-
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 c'ec-
tromagnetic shaker. Operation at or near a system resonance of approximately 200
c.p.s. was realized., The principle of operation of the fatigue test rig is shown sche -
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*

_—:—=~_—_———__—.T_._____————————_—_-

|

Root Fillet Radius Root Diameter
Part Print After Solution| Print After After Solution £..
Number Minimum After Hob Machining |[(+0, 002) Hob Machining Print I.

EX-78776 0, 050 0. 060 to 0. 065 to 3.533 3.535 3.5227 to 4.3953 to 4,
0. 065 0.070 3.5241 4, 3999

EX-78717 0,025 0.030 0.030 to 1,767 1.775 1,7679 to 2,.1953 to 2.
0.032 1, 7688 2. 2000

EX-78718 0. 080 c. 085 0. 090 3,533 3.536 3.5248 to 4, 3953 to 4,
3. 5275 4,3999

EX-78779 0.040 0,042 0. 044 1,767 1, 7745 1,7672 to 2.1953 to 2.
1, 7682 2, 2000

EX-78784 0. 050 0. 056 0. 065 3.550 3.551 3.5412 to 4,3973 to 4.
3. 5424 4,4012

EX-78785 0. 025 0. 026 to 0,028 to 1,775 1,7815 1. 7755 to 2.1967 to 2
0. 032 0. 036 1, 7764 2, 2006

EX-78786 0.067 0, 068 to 0.070 to 3. 550 3.555 3.5436 to 4,3973 to 4
0.070 0.075 3. 5448 4,4012

EX-78787 0.033 0,032 0. 034 %o 1,775 1,784 1,7775 to 2. 1967 to 2
0.036 1,7778 2. 2006

* All dimensions in inches
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—_—
Dimension Over Pins
Minimum
a 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
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

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 VII

ANALYSIS OF PROTUBERANT FILLET GEAR MEASUREMENTS#*

Root Diameter Dimension Over P
Change
Maximum Between Maximum
Maximum Varijation Maximum | Minimum Heat Variation Maxir .
Change, Between Finishing Maximum Variation Treat and Between Cha:
Hob to Gears After Stock Change, Between Minimum Gears After Hob «
Part Solution Solution After Hob Hob to Gears After Solution Solution Solut :
Number |Machining | Machining Operation | Heat Treat Heat Treat Machining Machining Mach...i.
EX-78776 | 0.0123 0.0014 0. 002 0.0015 0. 0007 0.0137 0.0038 0.0
EX-78777} 0.0071 0. 000¢ 0.008 0. 0062%%x* 0. 0008 0. 0054 0.0011 0.C 1
EX-78778| 0.0118 0. 0027 0.003 0.0013 0. 0005 0.0134 0. 0050 0.C ¢
EX-78779 | 0.0073 0.0010 0. 0075 0.0008 0. 0006 0.0100 0.0010 0.C (
EX-73784 0.0098 0. 0012 0.001 0.0020 0. 0008 0.0107 0. 0022 0.C :
EX-78785| 0.0060 0. 0009 0. 0085 0.0010 0. 0009 0, 0088 0.0014 0.(
EX-78786 | 0.0119 0,0012 0.005 0.0018 0. 0002 0.0115 0.0019 0. (
EX-78787| 0.0065 0. 0003 0.009 0.0010 0. 0007 0. 0080 0. 0008 0.
Averaget| 0,0115 0.0016 0. 0024 0.0017 0. 0006 0.0123 0. 0032 0.
Average $| 0,0067 0. 0008 0.0078 0.0010 0. 0007 0. 0081 0.0011 0.

%%k

to 0.0077 per surface.
hob are equivalent to 0, 0076 per surface.

*  All dimensions in inches.

Qucstionable reading—deleted from averages.

** 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 sur{
The 0.0039 tolerance for 25-degree pressure angle gears and 0. 0300 average finishing stock after hob are equ
The 0.0047 tolerance for 20-degree pressure angle gears and 0. 0355 finishing stock af

|
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—

—

Dimension Over Pins

-

Change
Between Maximum Change
umum Heat Variation Maximum Between Maximum
‘reat and Between Change Minimum Minimum Variation Meaximum
Ainimum Gears After Hob to Solution Finishing Stock| Between Change,
Solution Solution Solution Machining and After Hob Gears After Hob to
fachining 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
0.0100 0.0010 0.0108 0.0286 0. 0355 0.00)2 0.0394
0.0107 0. 0022 0.0127 0.0210 0.0298 0. 0007 0.0337
0. 0088 0.0014 0. 00988 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 0.0375
t For large-diameter gears.
ar on standard centers. Therefore, $ For small-diameter gears.

;s or 0,001 stock allowance per surface.
1ge finishing stock after hob are equivalent

": gears and 0, 0355 finishing stock after




TABLE VIII
TABULATION OF GROUND FILLET GEAR MEASUREMENTS*

Root Fillet Radius Root Diameter
Part Print After After Print After After

Number Minimum Hob Final Grind | (£ 0. 002) Hob Final Grind Prii
EX-78772 0. 050 0. 075 0. 065 3.5830 3.5916 3. 5800 to 4, 39¢
3. 5806 4, 3!

(3. 5830) **
EX-78773 0. 025 0. 040 0,040 1, 7920 1. 808 1. 7836 to 2,195
1, 7850 2, 21

(1. 7903)%*
EX-78774 0. 080 0. 085 0.070 3.5830 3.594 3. 5863 to 4, 399
3.5882 4, 3¢

(3. 5820)%x
EX-78775 0. 040 0. 036 to 0,034 1,7920 1,809 1, 7950 to 2.19¢
0,038 1. 7955 2. 21
EX-78780 0. 050 0. 065 to 0. 055 to 3.600 3.6152 3.5998 to 4, 397
0.070 0. 060 3.6010 4,4l
EX-78781 0. 025 0. 026 0. 026 to 1,800 1, 815 1.8093 to 2. 19¢€
0,028 1.8105 2,2
EX-78782 0,067 0. 070 0.070 3.600 3.614 3.600 to 4, 391
3.604° 4, 41

(3. 605)*%*

EX-78783 0,033 0. 032 to 0,034 to 1,800 1. 815 1.805 2. 19¢
0. 036 0. 036 (1, 803)%x* 2.2

* All dimensions in inches,

** Setup part not included.
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rint

999 to
3953

953 to
2000

999 to
3953

953 to
, 2000

1973 to
14012

967 to
., 2006

1973 to
. 4012

967 to
, 2006

‘S*

M

oot Diameter

Dimension Over Pins

After After After After After Finish
Hob Final Grind Print Hob Heat Treat Grind and Hone

3.5916 3.5800 to 4,3999 to 4,4354 4,4345 to 4,.3961 to

3.5806 4,3953 4.4350 4,3971

(3. 5830)** (4. 394)*%
1,808 1.7836 to 2,1953 to 2.2344 2,2335 to 2.1920 to

1, 7850 2,2000 2.2342 2,1922

(1. 7903)** (2, 1942)%x*
3,504 3.5863 to 4,3999 to 4,.4352 to 4,.4340 to 4,3990 to

3.5882 4, 3953 4,4354 4.4347 4,3990

(3. 5820)%x* (4.3941)%*
1,809 1. 7950 to 2.1953 to 2,2355 2,2345 to 2.1912 to

1, 7955 2.2000 2.2355 2.1928

(2. 1895)%*

3.6152 3.5998 to 4, 3973 to 4.4293 to 4.4275 to 4,3997 to

3.6010 4,4012 4,4298 4,4282 4.4005
1,815 1.8093 to 2.1967 to 2.2312 to 2,2305 to 2,1961 to

1.8105 2.2006 2.2313 2,2307 2.1976
3.614 3.600 to 4, 3973 to 4,4319 4,4292 to 4,3976 to

3.604 4,.4012 4,4297 4,3981

(3. 605) %= (4, 3967)%x*
1, 815 1. 805 2.1967 to 2.2305 2.2295 to 2.1965 to

(1, 803)%x 2.2006 2,2300 2,1972

(2. 1947)%x*




ANALYSIS OF GROUND FILLET GEAR MEASUREMENTS*

TABLE IX .

F
Root Diameter
Maximum Grind Maximum Maximum
Maximum Variation Stock Maximum Variation Change,
Change, Between After Hob Change, Between Minimum
Part Hob to Gears after | Operation Hob to Gears After | Heat Treat to

Number Final Grind | Final Grind | (0. 002) Heat Treat | Heat Treat | Minimum Hone

EX-178772 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

EX-78774 0. 0077 0.0019 0.011 0. 0012 0. 0007 0,0370

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 0.6316

EX-78783 0.010 0. 000 0.015 0. 0019 0. 0005 0.033

t Average 0.0122 0.0019 0.0122 0.0017 0. 0006 0.0337
$ Average 0.0104 0. 0009 0.016 0. 0009 0. 0006 0,0381

* All dimensions 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 large-diameter gears.

t For small-diameter gears.
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D

Max
Var.a..
Bet ...
Ge -
Afte: . _.
Grind ... -

o -

0.

0.

Theref .
e. The( .
0077 per ...
to 0, 007¢

.1

ENTS*

Dimension Over Pins

Maximum
Maximum Maximum Variation Maximum
mum Variation Change, Between Maximum Finishing
1ge, Between Minimum Gears Change, Stock Pressure
to Gears After | Heai Treat to After Final Hob to Final After Hob Angle
"Creat Heat Treat | Minimum Hone |Grind and Hone |Grind and Hone Operation ** | (Degrees)
)9 0. 0005 0.0384 0.0010 0,0393 0.0355 20
)9 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
19 0, 0005 0.033 0. 0007 0,0340 0.0299 25
17 0. 0006 0,0337 0, 0010 0. 0354 - -
09 0. 0006 0.0381 0. 0010 0,0389 - -

with mating gear on standard centers.

* 5 or 0,001 stock allowance per surface.

Therefore, dimension over
The 0, 0039 tolerance for

1g stock after hob are equivalent to 0. 0077 per surface.

The 0, 0047

" nishing stock after hob are equivalent to 0. 0076 per surface.




TABLE X
HOB DIMENSIONS

[ —
Gear Hob Tooth Hob Hob Hob Pressure Hob Tip
Gear Part Thickness Addendum Lead, Angle, Radius,
Configuration Number HTT (inches) HADD (inches) HLEAD (inches) HPAR (dg&rees) HTIPR (inche¢
1 EX-78772 0.2468 0. 2005 0.52436 20 0. 055 to
0. 050
. 2 EX-78713 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 0,17117 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-781782 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 ful)
* Theoretical
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‘ob Pressure Hob Tip Hob
Angle, Radjus, Protuberance, Hob Part Tooth Thickness Root Diameter
“AR (degrees) HTIPR (inches) HPW (inches) Number per Side (inches) per Side (inches)
20 0. 055 to 0 SPT-2603 0.008 0. 008
0, 050
20 0. 025 to 0 SPT-2608 0. 008 0,008
0.030
20 0, 072 full 0 SPT-2602 0,008 0.008
20 0,033 full 0 SPT-2607 0.008 0. 008
14,5 0.050 to 0.007 to SPT-2604 0,008 0.003
0. 055 0. 008
14.5 0. 025 0. 0055 to SPT-2611 G. 008 0,003
0. 0060
14,5 0. 082 full 0. 006 to SPT-2605 0.008 0, 003
0. 007
14,5 0. 039 full 0. 0050 to SPT-2609 0,008 0. 003
0. 0055
25 0. 045 to 0 SPT-2594 0. 008 0. 008
0, 040
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 0,007 to SPT-2593 0. 008 0.003
0. 055 0. 008
15.5 0. 025 to 0.007 to SPT-2600 0. 008 0. 003
0. 030 0,008
15.5 0. 067 full 0.007 to SPT-2591 0. 008 0,003
0. 008
15.5 0. 032 full 0. 007 to SPT-2599 0. 008 0.003
0. 006

——— e e e

-
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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 +4) times as large as the corresponding output of a single strain
gage. The symbol u 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, 00C
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 ma-de 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.

® Dyuamic 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 :n 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 pictcrial
wave shape analysis. The analysis shows that a mininium 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 1X, 2X, 3X, and
4X are the load reaction teeth.
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4-Inch Test Gear
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2-Inch Test Gear

Figure 8.

Note: Only one gear
tested at a time.

Fatigue Teast Rig Schematic,
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Figure 9. Fatigue Test Setup.
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Figure 10. Load Cell Showing Instrumentation.
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Figure 11. Assembled Load Cell.
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Figure 12, Instrumented Fatigue Test Rig.




EX-78786
Pressure Angle—25 Degrees
Diametral Pitch=6

Fatigue \
Test Gear 1. 770R 0.9918
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Figure 13. Typical Dimensions of 6-Pitch Gear Test Setup.

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

- o
AL

L -

Load Cell
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Figure 14. Typical Dimensions of 12-Pitch Gear Test Setup.
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Figure 15. Schematic of Check-Out Gear Instrumentation.
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Figure 16. Test System Resonant Frequency.
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Load Member
Bridge

‘Dynamic
Strain Gage
Static Preload—1320 Pounds Static Preload—1320 Pounds
Alternating Load—+1230 Pounds Alternating Load—+1310 Pounds
No Separation No Separation
: Flat , -
N L Peak =/ :
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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Figure 20. Typical Load Cell Calibration Curve.
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Figure 21, Test Gear Showing Teeth Removed.
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The test procedure required that the test tooth, 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 tentative plan was that three gear teeth be tested for each
combination of variables until fatigue failure occurred or 107 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,

e
Failure - ';‘H
One Minute
Gear Tooth Load
— Static—1470 Pounds
Dynamic—11440 Pounds Test Load
840 980 1120 1260 1400 1540
Dynamic Load—Pounds

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

FATIGUE TESTS

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 30-percent cpread 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 107 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 the 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

Test
Part Serial Tooth Load (pounds) Cycies to Frequency Y Corr.
Number Number Number Static Dynamic Total Failure (c.p.s.) S/N Side
EX-78772 CX 9092 1 5340 5300 10, 640 Void Data - 0.3657
2 4810 4770 9, 580 1 585X104 220 0.3657
3 4810 4710 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. 06x10% 220 0. 3697
2 4430 4230 8, 660 1. 32x104 220 0. 3577
3 4430 4230 8, 660 1.3x104 220 0.3677
4 2995 3795 7, 790 2. 38x10% 220 —
CX 9090 1 3600 3400 7, 000 5. 8X10 220 -
2 3995 3795 7, 790 4. 8x104 220 -
3 3995 3795 7, 790 4. 0x104 220 -
EX-78774 CX 9067 1 5900 Void Data High Dynamic Load 220 0.3547
2 5390 5190 10, 580 1.188x104 220 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, 32x10% 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 n.3616
3 4385 4185 8,570 2. 64x104% 220 0.3536
4 4385 4185 8, 570 1. 85%x10% 220 0. 3536
CX 9065 1 4385 4185 8,570 1. 7104 220 0. 3586
2 4385 4185 8, 570 1.85x10% 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, 180 1, 32x10% 220 -
4 3910 3870 7, 780 1. 04x104 220 0. 3933
CX 9008 1 3600 3400 7, 000 1. 78x10% 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, 700 107 = 220 -
2 325 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. 9x10% 220 0. 3637
2 4400 4200 8, 600 3. 96X104 220 0.3757

49



Test

Fatigue Crack Dimensions

Cycles to | Frequency Y Corrected (inches) Z (degrees)
Failure (c.p.s.) S/N Side | Opposite Side | S/N Side | Opposite Side
oid Data L 0. 3657 0. 3657 33 36
_585x104 220 0.3657 0. 3657 31 34
. 715x10% 220 0. 3637 0. 3647 27 31
38x104 220 0.3597 0.3647 30 31
_oex10t 220 0. 3697 0. 3697 32 35
32x104 220 0.3577 0. 3657 30 37
_3x10t 220 0, 2877 0. 3587 35 30
3sx124 220 — = 39 s
. 8X10 220 - _ _ -
. 8x104 220 - = — =
. 0x104 220 - - - —
l Load 220 0.3547 0. 3637 26 36
. 188x10% 220 0. 3607 0.3717 32 35
. 9x103 220 0.3617 0.3637 30 32
. 6X103 220 0. 3557 0.3617 29 29
_076x10% 220 0.3576 F— 32 -
. 32X104 220 0.3576 0. 3596 31 32
. 32x104 220 0. 3546 0.3516 31 35
. 43%10% 220 0. 3586 0. 3586 25 32
. 32x10% 220 0. 3536 0. 3536 28 33
1. 98x10% 220 0.3616 0. 3526 28 34
), 6ax104 220 0. 3536 0, 3576 33 32
|, 85x104 220 0. 3536 0.3576 28 33
L. Tx10% 220 0. 3586 0. 3656 29 28
L. 85x104 220 0. 3606 0.3346 30 31
2, 64x10% 220 0. 3496 0.3616 32 29
1. 85%x10% 220 0. 3526 0. 3536 31 29
3. 6X103 220 0, 3793 0.3823 26 30
7. 92X104 220 - - - -
1. 32x104 220 - — 31 —
1. 04x104 220 0.3933 0.3973 31 31
1, 78x10% 220 — — 28 27
5. 94X104 220 0. 3873 0.3913 28 29
206x104 220 - — = -
6. 6X104 220 0, 3903 0. 3923 28 28
107 = 220 - - — —
Void Data = 0. 3883 0.3913 21 15
Void Data — - = - -
1. 3X10° 220 - = o -
5. 3x104 220 - — - =
2. ox104 220 0. 3637 0.3667 28 28
3. 96x104 220 0.3757 0.3847 29 28

Crack
i -

g - T



TABLE XI (CONT)

Test
Part Serial Tooth Load (pounds) _ Cycles to Frequency |
Number Number Number Static Dynamic Total Failure (c.p.s.)

3 4400 4200 8, 600 2, 1x10% 220

4 3970 3770 7, 740 9. 23x10% 220

CX 9057 1 3970 3770 7, 740 8. 71104 220

2 3970 3770 7,740 1.346x10% 220

3 3583 3383 8, 965 Void Data — -

4 3583 3383 6, 965 2, 0x106 — 220

CX 9056 1 3583 3383 8, 965 7.65x104 220

2 3583 3383 6, 965 6. 6x104 220

EX-78780 CX 9097 1 4900 4700 9, 600 5.28X10% 220
2 4900 4700 9, 600 6. 6x104 220

3 4900 4700 9, 600 5. 94x104 220

4 5500 5300 10, 800 4. 62x10% 220

CX 9098 1 5500 5300 10, 800 4. 125X104 220

CX 9095 1 5500 5300 10, 800 4. 62x10% 220

2 4420 4220 8, 640 2, 0x109 220

3 4420 4220 8, 640 1. 85X109 220

4 1420 4220 8, 640 1. 85x10% 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, 5103 220
2 6360 6160 12, 520 Void Data -

3 5730 5530 11,260 5. 3ax104 220

4 5730 5530 11,260 1. 42x10° 220

CX 9112 1 5110 4910 10, 020 1. 18x105 220

2 5110 4910 10, 020 5, 93x10% 220

3 511¢C 4910 10, 020 2, 0X106 — 220

4 4600 4400 9, 000 1607 — 220

CX 9111 1 5730 5530 11, 260 1. 32x104 220

2 6360 6160 12, 520 1. 32x104 220

3 6360 6160 12, 5%0 1. 76x104 220

EX-178784 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. 345X10° 220

CX 9070 1 4220 4020 8, 240 2, 0%106 — 220

2 4220 4020 8, 240 3.313x105 220

3 3800 3600 7,400 2.0x106 — 220

4 3800 3600 7, 400 2, 0106 230

CX 9073 1 3800 3600 7,400 3.96x103 220
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Test Fau‘ue Crack Dimensions

:-oounds) Cycles to Frequency Y Corrected (inches) _ Z (degrees)
+-we~mmie Total Failure (c.p.8.) S/N Side |Opposite Side| S/N Side |Opposite Side

) 8, 600 2, 1x104 220 - - - 28

) 7, 740 9. 23x104% 220 0.3637 0. 3657 30 27

Tr 7, 749 8. 71x104 220 0.3737 0.3767 27 30

SR 7, 740 1. 346X10° 220 0. 3587 0. 3647 27 29

oy 8, 965 Void Data — - = = = =

6, 965 2, 0X106 - 220 = - - tam

6, 965 7. 65x104 220 = — - -

6, 965 6. 6x104 220 — - == -

9, 600 5, 28X10° 220 = = 42 45

9, 600 6. 6X104 220 - = - -

9, 600 5. 94x104 220 - - — =

10, 800 4. 62x10% 220 0.3717 0.3717 38 43

’ 10, 800 4, 125x104 220 = = = —

: 10, 800 4, 62x104 220 — = - -

E 8, 640 2, 0X10° 220 - — — =

T 8, 640 1. 85X109 220 = = - —

- 8, 640 1, 85X10° 220 = = — —

“ 11, 880 1. 32x10% 220 - - - =

- 11, 880 6. 6x103 220 - o = =

" 11, 880 c. 6x103 220 — - — =

) 12, 520 9. 5x103 220 0. 3599 0.3699 - -

SNER 12, 520 Void Data - 0.3719 0.3679 = -

9600 11,260 5, 3ax104 220 0. 3669 0. 3659 - —

D 11, 260 1. 42X10° 220 — - - —

=) 10, 020 1.19X105 220 - - - =

- 10, 020 5. 93x104 220 0. 3628 0. 3688 39 41

TR 10, 020 2, 0X106 - 220 - - - -

o 9, 000 100 = 220 - - - -

= | 11, 260 1. 32x10% 220 - - - -

) 12,520 1. 32x104 220 - - - —

) 12, 520 1. 76x104 220 - - - -

10, 300 1. 8x104 220 0.3731 0. 3921 34 32

&l 5 10, 300 1. 8x104 220 0.3911 0. 3941 31 30

SRS 10, 300 8. 6x103 220 0. 3901 0. 3941 35 36

w0 8, 240 1. 345X10° 220 0. 3961 0. 3981 31 39

LR 8, 240 2, 0%106 — 220 - - - -

== | 8, 240 3. 313x105 220 0. 3869 0.3919 34 34

senn 7,400 2, 0106 — 220 — - - -

B 7,400 2. 0X106— 220 - - = —

= 7, 400 3. 96x103 220 0. 3881 0. 3951 35 42




TABLE XI (CONT)

Test }
Part Serial Tooth Load (poun.s) Cycles to Frequency Y Corre
Number Number Number Static Dyramic Total Failure (c.p.s.) SN Side
2 3800 3600 7,400 8. 58x104 220 0. 3821
3 3800 3600 7,400 7. 1x104 220 —
4 41735 4535 9,270 1. 76x104 220 0. 3881
CX 9071 1 4735 4535 9,270 3. 16x10% 220 —
2 4735 4535 9,270 Void Data - -
3 4735 4535 9,270 1. 85x104 220 -
EX-78786 CX 9013 1 5295 5095 10, 390 1.057x104 220 0.3842
2 5295 5095 10, 390 9. 23x10° 220 0. 3862
3 5295 5095 10, 390 9. 9x103 220 0.3872
4 4260 4060 8,320 9. 77104 220 -
CX 9014 1 4260 4060 8,320 2X106 — 220 —
2 4260 4060 8,320 2x106 — 220 =
3 3830 3660 7,490 2x106 — 220 —
4 3830 3660 7,490 2x108 104 220 —
CX 9015 1 4715 4575 9, 350 2. 64x164 220 -
2 4715 4575 9, 350 2. 64x104 220 —
3 4775 4575 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. 0X10%— 240 =
2 1198 1178 2,375 1. 0X10° 240 -
3 1198 1178 2,375 1. 58x105 240 =
4 1198 1178 2,375 4. 32x10% 240 =
CX 9077 1 1303 1283 2,585 2, 1x104 50 0. 1830
2 1303 1283 2,585 2, 4x10% 50 0. 1860
3 1303 1283 2, 585 1. 5x104 50 0. 1830
4 1073 1053 2,125 2. 0x108 — 240 0. 1870
CX 9075 1 1073 1053 2,125 1. 20x10% 240 0. 1849
2 1073 1053 2,125 5. 04x104 240 -
3 1073 1053 2,125 2, 8a8x104 240 -
4 1198 1178 2,375 3. 96x10% 240 -
CX 9074 1 1198 1178 2,375 2. 11x104 240 0. 1829
2 1198 1i78 2,375 1. 85x104 240 -
3 966 946 1,912 1. 05x10% 240 =
4 966 946 1,912 2x10% — 240 -
CX 9078 1 966 946 1,912 3. 16X104 240 0. 1829
EX-78715 CX 9099 1 1135 1115 2,250 2, 0X106 — 240 -
2 1198 1178 2, 375 2.0X107 — 240 -~
3 1303 1283 2, 585 1, 296x10° 240 —
4 1303 1283 2, 585 3. 6x10% 240 0. 1675
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Test

Fatigu'e Crack Dimensions

1 (pounds) Cycles to Frequency Y Corrected (inches) Z (degrees)
ynamic Total Failure (c.p.s.) SIN Side |Opposite Side | S/N Side [Opposite Side
1600 7,400 8. 58x10% 220 0. 3821 0. 3891 34 36
1600 7,400 7. 1X104 220 - - - —
1535 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 - — = —
1095 10, 390 1. 057x10% 220 0.3842 0. 3882 36 35
1095 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, T7x104 220 — s — -
060 8, 320 2x106 - 220 — - - -
060 8, 320 2x106 — 220 - - - -
660 7,490 2x106 — 220 — — - -
660 7,490 2x106 -107d 220 o= —: = -
575 9, 350 2, 64x104 220 - - 30 -
575 9, 350 2. 64x104 220 - -— - -
575 9, 350 5. 28x104 220 — — — =
060 8, 320 9. 2x104 220 0. 3822 0. 3852 30 36
658 1,335 2. 0x105— 240 -~ — — -
178 i, 375 1. 0X10° 240 = - = =
178 2,375 1. 58X109 240 - - - -
178 2,375 4, 32x104 240 — - - -
283 2,585 2, 1x104 50 0. 1830 0. 1880 31 38
283 2,585 2, 4x10% 50 0. 1860 0. 1830 31 36
283 2,585 1. 5x104 50 0. 1830 0. 1830 30 35
053 2, 125 2, 0x106 - 240 0. 1870 0. 1800 33 26
053 2,125 1. 20x10% 240 0, 1849 0. 1859 28 37
053 2,125 5. 04x10% 240 = = = —
053 2,125 2, 88x10% 240 — — - -
178 2,375 3, 06x10% 240 — - — —
178 2,375 2. 11x10% 240 0. 1829 0. 1849 29 32
i7s 9,375 1. asx10% 240 = — - -
946 1,912 1. 05X10° 240 — - - —
946 1,912 2x10% — 240 - - — -
946 1,912 3. 16x10% 240 0. 1829 0. 1809 30 31
115 2,250 2, 0X106 — 240 - - - -
178 2,375 2.0X107 - 240 - = — -
283 2, 585 1. 296X10° 240 == = = =
283 2, 585 3. 6x10% 240 0. 1675 0.1715 — -




TABLE XI (CONT)

Test o
Part Serial Tooth Load (pounds) Cycles to Frequency |
Number Number Number Static Dynamic Total Failure (c.p.s.)

CX 9033 1 1460 1440 2, 900 2. 4x10% 50
2 1303 1585 3,190 1, 8x104 50

3 1605 1585 3,190 2. 1104 50

4 1765 1745 3,510 1. 65x10% 50

CX 9034 1 1160 1140 2,300 2x106 — 240
2 1160 1140 2, 300 2x106 — 240

3 1330 1310 2, 640 2x108 — 240

4 1330 1310 2,640 2x106 — 240

EX-78783 CX 9025 1 1160 1140 2, 300 2x108 — 240
2 1160 1140 2, 300 2x106 - 240

3 1330 1310 2, 640 1. 73X10° 240

4 1330 1310 2, 640 4.03x10° 240

CX 9026 1 1460 1440 2, 900 2. 0x108~ 240
2 1460 1440 2, 900 1. 008x10° 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. 95x10% 50

3 1660 1640 3,300 1. 5x10% 50

4 1660 1640 3,300 2. 55x10% 50

CX 9028 1 1810 1790 3, 600 1.44x10% 50
2 1810 1790 3, 600 1. 53x10% 50

3 1810 1790 3, 600 7. 5%103 50

CX 9029 1 1460 1440 2, 900 2. 68x10° 240
2 1460 1440 2, 900 5. 76X10° 240

3 1330 1310 2, 640 7. 2x103 50

4 1330 1310 2, 640 2. 1104 50

EX-78785 CX 9035 1 1200 1160 2, 360 1. 15X10° 240
2 950 928 1,878 3. 6x10% 240

3 850 800 1,850 107 — 240

4 890 860 1. 750 107 — 240

CX 9037 1 1100 1080 2, 180 4, 32x104 50
2 1100 1080 2, 180 5. 04x104 50

3 1040 1020 2, 060 1.29%10° 50

4 1040 1020 2, 060 1.512X10° 50

CX 9038 1 1160 1140 2, 300 9,37x104 50
2 1160 1140 2, 300 4, 5X10% 50

3 1160 1140 2, 300 1. 62x104 50

4 1100 1080 2, 180 2. 16x10% 50
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Test Fatigue Crack Dimensions
l.oad (pounds) Cycles to Frequency Y Corrected (inches) Z (degrees)
Dynamic Total Failure (c.p.s.) 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. 1x10% 50 0. 1789 0. 1789 32 37
1745 3,510 1. 65x104 50 0. 1759 0. 1759 31 36
1140 2, 300 2x106 — 240 -t - - -
1140 2, 300 2x108 — 240 — — - -
1310 2, 640 2x108 — 240 = = - -
1310 2,640 2X106 — 240 s - —_ -
1140 2,300 2x106 — 240 - - - -
1140 2, 300 2x105 — 240 - — - -
1310 2, 640 1. 73X10° 240 = - - -
1310 2, 640 4,07X10° 240 = - - —
1440 2, 900 2. 0x105— 240 - — - —
1440 2, 900 1. 008X10° 240 - = - —
1490 3, 000 2. 52x104 50 0. 1807 0. 1857 32 41
1490 3, 000 1, 98x10% 50 0. 1847 0.1847 36 37
1490 3, 000 4, 32x104 50 s - - -
1640 3, 300 1. 95x10% 50 0, 1867 0. 1827 35 36
1640 3, 300 1,5x10% 50 0, 1787 0. 1807 34 36
1640 3, 300 2, 55x104 50 — - - —
1790 3, 600 1. 44x10% 50 = — - —
1790 3, 600 1.53x104 50 - - - —
1790 3, 600 7. 5X103 50 - — — —
1440 2, 900 2, 68x107 240 0. 1720 0. 1740 31 33
1440 2, 900 5, 76X10% 240 - - - -
1310 2, 640 7.2X10 50 — - - -
1310 2, 640 2. 1x104 50 - - - -
1160 2, 360 1, 15X10° 240 0. 1891 0. 1871 28 31
928 1,878 3. 6x10% 240 - - - -
800 1, 650 107 - 240 - - - —
860 1. 750 107 — 240 s - - —
1080 2, 180 4, 32x104 50 — - - -
1080 2, 180 5. 04X10% 50 - - - —
1020 2, 060 1, 29X10° 50 - — - —
1020 2, 060 1.512x10° 50 - - - —
1140 2,300 9. 37x10% 50 0. 1901 0.1921 26 32
1140 2, 300 4, 5x104 50 - - - —
1140 2,300 1. 62x104 50 - — — —
1080 2, 180 2. 16x10% 50 - — - -
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TABLE X1 (CONT)

Test
Part Serial Tooth Load (pounds) Cycles to Frequency |
Mumber Number Number Static Dynamic ~ Total Failure (c.p.s.) SIN:
EX-78787 CX 9114 1 1160 1140 2, 300 4. 32x10% 240
2 1160 1140 2, 300 1. 87X10° 240
3 1160 1146 2,300 A 3><105 240
CX 9115 1 1100 1080 2,180 10 240
2 1100 1080 2, 180 6. 91X105 240
3 1100 1080 2,180 107 = 240
4 1100 1080 2,180 107 — 240
CX 9116 1 1285 1265 2, 550 6. 9x104 50 0.1
2 1285 1265 2,550 4, 2x104 50 0.1
3 1285 1265 2,550 3. 6x104 50 :
4 1415 1395 2,810 2, 85104 50
CX 9117 1 935 915 1, 850 107 — 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. 94x10° 50
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Test Fatigue Crack Dimensions
~.unds) _ Cycles to Frequency Y Corrected (inches) Z (degrees)
4mic Total Failure (c.p.s.) [S/N Side | OppositeSide | S/N Side | Opposite Side
! 2,300 | 4.32x10% 240 . — 26 27
| 2, 300 1. 87X10° 240 - = - -
1 2, 300 7. g><105 240 — — = ==
; 2, 180 10 240 = = - —
} 2,180 6.91X109 240 = — — —
; 2,180 107 — 240 = = — -
; 2,180 107 — 240 - — — -
2, 550 6. 9x104 50 G. 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, 850 107 - 240 - = — —
1, 850 107 = 240 - — — =
1, 950 107 - 240 — - = —
1, 950 107 — 240 — — — -
2,810 3x10% 50 0. 1843 0. 1893 25 34
2, 810 2. 94X10° 50 S —~ — -




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 lcads during the fatigue test of the
4.0-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. 0-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 flatnecss 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 atfected 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 ‘o 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 systern 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 possihle
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

61



tooth and the actual location. To do this, the crack in each failed 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.iration, the location of the crack at the
tooth surface was measured from the outside diaineter and center line of the tooth,
within an estimated 0. 002 inch. The average di.»“nsion corrected for outside diameter
variations is plotted for comparison with the theoretical locations as determined by

both Lewis and Kelley-Pedersen construction. 7The charts indicate that for all configura-
tions, Kelley-Pedersen construction locates the weakest scction of the tooth closer to the
actual measured location than does Lewis construction, 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 §,

the deviation is proportional or 9, 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-78173 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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Tooth No. 1

Calculated (Kelley-Pedersen)

Part No, EX-78772 No. 1)
Serial No. CX9092

Load Side of Tooth

Origin of
Failure

Figure 42, Typical Tooth Profile J
Trace-EX-787786.

Figure 41. Typical Tocth Profile
Trace—EX-78772.

Part No. EX-78776 No. 5)
Serial No. CX9008
Tooth No, 2

Load Side of Tooth

Origin of
/Cllcullhﬂ Mhrmi\r/.:?u"
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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 R, 50 level, was indicated to be
approximately 0,030 inch on test gears (EX-78773 and EX-78775); approximately
0. 040 inch on test gears 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 Y069, 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 gear. (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 failur=s 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 carhide 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 R 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

R¢ 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-178782, 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,

65



Magnification: 2, 500X ; Magnification: 10, 000X
EX-78784, Serial 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

7X-78784, Serial Number CX 9069

Figure 45. ¥ractographs of Surface of Failure of Gear Tooth Number 3
Showing Failure Topography Typical of Fatigue.

Magnification: 2, 500X ‘ Magnification: 10, 060X

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.
68
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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.

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 1ransverse Section Through Failed Tooth Showing
Straight-Line Failure Typical of Fatigue Through a Carburized Case on

Martensitic Microstructure.

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, Serial Number CX 9113

Figure 58. Photograph of Section Through Test Gear Showing Carburized
Case Depth Around Root Fillet Contour.

73




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: 1X
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: 1X
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: 1X
EX-787717, 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.




Magnification: 1X
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: 1X
EX-78782,
Serial Number CX 9113

Figure 64. Blacklight Photograph of Test Gear Showing Radial Crack and Failed Teeth.
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Magnification: 1X
EX-78784,
Serial Number CX 9069

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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Figure 71

Magnification: 5X
EX-78782
Serial Number CX 9113

Marks of Fatigue Progression From Below the Root to the Hub.

TABLE XII
RECORD OF HARDNESS GRADIENT TESTS OF TEST GEARS

Photomicrograph of Radial Surface of Failure of Test Gear Showing

Depth Below

R, Readings

Carburized EX-78773 EX-78775 EX-78777 EX-78779 EX-78782 EX-78784
Surface (inch) ~CX 9077 CX 9100 CX 9059 CX 9104 CX 9113 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 KT 57
0.025 55 54 55 54 95 57
0.030 51% S51% 53 55 53 56
0.035 46 46 51 55 51 56
0. 040 42 45 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 radii adjacent to the failure surface.
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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 XIII. 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 —R. 40
Case Hardness—R5/N 90 (R¢ 60)

Grit blast with 80-grit shot.

Remove 0,010 to 0,016 inch from outside diameter by grinding.
Stress relieve per EPS 202 and PCI 8000,

Nital etch per EISt 1510,

Shot peen per EPS 12140 followed by EPS 12176.

Stress relieve per EPS 202 and PCI 8000,

. Coat with black oxide per AMS-2485.

OO0 -3™ WU b W

* Allison Engineering Processing Specification.
*% Allison Process Control Instruction,
t Allison Engineering Inspection Specification.

EXPERIMENTAL INVESTIGATIONS

In this phase c. 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* o the gear face (actual fatigue test gear) and
trimming to the contour of the test tooth, it was possible to obta.n 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 microinchbes per inch per fringe or tint-of-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

====‘F=———_T=i — — =i
Surface
Specimen Stress Test Cycles* Finish Failure Failure
Number (p.8.i.) (x 103) (microinches) Origin Loeztion
18 130, 000 106, 584 23 tu 27 Terminated —
17 135, 000 105, 951 25 to 28 Terminated —
2 140, 000 101, 234 30 to 35 Terminated —
6 140, 000 102, 384 25 to 30 Terminated —
15 140, 000 111,435 20 to 25 Terminated —
14 150, 000 74 25 to 30 Surface Off center %%
1 150, 000 128 32 to 37 Surface Slightly off
centert
4 150, 000 50, 683 30 to 35 Subsurface ** Center}
13 150, 000 90, 852 28 to 32 Surface Slightly off
center
11 150, 000 103, 034 8to 13 Terminated —
10 160, 000 44 25 to 28 Surface Ceiter
7 160, 000 134 12 to 20 Surface Off center
5 160, 000 3,317 25 to 30 Surface Center
3 160, 000 6,061 30 to 35 Surface Center
i6 170, 000 74 25 to 30 Surface Slightly off
center
9 170, 000 114 20 to 25 Surface Center
8 170, 000 187 10 to 15 Surface Center
12 170, 000 228 28 to 32 Surface Center
* Arithmetic average.
*%k Within effective case.
§ Center is midpoint of specimen,
t 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 we3 beyond the reading capacity of the LF/Z meter.

The greatest stress concentration, as measured by the LF/Z meter, occurred at the
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 monoachromatic light was not used,
both isoclinic lines (lines of stress direction) and tints- of-passage are seen as the
darker lines and cannot be defined without the aid of the color photographs.
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- 0.120-Inch-Thick Photostress Sheet

File Photostress Plastic to Tooth
3 Contours

4x
1
face A
2 +€ Grid Adjacent
to Broken Edge

Typical Strain Gage Location

Lead Wire
Routing
EA-06-031DE-120

1. 790-1nch-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 iocation 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
75 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 73,
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Figure 73. Gear Tooth Showing Photostress Pattern at 4000-Pound Load.
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Lead Wire
Path Strain Gage Mounting Procedure

Ll X 3 1. Vapor blast to remove black
oxide.
Typical Gear 2. Wipewith W. T. Bean

Configuration neutralizer.
o 1 : 3. Attach strain gage with Eastman

B No. 910 contact cement.
Gear ¢ 4. Protect gage with Dow Corning
+ silicon wax fluid F145,
2X 5. Attach 4-foot-long lead wires.

EA-06-031DE-120—
Two Required per
Tooth
*Strain gages to be installed
on both A and B faces on
this gear.

Pitch  |Pressure

Part DiameterjAngle  |Serial [Tooth

Number |linches) |(degrees) Number|Number|Radius, R

EX-78772 | 4.0 20 [CX9090| 4 1.7959
Lay out scribe marks EX-78774 | 4.0 20 |CX9066] 1 1. 8023
as shown on both sides. |EX-78776 | 4.0 20 |CX9007] 2 1.7713
Then draw line between  [EX-78778 | 4.0 20 |CX9056{ 3 1.7781
scribe marks. Locate
strain gage gridon 3
scribe line adiacent fo EX-78780° 4.0 25 |CX9096| 4 1. 7804
edge break on face A. EX-78782 | 4.0 25 ICX911l1] 4 [ 1.8058

EX-78784 | 4.0 25 [CX9071| 4 1.7741

A'ZQ 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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" EX-78776 Tension
° Pressure Angle
? P EX-78774 Tension
6000 I‘ _ i
EX-7877|8 Tension
/P EX-T8772 Tension
e
£
=
E
(=]
=
T
i =
o
n
L 100 200 3000 40 5000 6000 7000

Rig Load—Pounds

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-D13 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

25° Pressure Angle

g

EX-78786 Tension
EX-78784 Tlension
5000 |— AEK»?E?BE_Ten sion

EX-78780 Compression
EX-78780 Tension

Strain—Microinches/Inch

0 1000 2000 3000 4000 5000 6000 7000
Rig Load—Pounds

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 a2 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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Radial Tensile Stress

Hoop Stress (Circumferential Tensile)

Dynamic __—Tangential Tooth Load

Cyclic Bending Stress
vy

AGMA Stress

Figure 77. Gear Tooth Bending Stress Schematic,

NANINMN N

Speed = 2N
Centrifugal Stress Peak Dynamic Stress

Stress i
—| 1 Revolution p—
4 A A yd A

Speed = N -

Time —

Figure 78. Diagram Showing Effect of Speed on Gear Tooth Stresses.
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Figure 79. Dynamic Test Gear Strain Gage Instrumentation.

To isolate the stresses due to speed effects in the tooth root, the instrumented gear was
first tested at zero load in the reduction gearbox. Using a three-wire strain gage hookup
and allowing gearbox oil temperatures to stabilize, strain due to centrifugal loads was
recorded. Testing was conducted at essentially zero tangential loads for speeds vary-
ing from 10, 000 to 15,000 r.p. m. Figure 83 shows the centrifugal strain (tension) on
the gear tooth.

The gear was then loaded by means of a water brake to obtain stress versus speed data.

The strain gage instrumentation was routed through a slip-ring assembly, and the gage
signal was recorded by a 16-channel Miller oscilloscope recorder. The gear was tested
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13,820 r.p. m.
68 Teeth

Accessory Drive 10 Diametral Pitch

(6829396)

Test Gear (Prop Brake)
(6829395)

66 Teeth
10 Diametral Pitch

31 Teeth
10 Diametral Pitch

965 .9, m.
% WA 74 Teeth

Water Brake 10 Diametral Pitch

.A M
Power Absorption Iternator Drive

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 four 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.

90

. . - - - LR




T56 Gearbox Used for Dynamic Gear Test.

Figure 81.

91




Propeller Brake Outer Gear 6829395
(dynamic test gear)

Accessory Drive Gear 682939% (drivin, - 1r)

10 pitch
66 teeth
25° Pressure Angle

Distance over two 0. 1728-dia pins

+0. 0000
-0.0041

PD run-out, 0.002

Face width, 0.375
Arc tooth thickness at PD

+0. 0000
-0..0020

Base circle diameter —5, 9816

6. 8370

0. 1541

GEAR TOOTH CONTROL GEAR TOOTH CONTROL
INVOLUTE PROFLE TOLERANCE INVOLUTE FROFILE TOLERANCE
SIDE A (Driven)| 00 | SIDE 8 (Coast) SIDE A (Drive) | OO |SIDE B {{;oa'.t}
XL 008 1 +0.0003 * +0.0005 opg +0. 0007
3,30 -0, 0007 3.30 | \-0.0001 -0, 0003
4.3° | ]+0.0005 pp +0.0006 | 4.1° +0,0007 pp +0.0008
15.1U 1-0.0000 [15.20 +0. 0003 +0. 0002
 7.6° cA 7.4°
21.0U / 27.00 1 G
8.5° J AFD ! iy !
30.3 U ﬁ%u -
30.9°
Fﬁﬂ o0 &co “'112 70 Bco
SPACING TOLERANCE SPACING TOLERANCE
4 _0.0005 8_0.0007 A__0.0005 80,0007
LEAD TOLERAN 7
, LU R G067 v 0.000s fFAD TOLERANGE o
A 00005 LH_ 8 5.0007 (H A 0,0005 LH 8 0.0007 LH
FULLNESS TOLERANCE FULLNESS TOLERANCE
40,0006 8 o 0007 4_0.0006 8 7
~0.0002_ 000T 0000 0.0002 , 0001
MAXIMUM HOLLOW IN FORAI'__ MAXIMUM HOLLOW IN FORM __0.0002
NOTE U=/UNIT=00147 IN. NOTE U~ /UNIT=0,0/47 IN.
Maximum fullness to occur within Maximum ‘uliness to occur within
0.7° 2.5U) of PD. 0.7°(2.6U) of PD.

10 pitch
68 teeth
25° Pressure Angle

Distance over two 0.1728-dia pins

+0. 0000
-0.0041

PD run-out, 0.002

Face width, 0.628
Arc tooth thickness at PD

+0. 0000
-0. 0020

Base circle diameter—6.16 29

7.0370

0.1541

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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Tension Strain—Microinches/Inch

T Tooth '
Strain
1AQ _~Prop Brake Gear
1000 IC &
2R 0 Strain Gage
¢ 0 Location on Tooth
0 —— &
800 0 — Tooth A To Tooth C 180° Apart 4
L]
4 &
l |
600 i / 1
i _ /gfé'g
m . y '-r‘-. - /ﬁll
--""'U
0 2 4 6 8 10 12 14 16
Prop Brake Gear—r.p. m. x 1000
Figure 83. Effect of Speed on Gear Tooth at No-Load Condition.
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Prop Brake Gear—r.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 eadurance 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-
culatior 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 Heywood 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 individual 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. The last column shcws 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 pe: .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 siress.

Since none of the formulas considered fillet configuration, the data werc split into two
groups—full form ground and prctuberance 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 I for description of "'t" tests,)
The comparisons were based on four data points 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

w
Trenis Heywood Kelley-Peders:
Configuration Endurance Load |Configuration Endurance |Configuration Endurance [Configuration End:

Number (p. s.1.) Number  Limit (p. s.i.). Number  Limit (p. s.1i.) Number  Limi:
10 96, 429 16 154, 560 5 164, 050 9 162

4 94,968 6 143, 040 9 162,182 13 14¢

101 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 15 142

15 83, 507 4 122, 250 7 137, 582 1 185

12 80, 647 7 118,660 1 134, 517 7 1§

13 74,698 5 116, 430 6 107, 429 6 9i

6 72,192 14 116, 360 10 94, 267 10 8¢

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 76,617 2 74

5 59,165 2 88, 754 14 69, 581 14 65

3* 42,689 3% 58, 292 8 67,914 8 52
Average 14, 247 114, 590 110, 970 104
Range 59,165 to 90, 562 to 67,914 to 52

96, 429 154, 560 164, 050 162

e maximum

Variation = Tninimum range = 1.63 1.7 2,42 3.

Note: Configuration number 3 was deleted from range and variation calculation when it was lowest value.
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--elley-Pedersen

AGMA

Dolan- Broghamer

Test Rig Load

sr.aer

ation Endurance |Configuration Endurance Configuration Endurance Configuration Endurance
Limit (p. s.1.) Number Limit (p, 8.1.) Number  Limit (p. s.1.) Number Limit (p. s.1.)
162, 389 6 204, 030 6 223, 400 11 8,210
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
142, 965 10 168, 430 10 191, 300 17 5, 826
133, 006 5 166, 800 7 182, 600 1 5, 490
113,718 7 166, 360 5 182, 300 5 5, 247
91, 292 13 161, 410 13 180, 000 3 3,786
89, 268 9 159, 035 9 179, 900 10 2,217
88,111 11 156, 200 11 177,100 4 2,106
75,368 8 153, 370 8 168, 600 16 2,026
64, 428 14 148, 230 14 165, 000 12 1, 854
74, 405 1 139, 480 1 154, 900 6 1,601
74, 200 2 136, 300 12 153, 800 14 1,513
65, 731 12 135,160 2 152, 200 2 1,429
52, 957 3* 86, 559 3x 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 gl
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Figure 86. Comparison of Methods for Calculating Gear Stress.
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TABLE XVII
MEASURED STRESS OF FATIGUE TEST GEARS COMPARED
WITH CALCULATED STRESS

wﬁ:k — = = =T ol T
Pressure | Fiilet Measured | AGMA

Fatigue Angle | Radius Fillet Strain Gage | Strain | Percent Keney-Pedergen Perc
Test Gear | Pitch | (degrees) | (inch) | Configuration | Strain Rate* | Rate* |Deviation Strain Rate Deviaf
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-787176 6 20 0,050 | Protuberance 1150 1157 + 0.6 923 -19,
EX-78778 6 20 6. 080 | Protuberance 1008 1042 + 3.4 652 -35.
EX-78780 6 25 0,050 | Full form 691 750 + 8.5 6717 - 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,
EStrain Rate—-* ' . hes/inch/1000 pounds
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Stress

. Heywood Lewis
“viersen Percent | Strain Percent | Dolan-Broghamer | Percent | Strain | Percent | Concentration
Hite Deviation | Rate* Deviation Strain Rate® Deviation | Rate” | Deviation | Factor (Lewis)
-12.6 817 -11.9 756 -18.5 423 -54.5 2,19
-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
¢ -35. 4 7817 -21.9 760 -22.6 466 -53.8 2,16
- 2,2 675 - 2.3 585 -15.4 328 -52.5 2.10
-31.8 602 -29.7 555 v -35.2 314 -63.3 2,72
-19.7 730 -18.9 622 . -30.8 367 -59.2 2.45
-39, 0 646 -36.5 585 | -42.5 | 349 | -65.6 2,91

W g > - —



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 evalpate 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, strcss 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,

o 10

o

& 60

®

3 50

2

e 9

S

E‘ 30

g 2

A

£ 10

S

<0 Kell

AGMA  Telley"  hayyoeq Dolan-
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Figure 87. Comparison of Calculated and Measured Stresses.
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A summary of eignificant 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 Pit:h

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
XIX summarizes these data (the load values have been corrected for diametra® .itch
and load for comparison).

TABLE XIX
EFFECT OF DIAMETRAL PITCH ON GEAR FATIGUE DATA

Diametral  Load Correctad AGMA Kelley-Pedersen
Pitth  (pounds) Lload (pounds)® Stress {p.s.i,)  Stress (p.s.i.)
6 6674 6807¢* 175, 500 138,750
12 1795 5820 184, 600 75, 500
*Corrected 12 pitch as follows for comparison with 6 pitch on a load
basis:
Pitch 6 12 Correction
Pitch 6 12 2.00 x load
Face Width linch) 0.500 0.2%0 2.00 x load
Total » 4.0 x Load
Y {average) 0.513 0.486 0.95x4.0xfoad - 3.8 x load

3.8 x 1795 - 6820 pounds

**Per reference 37, a 2-percent size effect mioht be expected for the range
of face widths tested; therefore, 1,02 x 6674 - 6807 pounds.

Pressure Angie

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 wad Corrected AGMA Kelley-Pedersen
(degrees) (pounds) Load (pounds)® Stress (p.s.i.)  Stress ip.s.i)
2 3802 5021 176, 500 104, 480
Fe) 4328 4328 183, 600 105, 700

*Correction for pressure angle was made by averaging Y values for 20-
and 25-degree pressure angle gears.
20-degree average Y = 0. 4302 0.5688 | '
25-deqree average Y + 0,568 202 X G gagy * 02 pounds
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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 AGMA Kelley-Pedersen
(pounds) Stress (p. 8. i.) Stress (p. s. i.)
Small Fillet 3915 179, 000 111,960
Large Fillet 4246 181, 500 98, 540

Fillet Confiﬁguration

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.1.)
Full form 4234 169, 300 106, 100
Protuberance 3908 193, 000 104,100

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 redu~tion 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 gignificant 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

o j\ Jml
egrees
Sy

20 Degrees

. ) |
0 2 4 o6 8 10
Endurance Limit—p.s.i. x 1000

Diametral
Pitct

(2) LOAD—Diametral Pitch and Fillet Confiquration

= 12 Prntub;arancé -
o £

E £

Sa 6 -Full Form
A | |

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

3) LOAD—Pressure Angle and Root Fillet Radius

8 1 I
® §, 25 |-Large Radius<j
=)
@ |
£ 2 //<\. .
= Small Radius |

2.53.0 35 40 45 >0
Endurance Limit—p.s.i. x 1000

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

12
.§ 25 Degrees
= A
I
g 6 A N
= 20 Degrees
a ] ] |

60 8 100 120 140 160
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. 8.1, 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 MATERIAIL STRENGTH

An ideal bending stress calculation would permit direct correlation of tooth strength
with the basic material sirength. 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 strengih 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. Monre 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 % = 274,000 p. s. i.

Points A and B in Figure 89 are located on the S/N curve to establish 108 and 109
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

J\Uf-\ o o2 X~ X=F A ->Mean Stress

R. R. Moore Gear Fatigue Test
Crmp'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 incorpnrate 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 cn 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
coxided to the same specifications as the gears. Thus, the surface treatment factor is
" "

cne.

All cf 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 deveéloped 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 enduran<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>