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SUMMARY

The purpose of this project was to investigate the relative
load-carrying capabilities of spur and helical gears with
increased-profile contact ratio (greater than 2) by carrying

out a program of experimental investigation to assess the
influence of increased load sharing among teeth on load capacity.

This report presents the results of an experimental program to
substantiate load intensity and load sharing of a particular
high-profile contact ratio (greater than 2) spur and helical
1-to-1 speed-ratio gear design.

Baseline test gear geometry with a minimum-profile contact ratio
of 1.30 was chosen to be consistent with present aircraft design
practice to permit comparison with the high-contact-ratio gear
geometry which had a minimum-profile contact ratio of 2.10.

A strain-gage survey was conducted on 9.0-pitch spur and helical
gears to ascertain the load-sharing characteristics of the high-
profile contact ratio tooth geometry and to provide information
for deriving equations to determine the load intensity at any
point of contact.

The conclusions of this report are summarized as follows:

M

The rotating dynamic load tests indicated that high-profile
contact ratio (greater than 2.0) gear teeth can carry more
load than gear tooth designs of current aircraft practice.

Test results indicate that both the 9 and 13 diametral pitch
high-contact-ratio (greater than 2.0) spur test gears carried
more load, in the range of 5 to 6 million cycles, than the

6.5 diametral pitch baseline spur test gears of current design
practice. These tests were run to a load level which resulted
in a tooth-bending fatigue failure.

The results of a strain-gage survey conducted on the 9-pitch
spur and helical test gears substantiated the inherent
capability of high-profile contact ratio (2.1 minimum) gear
tooth geometry to carry more load than the tooth geometry
currently used in aircraft design.

The strain-gage survey data provided the necessary information
for deriving equations for load intensity and the nature of
the load sharing among several tooth pairs for this specific
design and thereby verified that the increased-load-carrying
capacity of high-contact-ratio gears is due tc load sharing

by more pairs of teeth than current aircraft design practice
permits.

iii



FOREWORD

The evaluation of the high-profile contact ratio gears was
accomplished by conducting rotating-load tests of spur and
helical gears within the experience range of helicopter main
power gears. In addition, strain surveys were conducted on
high-contact-ratio spur and helical test gear sets in an attempt
to determine the load-sharing characteristics. This program was
conducted during the period April 1969 through October 1970 for
the Naval Air Systems Command, Washington, D. C., under Contract
N0019-69-C-0418.

Technical direction was provided by Mr. H. A. McCullough, Head
of Auxiliary and Reliability Sections of the Naval Air Systems
Command, and Mr. James Conboy, Senior Engineer of the Naval Air
Propulsion Test Center.

The program was conducted at the Vertol Division of The Boeing
Company under the technical supervision of A. J. Lemanski, Chief
of the Advanced Drive System Technology Department. Principal

investigators for the program were J. P. Alberti, Project Engineer,

and V. J. Perillo.

Acknowledgment is made to H. J. Rose, R. J. Drago, and J. C. Leeds
of the Advanced Drive System Technology Department for conducting
the strain survey, data reduction, and load-sharing analysis.

Acknowledgment is also made to Professor W. J. Murphy and his
staff at Villanova University for their assistance and contribu-
tions during the experimental testing.
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INTRODUCTION

The objective of this project was to investigate the relative
load-carrying capabilities of spur and helical gears with
increased-profile contact ratio (2.1 minimum) as compared to
baseline gears of current technology with a 1.3-minimum profile
contact ratio.

A preliminary evaluation of one design of a high-profile contact
ratio spur gear set was accomplished by Boeing-Vertol's Advanced
Drive System Technology Department in CY1967 and 1968. This
company-funded research project included rotating fatigue tests,
a strain-gage survey, and a noise and vibration survey. Although
this was a preliminary evaluation, the results of this program
indicated that the high-profile contact ratio gear tooth geometry
had promise of carrying substantially more load and operated at

a lower noise level than current aircraft gear tooth design.
These improvements were attributed to increased load sharing
among teeth.

Current design practice for spur and helical gears, as used in
helicopter transmissions and other aircraft applications, pro-
vides a profile contact ratio (ratio of circular pitch to arc
of action, or average number of teeth in contact) in the range
of 1.3 to 1.6. Gears designed with high pressure angles, in
the range of 25 to 28 degrees, will operate with a contact
ratio in the vicinity of 1.3.

The load sharing of spur gear teeth during the cycle of engagement
is dependent upon the contact ratio. Gears with a contact ratio
in the range of 1.3 to 1.6 share the load among 2 pairs of teeth
during the entrance and exit phases of the cycle of engagement,
while only 1 pair of teeth carries all the load during the remain-
ing phase. The same conditions will prevail essentially for all
designs where the operating contact ratio is less than 2.0. As
the contact ratio approaches 2.0, the l-pair load-sharing zone is
reduced with an accompanying increase in the 2-pair load-sharing
zone.

In aircraft gear design practice, the size of a gear tooth
(diametral pitch) is established on the basis of bending strength
requirements; these requirements, in turn, are dependent upon the
load-sharing (profile contact ratio) characteristics. Current
aircraft design practice dictates the use of coarse-pitch teeth
with high pressure angles to carry high loads, within the allow-
able stress limits as established for the gear materials used.

It is a well-known fact that coarse-pitch teeth are very sensitive
to profile and spacing (index) errors and, as a result, develop
short periods of nonuniform motion which superimposes an incre-
mental dynamic or vibratory load on the load transmitted by the
prime mover (turbine engine). This condition can produce a



clashing action at the entrance phase of tooth engagement, which
in turn can develop increased noise and decreased gear life. By
contrast, finer-diametral-pitch teeth are not as sensitive to
profile and spacing errors and thereby make the engagement at
the entrance phase more smcothly and with less noise.

The attributes of fine-pitch teeth have been known for many
years; however, their bending-strength rating does not permit
using them in place of coarse-pitch teeth because the allowable
bending stress for the gear material would be exceeded. The
experimental test results of this project indicate that high-
contact-ratio (2.1 minimum operating), fine-pitch teeth can be
designed to the bending-stress allowables which are being used
for much-coarser-pitch teeth of current design.

The increased load capacity of high-profile contact ratio gear
teeth is attributed to the sharing of load by more teeth during
all phases of engagement. Because of this fact the load intensity
on any one tooth is considerably less than on a tooth of current
design practice. It is also evident that current AGMA rating
formulas for bending strength cannot be used directly to calculate
the bending stress of high-profile contact ratio (greater than
2.0) gear teeth. The tooth load must be calculated on the basis
of an intricate load-sharing distribution and associated tooth

deflections.



TECHNICAL APPROACH

BACKGROUND

Spur gear designs incorporating a profile contact ratio greater
than 2.0 were used 25 years ago to a limited extent in aircraft
piston engine accessory drives. Reports on the performance of
these designs were most favorable. However, it is not entirely
apparent as to why the high-profile ccntact ratio designs did
not receive more attention and follow-on use in gas turbine
engine accessory and main drives. One can only surmise that,
due to a gcneral lack of knowledge as to the actual load-sharing
ciraracteristics and the lack of a suitable rating method for
bending and Hertz contact stresses, its further use was dis-
couraged.

The Boeing-Vertol independent research project conducted in
CY1967 and 1968 on one high-profile contact ratio spur gear
design provided new data on load sharing and operating noise
levels. This design featured a 32 by 76 tooth ratio, 9 pitch,
17-degree pressure angle, 2.13-inch face, and a 2.19-minimum-
profile contact ratio.

The evaluation of the strain-gage survey conducted during this
program showed that the design had an overlapping tooth contact
which permitted load sharing by 3 pairs of teeth at entrance,
exit, and pitch-line contact. The remaining contact was shared
by 2 pairs of teeth.

The results of the noise and vibration survey conducted during
this program indicated a definite trend that this design is
capable of operating at a reduced noise and vibration level
when compared to gears of standard design.

STATEMENT OF PROBLEM

The current AGMA formulas for rating gear tooth strength and
surface durability cannot be used in their present form to
ascertain the bending and Hertz contact stresses of high-profile
contact ratio (over 2.0) designs. A major change is required
to these formulas in order to permit calculating the maximum
tangential tooth load. For high-contact-ratio tooth designs,
the maximum tooth load occurs at a position in the immediate
vicinity of the pitch circle where 3 pairs of teeth all share

a portion of the transmitted load (see Figure 1l). By contrast,
for current aircraft tooth designs the maximum tooth load
occurs high up on the driving tooth at the position of high-
single-tooth contact where only 1 pair of teeth is carrying all
the load (see Figure 2). In order to rate high-contact-ratio
gear designs for tooth strength and durability, it is necessary
to determine the percentage of maximum tooth load carried by 1
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pair of teeth at the pitch-line position. At this worst position,
2 additional pairs of teeth also share a percentage of the maximum
load. Calculation of the load shared by the 2 pairs of adjacent
teeth involves a determination of the tooth deflection per unit
load.

The net result of the improved tooth load-sharing characteristics
of high-contact-ratio designs is that the bending and Hertz con-
tact stresses are substantially lower for an equivalent pitch.

If a given design stress level is maintained a considerably finer
pitch can be used to carry the transmitted load, with an accom-
panying reduction in operating noise level due to smoother
meshing conditions.



TEST METHOD

TEST SPECIMEN DESIGN

The design of the test gears used in this program reflected
similar parameters in ratio, pitch diameter, diametral pitch,

and numbers of teeth to those now used in the sun-planet mesh

of the CH-46 helicopter transmission. Tolerances and dimen-
sional accuracy duplicated Boeing-Vertol experience with similar
gear designs. In addition, an analytical evaluation was employed
to establish design parameters which indicated satisfactory
results in fabrication and performance. All test gears were
tabricated to the following general specifications:

0 Diametral pitch 6.5, 9.0, 13.0
o Pitch diameter 6.000

o Face width 1.00

o Number of teeth 39, 54, 78

0o Pressure angle, transverse 25200 LT 208

o Helix angle, transverse (where applicable) 37°, 35°, 32°

The detail specifications for the test gears are depicted in the
engineering drawings, Figures 3 through 11. Takle I lists the
basic variables under investigation for all test gear desigms.

MATERIAL

AMS6265 (AISI9310) vacuum-melt, consumable-electrode steel was
selected as the material for all test specimens. This material
is currently used for most helicopter main power gears and
therefore was the logical choice as the basic material for this
program.

FABRICATION

The test gears were fabricated by a vendor approved for the
manufacture of helicopter gears, in accordance with the engi-
neering drawings, and to the appropriate Boeing-Vertol specifi-
cations. The manufacturing procedure for all test gears was
the same and the processing sequence was as follows:

Forge to individual biscuit

Rough-machine gear blank and stress-relieve

Final-machine gear blank (bore, faces, and outside diamcter)
. Machine gear teeth (hob)

Carburize gear teeth

U W N
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BREAK ALL SHARP EDGES NOT SPECIFIED TO A RADIUS OR CHAMFER OF 010 YO 020.

QUALITY CONTROL PER BORING SPECIFICATION
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NITAL BTCH INSPECTION PER BOBING PROCESS SPECIFICATION BAC %436
[ FLUORESCENT MAGNETIC PRTICLE INSPRCTION PER BOEING PROCESS SPEC BAC 5424 CLASS A

FINIBM ON TEET™ FLANKS

MALIMUM BOTH SIOES

MARK PARYT AND SERIAL NUMBER WERE VIGRO ETCM PER BOLING SPEC BAC D301 TYPE 'VE.DO NOT 1MPRESHON STAMP
(B> LEAD TOLERANCE APPLIES TO FULL FACE WIOTH MINUS &DGE BREACS

CROWNING OR END RELIBF TC BE AVOIDRD.
BILLET OR BAR SuALL HAVE A MINIMUM WECHANICAL REOUCTION OF 3TO | FROM THE INGOT

CARBURIZED TEST SAMPLES SrALL B FACSIMILES OF GBAR TEETH
08> HEAT TREATMENT :
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SPECIFICATION M9 1202
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CARBURITED CASE ~ARONESS ROCKWHLL C
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05> THe FUuLL GRCULAR FILLET SHALL BE A SMOOTH CURVATUR” WiTh MO STEPS OR GROOVES
(87> THE T0OTH PROFILLS AND FILLETS SHALL BE FinjISH MACHINGD BY FORM GRINDING

"”

WITH NO UNDERCUT PERMITTLD
PROOF DIAMETER OPTIONAL

(D BRIAK TOP LANOS OF GEAR TLETN .00S TO .0IS WITH TAMPICO BAUSH.

BLFORE CAABAILING, COPPLA PLATL TOP LANDS OF ALL GLAR TEITH. (OPPER PLATL

PROCESS SPECIFVCATION BACL sIt?

PER  BOLING
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Figure 4. Engineering Drawing SK22027, 9-Diametral-Pitch,
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REQUIREMENTS FOR

A{-%
-l GEAR

1. AXIS X-X ACROSS TEETH - TURN 90 FOR
SECOND SHOT MAGNETIZE 1500 AMPS

2.AXIS Y-Y CENTRAL CONDUCTOR
MAGNETIZE 2000 AMPS

3 ALL AREAS UNMARKED ARE NONCRITICAL

NOTES

ALL CIAMETERS ON A COMMON CENTERLINE TO BE CONCENTRIL TD calr

CTHER WITHIN 010 TIR UNLEDS OTHERWISE NOTRD
MAKIMUM SURFACE ROUGHNESS '8/ EXCEPT AG NOTED
RELATIVE AZIMUTH POBITION CF GEAR TEGTM AND MOLES OPTIONAL MNLESY SPRCIFIRD
BREAK ALL SHARP EDGES NOT SPECIFED TO A RADIUS OR C~aMFER OF .010 TO ,020.
GUALITY CONTROL PER BORING SPECIFICATION M S 1401
NITAL ETCH (NSPECTION PER BORING PROCESS SPECIFICATION BAC 3436
[T FLUORESCENT MAGNETIC PRTICLE INSPECTION PLR BOEING PROCESS SPRC BAC 5424 CLASS A
(8> Finier ON TEETH FLankS B/ ManMLM BOTH SIDES
D> MARK PART AND SERIAL NUMBER MERE VIBRO ETCH PER BAC SIO7 TYPE v’ DONOT IMPRESSION STAMP.
(B> LEAD TOLERANCE APPLIES TO FULL FACE WIDTH MiNUS kDGR BREAKS

CROWNING OR END RELIEF TO B& AVOIDRD.

1. BILLET OR BAR SwALL WAVE A MINHAUM MECHANICAL REDUCTION OF 3TO | FROM TréE INGOT

17 CARBURIZED TEST SAMPLES SwAuL B8 FACHIMIES OF GEAR TEBTH

(B> HEAT TREATMENT:  (SiC MOTL 19)
A CARBURIZE ENCLOSED ARGAS PER BORING PROCKSS

.-

Cv LN

WPECIFICATION WS 1107 ARRA A JAREA B
B CARBURITED IASE MARDNESY ROCKWELL € 60-684
€ EFPECTIVE CASE DEPTH AFTEP GRINDING .02 -.057]
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DRAW AT 3OO'F T0 315°F FOR FOUR =OURS AFTER FiNAL GRIND

> nonu SHAPE WITHIN Tt TOLERANGE BAND SHALL BR A SMOOTH AND GRADUAL

CONVER CURVATURS MO $TEPS OR GROOVES PRERMITTRD
5> THE FULL CIRCULAR PIART SMALL BE A SMOOTH CURVATURS WiTh NO ST8PS OR GROOVES
O8> THE TOOTH PROFILES AND PIALETS SHALL BE FINISH MACHINED BY FORM GRIWDING

WITH MO UNDERCUT PERIMITTRD
7. PROOF DIAMETER OPTIONAL.
[ BREAK TOP LAUDS OF GEAR TERETH 008 TO .01% WITH TaAMPICO BRUSH
O30 SLFOAL CARBURILING, COPPLR PLATC TOP LANDS OF ALL GEAR TELTH, COPPEA PLATL PER

PROCESS SPLCIFICATION BAC S722

BOLING
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Engineering Drawing SK22028, 6.5-Diametral-Pitch,

37-Degree Helix Angle, Right-Hand, Baseline
Helical Gear
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REQUIREMENTS FOR

PARY Y

MAGNETISM :
I AXIS X-X ACROSS TEETH - TURN 90 FOR

x(i)/f

TION
-I GEAR

L}
e

(1 LLE] ¥

-+

SECOND SHOT MAGNETIZE 1500 AMPS

7 AXIS Y-Y CENTRAL CONDUCTOR

MAGNETIZE 200C AMPS

JdALL AREAS UNMARKED ARE NONCRITICAL

NOTES

ALL DIAMETERS ON A COMMON CENTERLUNE TO BE COMCENTRIC TO EaAlH

CTHER WITHIN OIOTIR UNLESS OTHERWISE NOTED.
MAXIMUM SURFACE ROUGHNESS '3/ EXCEPT AS NOTED
RELATIVE AZIMUTH PODITION OF GEAR TEETHM AND ~MOLES CPTIONAL UNLESS SPRCIFIED
BREAK ALL SHARP EOGES NOT SPRCIFIED TO A RADILUS OR C~AMFER OF .0i6 TO 0Ol0
GUALITY CONTROL PER BOkING SPECIFICATION M S 1407
NITAL BTCH INSPECTION PER BOKING PROCESS SPECFICATION BAC 3436
[T FLUORESCENT MAGNETIC PRRTICLE INLPECTION PLR BOEING PROCESS SPEC BAC 424 CLAYS A
FINISH ON TEETN FLANKS MALIMLM BOTH SIDES

»

[ T

MARK PART AND SERAL NUMBER HERE VIBRO ETCH PEA BAC $307 TYPE VE DO NOT IMPRESSION STAW.

(B> LEAD TOLERANCE APPLIES TO FuLL FACE WIDTH MiINUS EDGE BREAKS
CROWNING OR END RELIEF TO BE AVOIDRD.
1. SIAET OR BAR SHALL HAVE A MINIMUM MECHANICAL REDUCTION OF 3TO 1 FROM THE INGOT
17 CARBURIZED TEST SAMPLEDS SraLL BDE FACSIMILES OF GEAR TekTW
08> HEAT TREATMENT :
A CARBURIZE ENCLOSED ARGAD PEQ BOE'NG PQOLEYSS

WPECIFICATION ™MD 1102 AREA A |AcEa B
B CARBURITED CASE ~aRDNGSS ROCKWELL ¢ ——— ——————1 60-04 L
C EFFELTIVE CASE DEPTM "FTER GRINDING — ——— ———1D30 - 045
D CORE WARDNESS ROCKWELL C 3%-40 ]
& CORE STAELGTM Pu) (QEF) 160,000
F ORAW AT BOO'F TO HI%F FOR FOUR ~OURS AFTER FINAL GRIND. L]

&> PROFILE SHAPE WITHIN TuE TOLIRAMCE BAND $HALL BE A SMOOTH AND GRADUAL
CONVER CURVATURE MO STEPS OR GROOVES PERMITTED
15> THE FULL CIRCULAR FILLET SHALL BE A SMOOTH CURVATURE WITH NO STEPS OR GROOVES.
> THE TOOTH PROFILES AND FILLETS SwALL BE FINISH MACMINGD BY FORM GRINDING
WITH NO UNDERCUY PERMITTED
17 PROOF DIAMETER OPTIONAL
D BAEAK TOP LANDS OF GEAR TEETH 005 TO Oi5S wiTH TAMPICO BAUSH
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NOTES

REFERENC ATA EXTERNAL SPUR GEAR DATA i ALL DIAMETERS ON A JOMMOIN CENTERLNE TS BE COMIENTRIC TO cal.
s CTHER WITHIN QIO Tik UNLESS OTHERWISE NOTED
DLAR TOOTH THCkwESS | 2381 MAX | MUMBER OF TEETH 42 I MAXIMOM SURFACE ROUGHNESS 3/ EXCEFT AS NOTED
TeH DamETER L1 M ["BiAMETARL PITEH L] 3 RELATIVE AZIMUTH POSITION OF GEAR TEETH AND HMOLES CPTIONAL UN.ES> SPECIFIED
LASH WITH MATING on WAx | PRASSURE ANGLE i | 4 BREAK ALL SHAQP EDGES NOT SPEICIF.ED TO A RADIUS OR CAMFER OF Ji0 T0 020
ON_STANDARO CENTRRS| 001 WM | G DAMETER Tial| €000 | % GUALITY CONTROL PER BOEING SPECIFICATION M & 1402
P'RCLE DIAMETER (ReF) | S4iTaT OUTSIDE DIAMETER EA0T ST G NITAL BTCH INSPECTION PER BOEING PROCESS SPECIFICATION BAC 5456
AD TOLERANCE PER INCH OF FAC. WiDTH m__-k!“!*!! [T :a__ [F> FLUCRESCENT MAGNETIC PRRTICLE INSPECTION PLR BOEING PROCESS SPRC BAC 5424 CLASS A
s v am FORM DIAMETER [ E] [ FiNiSH ON TEETH FLANK S 3/ MAXIMLM BOTH SIDES )
¥ I MEASUREMENT OVER nu;w MARK PAQT AND SERIAL NUMBER HERE VIBRO ETCH PER BAC 5307 TYPE VE DO NOT IMPRLSSION STAMP
OTAL INDEX Tgu.uuqc& TILET RADIUS (ALT] D68 [T LEAD TOLERANCE APPLIES TO FULL FACE WIDTH M'NUS EDGE BREACS
= Mﬂm DMETER T CROWNING OR ENO RELIEF TO BE AVOIDLD.

ITCH TOLERANCE il BILLET OR BAR SHALL HAVE A MINIMUM MECHANICAL REDUCTION OF 3TO | FROM THE INGOT
8 1 CARBURIZED TEST SAMPLES SrA.L BR FACSIMILES OF GEAR TEETH
[E> WEAT TREATMENT :

A CARBURIZE ENCLOSES AREAS PER BORING PROCKSS
SPECIFICATION MS 12102 AREA A [AREA B
B CARBURIZED CASE ~ARDNGESS ROCKWELL C ———————{ §0-¢4
" L I'|||"" € EFFECTIVE CASE DEPTH AFTER GRINDING 030-043
1 0 I ||||||||||||| “ D CORE MARDNESS ROCKWELL C %40
I qm W] ||l| B CORE STREANGTH P3: (RES) [Re686
0T "|"||m||||.||||||| | £ _ORAW AY soo: 0 325'F POR FOUR =OURS AFTER FinaL GRivO  IMARS0
gy ””'u Eohivks, CORVATURN sl STERR o8 WaSOES MRS
“l Ii.||||||||;|||||||||| |I|| R !1," % THE FULL CIRCULAR FILLET SHALL BE A SMOOTH CURVATURE WITH NO $T8PS OR GROOVES
I'l"nl LTI T L |I lﬂ||||||| L L ||i|”| THE TOOTH PROFILES AND FILLETS SHALL BE FiNISH MACKINGD BY FORM GRINDING
i

WITH NO UNDERCUT PERMITTRD.
|f|r|| T PROOF DIAMETEA OPTIONAL.
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2. AXIS Y-Y CENTRAL CONDUCTOR
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3 ALL AREAS UNMARKED ARE NONCRITICAL
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NOTES

REFERENCE DATA EXTERMAL SPUR GEAR DATA 1 AL CIAMETERS ON A SOVMIN CENTERoNE T2 BE COMCENTRIC 1O cale
= T = - STHER WITHIN OIO Tik UNLEDS OT-ERWISE NOTED
L'J}:f ;ﬁ:;:::"'“”‘ :':: el —:m!;%f'-:t,rﬂ" ?f 7 MAKIMOM SURFACE ROUGHNESS ‘1) EXCEPT a5 NOTED
A - L PITCH B L 3 RELATIVE AZIMUTH POSITION OF GEAR TEETH AND HOLES CRTIONAL UN.ESD SPECIFIED
pu AR LT AT 063  Max [ PRESSURE ANGLE L i 4 BREAK ALL SHARP EDGES NOT SPICIE B TO A RADIUS OR C~AMFER OF 010 T0 020
[ =t STAMDARD CEMTRRS 00V MIN | PiTCH JumETER Laj] &oooo | 5 GUALITY CONTROL PER BOE NG SPECIFICATION M S 1402
SHECuk DaMETEG mar |5 TiPAZH OUTSIDE DIAMETER [AEE NITAL ETCH (NSPECTION PER BOEING PROCESS SPECIFICATION BAC 5436
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=y (8> HEAT TREATMENT:  (SEE NOTE 1%
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6. Heat-treat (harden and draw)
7. Finish-grind bore and faces
8. Grind gear teeth
9. Bake

10. Final inspection

Figures 12 through 19 show the 8 test gears in as-received
condition.

METALLURGICAL EVALUATION

A destructive metallurgical examination was conducted on one
baseline helical gear (SK22028-1, serial No. XCl1l0l1l) and one
baseline spur gear (SK22029-1, serial No. XC1l05) for determina-
tion of conformance to Boeing-Vertol specifications. The
helical gear conformed to all specification requirements except
for the effective case depth, which exceeded maximum allowable
depth by 0.013 inch. The baseline spur gear conformed to all
specifications except for the effective case depth, which
exceeded maximum allowable depth by 0.009 inch.

Table II contains a listing of the specified chemical analysis
for the test gear material and Table III lists the actual
composition, hardness, and cleanliness rating. Each lot of
test gears for each type of gear (spur and helical) was fabri-
cated from the same heat and melt of steel to minimize possible
variations introduced by material processing.

TEST APPARATUS

The gear specimens were tested on a Boeing-Vertol regenerative
(4-square) load test stand. This test stand was specifically
designed and constructed to conduct rotating-load test programs
for gear research and development. The test machine is capable
of operation with 3 center-distance options and has provisions
for control of torque, o0il temperature, and oil quantity.
Lubrication of all gear meshes and bearings is provided by
individual oil jets (see Figure 20).

TESTING TECHNIQUE

The primary test variables were shaft torque and oil inlet
temperature. Gear tooth load was a function of shaft torque
which was applied through a lever system at the beginning of
each test run. Torque levels were observed on a Strainsert
SR2 instrument at specified time intervals and recorded. A
final torque reading was recorded at the conclusion of each
test run. Deviation from the initial target torque was
controlled to +5 percent at start-up and within +2 percent
during the indIvidual test runs.
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Figure 12. SK22031, Serial No. XC1l03, 9-Pitch, High-
Contact-Ratio Spur Gear as Received

Figure 13. SK22030, Serial No. XC103, 13-Pitch, High-
Contact-Ratio Spur Gear as Received

Figure 14. SK22028, Serial No. XC102, 6.5-Pitch,
Baseline Helical Gear as Received

Figure 15. SK22034, Serial No. XCl02, 6.5-Pitch,
Baseline Helical Gear as Received




Figure 16. SK22026, Serial No. XC1l0l, 9-Pitch, High-
Contact-Ratio Helical Gear as Received

Figure 17. SK22032, Serial No. XC10?, 9-Pitch, High-
Contact-Ratio Helical Gear as Received

Figure 18. SK22027, Serial No. XC1l02, 9-Pitch, High-
Contact-Ratio Helical Gear as Received

Figure 19. SK22023, Serial No. XC102, 9-Pitch, High-
Contact-Ratio Helical Gear as Received




TABLE II. SPECIFIED CHEMICAL COMPOSITION OF TEST GEARS

AMS6265 Steel (% by weight)

Element (AISIS9310)
Carbon 0.07 - 0.13
Manganese 0.04 - 0.7
Silicon 0.2 - 0.3%
Chromium 1.00 - 1.40
Molybdenum 0.08 - 0.15
Nickel 3.00 - 3.50

TABLE III. ACTUAL METALLURGICAL ANALYSIS OF ONE TEST SPECIMEN
OF EACH GEAR TYPE

Baseline Baseline

Specification Helical SK22028 Spur SK22029
Composition (% by weight)

Carbon 0.12 0.11

Manganese 0.61 0.63

Silicon 0.29 0.25

Chromium 1.38 1.43

Molybdenum 0.12 0.13

Nickel 3.05 3.02
Case hardness, Rc 61-62 62-64
Core hardness, Rc 38.0 37.0
Grain size 8 7
Inclusion DT-1 DH-1
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Figure 20. Gear Research Test Stand
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The torquemeter was calibrated before and at the conclusion of
the test program. Calibration was conducted on a Riehle dead-
weight torsion test machine (Figure 21). Recalibration curves
agreed with the initial curve within 2 percent. Test time
(cycles) was determined ky a log record of running time and an
elapsed-time meter in the test stand console. Power was supplied
by an electric motor driving the input shaft through a toothed-
belt arrangement, maintaining the input pinion speed at 3,660
rpm.

Inlet o0il temperature for the test gearbox was maintained at
135+5°F at an oil pressure of 55+5 psi. The oil used for
lubrication of the test gearbox was Atlantic Premier No. 12.

This 0il contains extreme-pressure additives in the form of

lead scaps which form antiweld platings on the minute asperities
on the gear tooth flank. 1In the opinion of the Atlantic Refining
Company, this action materially reduces the possibility of damage
to the flanks at the higher load levels.

The testing technique for the test gears was to conduct rotating-
load testing at each of the specified load levels for 6 million
cycles or until failure. If a test run was successfully completed
without failure, the applied stress was considered to be below

the fatigue endurance limit and this data point was recorded as

a runout.

An attempt was made during the test program to obtain a warning
of impending failure. This was accomplished through the use of
accelerometers attached to the gearcase; the signatures were
observed with an oscilloscope and amplitudes were recorded in
the test program log. Vibration signatures were photographed
at specified intervals (see Figures 22 and 23).

The test procedure for all test gears in this program was the
same and consisted of the following sequence:

1. Conduct static pattern checks at the 50-percent and 250-
percent load levels for load-distribution evaluation.

2. Conduct a run-in rotating test run at the 50-percent load
level for 4 hours (8.8 x 105 cycles).

3. Complete the test load schedule by conducting rotating-load
tests for 6 x 106 cycles (or failure) at each of the
specified load levels.

To fully evaluate the load-carrying capacity of the high-contact-
ratio test gears and experimentally determine the load-sharing
characteristics, a strain survey was conducted on the 9-diametral-
pitch spur and helical high-contact-ratio test gears. The
procedure for both gear types was the same and involved the
following: 15 strain gages were applied to the fillet root area
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of 5 pinion teeth and calibrated. The test specimen was in-
stalled in the gear research test stand with provisions for
recording gear torque loading and angular rotation.

Upon completion of the installation, the mechanical torque
system was applied. The strain-gage bridges were zeroed and
calibrated. Test runs were conducted by slowly rotating the
test gear through mesh clockwise and couterclockwise at the
100-percent and 200-pcrcent load levels. Oscillograph record-
ings were taken of the 15 strain-gage outputs and associated
angular position.

GEAR STRESS CALCULATIONS

The gear stress levels presented in this report for the baseline
spur and helical gears were calculated by an existing Boeing-
Vertol computer program based on the following AGMA Standards:

o 220.02 - Rating the Strength of Spur Gear Teeth

o 221.02 - Rating the Strength of Helical and Herringbone
Teeth

© 210.01 - Surface Durability of Spur Gears

o 211.02 - Surface Durability (Pitting) of Helical and

Herringbone Gear Teeth

AGMA 220.02 and 221.02 rate the bending strength of spur and
helical gears as follows:

(1)

where S; = calculated tensile stress at critical section, psi
Wy = transmitted tangential load, pounds
K, = overload factor
Ky, = dynamic factor
Py = diametral pitch
F = face width, inches
Kg = size factor
Kn = load distribution factor

J = geometry factor.
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Figure 22.

RUN NO. 4
50 MINUTES

14 APRIL 1970

2.2 VOLTS

Figure 23.

RUN NO. 4

31 MINUTES

14 APRIL 1970
1.5 VOLTS

Vibration Si
Serial No.
Failure

inature of
XC105 and

Spur Gears,
XC103, 21

SK22030-1,
Minutes Before

Vibration Signature of Spur
Serial No. XC10 and XC103, 2 Minutes
Failure

ears,

SK22030-1,

Before




For the test specimen, assume

Kor Kyr Kgs Kps = 1.0

F = 1.600 inches
Pd = 6.50
0.5418 baseline helical
J = (calculated by computer program).

0.5508 baseline spur
Therefore, the baseline spur test specimen tensile stress is

S, = Wg x 1 X 6.50 " 1l x1
t 1 1.000 © 0.5508 '

S¢ 11.801 Wy (see Figure 24),

and the baseline helical spur test specimen tensile stress is

S _ Wt x 1 6.50 1
A 1 = T1.000 ¥ 0.

X
54

1
18 '

St

11.817 W, (see Figure 25).

A typical example of a computer tooth plot stress layout is
presented in Figure 26.

(2)

(3)

(4)

(5)

AGMA 210.01 rates the surface durability of spur gears as follows:

We C C C C
t ~o 5 m f
S =
¢ * Cp v ¢, AFT 1 :

where S, = calculated contact stress number
C, = elastic coefficient (2,300 for steel gears)

W, = transmitted tangential load at operating pitch
diameter, pounds

Co = overload factor

Cy, = dynamic factor
d = pinion operating pitch diameter, inches
F = face width, inches
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BENDING STRESS - PSI X 103

117

P4 = 6.5 1/’

108 NOTES: 1.
2. NUMBER OF TEETH = 39
3. F =1.9
‘I Dp = 6.0
99 5. FULL CIRCULAR FILLETS /
90
81 /,
72 ’//////
63 ’//
54 /£
45
36
y
27 ’/,
18 ///7///
~ /
0
0 900 1,800 2,700 3,600 4,500 5,400 6,300 7,200 8,100 9,000
LOAD - LB/IN. OF FACE
I T T T T 1 T 1 1 | 1
0 2,700 5,400 8,100 10,800 13,500 16,200 18,900 21,600 24,300 27,000

TORQUE - IN.-LB/IN. OF FACE

Figure 24. Bending Stress of Baseline Standard Involute
Spur Gears
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BENDING STRESS - PSI X 103

108

99 NOTES: 1. Pq = 6.5
2. NUMBER OF TEETH = 39
3. F =1.0
4. Dy = 6.0

90 5. FULL CIRCULAR FILLETS

81

45

27

18

. /

7

/

/

/

0 900 1,800 2,700 3,600 4,500 5,400 6,300 7,209 8,100 9,000
LOAD - LB/IN. OF FACE
J l | | | | | | ! |
0 2,700 5,400 8,100 10,800 13,500 16,200 18,900 21,600 24,300 27,000
TORQUE - IN.-LB/IN. OF FACE

Figure 25. Bending Stress of Baseline Standard Involute =
Helical Gears
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TOOTH SPACE

FORM CT
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t =—T0OTIl THICKNESS AT CRITICAL SECTION
Ry, = LOAD RADIUS

4y, = LOAD ANGLE

IPSTC = HIGHEST POINT OF SINGLE TOOTH CONTACT

Figure 26. Tooth Form Stress Layout
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Cg = size factor

C, = load distribution factor ;
I = geometry factor

C¢ = surface condition factor.

For the baseline test gears (spur) used in this program, assume

Cor Cyr Cgs Cps Cg = 1.0.

Then S. = 2300 V Wex1 1 10l (7)
¢ T * 5.0 x 1.0 - 0.0958% '
Se = 2300 Wi (8)
c 5575 (See Figure 27).

AGMA 211.02 rates the surface durability of helical gear teeth

as follows:
W C, C C C
_ t O *-s m f
Se =%\ o= aF ~ 1 : (9)

The nomenclature is identical to the spur gear listing.

For the baseline test gears used in this program, assume g

Co, CV’ Cs, Cm, Cf = 1.0.

2300\[Wt"1x . R (10)
1 6.0 x 1.0 0.1600* '

Then Sg

W
S 2300 L Fi . 11
@ T (see Figure 28) (11)

CONTACT RATIO CALCULATIONS

To determine the minimum profile contact ratio for a pair of
mating spur or helical gears,

\/(R )2 (R )2'+ \/Ui )2 (R )2 C'.sing'

o ~{Rp o =8p = SRSELHT

(min) pl . COS(I)'

p' 3.141?926§ ’ (13)
Pa

*Calculated by computer p.ogram
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CONTACT STRESS - PSI X 103

300
NOTES: 1. Pq = 6.5
2. NUMBER OF TEETH = 39
250 3. F=1.0 Zz
4. Dp = 6.0 /
5. FULL CIRCULAR FILLETs/
200
150 e
100 /,
50
0
900 1,800 2,700 3,600 4,500 5,400 6,300 7,200 8,100 9,000
LOAD ~ LB/IN. OF FACE
I | I I | | ] | 1 | |
0 2,700 5,400 8,100 10,800 13,500 11,200 18,900 21,600 24,300 27,000

TORQUE - IN.-LB/IN., OF FACE

Figure 27. Contact Stress of Baseline Standard Involute
Spur Gears
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1 —
where Rl =

Rogp =

To determine
gears,

operating pitch radius, pinion

radius to break point on pinion (min)
base circle radius, pinion

pressure angle, operating

circular pitch at operating pitch radius

operating pitch radius, gear

= radius to break point on gear (min)

base circle radius of gear
center distance of operation
diametral pitch, operating

profile contact ratio.

the face contact ratio for a pair of mating helical

il (14)
Qf = Fg . tan y , (15)
where mg¢ = face contact ratio
Q¢ = tace advance
Fo = effective face width
v = helix angle
p' = circular pitch at operating pitch radius.
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CONTACT STRESS - PSI X 103
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Pd = 6.5
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Figure 28.
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Contact Stress of Baseline Standard Involute
Helical Gears
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TEST RESULTS

TEST DATA

The objective of the experimental test program was to evaluate
the load-carrying capability of spur and helical gears with
increased-profile contact ratio (greater than 2.0) as compared
to baseline spur and helical gears with typical profile contact
ratios (less than 2.0).

A summary of the test results is shown in Tables IV and V, which
contain the pertinent information obtained during the test phase,
including part numbers, serial numbers, gear type, load levels,
number of test cycles, and failure mode. Figure 29 presents the
final test results for all test gear configurations.

TABLE IV. RESULTS FROM TESTS OF SPUR GEARS
Maximum
Load No.
Part Serial p Level Test
No. No. d (%) Cycles Results

Baseline Spur Gears

SK22029 1 6.5 2 teeth faileqd,

250 4.58 x 106 drive member

SK22029 2 6.5 }
SK22029 4 6.5 } 2 teeth failed,

300 5.88 x 10° driven member
SK22029 6 65

SK22031 XCl02 9 1 tooth failure,
300 5.99 x 106 drive and driven

SK22031 XC1l04 9

SK22031 XC105 9 ¢ Pitch-line pitting
300 1.18 10 on drive gear, 6

SK22031 XC1l03 9 consecutive teeth

SK22030 XC104 13 1 tooth failure,
350 3.38 x 10° drive and driven

SK22030 XClo02 13

SK22030 XCl05 13 5 2 teeth failed,
350 1.87 10 drive gear

SK22030 XC1l03 13
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- PERCENT

OPERATING TEST LOAD

LEGEND
SYMBOL GEAR
(o) BASELINE SPUR
A 9-PITCH HCR SPUR
\v/ 13-PITCH HCR SPUR
m| BASELINE HELICAL
® 9-PITCH, 32° HCR HELICAL
B 9-PITCH, 35° HCR HELICAL
400
®—--ooo—v V
300 o] &8 Q
® B—-—0
200
100
0
105 10°
CYCLES TO FAILURE
Figure 29. Final Test Results for All Test Gears
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TABLE V. RESULTS FROM TESTS OF HELICAL GEARS
Maximum
Load No. Helix
Part Serial p Level Test Angle
No. No. d (%) Cycles (deg) Results

Baseline Helical Gears (37° helix angle)

SK22034 XC1l02 6.5

SK22028 XC102 6.5

SK22034 XC1l01 6.5

SK22028 XC1l03 6.5

j}300
:}300

1.17 x

4.14 x

High-Contact-Ratio Helical Gears

SK22033 XC102

SK22027 XCl02

SK22032 XCl02

SK22026 XCl1l01

SK22027 XCl01
SK22033 XC1l01
SK22032-1 XC101

SK22026-1 XC102

9

9

j}250
i}250

i}350
j}BOO

4.72 x

4.57 x

1.4 x

1.46 x

10

10

32

35

32

35

1 tooth failure,
drive and driven

2 teeth fractured,

3 teeth chipped,
drive gear, fretting
both gear bores

2 teeth failed on
drive, fretting on
drive bore and shaft
pilot diameter

1 tooth failed on
drive, crack from
midtooth thru web
and mounting hole.
Fretting on drive
bore and shaft pilot

1 tooth failed on
drive gear

1 tooth failed on
drive gear

The basic 100-percent design load level for the baseline gears
was established for this program as 2,446 pounds per inch of
face (7,338 inch-pounds torque), resulting in a bending stress
of 29,000 psi and a contact stress at the pitch line of 150,000
psi calculated by the respective AGMA standards.

The basic load schedule for the baseline test gears was as shown

in Table VI.
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TABLE VI. BASIC LOAD SCHEDULE FOR TEST SPUR GEARS

Tangential
Tooth No.

Run Load Torque Percent Test
No. (1b) (in.-1b) Load Cycles

1 1,223 3,669 50 8.8 x 10°

2 2,446 7,338 100 6.0 x 106

3 3,669 11,000 150 6.0 x 106

4 4,892 14,676 200 6.0 x 10°

5 6,115 18,338 250 6.0 x 106

At the conclusion of the baseline testing it was decided that
the results indicated that the test runs conducted at the lower
load levels had little or no effect on the final gear failures.
Therefore, approval was received from the contracting officer
to establish a new load schedule for the high-contact-ratio
test gears. The test schedule established for these gears was
as shown in Table VII.

TABLE VII. REVISED LOAD SCHEDULE FOR HIGH-CONTACT-RATIO
TEST SPUR GEARS

Tangential
Tooth No.

Run Load Torque Percent Test
No. (1b) (in.-1b) Load Cycles

1 1,223 3,669 50 8.8 x 10°

2 6,115 18,338 250 6.0 x 106

3 7,338 22,014 300 6.0 x 106

4 8,561 25,683 350 6.0 x 108

5 9,784 29,372 400 6.0 x 10°

During the baseline spur gear test portion of this program both
test gear sets experienced tooth failures (2 teeth) on one
member. Set No. 1 failed at the 250-percent load (4.58 x 106
cycles) and set No. 2 failed at the 300-percent (2.9 x 10

cycles) load level. Inspection of the tooth surfaces on both
test gear sets revealed little or no evidence of surface distress
on the majority of gear teeth.

Macroscopic investigation of the SK22029-1, serial No. XCl0l

baseline spur gear revealed the following. The gear with two
consecutive tooth failures is shown in Figures 30, 31, and 32,
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the failure sequence is shown in Figure 31. 1Initial tooth
fracture surface and origin in the fillet area are illustrated
in Figures 33 and 34. Surface topography revealed flat features
indicative of fatique; however, classical propagation arrest
lines were not evident. The features shown are characteristic
of the high-lcad, mixed-mode fracture shown in Figure 35. Sur-
face features and scuffing pattern on the drive flank of the
initial tooth failure are shown in Figures 36 and 37.

Combined tooth fractures and the origin of the secondary tooth
failure in the drive fillet area are shown in Figures 38 and 39.
The surface topography on the secondary fracture resembles the
initial failure since both show no clear macroscopic fatigue
arrest lines and both reveal evidence of mixed-mode fracture
fatigue and overload (Figure 40). The tooth contact pattern on
the secondary failure is shown in Figure 41.

Testing conducted on the high-contact-ratio spur gears resulted
in the following: The 9-diametral-pitch, high-contact-ratio
spur gears, SK22031, serial No. XCl02 and XCl1l04, sustained tooth
failures (1 each drive and driven) at the 300-percent load level
(5.99 x 106 cycles) (see Figures 42 and 43). The second set of
9-diametral-pitch, high-contact-ratio spur gears, SK22031, serial
No. XC1l05 and XC103, sustained a pitting failure on the drive
gear at the 300-percent load level (1.2 x 106 cycles). The 13-
diametral-pitch, high-contact-ratio spur gears, SK22030, serial
No. XC102 and XCl04, sustained tooth failures (1 each drive and
driven) at the 350-percent load level (3.4 x 102 cycles) (see
Figures 44 and 45). The second set of 13-diametral-pitch, high-
contact-ratio spur gears, SK22030, serial No. XCl103 and XCl05,
sustained tooth failures (2 teeth drive gear) at the 350-percent
load level (1.87 x 10°).

All these high-contact-ratio test gears were tested in accordance
with the revised load schedule. The initial runs at the 250-
percent load level (for all gear sets) resulted in moderate
scoring early in the runs. This can be attributed to the fact
that the profile asperities did not have the opportunity to

level off at the 100-percent load level which was the basis for
the involute profile modification parameters. This fact was
verified by the healing over of this condition at the conclusion
of the runs at this load level.

During the baseline helical gear test portion of this program
set No. 1, SK22034-1, serial No. XCl02, and SK22028-1, serial
No. XCl102, experienced failure of 2 teeth (1 on each member)

at the 300-percent load level at 1.14 x 106 cycles (see Figures
46 and 47). Test gear set No. 2, SK22034-1, serial No. XCl1l01,
and SK22028-1, serial No. XCl103, experienced failure of 2
fractured teeth and 3 chipped teeth on the drive gear member
(see Figure 48). Inspection of both gear bores and shaft pilot
diameters revealed evidence of heavy fretting.
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Figure 30.

Figure 32.

0.4X

Spur Gear
SK22029-1, Ser-
ial No. XC1l01,
Specimen No. 1.
Arrows Indicate
Fractured Teeth.

Front View 2X
of Reassem-
bled Frac-
tured Teeth.
Note Lack of
Drive Flank
Scuff Pat-
tern on Ini-
tial Failed
Tooth.

Figure 31.

Figure 33.
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Figure 34. Oblique View 1.5X Figure 35. Enlarged 10x
Showing Ori-
gin Location

Figure 36.

Figure 37. Addendum Scuf-
fing From Upper
Left Corner of
Contact Pattern
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Figure 38. Fracture Sur-
face of Second
Tooth Failure.
Arrow Indicates
Origin Location
in Drive Root
Fillet Area.

Figure 39. Oblique View
Showing Ori-
gin Location
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FRACTURED TOOTH SINGLE TOOTH FAILURE

ORIGIN ROOT FILLET

Figure 42. SK22031, Serial No. XCl102, 9-Pitch,
High-Contact-Ratio Spur Gear
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FRACTURED TOOTH SINGLE TOOTH FAILURE

ORIGIN ROOT FILLET

Figure 42. SK22031, Serial No. XCl102, 9-Pitch,
High-Contact-Ratio Spur Gear
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Figure 44. SK22030, Serial No. XC102, 13-Pitch,
High-Contact-Ratio Spur Gear
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Figure 44. SK22030, Serial No. XC102, 13-Pitch,
High-Contact-Ratio Spur Gear
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FRACTURED TOOTH 2.7X SINGLE TOOTH FAILURE

20X ORIGIN ROOT FILLET

Figure 46. SK22034, Serial No. XC102, 6.5-Pitch,
Baseline Helical Gear
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2.5X SINGLE TOOTH FAILURE

20X ORIGIN ROOT FILLET

Figure 47. SK22028, Serial No. XCl102, 6.5-Pitch,
Baseline Helical Gear
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CRACKS IN TOOTH AND WEB CHIPPED AND FRACTURED TEETH

FATIGUE ORIGIN IN WEB ADJACENT
TO BOLTHOLES

1.8X

Figure 48. SK22034, Serial No. XC1l0l, 6.5-Pitch,
Baseline Helical Gear
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The basic load schedule for the baseline helical test gears was
as shown in Table VIII.

TABLE VIII. BASIC LOAD SCHEDULE FOR TEST HELICAL GEARS

. Tooth . No.
Run Load Torque Percent Test
No. (1b) (in.-1b) Load Cycles
1 1,223 3,669 ' 50 8.8 x 10°
2 2,446 7,338 100- 6.0 x 106
3 3,669 11,000 - 150 6.0 x 106
4 4,892 14,676 200 6.0 x 106
5 6,115 18,338 250 6.0 x 106
6 7,338 22,014 300 6.0 x 106

The test portion of the high-contact-ratio helical gears resulted
in the following: SK22033-1, serial No. XCl02, and SK22027-1,
serial No. XCl102, experienced failure of 2 teeth on the drive
gear at the 250-percent load level (4.7 x 105 cycles). SK22032-1,
serial No. XCl02, and SK22026-1, serial No. XCl0l, experienced
failure of 1 tooth on the drive gear at the 250-percent load
level (4.6 x 106 cycles) (see Figure 49). Inspection of this
tooth failure revealed a crack from approximately midtooth
through the gear web and one mounting hole. Prior to conducting
the test phase on the high-contact-ratio test gears, the mounting
bolt torque was increased to 720 inch-pounds from 480 inch-pounds.
This appeared to solve the mounting flange fretting condition but
did not remedy the fretting problem on the test gear bores and
shaft pilot diameters. Inspection of the test gears, SK22032,
SK22026, SK22034, and SK22028, revealed cracks in the gear mount-
ing holes and shaft pilot diameter fillet radius.

Before continuation of the test program, new shafts were designed
and fabricated with increased flange thickness of 0.625 inch

from 0.500 inch and relocation of the flange on the drive gear
shaft to resist the thrust component. In addition, the shaft
pilot diameter and mounting flange were shotpeened on both gear
shafts.

Testing of the SK22027-1, serial No. XC1l01, and SK22033-1, serial
Nu. XCl01, gears experienced a single tooth failure on the drive
gear member at the 350-percent load level (1.39 x 105 cycles)
(see Figure 50). Inspection of the shaft pilot diameters, bolt
flanges, and test gear bores revealed a slight fretting condition
on the top edge of the shaft mounting flange.
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FRACTURED TOOTH AND CRACK IN 2.5X FRACTURED TOOTH
WEB RADIUS DUE TO FRETTING

1.5X FATIGUE ORIGIN IN RADIUS
PROGRESSING THROUGH WEB

Figure 49. SK22032, Serial No. XC1l02, 9-Pitch,
35-Degree Helix, High-Contact-Ratio
Helical Gear
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TOOTH FAILURE

:tﬁﬁﬁw

FRACTURED TOOTH AREA

Figure 50. SK22027, Serial No. XCl1l02, 9-Pitch,
32-Degree Helix, High-Contact-Ratio

Helical Gear
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Testing of the final high-contact-ratio helical gear set
SK22032-1, serial No. XC1l01l, and SK22026-1, serial No. XCl02,
resulted in a single tooth failure on the drive gear at cthe
300-percent load level (1.46 x 106 cycles). 1Inspection of the
shaft pilot diameters, mounting flanges, and test gear bores
revealed a more pronounced level of fretting.

STRAIN SURVEY

A strain survey was conducted on the 9-diametral-pitch, high-
contact-ratio spur gears SK22031-1, serial No. XCl105 and XC103,
at load levels of 100 and 200 percent. The procedure involved
the following: 15 strain gages were applied in the fillet root
area of 5 pinion teeth and calibrated (see Figures 51 and 52).
The test specimens were installed in the gear research test
stand with provisions for monitoring gear torque loading and
angular rotation.

Upon completion of the installation, the mechanical torque sys-
tem was applied. The strain-gage bridges were zeroed and cali-
brated. Test runs were conducted by slowly rotating the test
gear through mesh, first in the clockwise direction and then

in the counterclockwise direction. Oscillograph recordings
were taken of the 15 strain-gage outputs and the associated
angular positions. The data from this test were reduced and
are presented in Figure 53.

The plot of percent strain versus pinion degrees of rotation
shows the successive areas of 2- and 3-pair contact, with the
maximum strain located at the pitch line. Since stress is
directly proportional to strain, this position is also the
location which yields the maximum root stress.

A line dropped perpendicular from the maximum strain point
intersects the strain curves of 2 adjacent teeth at approxi-
mately the 20-percent and 33-percent strain levels. This does
not imp<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>