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ABSTRACT

The feasibility of adapting powder lubricants to the operation of gears during
relatively long periods of time under extreme environmental conditions was established.
In addition to the lubricant study, parallel investigations were conducted on gear mate-
rials and methods of dispensing powder lubricants.

Significant achievements of this program are listed below.

1. A pair of 5 DP spur gears, manufactured from M-50 tool steel, had operated
for 98-1/2 hours at a speed of 7400 rpm, load of 1000 pounds per linear inch of tooth
face, and temperature cycled from room temperature to 9000 F.

2. Evaluations of fine-pitch (12/14 DP) superalloy and tool-alloy steel gears were
conducted at speeds to 15, 500 rpm, temperatures in excess of 10000 F, and loads to
1000 pounds per linear inch of tooth face.

3. All high-temperature evaluations performed during this program used a graphite
plus cadmium oxide powder mixture as the gear lubricant. An air carrier was used to
deliver the powder to the gear set.

PUBLICATION REVIEW

This technical report has been reviewed and is approved.

BLACKWELL C. DUNNAM, Chief
Fuels and Lubricants Branch
Air Force Aero Propulsion Laboratory
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SECTION 1
INTRODUCTION

This program was initiated to develop lubricants and lubrication techniques and to
evaluate materials that would permit spur gears to operate at temperatures to 12000 F,
speeds to 15, 000 rpm, and. high loads utilizing the lubricants and delivery methods
developed.

The most successful lubricant used in this study was a mixture of graphite and
cadmium oxide.

The ideal gear material was not found during this program that would sustain 100
hours of gear operation at temperatures in the range from 1000 to 12000 F and at speeds
of 15, 000 rpm. The M-50 tool steel gears performed well at a speed of 7400 rpm and a
temperature of 9000 F for 98-1/2 hours during the Phase I investigations. Haynes Stellite
No. 6B gears, in the Phase II investigations were operated at a speed of 10, 350 rpm and
in the temperature range from 1000 to 11000 F for a period of 48-1/2 hours.

Two types of gears fabricated from several types of steel were used in the tests
which were conducted in two phases. Phase I gear sets had a hunting-tooth arrangement
in which a 5-diametral-pitch 15-tooth gear meshed with a 5-diametral-pitch 16-tooth
gear. These gears were made of case-hardened steels and tool steels. Phase II gears
each had 39 teeth having a pitch of 12/14 and were made from nickel-base and cobalt-base
alloys.

A fine-pitch gear had to be designed for high-temperature operation using powder
lubrication. A complete stress analysis of the gear teeth is given together with compara-
tive details of several other tooth designs of different diametral pitch to show the reasons
for the choice of 39 of 12/14 stub form. This complete design report is included in the
appendix to this report.

Prior research program have developed lubricants operating over the range or room
temperature to 12000 F. The endurance of angular-contact-type bearings operating at tem-
peratures to 1200*F and speeds to 50,000 rpmwhile lubricantedby powdered and gaseous
type lubricants formed the basis for lubricant selection, bearing design, and bearing mate-
rial specifications.

A significant achievement was the operation of a cobalt-base alloy angular-contact-
type ball bearing of 2 0 mm bore size for 70 hours using powder-type lubricants entrained in
gas carriers with speeds cycled from 5000 to 30,000 rpm and temperatures to 12000 F under 100-
pound thrust loading and 10-pound radial loads. The work conducted during these programs
are reported in the following reports:

WADC TR 59-790
WADD TR 60-732
WADD TR 60-732 Part II

Manuscript released by author February 196.5 for publication as an RTD Technical
Report.
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SECTION 2
POWDER LUBRICATION OF GEARS - TEST APPARATUS

DESCRIPTION OF TEST RIG

The high-temperature gear-tdst rig shown in Figures 1 and 2 was used in all gear-
lubrication evaluations. The test rig operates on the four-square, or closed power cir-
cuit, principle with the test gears being permanently positioned on a 3. 250-inch center
distance.

The mechanical power distribution circuit zonsists of two gear boxes (test box and
power-return box) which are connected by two parallel shafts. The circuit is driven by
a 5-hp electric motor that is capable of speeds up to 3500 rpm. The power is transferred
from the motor to the power circuit via pulleys and a timing belt. A selection of pulleys
allows speeds up to 30, 000 rpm to be achieved. The simplicity of the circuit using the
four-square principle of power distribution permits a large amount of power amplification
because the power supply is required only to overcome the friction loads in the circuit.
Loading of the test gears is accomplished by locking in a torque or twist at a flanged
coupling in the shafting. The load is applied statically with a lever and weight system.

Rig bearings and service (power-return) gears are oil lubricated. Relatively small
bearing and service-gear loads are imposed upon the test rig when operated without the
test gears being installed.

TEST HEAD HEATERS

Gear heating has been accomplished by a Chromalox rod unit rated at 2250 watts.
Its 6-foot length has been fitted into the gear-heater housing and positioned to efficiently
apply heat to the test gears. The test rig was modified following test G-117 to provide
4500 watts of heater capacity by the installation of a second 2250-watt rod heater. The
increased temperature capacity allowed for testing at gear temperatures to approximately
1200° F.

SHIELDS

It was determined during the initial gear-testing evaluations that shielding should be
installed in the test gear chamber. Shield No. 1 shown in Figure 3 was used to confine
the lubricant powder to an effective area around the gear mesh in test G-100B. The
metal strip has little effect in limiting the lubricant to the mesh area. Therefore, Shield
No. 2 was assembled to the test head with Shield No. 1 in test G-101, as shown in Figure 4.
The lubricant film that formed on the gears during the test was spotty and
uneven, so in an attempt to improve this condition, Shield No. 3 was
combined with Shield No. 1 as shown in Figure. 5. As the temperature
approached 10000 F in later tests, it was indicated that a more,
efficient shielding would be required. In test G-104A, Shield No. 4
(Figure 6) was installed with Shields No. 1 and No. 3 in an effort to improve lubricant flow
to the gear mesh. This proved to be our most successful approach to the shielding problem
and was used in all subsequent tests.

INSTRUMENTATION

Chromel-alumel thermocouples were used to measure temperature at appropriate
rig and test locations. A thermocouple was located in the endpiate of the test-gear
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Figure 3. Shield No. 1 Installed in Test Head

Figure 4. Shields No. 1 and No. 2 Installed in Test Head
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Figure 5. Shields No. 1 and No. 3 Installed in Test Head

Figure 6. Shield No. 4 Installed with Shields No. 1 and No. 3 in Test Head
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chamber about 1/8-inch from the teeth of a test gear. The temperature monitored by
the thermocouple is referred to in the discussion as "tooth-vicinity temperature". A
Stroboconn timing and scanning unit indicated the speed of the lubricator air-motor shaft.
Rig shaft speed was measured with a hand tachometer. The rig motor current was
indicated in the drive motor circuit.

LUBRICATION TECHNIQUES

Powder lubrication of the test gears was provided in the test apparatus by a variable
speed gear-feed lubricator that was developed during the ball-bearing lubrication program.
The lubricator is driven by an air motor at a maximum speed of 600 rpm. An extension
of the air-motor shaft drives an agitator that is located in the lubricant supply cannister.
A two-stage worm gear reduction is used to decrease the speed of the scoop-equipped
lubricant-feed wheel. The feed wheel is located beneath the supply cannister. Each
scoop of the feed wheel is filled with powder as it passes the cannister and is emptied
after 180 degrees of wheel travel by a carrier-gas jet. The lubricator is shown in
Figure 7.

The original lubricator has a capacity large enough to insure 2-1/2 hours of continu-
ous gear rig testing without refilling. However, since the temperature-cycle tests
required a minimum of 3 hours of operation, it was necessary to expand the capacity
of the lubricator. The modification was accomplished by removing the housing and cover
of the original lubricator and securing a hollow cylinder 16-inches long on the existing
base. A frame was installed to support the agitator. The lubricator was then recal-
ibrated to determine what the effect of the additional lubricant weight would be--that is,
would it compact the lubricant or change the lubricant delivery rate.

This modification provided the following advantages:

1. Lubricant capacity was doubled (5 hour minimum lubricant capacity).

2. More lubricant could be added without disassembling lubricator.

3. Visual inspection could be made to observe level of lubricant.

The test rig was adapted for application of powder lubrication in the test-gear
chamber. The lubricant was fed to the gears through a tube which was directed down-
ward toward the meshing point of the gears as shown in Figures 3, 4, 5 and 8. Prior
to accepting the present lubricant feed tube arrangement, tests were made on a longitudinal
feed tube as shown in Figure 9. This technique was discarded because it did not provide
an adequate supply of lubricant to the far sides of the tooth surfaces.

VARIABLE SPEED MOTOR DRIVE

Following test G-123 it was decided to modify the test rig to eliminate the severity
of the impact load placed on the gears by initial acceleration of the 5-hp gear rig motor. It
was believed that impact loads were not one of the controlled variables and therefore
should be minimized. This was accomplished by installing a large three-gang Variac
control in series with the three-phase test rig motor. This enabled the operator to in-
crease the test-rig motor speed gradually which minimized impact loads on the test gears.

7
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Figure 8. Unshielded Lubricant Feed Tube Installed in Test Head
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Figure 9. Longitudinal Lubricant Feed Assembled to Test Rig
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SECTION 3
TEST PROCEDURE

METHOD OF CONDUCTING TESTS

The following test procedure was established early in the program. Similar proce-
dures were used throughout the gear-test program.

1. Test gears measured and inspected.

2. Pulleys and timing belt adjusted to obtain proper speed.

3. Test gears installed in test rig.

4. Shields installed in test rig.

5.' Endplate installed on test head.

6. Test-rig oil pumps turned on.

7. Test gears loaded.

8. Lubricator started and carrier-gas flow control opened.

9. Test gears manually rotated.

10. Test-rig drive motor turned on.

11. Following 15 minutes of operation, test rig turned off.

12. Lubricator turned off and carrier-gas flow control closed.

13. Test-gear load checked. (Resumption of test depends on reaction to step 15.

14. Endplate and shields removed.

15. Test gears visually inspected for satisfactory surface condition.

16. If test is to be resumed, shields and endplate are reinstalled.

17. Steps 8 through 13 repeated three times. (Resumption of test depends on
reaction to step 13.)

18. Test run completed. Steps 14 and 15 repeated. Test rig completely shut down.
Test gears removed from test rig.

19. Wear data and other observations recorded. Investigations of wear and other
unusual or unsuspected test-gear conditions initiated.

INSPECTION METHODS

To measure the gear wear of the five diametral pitch gears measurements were taken
using 0. 4000-inch diameter pins. Starting with test"G-108, two additional measuring-pin
sizes were used having diameters of 0. 3125 and 0. 7406 inch. The 0. 3125-inch pins
indicated dedendum wear, the 0. 4000 inch pins indicated wear in the area of the pitch
diameter, and addendum wear was indicated with the 0. 7406 inch pins.

The 12/14 pitch gear-wear measurements were taken with 0. 144-inch and 0. 210-inch
diameter pins. Pitch-diameter wear was indicated by the 0. 144-inch pins while tip-diameter
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wear was indicated by the 0. 210-inch pins. Table 1 lists a set of typical gear-wear
measurements. Since there are 39 teeth, 40 measurements are required as indicated.
This particular test gear was used in Test G-121 and failed after 15 hours and 10
minutes of operation. The test gear exhibited its greatest wear during the first five
hours of operation when it was at room temperature and the lubricant did not begin to
adhere to the gear teeth. The next 10 hours of operation were at 900* F and the 0. 210
diameter pin measurements indicate that the gear teeth have almost returned to their
original dimensions due to the buildup of the lubricant. It should be noted that measure-
ments No. 33 through No. 36 are distorted due to impressions made by the gear puller.
However, these gear teeth were reconditioned prior to coatinuation of the test.

Visual inspection was employed to determine the condition of the test gears and the
condition and distribution of the lubricant film on the gear surfaces.

During operation, gear-vicinity temperatures were recorded and reported as ranges
or cycle limits of temperature measurements. Actual gear-tooth temperature was read
onlx ,,hen the test rig was stopped, usually at intervals of 1 hour, by moving the thermo-
couple into contact with the gear teeth. Experience indicated that actual gear-tooth
temperature was plus or minus 15" F of the gear-tooth vicinity temperature.

The average lubricant flow rate from the lubricator per test interval was derived by
checking the lubricator weight before the test interval and again following the test
interval. The average lubricant flow rate was the difference in'the weights divided by
the elapsed time of the test run.

Gear-test data were logged at 10-minute intervals during test operation on log sheets
as shown in Figure 10.

11



TABLE 1. GEAR TOOTH MEASUREMENTS-HAYNES NO. 151 GEAR TEST G-121

0. 144 DIAMETER PIN MEASUREMENTS 0.210 DIAMETER PIN MEASUREMENTS
(PITCH DIAMETER) (ADDENDUM)

Change Change Change Change
Reading Initial Final Total After After Initial Total After AfterN b n ading Change 9 Hours R Ieours Reading Reading Change 9 Hours 5 Hours

(14 Hrs) In. x 10-4 In. x 10-4 In. x 10-4 (14Hrs) In. x 10-4 In. x 10-4 In. x 10

1 3.4203 3.4200 - 3 -13 - 6 3.6449 3.6450 + 1 - 1 - 4

2 3.4208 3.4199 - 9 -18 -13 3.6450 3.6450 0 - 1 - 8

3 3.4203 3.4200 - 3 -13 - 8 3.6450 3.6450 0 - 2 - 5

4 3.4204 3.4200 - 4 -14 -10 3.6450 3.6450 0 - 5 - 8

5 3.4202 3.4201 - 1 -12 -10 3.6450 3.6450 0 - 2 - 1

6 3.4204 3.4200 - 4 -14 -14 3.6450 3.6449 - 1 - 2 - 7

7 3.4200 3.4200 0 -10 - 8 3.6450 3.6449 - 1 - 5 - 5

8 3.4205 3.4200 - 5 -15 -15 3.6450 3.6450 0 - 4 - 4

9 3.4200 3.4200 0 -10 - 7 3.6450 3.6450 0 - 2 - 2

10 3.4206 3.4200 - 6 -16 -14 3.6450 3.6450 0 - 3 - 3

11 3.4209 3.4200 - 9 -19 -17 3.6450 3.6451 + 1 - 5 - 6
12 3.4210 3.4200 -10 -20 -17 3.6450 3.6450 0 - 9 - 2

13 3.4209 3.4200 - 9 -18 -15 3.6450 3.6450 0 - 1 - 3

14 3.4205 3.4200 - 5 -15 -13 3.6450 3.6450 0 - 2 - 4

15 3.4203 3.4200 - 3 -13 -12 3.6450 3.6450 0 - 2 - 4

16 3.4210 3.4200 -10 -20 -19 3.6450 3.6449 - 1 - 1 - 2

17 3.4209 3.4200 - 9 -19 -17 3,6449 3.6450 + 1 - 1 0

18 3.4205 3.4200 - 5 -15 -14 3.6449 3.6450 + 1 - 3 - 1

19 3.4209 3.4200 - 9 -19 -18 3.6450 3.6450 0 + 6 - 3

20 3.4208 3.4200 - 8 -18 -17 3.6450 3.6450 0 - 2 - 3

21 3.4206 3.4200 - 6 -16 -15 3.6450 3.6450 0 - 5 - 3

22 3.4205 3.4200 - 5 -15 -15 3.6450 3.6450 0 - 5 - 5

23 3.4205 3,4200 - 5 -15 -14 3.6450 3.6450 0 - 2 - 5

24 3.4209 3.4200 - 9 -15 -18 3.6449 3.6450 + 1 - I - 3

25 3.4205 3.4200 - 5 -15 -13 3.6448 3.6450 + 2 - 1 - 6

26 3.4209 3.4200 - 9 -15 -18 3.6450 3.6450 0 - 5 - 5

27 3.4210 3.4200 -10 -20 -19 3.6450 3.6450 0 0 - 4

28 3.4210 3.4200 -10 -19 -20 3.6450 3.6450 0 - 2 - 6

29 3.4210 3.4200 -10 -19 -18 3.6450 3.6450 0 0 - 2

30 3.4210 3.4200 -10 -19 -18 3.6450 3.6450 0 - 2 - 3

31 3.4210 3.4200 -10 -19 -18 3.6450 3.6450 0 - 2 - 5

32 3.4211 3.4200 -11 -22 -19 3.6450 3.6450 0 - 5 - 3

33 3.4211 3.4200 -11 -22 -21 3.6458 3.6449 - 9 -10 - 8

34 3. 4211 3.4200 -11 -19 -19 3.6462 3.6448 -14 -11 -11

35 3.4211 3.4200 -11 -19 -18 3. 6462 3.6450 -12 -10 -12

36 3.4210 3.4200 -10 -20 -17 3.6450 3, 6465 +15 - 5 0

37 3.4210 3.4200 -10 -20 -17 3.6450 3.6452 + 2 - 5 - 2

38 3.4210 3.4200 -10 -18 -15 3.6450 3,6450 0 - 6 - 1

39 3.4202 3.4200 - 2 -11 -12 3.6450 3.6450 0 - 6 - 7

40 3.4202 3.4200 - 2 -12 -12 3.6450 3.6450 0 - 3 - 3

12
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SECTION 4
TEST GEARS

PHASE I GEARS

Typical 15-tooth and 16-tooth coarse pitch test gears, defined as Phase I gears, are
shown in Figures 11 and 12. The gears have the following characteristics:

Pressure Angle (1) ................................. 200

Diam etral Pitch ................................. 5

Hunting-Tooth Arrangement .................. 15-tooth gear meshes
with l76-tooth gear

Gear Materials Tooth-Face Width Hardness (RC)

SAE 9310Steel 1/4 in. 59

B.S. EN 34 Steel 3/16 in. 62-65

M-2 Tool Steel 1/4 in. 57

M-50 Tool Steel 1/4 in. 60

Sliding Velocity (2) ............................... 5550 fpm

Contact Stress (max) (3) ......................... 129, 000 psi

(1) Actual contact pressure angle 26 degrees, 19 minutes due to extended
gear centers.

(2) Tip measurement at speed of 15, 000 rpm.

(3) Calculated with load of 1000 ppi(tf)* applied.

Characteristics of Phase I gear materials B. S. EN 34 is a 2 percent nickel-
molybdenum steel. The British-made gears that were used were carburized to RC 62-65
case hardness.

SAE 9310 steel gears were case hardened to a minimum of R C59 by carburizing.

*The abbreviation ppi(tf) is defined as the load applied to each test gear in terms of
pounds per linear inch of tooth-face width.

14
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PHASE II GEARS

The gears used in the Phase 11 investigations were designed to operate at the high
temperatures. They were cast from nickel-base and cobalt-base superalloys and 39
spur-type teeth are machined in each gear. They possess the following characteristics:

Pressure Angle . ................................... 20O

Diametral Pitch .............................. 12/14 stub

Hunting-Tooth Arrangement (1) ........................ None

Tooth-Face Width .................................. 1/4 in.

Gear Materials Hardness (R1)

Nickel-base Superalloy Rene1 41 30

Cobalt-base Superalloy Haynes Alloy No.. 151 33

Cobalt-base Tool Alloy Haynes Stellite Alloy No. 6B 39

Sliding Velocity (2) ............................... 2875 fpm

Contact Stress (max) (3) ......................... 123, 000 psi

(1) Gear having 39 teeth meshes with 39-tooth gear.
(2) Tip measurement at speed of 15, 000 rpm.
(3) Calculated with load of 1000 ppi (tf) * applied.

Characteristics of Phase -II Gear Materials

Rene' 41 is a nickel-base superalloy steel that exhibits excellent high-temperature
properties, particularly yield and fatigue resistance.

Haynes Stellite No. 151 is a cobalt-base superalloy steel. Its high-temperature
properties include dimensional stability and high hardness qualities.

Haynes Stellite No. 6B is a wrought cobalt-chromium-tungsten tool alloy that was
selected as gear material for this program because of its high hot hardness qualities.
Since it is a wrought material, it provides more toughness and shock resistance than
cast materials. This alloy exhibited superior wear resistance and showed most resist-
ance to plastic flow in rolling-contact disk experiments conducted by Battelle Memorial
Institute, Columbus, Ohio (Reference 1). Figure 13 is a typical fine-pitch gear used in
Phase 1I evaluations.
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SECTION 5
LUBRICATION

CHARACTERISTICS AND CHOICE OF POWDER LUBRICANTS

The two powder lubricant mixtures selected for high-temperature tests conducted
during this program were:

1. Micronized Acheson No. 38 graphite (83-1/3 percent) plus cadmium oxide
(16-2/3 percent) in air carrier.

2. Molybdenum disulfide (76 percent) plus metal-free phthalocyanine (24 percent)
in nitrogen carrier.

Both lubricants had successfully lubricated angular contact ball bearings in the
high-temperature rolling contact bearing program conducted under Contract AF33(616)-
6589. The graphite plus cadmium oxide mixture was suitable in the range from room
temperature to 10000 F, while the molybdenum disulfide plus metal-free phthalocyanine
mixture demonstrated a satisfactory operating range from room temperature to 12000 F.
The study of powder lubricants that resulted in the choices made for this program is
reported in Reference 3.

Emphasis was placed on the graphite-plus-cadmium-oxide lubricant during this
program since it is effective in an air environment. The molybdenum-disulfide-plus-
phthalocyanine lubricant requires an inert environment to prevent oxidation of MoS2 at
temperatures in excess of approximately 800° F (Reference 2).
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SECTION 6
DISCUSSION OF TEST RESULTS

PHASE I TESTS

Checkout and Calibration - Ambient Temperature Tests

The initial gear tests, G-100 through G-106, were devised to evaluate the operating
characteristics of the test apparatus at ambient temperature. Since many of the tests
during the initial period did not result in gear failure, as in later tests, the gears were
able to be reversed for further testing.

Such tests were designated with a letter being added to the test number, for example:
G-100A. Loads ranging from 440 to 960 ppi(tf) were imposed on the test gears. In the
beginning, the gears were operated at a speed of 5300 rpm, but this was increased in
later tests during the period to 4700 rpm, and the final 10-minute run in test G-106 was
at 10, 350 rpm. This test was stopped due to a high noise level and an indication or ris-
ing temperature in the vicinity of the powder lubricant discharge jet. Inspection
indicated that the gear-tooth temperature had reached approximately 7000 F. Flanks
were worn and scored. Grooves were in the pitch diameters of the gears. Except for
test G-100, in which lubricating oil per Military Specification MIL-L-7808 was used
as the test-gear lubricant, a proven powder lubricant, molybdenum disulfide (MoS 2 ),
in an air carrier was applied to the gears. An air carrier was used since oxidation
of the MoS2 would not occur at ambient temperatures.

The ambient temperature tests continued in the second series with efforts to reduce
gear wear by varying flow of the powder Lubricant and by honing the gear teeth prior to
testing. The high temperature lubricant, graphite plus CdO, was used for all tests
commencing with G-106A. Gears fabricated from the case-hardened steels were used
for all tests through G-107A. Tests G-108 and G-108A were evaluations of a set of
M-50 tool alloy steel gears in which it was determined that honing was unnecessary
since grind marks from the manufacturing of the gears was evident following 4 hours
of testing. Phase I ambient temperature evaluations (G-100 through G-108A) are
tabulated in Table 2.

High Temperature Tests

Phase I gears were subjected to high temperature tests to evaluate the gear mate-
rials and gear design as well as check out the test rig for high temperature operation.
Phase I gear materials are suitable to operate at 10000 F maximum temperature and
the data obtained from these tests were used to optimize the gear design and contrib-
uted to establish compatible test procedures.

Elevated temperature evaluations began with test G-109. Temperature was main-
tained at approximately 800* F for the first 4 hours of the test but increased to about
10000 F during the final 8 minutes. The test was stopped due to indications of high rig
drive power requirement, high noise level, and high tooth-vicinity temperature. Wear
measurements over pins ,were taken frequently during this test. Negligible wear was
indicated. Inspection of the gears at the conclusion of the test revealed that the contact
surfaces were in poor condition and that backlash was lost.
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M-50 tool steel gears were tested in G-109 through G-110A. Test G-110A was a
relatively successful 25-hour endurance run at a temperature of approximately 9000 F,
a load of 1000 ppi(tf), except for the initial 15 minutes when it Was 400 ppi(tf), and
speed was maintained at 7400 rpm. The final 2 hours of operation were interspersed
with increases in drive power and tooth-vicinity temperature. Earlier inspections
during the test revealed good lubricant films on the gears. Loss of backlash, abrasions
on tooth tips, burrs and spotty filming were noted in the final visual inspection. The
test gear materials were changed frequently to eliminate the possibility of test rig dis-
crepancies influencing the comparative analysis of the data. This procedure allows for
a reduction in the number of tests since once the data indicates the superiority of one
material to the other the tests can be concentrated on the superior material.

Tests G-111 through G-112A were intended to be 25-hour endurance tests using M-2 tool
steel gears and imposing the same test conditions as in G-110A. The best performance
in the group was shown by G-112A, a temperature cycling test, which continued for about
6 hours. Although a light lubricant film was present on the gears, scoring, metal trans-
fer, and heavy wear of the flanks was evident.

M-50 tool steel test gears were used in test G-1 L3. The objective of the test was
to operate for 25 hours or more at a speed of 7400 rpm under a load of 1000 ppi(tf)
while cycling temperature from ambient to 900° F.

Forty-five hours of operation were accumulated. Sixteen and one-half temperature
cycles were traversed during 41 hours of the test run. Generally, it was noted that as
the test head temperature was increased, a rise in the drive-power requirement and
tooth-vicinity temperature were indicated. It was observed after about 15 hours of
temperature cycling that the tooth-vicinity temperature and the drive-power require-
ment could be reduced to normal by rapping the lubricant outlet port in the test-gear
housing. It was indicated that a buildup of powder at the site of the port was prevent-
ing a continuous lubricant flow or changing the flow pattern.

After 25 hours of cycling operation, the outlet port was reworked ihtroducing a
1-inch in place of a 3/8-inch opening. The test was continued but the rise in
the temperature and drive power was not eliminated by the larger lubricant
outlet.

The test was continued until 44 hours and 50 minutes had been accumulated
when it was terminated due to the high noise level. Inspection revealed a
light lubricant-film deposit on the tooth flanks. The dedenda were worn and
metal transfer had occurred at the addenda. The edges and tips of the teeth
were burred.
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The general appearance of the test gears indicated that the supply of
lubricant was not adequate. This condition caused 'the gear-tooth tem-
perature to increase to the point where the thermal expansion eliminated
the tooth backlash and the opposite tooth flanks had come in contact with
each other.

Wear at three locations on the gears was measured with three sizes of measur-
ing pins. The amounts of wear were indicated to be as follows:

15-Tooth Gear (in.) 16-Tooth Gear (in.)

Addendum 0. 0018 0. 0004

Pitch Diameter 0. 0014 0. 0010

Dedendum 0.0035 0.0032

The performance curve for test G-113 is shown in Figure 14. The condition
of the gear teeth after the test is shown in Figure 15.

Test G-114 was a 100-hour endurance attempt at a speed of 7400 rpm and
a load of 1000 ppi(tf) with temperature being cycled from ambient to 900° F.
The gear material was M-50 to tool steel which had been heat treated to a
minimum hardness of Rc 60. The test was terminated after 98 hours and
25 minutes when it was considered to have achieved its objective.

A light load (440 ppi(tf)) break-in run at 7960 F was first conducted for 1 hour
during which the gears ran very well. Both instrumentation and noise level
indicate that operation was smooth and very satisfactory. Average lubricant flow
rate for the hour was 0. 943 grams per minute.
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NOTES

1. TEST-GEAR MATERIAL: M-50 TOOL STEEL.

2. LUBRICANT MIXTURE: MICRONIZED ACHESON

NO. 38 GRAPHITE (5 PARTS) PLUS CADMIUM

OXIDE (I PART).

3. CARRIER: AIR.

::::: ::ý 4. SPEED: 7400 RPM.

5. LOAD DURING PRETEST BREAK-IN (1 HIR):

440 LB/IN. (TF).

6. LOAD DURING TEST (45 HR): 1000 LB/IN. (TF).

LEGEND

*-E--- ;4TEMPERATURE

*0 e - OCURRENT INTENSITY

'T

44/



E4-4

Lrd

29.



Following this hour, temperature cycling from ambient to 9000 F and return was
carried out for a period of 49 hours while under a load of 1000 ppi(tf). Also, 1 hour
at ambient temperature and 1000 ppi(tf) was conducted. The gears ran well. Inspec-
tion revealed that the tooth flanks were in good condition covered by a good film of lub-
ricant. Whereas previous testing had seldom produced a lubricant film on the dedenda,
there was now some film present on them. Very slight burring and metal-transfer-
type marks were noted across the flanks at the pitch diameter. Average lubricant flow
rate for the 50-hour period was 1. 07 grams per minute.

The test was continued for 18 additional temperature cycles in 47 hours 25 minutes
during which the gears ran very smoothly. There was a light lubricant film covering
the tooth flanks. The general condition of the flanks was good with slight abrasionmarks
apparent. A line was evident at the pitch tine. The dedenda appeared to have more
surface damage and wear than the addenda. The average lubricant flow rate for this
interval was 1. 04 grams per minute.

Over-pins measurements of the test G-114 gears at the various inspection intervals
are listed in Table 3.

TABLE 3. TEST GEARS G-114 OVER-PINS MEASUREMENTS

Area Measured 0 Hours 50 Hours 98 Hr 25 Min

and 15 16' 15 16 15 16
Measuring Pin Tooth Tooth Tooth Tooth Tooth Tooth.

Diameter Gear Gear Gear Gear Gear Gear

Addendum 4. 6120 4. 8451 4. 6119 4. 8450 4. 6119 4. 8450
(0. 7406 in.)

Pitch Line 3. 7279 3. 9508 3. 7263 3. 9495 3. 7255 3. 9480
(0. 4000 in.)

Dedendum 3.4669 3.6868 3. 4642 3.6842 3. 4605 3. 6805
(0. 3125 in.)

Relative amounts of wear for the gears used in test G-114 are listed in Table 4.
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TABLE 4. RELATIVE WEAR IN GEARS G-114

50 Hours 98 Hr 25 Min

Wear Areas 15 Tooth 16 Tooth 15 Tooth 16 Tooth
Gear Gear Gear Gear

Addendum 0. 0001 0. 0001 0. 0001 0. 0001

Pitch Line 0. 0016 0. 0013 0. 0024 0. 0028

Dedendum 0. 0027 0. 0026 0. 0064 0. 0063

Figure 16 shows the 16-tooth gear used in test G-114. Figure 17 is the perform-
ance curve of test G-114.

Phase I elevated temperature evaluations, G109 through G-114, test data is tabu-
lated in Table 5.

PHASE II TESTS

Phase II gears were subjected to high temperature tests to evaluate gears that had
been specifically designed for high temperature powder lubrication operation. This
included evaluation of gears manufactured from materials that had been screened and
chosen as likely materials to survive the operating conditions.

These tests involved the operation of fine-pitch superalloy and tool-alloy gears
at speeds to 15, 550 rpm and temperatures in excess of 1000. F while under loads of
1000 ppi(tf). Typical Phase H1 test gears are shown in Figure 18. Phase II test data
is tabulated in Table 6.

Haynes Stellite No. 151 Tests

Test G-118 was the first evaluation of gears fabricated from Haynes Alloy No. 151
using powder lubricants.

A break-in run was first conducted for 1 hour at 440 ppi(tf) and ambient tempera-
ture conditions. The gears operated very well. Visual inspection revealed slight
abrasion-type marks on the tooth flanks and a light lubricant film. Gear-tooth tem-
peratures varied from 900 F to 2090 F. The average lubricant flow rate for this test in-
terval was 1. 27 grams per minute. An additional 4 hours of operation at ambient tem-
perature and 440 ppi(tf) were conducted. Gear-tooth temperatures were recorded from
106* F to 250* F. The gears operated very well during this period. Visual inspection
revealed slight abrasion marks (similar to the marks from the first test interval) and
a light lubricant film. Wear of 0. 001 inch maximum was measured over pins. The
average lubricant flow rate for the 4-hour interval was 1. 30 grams per minute.

Maintaining the 440 ppi(tf) load and the speed of 15, 550 rpm, a 1-hour elevated
temperature evaluation (from 6920 F to 8900 F) was conducted. The gears operated
well and, when inspected, showed no worsening of the abrasion-type marks, a light
lubricant film, and no measurable wear. The average lubricant flow rate for this test
interval was 1. 34 grams per minute.
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Figure 16. Sixteen-Tooth Test Gear Used in G-114
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Figure 18. Typical Gear Set Used in Phase II Tests
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The range of the test temperatures was now increased from 850* F to 11300 F, and
a 5-hour evaluation was conducted at a load of 440 ppi(tf). Again gear operation was
good. At inspection, the slight abrasion marks were still evident, but a good lubricant
film had formed. The film was also evident on the nonrunning faces of the gears. There
was no measurable wear during this test period in which the average lubricant flow rate
was 1. 15 grams per minute.

A 5-hour evaluation was conducted at a load of 562 ppi(tf) and the gear tooth tempera-
ture ranged from 836" F to 11100 F. Gear operation remained good. Visual inspection
showed the presence of slight abrasion-type marks as well as a good lubricant film on
both running and nonrunning surfaces. The only wear recorded was a 0. 004 inch de-
crease in the over-pins measurement of the dedendum of one gear. The average lubri-
cant flow rate for this test period was 1. 25 grams per minute.

The test load was then increased to 629 ppi(tf) and a 5-hour evaluation was con-
ducted with gear tooth temperatures in the range from 8320 F to 11360 F. Operation con-
tinued good. Visual inspection revealed the same well-distributed lubricant film and
the slight abrasion-type, marks. There was no increase in measurable wear. The
average lubricant flow rate for this 5-hour interval was 1. 14 grams per minute.

A further increase in load to 685 ppi(tf) was applied for the purpose of conducting
a 5-hour evaluation. Gear temperatures from 8320 F to 11000 F were recorded. The
gears operated well until at the 25 hour 5 minute point of total test time, a catastrophic
tooth failure occurred. Approximately half the teeth were stripped from each gear.
Figure 19 shows the test gears from test G-118 after failure. Figure 20 is the per-
formance curve for test G-118.

Test G-119

With reference to the investigation of the failure of gears G-118, test G-119 was
conducted to confirm previous test results. The speed of the test rig was adjusted
to 15, 500 rpm and the load at 685 ppi(tf). It was decided to run the test for 25 hours
operating in the temperature range from 8300 F to 1050, F. The failure after 2-1/2
hours appeared to be caused by'a weakness in the gear material. A check of the test
rig, however, revealed a misalignment of the shafts on which the gears were mounted.
Although the faces of the gear teeth were 1/4-inch wide, the greatest amount of con-
tact between the teeth was about 1/16-inch. A turning moment was imposed upon the
gears that would result in failure.

Test G-120

The objective of test G-120 was the same as the previous test. The speed
adjustment was maintained at 15, 50.0 rpm and the temperature continued in the range
from 830 to 1050* F. The load, however, was reduced to 629 ppi(tf). Duration of
the test was intended to be 25 hours.

A thorough inspection of the gears was conducted after 9 hours of operation. In
the visual check, it was observed that a hard black film had adhered to the noncontact-
ing surfaces and the tooth flanks were well coated with a smooth lubricant film. When
the lubricant film was removed from the teeth for wear measurements, no measurable
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Figure 19. Gears G-118 After Failure
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wear appeared, although slight abrasions could be seen on the tooth tips. Measurements
of the teeth filmed with lubricant indicated an average increase of 0. 004 inch. The
average lubricant flow rate during the test interval was 1. 1 grams per minute. A
Zyglo procedure revealed no fatigue cracks at the roots of the.gear teeth.

The gears were tested again after 16 hours of operation. The black coating re-
mained as before and the teeth continued -to be well coated with lubricant. Gear measure-
ments increased about 0. 001 inch at tooth locations where the lubricant coating remained
undisturbed while the measurements increased from 0. 002 to 0. 004 inch at the locations
where the lubricant coating had been removed. Measurements following removal of the
lubricant coating revealed no measurable wear on the gear teeth, aithough abrasions
were visible. The lubricant continued to flow at the average rate of 1. 1 grams per min-
ute during this 7-hour test interval.

It was noted that operation continued to be smooth after four additional hours of
testing. The rate of lubricant flow remained at 1. 1 grams per minute during this
period. Tooth-tip and pitch-line measurements indicated increases across each gear
from 0. 0022 to 0. 0100 inch. Lubricant film was removed where the greatest amount of
buildup had occurred. Further measurements at these points indicated that no wear
had occurred. A repetition of the Zyglo procedure revealed no cracks at the roots of
the gear teeth.

All factors checked in previous inspections remained the same after 24-1/2 hours
of testing under conditions which were not changed. It was considered appropriate as
the testing continued to determine if the increase in measurements across the gears
would vary if the supply of lubricant to the gears were discontinued for short intervals.
A 1 hour 10 minute run was conducted to recoat the areas of the gear teeth from which
lubricant had been removed for wear measurements. When the lubricant supply was
shut off, only about 30 seconds elapsed before a rapid increase in the power require-
ment required the cessation of the test. The gears were removed from the test rig
and inspected. The brightly polished tooth flanks were lightly filmed with lubricant.
Abrasions were found on the tips of the teeth when the film was removed. The hard
black coating on the noncontacting surfaces had continued to adhere. Measurements
across each gear increased in only five of 20 locations. Measurements at the other
locations indicated a decrease ranging from 0. 001 to 0. 006 inch. It appears that the
wearing away of the lubricant coating is accompanied by severe friction.

Testing was resumed with an increase in the load imposed on the gears to 685
ppi(tf). The gears failed with a shearing of teeth and the right-hand shaft was rended
as shown in Figure 21 in a violent interruption of the testing after 2-1/2 hours. Test
G-120 ran for a total of 28 hours and 10 minutes. Figure 22 is the performance curve
of test G-120.

Stresses were calculated at the conclusion of test G-120 indicating that the shaft
failure might have been caused by a bending stress Induced by the reduction of back-
lash in the gear resulting form a buildup of lubricant film on the teeth.

Rene' 41 Gear Tests

Test G-121 consisted of testing spur gears of two different materials. One gear
was nickel-base superalloy (Rene' 41) and the other was cobalt-base superalloy (Haynes
Alloy No. 151). Speed was constant during the test at 15, 550 rpm and temperature was
increased after the fifth hour from ambient to about 9000 F. The run continued for
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A. Damaged Test Gear and Broken Shaft

B. Damaged Test Gear Attached to Portion of Shaft

Figure 21. Gear and Rig Damaged in Test G-120
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about 15 hours when the cobalt-base superalloy gear failed together with the right-hand
test rig shaft. The greatest load imposed during this tjgt was 629 ppi(tf). It was ob-
served during this test that a good film of lubricant coated the nickel-base superalloy
gear whereas a thin patchy film was applied to the cobalt-base superalloy gear.

The gear tooth measurements of the Haynes No. 151 gear from test G-121 are
shown in Table 7. It should be noted that the maximum wear occurs during the initial
5 hours of operation. The lubricant then seems to build up on the gear teeth and after
14 hours of operation the addendum measurement approaches the initial reading.

Test G-123 was conducted with the objective of evaluating gears of Rene' 41 when
using powdered lubrication. The speed was set at 10, 350 rpm and the load at 440 ppi(tf).
After 5 hours of operation at ambient temperature (98" F to 1400F), measurements in-
dicated slight wear of teeth.

Operation through this period was smooth. The next 5 hours of operation was at a
speed of 10, 350 rpm, a load of 440 ppi (tf) and an average gear-tooth temperature of 7000 F.
There was no appreciable change in gear tooth dimensions after this 5-hour run. The tem-
perature was then increased to 900 0Fwithno change in load or speed. After 5 hours at these
conditions there was a slight increase in gear-tooth dimension due to lubricant buildup on
teeth. The temperature was increased to the temperature range of 950 to 1000F.. F. A•ffter
4 hours and 10 minutes, the gear-rig motor current increased sharply and the gears
became noisy. The test was stopped. The total operating time of test G-12' was 19 hours
10 minutes. The average lubricant flow rate through this test was 1.26 gral..s per minute.
Figure 23 is the performance curve for test G-123.

After reviewing previous tests, it was noted that failures frequently occurred within
the first quarter hour after startup. The rig is stopped every hour to check load and gear
tooth temperature and then the rig is restarted. This would give evidence that the large
shock applied to the gears by initial acceleration of the 5 horsepower gear rig motor
might contribute to premature failure of gears. Follwing test G-123 the motor startup
procedure was altered as described on page 7 to reduce the initial shock load.

Haynes 6B Tests

Test G-124 was conducted to evaluate a gear set fabricated from Haynes Stellite
No. 6B when using powdered lubrication. The speed was adjusted to 10, 350 rpm and
the initial load was 440 ppi(tf). After 5 hours of ambient temperature testing (80* F
to 1750 F), measurements of the gear teeth indicated no change in size. The load was
maintained at 440 ppi(tf) for the next 10 hours (4 hours at a temperature of 700" F and
5 hours at a temperature of 10000 F. Measuring the gear teeth after the 4 hours at
7000 F showed no significant change in dimensions but after the 5 hours at 1000' F there
was a slight increase in dimensions probably due to lubricant buildup.

For the next 5 hours the load was increased to 562 ppi(tf) while temperature and
speed remained constant for the remainder of the test at 10000 F and 10, 350 rpm. The
gear teeth exhibited a uniform film of lubricant and performance was smooth. The
load was increased to 629 ppi(tf) for the next 5 hours, followed by 5 hours at 685 ppi(tf)
5 hours at 720 ppi(tf) and the last 15 hours at 1000 ppi(tf). After each 5-hour period,
the gears were measured and the performance was adjudged to be good. The dimen-
sions of the gear teeth increased slightly due to lubricant buildup, and after 49 hours
had increased uniformity to a thickness of 0. 002 inch. No signs of gear wear were
apparent. At this point in the test program it was felt that more useful information
could be obtained by temperature cycling the Haynes No. 6B gears in lieu of continu-
ing testing at 1000' F.

64



TABLE 7. GEAR TOOTH MEASUREMENTS- HAYNES NO. 151 GEAR TEST G-121

0.144 DIAMETER PIN MEASUREMENTS 0.210 DIAMETER PIN MEASUREMENTS

Change Change Change Change
Reading Initial Renad Total After After Initial Final Total After After
Number Reading Reading Change 9 Hours 5 Hours Readi Reading Change 9 Hours 5 Hours

N(14Hrs) In. x 10- 4  
In. x 10-4 In. x 10-4 (14Hrs) In. x 10-4 In. x 10-4 In. x 10-

1 3.4203 3.4200 - 3 -13 - 6 3. 6449 3.6450 + 1 - 1 - 4

2 3.4208 3.4199 - 9 -18 -13 3. 6450 3.6450 0 - 1 - 8

3 3.4203 3.4200 - 3 -13 - 8 3.6450 3.6450 0 - 2 - 5

4 3.4204 3.4200 - 4 -14 -10 3.6450 3.6450 0 - 5 - 8

5 3.4202 3.4201 - 1 -12 -10 3.6450 3.6450 0 - 2 - 1

6 3.4204 3.4200 - 4 -14 -14 3.6450 3.6449 - 1 - 2 - 7

7 3.4200 3.4200 0 -10 - 8 3.6450 3.6449 - 1 - 5 - 5

8 3.4205 3.4200 - 5 -15 -15 3.6450 3.6450 0 - 4 - 4

9 3.4200 3.4200 0 -10 - 7 3.6450 3.6450 0 - 2 - 2

10 , 3.4200 - 6 -16 -14 3. 6450 3.6450 0 - 3 - 3

11 3.4209 3.4200 - 9 -19 -17 3.6450 3.6451 + 1 - 5 - 6

12 3.4210 3.4200 -10 -20 -17 3.6450 3.6450 0 - 9 - 2

13 3.4209 3.4200 - 9 -18 -15 3.6450 3.6450 0 - 1 - 3

14 3.4205 3.4200 - 5 -15 -13 3.6450 3.6450 0 - 2 - 4

15 3.4203 3.4200 - 3 -13 -12 3.6450 3.6450 0 - 2 - 4

16 3.4210 3.4200 -10 -20 -19 3.6450 3.6449 - 1 - 1 - 2

17 3.4209 3.4200 - 9 -19 -17 3.6449 3.6450 + 1 - 1 0

18 3.4205 3.4200 - 5 -15 -14 3.6449 3.6450 + 1 - 3 - 1

19 3.4209 3.4200 - 9 -19 -18 3.6450 3.6450 0 + 6 - 3

20 3.4208 3.4200 - 8 -18 -17 3.6450 3.6450 0 - 2 - 3

21 3.4206 3.4200 - 6 -16 -15 3.6450 3.6450 0 - 5 - 3

22 3.4205 3.4200 - 5 -15 -15 3.6450 3.6450 0 - 5 - 5

23 3.4205 3.4200 - 5 -15 -14 3.6450 3.6450 0 - 2 - 5

24 3.4209 3.4200 - 9 -15 -18 3.6449 3.6450 + 1 - 1 - 3

25 3.4205 3.4200 - 5 -15 -13 3.6448 3.6450 + 2 - 1 - 6

26 3.4209 3.4200 - 9 -15 -18 3.6450 3.6450 0 - 5 - 5

27 3.4210 3.4200 -;o -20 -19 3.6450 3.6450 0 0 - 4

28 3.4210 3.4200 -10 -19 -20 3.6450 3.6450 0 - 2 - 6

29 3.4210 3.4200 -10 -19 -18 3. 6450 3.6450 0 0 - 2

30 3.4210 3.4200 -10 -19 -18 3.6450 3.6450 0 - 2 - 3

31 3.4210 3.4200 -10 -19 -18 3. 6450 3 .6450 0 - 2 - 5

32 3.4211 3.4200 -11 -22 -19 3.6450 3.6450 0 - 5 - 3

33 3.4211 3.4200 -11 -22 -21 3.6458 3.6449 - 9 -10 - 8

34 3.4211 3.4200 -11 -19 -19 3.6462 3.6448 -14 -11 -11

35 3.4211 3.4200 -11 -19 -18 3.6462 3.6450 -12 -10 -12

36 3.4210 3.4200 -10 -20 -17 3.6450 3. 6465 +15 - 5 0

37 3.4210 3,4200 -10 -20 -17 3. 6450 3.6452 + 2 - 5 - 2

38 3.4210 3.4200 -10 -18 -15 3.6450 3.6450 0 - 6 - 1

39 3.4202 3.4200 - 2 -11 -12 3.6450 3.6450 0 - 6 - 7

40 3.4202 3.4200 - 2 -12 -12 3.6450 3.6450 0 - 3 - 3
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The average lubricant flow rate during this test was 1. 34 grams per minute. Fig-
ure 24 is the performance curve for test G-124.

Test G-125

Test G-125 was conducted for the purpose of temperature cycling Haynes Stellite
No. 6B gears when using powder lubrication. A complete temperature cycle consists
of running the gears from room temperature to 10000 F and back to room temperature.
Prior to temperature cycling, the gears were conditioned for 1 hour at temperatures
from 700 to 9000 F, at a load of 440 ppi(tf), and a speed of 10, 350 rpm. The load was
increased to 1000 ppi(tf) for the temperature cycling phase of the test.

The gears failed 10 minutes after the start of the third cycle. Total running time
was 7 hours and 10 minutes. The average lubricant flow rate during the test was 1. 44
grams per minute. Figure 25 is the performance curve for test G-125. When the gears
were examined after failure it was noted that there was no lubricant coating on the
teeth.

It is believed that the 1 hour of conditioning was insufficient to allow an adequate
lubricant buildup on the gears. It is probable that if some lubricant did adhere to the
gears, it was worn away when the gears were operated at low temperatures. When the
cycle reached temperatures high enough to permit the lubricant to coat the gear teeth,
it was believed that again the time provided by the cycle was insufficient for a satis-
factory coating to be applied.

Test G-126

To remedy the light lubricant buildup that occurred in the previous test, test G-126
was conducted with a deliberate break in test continuity. The following intervals of
operation were performed to condition the gears.

Time Temperature Load Speed

2 hours ambient 440 ppi (tf) 10, 350 rpm

2 hours 7000 F 440 ppi (tf) 10, 350 rpm

2 hours 10000 F 440 ppi (tf) 10, 350 rpm

2 hours 10000 F 629 ppi (tf) 10, 350 rpm

2 hours 10000 F 1000 ppi (tf) 10, 350 rpm

After the 10 hours of operation at the above conditions, the gears were inspected
and measured. There was a slight increase in dimensions but the lubricant film ap-
peared to be abraded. The gears were then operated for a total of 10 additional hours
at a speed of 10, 350 rpm, a temperature of 10000 F and a load 1000 ppi(tf). During
the first 5 hours at these conditions, the gears were measured and inspected and the
lubricant coating was found to be inadequate. After the 20-hour breakin period, a lubri-
cant coating of 0. 001 inch had formed on the gear surfaces and it appeared to have a
uniform thickness.

The gears were cycled from room temperature to 10000 F and back to room tem-
perature.
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After completing 10 full temperature cycles, the gears were stopped for the usual
tooth-temperature and load checks. When the test was resumed, the rig motor current
increased to 8.5 amps and was immediately shut down. Examination of the test rig revealed
that an oil leak into the test head had caused the powder lubricant to cake and clog the
lubricant inlet tube. The lubricant coating on the teeth had been abraded. Upon close ex-
amination of the gear teeth it was found that numerous teeth were cracked and most of the
cracks were found at the tooth roots. Figure 26 shows a portion of gear G-126 enlargedto
disclose the details of two cracks. It was interesting to note that most cracks appeared
on the front face of the gear teeth. This would indicate that the gear tooth loading was
uneven and that there was some misalignment in the rig that caused the loadto be unevenly
distributed across the gear teeth. No cracks continued from the front of a tooth to the back of
a tooth.

This was the first time during the entire program that a gear test was stopped prior to
an impending failure. The information gained by examining these gears indicates that the
test conditions were not ideal and that under more uniform loading the life of these gears might
have been extended. Although. the average lubricant flow for the'last 3 hours was 1.41
grams per minute, the int'.rval during which the gears were running with the lubricant inlet
tube clogged is unknown and the condition might have influenced a premature failure.

Figure 27 is the performance curve of test G-126.

The 20 hour run-in procedure attributed to achieving the 50-hour endurance run. The
importance of the run-in is to provide a sufficient lubricant coating to enable the gears to
survive the room temperature period of operation. The 20 hour length of time for run-in
was established by running the gears until the teeth were completely covered with a film
of lubricant.

Test G-127

The object of test G-127 was to evaluate the effect of shot peening Haynes No. 151
gears. Figure 28 is a shot-peended Haynes No. 151 gear. All previous failures of Haynes
No. 151 gears occurred at the roots of the teeth. Since the roots are subjeutedto the great-
est bending stress, it was decided to shot peen only the roots. The flanks would thus be
unaltered and the contact surfaces of gears would remain unchanged.

The gears were operated for 4 hours at ambient temperature with the load at 440
ppi(tf) and the speed at 10, 350 rpm. Measurement of the geat teeth indicated wear of
0. 001 inch. Load was then increased to 562 ppi(tf) and the temperature was increased
to 7000 F. After 2 hours of operation at these conditions, the teeth failed.

After the failure of the gears, they were returned to the vendor for evaluation. They
stated that the masking of the face of the teeth and shot peening only the root may create
a problem between the work hardened root area and the soft nonwork hardened tooth area.
As a suggestion for improving performance of remaining shot-peened gears, the vendor
recommended that the gears should be shot peened over the entire tooth-face area as well
as at the root. It was recommended that glass peening should follow shot peening to im-
prove the gear surface finish.

The investigation of shot peening was not continued since it was out of the scope of
this program. The Haynes Alloy No. 151 was ruled out of subsequent tests due to the
fact that it is a cast material and had performed poorly in tests that had been run.

SPECIAL TESTS

Oven rests of Lubricant

The objective of high-temperature testing the lubricant components and mixture in
an oven was to determine the effect that elevated temperatures and various intervals of
exposure would have on the graphite, cadmium oxide, and mixtures of different propor-
tions of the two. The tests were conducted to generate quantitative data under simulated
gear-test environments.
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The following procedure was used to determine the effect of varying temp
on the lubricant.

1. One-gram samples of the following were prepared.

a. Cadmium oxide

b. Mixture of 5 parts graphite to 1 part cadmium oxide

c. Micronized Acheson No. 38 graphite

d. Mixture of 4 parts graphite to 1 part cadmium oxide

2. Samples placed in porcelain beakers.

3. Samples subjected to temperature of 9000 F for 5 minutes in oven.

4. Beakers removed from oven. Weights of sample residues measured
corded.

5. Steps 1, 2, and 4, repeated using fresh samples at temperatures of
1050, 1150, and 1200'F.

The following procedure was used to determine the effect of various expo.
on the lubricant.

1. Four 1-gram samples of 5-to-1 mixture of graphite and cadmium oxi

pared.

2. Samples placed in porcelain beakers in oven at 11000 F.

3. One sample removed from oven after each 15-minute interval for 1 h

4. Weight of sample residue measured and recorded.

The results of the oven tests are shown in Figures 29 and 30. The 5-min
ing shown in Figure 30 was obtained from the corresponding reading shown in
for 11000 F usn•_g the 5-to-1 mixture.

The 5-minute interval was chosen to be the constant exposure time becauw
lubricant used in the gear tests would not be subjected to elevated temperaturi
longer intervals.

The test in which the interval of exposure was varied was performed to di
if it were practicable to collect and reuse the lubricant. The test would provi
mation about chemical or physical changes.

The 4-to-i mixture was tested primarily to determine if the mixture rati
a critical parameter.
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The following conclusions were derived from the oven experiments.

0 Maintaining the exposure time constant at 5 minutes, the sample mixture
loses about 3 percent of its weight for every 50* F incremental increase
of temperature at temperatures from 1050* F to 1200* F.

* At a constant temperature of 11000 F, the sample mixture loses about 12
percent of its weigh6 for every 15 minutes of exposure (about 1 percent
per minute).

* Graphite begins to lose weight at a temperature of about 1100. F.

• The 5-to-1 lubricant mixture used for gear testing loses an insignificant
amount of weight at temperatures below 1000° F. It is believed that the
lubricant can be utilized at higher temperatures (up to 1200° F). The
weight loss that would occur if the lubricant were exposed to higher tem-
peratures would permit it to be used for limited periods of operation.
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SECTION 7
CONCLUSIONS

This report describes the results of the latest portion of 4-1/2 years of research
and development of lubricants for use with high-speed bearings and spur gears over
the range from room temperature to 12000 F. During this period much knowledge and
experience was gained to advance the state-of-the-art of powder lubrication techniques
as applied to high-temperature lubrication. Major areas of achievement included the
development of a successful powder lubricant, the methods and techniques involved in
supplying the proper amount of lubricant having a particular concentration to the specific
areas requiring lubricant, the designing of bearings and gears capable of being lubri-
cated with powders, the investigation and screening of materials capable of successful
operation under high-speed and high-temperature environments, and the design of test
rigs and instrumentation for monitoring the performance of the bearings and gears.

Investigations and experiments over the past 1-1/2 years in the field of powder
lubricants and their application to spur gears in the temperature range from ambient
to 1200* F have evolved the following significant conclusions:

1. Spur gears operated successfully for periods of approximately 100 hours using
lubricant powders and powder delivery techniques. The gears used in this evaluation
were operated at a speed of 7400 rpm, loaded to 1000 ppi(tf) and cycled at temperatures
from ambient to 9000 F. The gears were made from M-50 tool steel and consisted of a
16-tooth and 15-tooth unit of 5 diametral pitch. The lubricant used was a mixture of
5 parts of micronized Acheson No. 38 graphite plus 1 part of cadmium oxide.

2. Tests were performed in which six sets of Rene' 41 gears were evaluated. Four
tests were stopped within 4 hours because of excessive wear and abrasions of the gear teeth.
The most successful test in this group continued for 19 hours and 10 minutes under conditions
of 10000 F temperature, 440 ppi(tf) load, and 10, 350 rpm speed. The other tests were run
at speeds of 15, 550 rpm. These results indicated that Rene' 41 gear material exhibits poor
wear and hardness qualities when subjected to the required conditions. This conclusion
was confirmed by Battelle Memorial Institute. (See Reference 1. )

3. Three tests were conducted using Haynes Stellite No. 151 gear material. The initial
test ended in a failure after 2-1/2 hours but the test rig was then modified to enable the gear
speed to be gradually increased to the operating speed of 15, 550 rpm, The following two
tests lasted 26 and 28 hours until failure at test conditions of 10000 F and 685 ppi (tf) load.

4. Tests were run using Haynes Stellite Alloy No.151 gear operating with a Rene' 41
gear. This test resulted in failure after 15 hours at test conditions of 15,550rpm, 9500 F,
and aload of 629 ppi(tf). The 151 gear had six teeth stripped off while the Rene' 41 gear
had a portion of its teeth bent.

5. Haynes Stellite No. 6B gears were used in three tests. The most promising
results were obtained from these investigations. Two tests exceeded 49 hours of opera-
tion. The results of these tests were predictable from the data of the Battelle Memorial
Institute rolling-disk experiments. (See Reference 1. )

6. A set of Haynes Stellite Alloy No. 151 gears that had been shot-peened at the
tooth roots were operated for 6 hours when the gear teeth fractured. It~appears that the
shot-peening, which was intended to improve the fatigue qualities of the gears, was
actually detrimental. Final conclusions should not be based on this one test, however.
It is recommended that further investigations -should be conducted into the merits of
shot-peening for these applications.
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7. The lubricant mixture was subjected to elevated temperatures in an oven dur-
ing an investigation into the physical changes that would result from heating the lubri-
cant. It was found that the sample of the lubricant (5 parts micronized Acheson No. 38
graphite plus 1 part cadmium oxide) was reduced in weight by "about 12 percent after
being subjected to a temperature of 11000 F for 15 minutes. When samples of the
lubricant were exposed to elevated temperatures for 5 minutes, the mixture exhibited
a 3 percent weight loss for each increment of 500 F increase over a temperature of
10500 F. The tests indicate that it would not be wise to store the lubricant in a high-
temperature environment. Reuse of the lubricant would probably not be practicable.

8. It has been demonstrated during this program that spur gear operation using
powder lubrication is feasible. With the experience gained in this program together
with that gained in the previous bearing lubrication program, it is believed that the
state-of-the-art is advanced sufficiently to justify application of these principles in
the operation of gas-turbine engine system using powder mixtures and powder lubri-
cation techniques.

Although the program objective of running gears at 15, 000 rpm at 10000 F and
higher for 100 hours was not attained, the results of this program are significant in
the light of the present state-of-the-art in high temperature gear materials.
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APPENDIX I

THE DESIGN OF A SET OF SPUR GEARS

FOR OPERATION AT HIGH TEMPERATURE

WITH POWDER LUBRICATION
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INTRODUCTION

SUMMARY

This report covers the analysis, design, material evaluation, and selection, for

spur gears used in .ne High Temperature research program carried out under Contract

AF33(657)-8625.

The program objective was the development of design and material criteria to insure

an operating life of 100 hours minimum for spur gears running at pitch line velocities

between 4,000 and 30,000 feet per minute and at temperatures to 12000 F. The three

factors affecting gear operating life are, tooth form, material, and lubrication. This

report concerns itself solely with the first two factors, the third being the subject of a

separate, detailed report.

For the purpose of obtaining comparable values fdr all parameters associated with

tooth form analysis, the gear pitch diameter was fixed at 3.250 inches, the speed at 15000

rpm (12,750 ft/min, pitch line velocity) and the tangential tooth load was 500 lb/in of

tooth face. Values were computed for dynamic load, beam strength, wear limit load, PVT

or scoring factor, Hertz stress, contact ratio, and maximum sliding velocity, for gear

teeth of selected pressure angles and diametral pitches.

Although analysis of the results showed the 250 pressure angle tooth of 12 diametral

pitch to have the highest beam strength and wear limit loads, coupled with the lowest PVT

factor, Hertz stress, and sliding velocity, the 200 pressure angle stub tooth of 12/14

diametral pitch was selected for test. This selection was made on the basis of its favor-

able comparison with the 250 pressure angle tooth and its availability without recourse

to special tooling. Tooth forms having a 14-1/20 pressure angle were found totally un-

acceptable due to the high contact stresses, PVT values, and sliding velocities.

Evaluation of materials for high speed, high temperature spur gearing is dependent

upon the following criteria:

1- Tensile Strength 5- Creep Strength

2- Fatigue Strength 6- Scoring or Scuffing Resistance

3- Wear Resistance 7- Ductility

4- High Temperature Hardness 8- Impact Strength

In addition, gearing operating in hot air or corrosive environments requires varying

degrees of oxidation and/or corrosion resistance.
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Program results indicate that Stellite 6B, a wrought cobalt nickel alloy, has the

greatest potential for achieving the program objective, with Haynes 151, a cast Cobalt

base superalloy, and Rene' 41, a forgeable high temperature nickel base alloy, showing

not as much potential.

Gear sets were fabricated from each of the three materials, all gears being identioal

to insure repetitious contact between mating teeth, thus simulating the worst possible

wear conditions.

Running tests of these gears, at 15000 rpm and 3. 250 pitch dia., would result in 90

million tooth-to-tooth contacts for 100 hours of operation. In order to simulate the com-

plete range of operating speeds, a test schedule was established, as shown in Table 1 to

insure complete compliance with program objectives.

TABLE 1

GEAR TEST SCHEDULE

Horse Power
Runniing Time Speed Pitchline Velocity (500 lbs. ]oad

Hours R. P. M. Ft/Min Per Inch of Tooth) No. of Contacts

30 30,000 25,500 96.63 54 x 106

15 25,000 21,250 80,525 22.5 x 10 6

15 20,000 17,000 64.42 18 x 106

13. 5 x 106
15 15,000 12,750 48.315 90x10 6 = 100 Hrs)

15 10,000 8,500 32.21 9 x 106

15 5,000 4,250 16. 105 4. 5 x 106

105 Total 121. 5 x 106 Total

2



NOMENCLATURE

a Addendum of Gear Tooth

B Width of Strip of Tooth Under Compressive Load

04 Arc of Approach

0- Arc of Recess

c Deformation Factor

C Center Distance

d Pitch Diameter

dt Total Tooth, Deflection, Combined Bending and Compressive

D. P. Diametral Pitch

e Effective Error

E Modulus of Elasticity

f Force Required to Accelerate Masses as Rigid Bodies = HmV2

f2  Limiting Acceleration Load, or Load Required to Deform Tooth to the Amount

of the Effective Error

fa Force Acting at Acceleration

J Coefficient of Friction

F Tooth Face Width

h t Whole Depth of Tooth

H Factor = tan 0 (1-cos 0)/150 02 (1/R) + 1/R ) Used in Calculating f1

I Polar Moment of Inertia
mp

K Stress Factor

K1  Factor (Used in Calculation of Strip B)
1 E

K Change Factor for Backlash Calculationm

m Effective Mass

m 1 Profile Contact Ratio

? Gear Ratio

3



M1 Measurement Over Wires

n Speed (Revs per Minute)

7L Gear Efficiency

N Number of Teeth

p Circular Pitch

P Compressive Stress - Hertz (Used in PVT Value)

PVT Scoring Factor = P x VS ft/sec x T

Q Ratio Factor

r Radial Dimension

rf Minimum Calculated Fillet Radius

rt Edge Radius of Generating Rack, Hob, or Grinding Wheel

R Pitch Radius

R al Radius to bottom of active profile

Rb Base Circle Radius

R Outside Radius0

P Radius of Curvature

sI Distance of the Point of Contact From the Pitch Point When Teeth are Drawn to

Scale of 1 D. P.

S Separating Force

Sb Beam Stress

S Shear Stress
S

St Flexural Endurance

T Distance Along the Line of Action From the Pitch Point to the Point Where PVT

Value is Being Considered

T Tip Circular Thickness of Tootho

T Tooth Circular Thickness at Pitch Radius
p

TBC Tooth Circular Thickness at Base Circle

T Torque
q



"V Pitch Line Velocity

"V Rolling Velocityr

"V5  Sliding Velocity

W Weight, lbs

Wb Beam Strength

Wd Dynamic, or Impact Load

W5  Bending Load

Wt Tangential Load

W Wear Limit Loadw

xI Diameter of Wire

x Tooth Form Factor

y Tooth Form Factor

z Length of the Line of Action

-Z Elastic Form Factor

Z Depth to Point of Maximum Shear

STooth Pressure Angle

V Poisson's Ratio

5



ANALYSIS AND DESIGN

For comparative analysis, the mechanical properties of Rene(41 at 10000 F were

used throughout in computing values for Wb and W w.

Gears were assumed to be aircraft quality operating under the following conditions:

Maximum error in action =. 0005 in

(d) Pitch Diameter = 3. 25 in

(V) Pitch Line Velocity = 12,750 f. p. m.

(F) Face Width = . 250 in

(Wt) Tangential Load = 125 lb

Formulae used for Comparative Analysis

Dynamic Load, Wd, lbs.

from Ref. 4, p. 37, for aircraft quality gears

Wd .05V(Fc + Wt) + W (1)

.05V+ V Fe +Wt

Values of c from Ref. 4, Table No. 7, p. 37

Tooth Beam Strength, Wb, lbs.

from Ref. 4, p. 3 7

Wb = StpFy (2)

St =60000 p. s. i. (for Rene'41 at 1000 0 F)

y = Tooth form factors cale. for worst load condition (Ref. 3, pp. 41-44)

Wear Limit Load, Ww, lbs.

from Ref. 4, p. 39

Ww = dFKQ (3)

where Q 2 Ngear

Ngear + Npinion

6



and, K = Stress factor for steel on steel-based on Brinell surface hardness

(gear & pinion) and pressure angle (from Ref. 4, Table No. 11,

p. 39).

Scoring Factor, PVT

from Ref. 3,: pp. 53-55

The factors in PVT are as follows:

P - Hertz contact pressure - calculated for both pinion tip and root (in most

general case)

V - Slidingvelocity in feet per second at point where P is calculated.

T - Distance along the line of action from the pitch point to the point where

P is calculated.

Therefore, the calculation of PVT factor involves the solution of a series of

equations.

First, the radius of curvature at the tooth tip,

P= R2  (R Cos 0) 2  (4)
0

From this, the length of the line of action, z, is next calculated, i.e.

Z =pp + G - C sin0 (5)

Pp = Tip Radius, pinion

DG = Tip Radius, gear

Next, the Hertz stress for the pinion tip.and root are computed;
PP 54 /T~ Csin0

P = 5740 J q (6)P Np Pp (C sin 0 - pp)

C/ csin
PG = 5740 FPG(C sin 0 - (7)

7



Pp = Hertz stress, pinion tip, p.s.i.

PG = Hertz stress, pinion root, p. s. i.

N = No. of teeth, vinion

NG = No. of teeth, gear

Finally, the PVT, or scoring factor is calculated as follows:

irn. Np 2
PVTp = 360- (1 +N-) (pp - R sin ) pP, for pinion tip (8)

in Np

PVTG = 360 (1 +N) ( - R sin 0)2 PG' for pinion root (9)

Since, for this program, both gear and pinion were identical, Hertz stresses and

PVT factors were also identical at tip and root.

The recommended safe limit for the PVT factor is 1,500,000.

Profile Contact Ratio (from Ref. 3, p. 55)

This is the average number of teeth in contact in the transverse plane and is calcu-

lated from the following equation;

zN
= 2 cos 0TR (10)

Sliding Velocity (from Ref. 1, p. 69)

Vs = V_1 + 1 R 2  R 2 (11)
R 1o 0 Rb -Rsin0)R 2

Vs = 2V (iR2- R - R sin 0) (12)
Rb

for this program,

R 1 = R 2

and

Rb =R cos0

8



For Ro, this gives the highest values and is indicative of the relative wear life

of the several tooth profiles under examination.

Table 2 summarizes the values calculated for the selected pressure angles and

diametral pitches.

Examination of Table 2 shows the 250 P. A. tooth of 12 D. P. to have the highest

beam strength and wear limit load, together with the lowest scoring factor, Hertz

stress, and sliding velocity. The 200 P. A. Stub tooth , 12/14 D. P. shows the next

highest use potential in view of the comparable values for beam strength, PVT factor,

Hertz stress, and sliding velocity. The 14-1/2? P. A. profiles show the most undesir-

able characteristics.

On the basis of the favorable operating characteristics and the availability of

standard tooling, the 20? P. A. Stub tooth, 12/14 D. P. was selected for test.

The selection of the tooth form and size having been made, detailed analysis and

design calculations were made for the actual test gears and testing apparatus.

TABLE 2

SUMMARY-CALCULATED DESIGN PARAMETERS
GEARP. D. =3.25 IN.. FACE WIDTH-.25 IN.

Pressure Diam Wd Wb W P z p m V
Angle Pitch N lb lb Iwtin in Psi PVT 1 sfpm

8 26 441 976 203 .7664 .7191 179,190 6 064 680 1.89 5642

14-1/2° 12 39 441 1.709 203 .6658 .5179 104,621 1,835,909 2.04 4062

8 26 448 125 243 .8549 .5982 93,345 2,186,000 1.62 4693

200 12 39 448 832 243 .7659 .4203 82,782 957,200 1.71 3298

8/10 26 455 1270 243 .8024 .4933 96,680 1,539,883 1.34 3870
12/14 39 455 861 243 .7390 .3665 86,933 764,181 1.49 2875

2 08 26 1469 R388 325 .9453 .5170 82,174 1,437,470 11.451 3980

12 39 469 931 325 .8657 .3578 77,394 648,554 1.51 2807

Detailed Analysis - 12/14 Stub Tooth, 200 Pressure Angle.

1lgfures 1 through 19 and table 3 comprise the detailed analysis and design for the

12/14 stub tooth, 200 pressure angle test pars.

9



Polar Moment of Inertia. I
mP

-12, •-•39 teethx.25x.190x .1309x .286 = .0694#o 2io

-(2.960 1.00) x .50 x .26 = .9850#

1. 0544#
-6x .5 x x.3852 x.286 .100 #

6oo .9544#

Assume the.simulated OD = 3. 12I0o then R = 1.56
SR. = 0.50

. W W(R02 + Ri2 .9544 (1.562 +.52

mp 772 772
= 003318 lb. in sec.2

1 .003318
Effectivd Mass (at pitch line), m = mp _2_= _ 2(Pitch Rad2 1.6252

= .0012565 1b. se). 
e

in.

Acceleration Load on Tooth, fa (Ref. 1, pp. 426-452)

f l, f f 2

flI + f 2

f L 301. 671 x 321. 113

301. 671 + 321. 113

155. 544 lb.

f = HmV2

for 200 P.A. Gears

H = .00120 (1/R 1 + 1/R 2 )

Figure 1. Acceleration & Impact Load Calculations (Sheet 1 of 3)
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2
. 00120 x 1. - . 0014769

f = . 0014769 x . 0012565 x 127502

= 301. 671 lb.

f2 = Wt [(e/dt) + 1] e =.0005 in.

for 20 0 stub, dt = 8.7 ) + Rene 41 at 1000°F, E = 27.3x106

S8.725) 27.3 x 10 6]

.00031869

f2 =125 [.0005 +11 = 125 x 2.5689

= 321. 113 lb.

Figure 1. Acceleration & Impact Load Calculations (Sheet 2 of 3)

11



Impact, or Dynamic Load, Wd

Wd = Wt+ f. (2f 2 - fa)

= 125 + ,/155, 544 (2 x 321. 113- 155. 544)

= 125 + 271 = 396 lb

When Wt = 250 lb. (Max. Load at 1000 #/in. of tooth face)

dt = 8.7x250 2 .00063736
.25 L27.3x 106

f2 = 250 .00036 + 1 =446.12 lb.

302 x 446 = 180 lb.
302+446

Wd = 250 + V/180 (892 - 180) = 250 + 358 605 lb.

Note: In the case f2 < f.' tooth deformation will occur resulting in a proportionate

decrease in acceleration.

Figure 1. Acceleration & Impact Load Calculations (Sheet 3 of 3)
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"x" . 074 from Figure 17
2x

,y x P=.464
3 p =circ. pitch at

12000 F

2 .074.y = - x "-- =.187

. 09 3 .264

(Load assumed near

.18 
center of tooth)

h --A

_ °b" .168 /.P

"f~xt M .074i Ws = Bending Load

= 396 lbs (500 lbs/inch)

= 605 lbs (1000 lbs/inch)
K

w
Beam Stress S s _ = 32,180 P. S. 1.S .= 264 x.250 x .187 2 0PSI
(500 lbs/inch) B PFy

Beam Stress S = 605 49,200 P. S. I.
B

(1000 lbs/inch) max .264 x. 250 x . 1817

Both these values apply to a pitch line speed of 12,750 ft/min (15000 r. p. m.)

Figure 2. Beam Stress Calculations
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Actual Value of dt using Layout Values of "y"
2 x .04

Load Near Tip of Tooth xt .04 .'. Yt 2 .102
3 x. 2618

Load Near Middle of Tooth x .074.'. = 2x,074, .188
3 x. 2618

dt= (wt/F) L + (Ref.i, Z .242+7.25y
p. 443)

If Z = Z2andEI=E2 Zt .102 .104S.242 + 7.25 (.102)

1 W [2 .188
dt w 1 /FlLE .242 + 7. 25 (. 188)

Deformation at Pitch Line Under Applied Assume Load Near Middle of Tooth

Load W then K1 = .117 = Z2 (When both gears

are identical)
Wt [2]1

~d 8 .54 7 (--!) 7j 8. 547
( F) 117

d t= 8. 547 ( 2) 2 6\.250/ 27.3x 106

Combined

- 00031325" = Total Bending Deflection Bending and
Compressive

(at Mid Tooth) Deformation

Load to Deform Teeth by the Amount of the Error = f2

f = W e + = 125 .0005 = 325 lbs. (Ref. 1, p. 433)
2 = t [L\dt) + 00031325 /]

Load/inch - 325 - 1300 lbs..250

Figure 3. Tooth Bending & Surface Deflection Calculations
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Assume Coeff. Friction . 05 at 12750 ft/min

= Gear Ratio = 1

Efficiency = += 1 (Ref. 1, p. 401)r 2

Ja R2 R b2 2 2si0

Arc of Approach (Driver) 2 - - R 2  (Ref. 1, p. 401)"Rbl

R = Outside'Rad = 1.69643o

R1 = PitchRad = 1.625 = R 2

Rbl = Base Circ. Bad = 1.527

= Rb 2

2 22

f 1.696432 - 1.5272 - 1. 625x.34202

1. 527

.18323- - . 120

1. 527

-R - R sin0
Arc of ]Recess (Driver) = /bi .120 (Ref. 1, P.401)

Rbl

Efficiency 1 = 1 - ._ .T .05 (.122 + .12)2 1- .012

= 98.8%

Figure 4. Gear Efficiency
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Involute Curve R. siCos 4b1 R sinl 011 R, R,

R, Rb 01
ScosO4l sin

R Any Circle pl Rb tan 01
Pitch Circle

Base Circle

R1 cos 0 1  tan 1  pl1  T*

1. 6964(R 0 ) .90012 .48378 .73873 .183

1.660 .91988 .42636 .6&105 .096

1. 625(R) .93969 .36397 .55578 0

1.590 .96038 .29021 .44315 .113

1. 5718(Ral) .97149 .24408 .37271 .183

1. 5 2 7(Rb) 1 0 0

*At tip2T = z = .366

Figure 5. Radius of Curvature at Various Positions on Tooth Flank
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Cylindrical Approximation

Wtwt
At Tip of Tooth 1. 6964 Rad. (Ref. 3, p. 48)

Width of Strip B

1L6 Wt (K1 + K2) P1 P2

F (P +P
1 2)

F /16x 125 (2. 122x 10- 8 ) .739x .373

.250 (.739 +.973)

.006485

Wt E 27.3 x 106 psi at 10000 F Rene'41.

whore: P1  = .739

P2 = . 373

Wt - 128 Th

F = .250

P = .300

1- v2 1-.32
K- = lE " ,r(27.3 x 106) i 1.061x10-s

4Wt 4 x1l5

Max Comp Stress (Hertz) = p 4 = 98,250 Psi
FWr B .250 7 x .006485

Max Shear S. = .295 P = .295x98,250 = 29,000 psi

Depth to Point of Max Shear Z = .393 B = .393 x .006485 = .002549

1.66 Rad.

--/16x 125 (2.122x10-8 ) .651 x .443 = .006767 v = .651

.250 (.651 + .443) '2 = "3

Figure 6. Hertz Stress at Various Positions on Tooth Flank
(Sheet 1 of 2)
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P = . 4 x 125 - 94, 077 pat
. 25 r x 006767

Ss = 27, 300 pal

Z = .00268

1.625 Rad.

5558 x . 5558 P, = .5558
B = v 250 (. 5558 + .5558) 006868 P 2 = .5558

P = 4x125 = 92,694 psi
25r x . 006868

S 9 = 27, 300 psi

Z = .0027

1. 5718 Rad.

.373 x .739 PI .373
13 250 (.373 + . 739) .006485 P .739

P 98,250

Ss 29000

Z .002549

Figure 6. Hertz Stress at Various Positions on Tooth Flm*
(Sheet 2 of 2)
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(Ref. 3, pp 53-55)

z PP + P G- cos where, pp = radius of curvature at
pinion tooth tip

= . 73873 + . 73873 - 3. 25 cos 200 PG= radius of curvature at

= 1. 47746 - 1. 11156 =. 3659 =.366 gear tooth tip

P =5740 
TqC sin 0

4 Fx zxNpx p(C sin O-p)

5740 03 x 1. 11156I .25 x . 366 x 39p(1. 11156 - p)

- 45633p(.11156 - p

PVT = -N1+-PRsin €)P

W6 ,00 / 39+ )( 0 - 1sn

=r x3,00 01 + 3-9 -. 55578 P
- 360 39 )\ -

= 261.8P(p - .55578)j2

Radius p P PVT

1. 6964(Ro) .73873 86,702 760, 000

1.660 .65105 83,500 200,000

1. 625(R) .55578 82,100 0

1.590 .44315 83,500 277,400

1.571 8 (Ral) .37271 86,700 760,000

Figure 7. Values of PVT Factor at Various Radii
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TpRadus 1. 6964

Pitnh Radius 1.625

True Involute Form Radius
(Endof Contact) 1.5718

Base Circle Rad.
1.527

Hertz Stress

psi.

99,000

98,000

97,000

S96,000

1000,000 95000

800,000 94,000

600,0•4 93,000

4W, 000 92,000

______ _______PVT200,000 - 91,000

P. V.T. Value z 90,000

- 200,000

- 400,000 /

- 600,000

- 800,000

- 1,000,000 Face Load 500 lbs/inch
Pitch Line Speed 12,750 ft/min.

Figure 8. Graphical Presentation of Hertz Stresses and PVT Values
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When R1 = 1.66 (Ref. 1, p. 69)

Vs =V [ R 1+ R 1Rb2 - R sin0)

Lsin 0 = . 34202

12750 [2 1 (5272- 1.625x .34202) b1= 1.527

62 Ro 1. 69643

= 15692 (/,42387 - .55578) = 1495 ft/min = 24. 92 ft/sec

When R1 = 1. 527

V = 15692 (0 - . 55578) = -8721 ft/min.

When R= 1.575

V 15692 (/1. 5752 - 1.527 - . 55578) = -2666 ft/min.
S

WhenR 1 = 1. 540

V = 15692 ( 1.54 1.527 .55578) = -5588 ft/min.

When = 1. 535

V = 15692 ( V 1.75257 -1. 5 27 2 - .55578) = -6264 ft/min.

When = 1.555

Vs =15692 ( 11.5552 - 1. 527T - .5557825) = -4258 ft/min.

_ R2 +(Cs 2 22
Ral = Radius to bottom of active profile 2_+ b C sin R b2o -

= V1.5272+ (3.25x.34202- 1•.169643 1.527) •/2. 47 =1.5718

When R, = 1. 5718 (End of Contact)

V = 15692 ( .1. 5718- 1. 5272- .5557825) = -2875 ft/mmn - 47. 91 ft/sec

When R1 = 1. 6964

Vs = 15692 ( 11. 6964T- 1. 527 - . 5557825) = 2860 ft/min. = 47. 67 ft/sec

Figure 9. Sliding Velocities at Various Radii
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For convenience the rolling velocities are calculated by obtaining the value of "S1"

from the sliding velocity. "S 1 " is the distance of the point of contact from the pitch

point when the teeth are drawn to a scale of 1 D. P. (Ref. 5, p. 71)

Sliding Velocity Vs 2V xSI N1 N-2 V = Pitch Line Vel.

V N 1 = Teeth in Driven Gear.

and S1 = s IN2 = Teeth in Driving Gear.
1 11 2

2V(w )

Having obtained S1, the rolling velocity may be obtained from:

Vr NI sin 0 + S1  Vx2D.P. (Ref. 5, p. 71)
r p2D . D.P. N1

At tip - 1. 6964 Rad.

2875 2875
S1 = = - = 2.2 Va = 2875 ft/min

2x12750( 3 9 + 39) D.P.= 12

S x3 . + 2.2 ) 12750x2x 12 N1 = N2 = 39
Vr =( 2 212  .402+7 ) 39 Sin0 34202

S V =12750 ft/min, at 15000 rpm

= (.556+-ý) 7850

= 5810 ft/min. (Layout scales 5850 ft/min)

At 1. 660 Rad., V. = 1495 ft/min

$1 _ 1495 = 1. 142 .'. Vr (.556 + 1.142) 7850 = 5110ft/min.

1308 12

At Pitch Rad. - 1. 625, V= 0

Si-_ -~- 0 , Vr = (.556) 7850 = 4265 ft/min
1308

Figure 10. Rolling Velocities at Various Radii
(Sheet 1 of 2)
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At 1. 575 Rad., V. -2666 ft/min

S1 = -2666 _ -2.04..V (.556- 2.04) 7850 = 3030 ft/min.
1308 12

At 1. 527 Rad. , Vs = -8721 ft/min

S1 = -8721 _6.67 .'. Vr = (.556 6. 67) 7850= 0
1308 12

At 1. 555 Rad., Vs -4285 ft/mmn

S _ -4258 = -3.25 .*. Vr = (.556 - 325) 7850 = 2240 ft/min.1 1308 r12

Figure 10. Rolling Velocities at Various Radii
(Sheet 2 of 2)

23



Tip Radius 1. 6964

Pitch Radius 1. 625

True Involute Form Rad.
(End of Contact) 1.5718

Base Circle Rad
1. 527

.8

.7
2600 240 .6

O 'O 220

5000 200 5 >S180o *
4000 1 6 0 .4

140

= 3000 "• 1 2 o0 .3
10°2

'8oeS2000 $-4

6 0~
__ _ : 40 .1

• 1000 
20

//

00 00
•> 0 0

-1000

S-2000

o -3000

-4000

-5000

-6000

-7000

Face Load 500 lbs/inch
Pitch Line Speed

12750 ft/min

Figure 11. Graphical Presentation of Radii of Curvature,
Pressure Angles, Rolling & Sliding Velocities
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(Ref. 1, pp 79-81)

T1 = 2R 1  [P +invO - inv0l]

= 2R 1 [L.13 09 + 014904 - (tan 0- 01)]1 2 1. 625

S2R 1  [ 05518 - (tan 0 1 - 01)]

where 0 = pressure angle at pitch rad. R

01 = pressure angle at radius R,

inv0 = tan0 - 0 (rad)
Rb

and, cos 0 = -
R

1

For 0 = 200, invO = .014904

Rb = 1. 527

R1 cos 0 10 1 deg tan 01 01 rad. Inv 01 T1 70OF

1. 527 (Rb) 1 0 0 0 0 .1685

1.5718 .97149 13043! .24408 .23940 .00468 .15875

1.577 .96829 14028! .25800 .25249 .00551 .15666

1. 625 (R) .93969 20000 .36397 .34907 .01490 .1309

1.650 .92545 22016' .40945 .38863 .02082 .11339

1.675 .91164 24016' .45082 .42353 .02729 .09343

1.696 (Ro) .90012 25049' .48378 .45058 .03320 .07458

Figure 12. Tooth Thickness at Various Radii (700 F)
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(From Ref 2, p. 5-24)

F0.7 (t i-a rt) 1
rf c 0 L + ht-(a+ rt)

where ÷ = helix angle (00 for spur gears)

From Ref. 2, p. 5-43, table 5-16 - Tooth form No. 6 has a transverse D.P. = 1 and

shows an addendum = .71 and a value of rt = .250 with a transverse 0 200;

.when addendum = .071, rt 250 025
10

and rt -07143 x .250 = .02515 (use .025)

.71

r f = [. 7 025 + _3_250+(. 16786 -(07143 - .025)2

rf~ý3 + 0. .16786 - (.07143 - .025)2

2 cos2 0.)

= 0.7 (.025 + .003)

= .0196 Minimum fillet radius

Root Dia = 2 Rb - 2 x clearance clearance for ground
teeth = .35/DP

= 2 (1.527 - .025) = .35/14

= 3.004 in. = .025 in.

These values make no allowance for possible interference when the gears are

operating at 1200' F. A 20 to 1 layout' of the gear teeth shows that at 1200.F, with no

allowance, . 0125 interference will occur at the last point of contact. Radial clearance

of. 015 - 020 is considered satisfactory to allow for temperature variations. Projection

from the point of contact indicates that reduction of Ral from a value of 1.5718 to

1. 5425 results in a radial clearance =. 0175 at 12000 F. Since the True Involute Form

Dia. = 2 x Ral) the diameter specified on Figures 18, 19, & 20 = 3. 085 in.

Figure 13. Minimum Fillet Radius & Root Dia.Calculation (at 700 F)
(Sheet 1 of 2)
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To reduce the stress concentrations at the tooth base, it was decided to pro-

vide a full rounded fillet. From the 20 to I layout, a full round fillet of . 0464,

tangent to the true involute form of adjacent tooth flanks at the 3. 085 true involute

Form Diameter, results in a root diameter of 2. 990 in. This is specified on the

applicable drawings as 2.990 +. 000Dia.-. 010'Da

Figure 13. Minimum Fillet Radius &Root Dia. Calculation (at 700 F)
(Sheet 2 of 2)
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Detailed Analysis - 12/14 Stub Tooth, 20° Pressure Angle

TABLE 3

TOOTH PROPORTIONS & VARIATION WITH TEMPERATURE

(For Rene'41 - coeff of thermal exp. = 7.8 x 10- 6 in/in/°/F)

Temperature 70IF 10000 F 1200?F F

Circular Pitch, P =. P. 1 12 .2618 .26376 .264161 P 1  1

Addendum, a - 1 . 1 .07143 .07195 .07207

Dedendum _1.35 1.35e 1 = .09643 .09713 .09728
(for ground teeth D. P. 2 14

Pitch Diam, d 3.250 3. 2736 3. 2786

O.D. = d+2a 3.39286 3.41747 3.42277

Base Circle Dia. =d cos 0 3. 054 3.076 3. 081

Radius to Bottom of ActiVe Profile = R al . 5718 1. 5832 1. 5857

Tooth Circular Thickness at R0  .07458 .07512 .07524 *

Tooth Circular Thickness at R .1309 .13186 .13205 *

Tooth Circular Thickness at Rb .1685 .16972 .16996 *

* Basic Nominal Design Values, no allowance for backlash or tooth thinning.
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Assume Housing Temp = 650'F

Expansion of 410 Stainless = 650 x 3. 25 x 5. 5 x 10-6 .01162

3. 250

New Centers 3. 26162

Gear Pitch Dia. @ 1000'F 3, 273575 Gear Pitch Dia. 2000 F 3. 27864
3.261620 3.26162

Interference on the Pitch Dias. .011955 Interference on Pitch Dia. .01702

.006
Max Interference
1000'F No backlash

Recommended Min. Backlash for Gears of 12 D. P. = 003 to 005 (Ref 3, P. 83)
Backlash_

Assume . 003 to . 005 for the Hot Gears Tooth Thinning = 2 = .0015 .0025

Allowance for the interference shown above .0060 .006
Allowance for possible hard coatings .0040 .004

Total Thinning .0115 0 7
S.1309| .13091

True Circular Thickness at Pitch Radius .0115J .0125 J
(Room Temp) .1194 1184@70-F

.1205 .1195 @1200" F
Backlash @ 70° F
Min=2x.0115 = .023
Max= 2x .0125 = .025

Figure 14. Backlash and True Circular Thickness
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(Ref. 2, pp 7-9 to 7-13)

1. 728 1. 728

XI Radius of Wire 2xDP 2x 12 072

T Arc Tooth Thickness at Pitch Rad. =. 1309

01 200

02 Pressure Angle at Center of Rolls

1309 .072

Inv0 2 0 21.625 + (.3639700 - .3490658) + 1.0625x9396926 - 39

. 0402769 + . 0149042 + . 0471515 - . 0805537

. 0217787

02 22.587851° cos 02 = "9232917

For odd teeth R 1 Cos 01 1. 625 x . 9396926 =
2 cos 0 2 .9232917 1. 6538657

M1 = 2(R 2 cos [N-- + xl)

= 2(1. 6538657 x . 99919 + . 072)

= 3.449052 (No Backlash)

Check from (Ref 2 Table 24-3) External Gears 200 Pressure Angle.

M _Mfor 1 DP - 41.3886 = 3.44905
1 DPofGear 12

Change Factor (For Backlash Allowance) Km 2.45

Test Gears Dimensions Over Wires

For Mn Backlash Teeth Change = 2.45 x 0115 = .028175 3. 4209 Max
Are Cut Thin By , 0115 "

For Max Backlash Teeth Change = 2.45 x .0125 = 030625 3.4184 Min
Are Cut Thin By .0125 )

Figure 18. Measurement Over Wires, M1
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An experimental program has been carried out at Battelle to select
appropriate gear materials for high-temperature spur gearing. The gears are
requied to operate to 1000 F and 30, 000 rpm. The research has involved de-
termination of wear and friction characteristics of selected potential gear
materials under conditions simulating gear operation using a solid powder
lubricant.

Selection of Gear Materials

High-temperature rolling and sliding contact applications require high
hot hardness and creep strength. The reverse bending stresses on gear
teeth necessitates fatigue resistance and high tensile strength. Sliding
contact during meshing and disengagement of teeth requires wear and
scuffing resistance. Since gears are also subjected to shock or impact
loads, ductility and impact resistance must be considered. It is expected
that the gear materials will be operated in air environments hence some
degree of oxidation resistance is desired.

High-temperature gear materials were selected based on the following
operating conditions:

Sliding speed 4560 ft/min

Rolling speed 6780 ft/min

Temperature range RT to 1200 F

Time of operation 50 to 100 hours

Total number of stress cycles 90 x 10 6

Bending stress 39, 000 psi

Hertz stress 120, 000 psi
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Materials potentially useful for this applfcation fall into three classes;
these are (a) the superalloy, (b) tool alloys, and (c) cermets. A summary of the
properties of materials initially considered for evaluation is given in Table Al.

Three materials selected from this group include Rene '41, H. S. 151
and Haynes Stellite 6B. The Rene '41 material is a nickel base alloy with excellent
high-temperature properties especially yield and fatigue. The cobalt base alloy H. S.
151 was chosen because of its high temperature properties and high hardness. The
cobalt-chromium-tungsten tool alloy, Stellite 6B, was chosen for its high hot hard-
ness and because it is a wrought cobalt tool alloy---providing greater toughness and
shock resistance than a cast alloy.

In addition to these materials, Linde Company chromium carbide cermet,
LC-lB40, cokting for Rene '41 was evaluated in order to determine if the wear re-
sistance of the high-temperature alloy could be improved by coating the surface with
an abrasion resistant material.

M-50 tool steel was also investigated since available gear data on this
material provided a convenient standard of performance evaluation.

The composition of these selected alloys are given in Table A2.

Apparatus

Combined rolling and sliding contact behavior were evaluated on two disk
specimens, rolled together in a manner simulating gear action. The disk specimens
are mounted on two parallel shafts which are three inches apart measured from center
to center. One shaft consists of two sections joined by a flexible coupling. The section
of this shaft on which the disk specimen is mounted is free to move in all directions
in its self aligning pivot bearings. The shafts are geared to permit either rotation to-
gether, or one shaft can be held stationary while the other rotates to provide a sliding
contact condition. For combined rolling and sliding, the disks are machined to dif-
ferent diameters and the shafts are geared to rotate at the same speed. The outside
diameter of the disks are finished to a crown radius to help produce the desired contact
stresses.

The disks are enclosed in a chamber which is heated by four 1250 watt
radiant heat lamps capable of creating ambient temperatures to 2000 F. A dead
weight load is applied to the disks through a steel cable wrapped around the movable
shaft bearing housing. Friction torque is monitored by a strain gage assembly on
the floating shaft support housing at the same point where the load is applied to the
specimen. The stream of lubricant which is supplied by an air carrier is directed
between the disk specimens at the point of contact.

Procedure

Disk specimens of 1. 875 inch and 1. 125 inch radius, respectively, were
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TABLE A2. COMPOSITION OF ALLOYS

SELECTED FOR WEAR AND FRICTION EVALUATION

Alloy Co Cr Mo Fe Ni C Al Ti W Si Mn V

Rene '41 11 19 10 5 Bal 0.12 1.5 3.2 --.. .. ..

Haynes 151 Bal 20 -- 2 -- 0.47 -- 0.15 12.8 -- --.

Stellite 6B Bal 30 1.5 3 3 1.1 .. .. 4.5 2 2 --

M-50 -- 4 4.25 Bal -- 0.8 .. .. . 0.15 0.25 1

machined from the materials selected for evaluation. The contact surfaces were coarse
lapped to a crown radius of 10 inches and finished with number 10 grade diamond powder.
The shafts were rotated at 7500 rpm and the disks were loaded to 110 pounds resulting
in the following operating parameters:

Contact stress - 120, 000 psi (maximum Hertz stress)
Sliding speed - 2900 feet per minute
Surface speeds (1. 875 in. radius disk) - 7300 fpm

(1. 125 in. radius disk) - 4400 fpm

The lubricant used in all evaluations was a mixture of cadmium oxide (CdO)
and Acheson No. 38 grade graphite in a ratio of 1 to 5 by weight, respectively. The
lubricant mixture was supplied in an air carrier (water compressed) at the rate of
about 3/4 to 1 ounce per hour. The air pressure was maintained at 5 psig.

The temperature for all runs was 1000 F except for the tool steel disks
which were operated at 900 F. The operating time for all specimens was 75 minutes
except the Rene '41 disks which were run for 31 minutes.

Results

The results of the material evaluation are summarized in Table A3.
Measurements of the change in geometry of the contacting surfaces caused by wear
and plastic deformation are shown in Figures Al through AS. These contour traces
were obtained by traversing the disk crowns with an electrolimit gage over repre-
sentative areas of the contacting surfaces.
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TABLE A3. SUMMARY OF RESULTS OF THE ROLLING-DISK EVALUATIONS

Operating Depth of Width of
Time Deforma- Deformed Average

Material minutes tion, inch Zone, inch FZriction Comments

Rene '41 31 0. 0024 0.30 > 0. 1 Severe plastic deformation
in small disk with scoring
of both disks.

Haynes 151 75 0. 0011 0.25 0.07 Deformation pronounced in
small disk; some scoring
and wear evident in both
disks.

Stellite 6B 75 0. 0006 0.20 0.08 Some deformation on both
disks; only slight scuffing
and wear.

Rene '41 75 0. 0048 0.50 0.09 Extreme deformation but
coated with surfaces comparatively
1 mil LC-1B40 smooth and free from
cermet scoring.

M-50 75 0. 0058 0.50 0.30 Evidence of plastic defor-
mation with only slight
scuffing.
Smeared metal quite
evident.
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Rene '41: The Rene '41 disks operated at moderate friction (0.09) during
the first three minutes of operation. During the remaining 28 minutes, the friction
increased and became erratic, varying between 0. 35 and 0.11. The surface contour
trace of the Rene '41 disks is shown in Figure Al. Extreme dishing of the small disk
is evident. Although the disk surfaces were covered with a continuous film of lubri-
cant, there was evidence of moderate scuffing.

In order to determine the extent of wear and plastic deformation, the disk
specimens were sectioned normal to the rolling axis and metallographic analysis
performed. The grains near the surface of the small specimen were severely dis-
torted indicating considerable plastic deformation. Grain distortion in the large
specimen could not be detected. The microhardness in the interior of the small
specimen was 533 DPH while at the edge of the disk near the sliding surface it was
832 DPH. The average microhardness of the interior of the large disk was 520 DPH
while for the edge it was slightly higher (534 DPH). The increase in hardness toward
the surface of the small disk indicates considerable work hardening and is consistent
with the observed heavy distortion of the surface grains. No conclusions could be
drawn from the microstructure as to relative operating temperature levels for the
disks.

Haynes Stellite 151: The cobalt alloy Haynes Stellite 151 exhibited a
relatively low coefficient of friction, ranging between 0. 06 and 0. 07. Disk surfaces
after running were covered with a continuous lubricant film. Surface damage was
limited to scuffing and plastic flow. Figure A2 shows the results of the contour sur-
vey after disk operation. The larger amount of grooving or "dishing" of the disk
crown was found on the smaller disk as observed in Rene '41. Comparing Figures
Al and A2, a greater amount of deformation is seen in the. Rene '41 small disk than
in the Haynes 151 small disk. This is in spite of the 75 minute operating time of the
Haynes 151 compared to 31 minutes for Rene '41.

Stellite 6B: The cobalt tool alloy Stellite 6B showed more resistance to
plastic flow than the Rene '41 and Haynes 151 alloys under similar operating condi-
tions. The friction coefficient varied between 0.08 and 0.09. Examination of the
surfaces after running revealed a continuous coating of lubricant with only slight
scuffing and wear. The contour trace for this material is shown in Figure A3.

Flame Coating LC-1B40: Rene '41 disks, coated with the IUnde Company
chromium carbide cermet, LC-1B40, were evaluated to determine If the galling re-
sistance of the Rene '41 could be improved.

The coefficient of friction for this material was 0. 09 and unlike the un-
coated Rene '41 disks there was no period of high and erratic friction. Examination
of the contact surfaces indicated little or no scuffing, scoring, or metal transfer.
The slight scoring and scuffing which was characteristic of the other materials was
completely absent in the coated Rene '41 disks.

Considerable wear and/or deformation however did occur in the coated
disks. Figure A4 shows the contour trace of the coated Rene '41 disks. The surface
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of the small disk was highly concave and the deformed zone extended completely
across the width of both specimens.

M-50 Tool Steel: M-50 tool steel disks were evaluated at 900 F as a basis
of comparison for the candidate materials. The coefficient of friction for M-50 was
measured as 0. 3. Surface examination indicated that the disks were subjected to ex-
treme plastic deformation. The surface contours are shown in Figure A5, There
was a considerable amount of smeared metal on both large and small specimens.
Both specimens Were coated with lubricant and only slight scuffing of the surfaces
occurred.

Conclusions

A comparison of the wear and friction behavior of the three materials,
Rene '41, Haynes 151, and Stellite 6B, reveals that the Stellite 6B alloy has the
greatest potential for high-temperature gears on the basis of friction, deformation,
and resistance to surface scuffing as indicated in Table A3. Although none of the
three materials showed outstanding scuffing resistance, extreme damage can be
prevented with adequate lubrication.

A thorough investigation of the deformation and/or wear mechanism in
the investigated materials was not performed, however the resistance to deforma-
tion and/or wear was in the order of their respective hardness.

The results of the coating experiments indicated that no great improve-
ment in plastic deformation and/or wear of Rene'41 is achieved by flame plating a
cermet coating. However, the contact surfaces of the coated disks appear to resist
scoring better than the uncoated ones. The difference in the magnitude of contour-
ing (plastic deformation and/or wear) between the coated and uncoated disks is
proportional to the difference in operating time. Table A3 indicates that the depth of
contouring doubled when the operating time increased from 31 to 75 minutes.

Comparing the performance behavior of the M-50 tool steel at 900 F
with those of the high-temperature alloys at 1000 F, it can be concluded that the
deformation resistance is similar to Rene '41 while the friction behavior is not
quite as good. The scoring resistance of M-50 appears to be better than the high-
temperature alloys and on a par with the cermet coating.

Greater amounts of deformation were found on the smaller disks of all
materials investigated (see Figures A1-A5). This phenomenon is quite curious
since the only obvious difference in operating conditions between the two is in the
time of stress and contact duration. An elemental volume of material in the small
disk is subjected to sliding and contact stresses for longer periods of time during a
single rotation. At the high-temperatures used in this evaluation, creep which is a
time dependent phenomenon may be a greater contributing factor to the deformation
of the small specimen.
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The results of the disk experiments were compared with the performance
of M-50 and Rene '41 gears after 100 and 13 hours of operation, respectively. The
Rene '41 gear which was operated at 2000 fpm sliding speed for most of its running
time exhibited surface scuffing similar to the Rene '41 disks which were operated for
31 minutes at 2900 fpm. The Hertz contact stress for the gears was 81,700 psi while
the disk contact stress was 120,000 psi.

The M-50 gears which were operated for 100 hours at 2900 fpm sliding
velocity under 129,000 psi had very smooth contact surfaces with no evidence of
scuffing. Gross plastic deformation in the gear teeth was not visible.

Although the M-50 disk specimens also did not exhibit scuffing, plastic
deformation on the smaller disk was quite noticeable. The smearing on the disk
surfaces indicate that the instantaneous surface temperature may have been consider-
ably greater than 900 F, thus accounting for the plastic deformation.
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