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(a) Cutaway view,
(b) Schematic diagram.
Figure 1. - NASA Lewis Research Center's gear fatigue test apparatus.

(a) Lubricant F; failure index, 18 out of 19.

(b} Lubricant E; fadlure index, 20 out of 20.

(c) Lubricant A; failure index, 20 out of 20.

(d) Lubricant K; failure index, 18 out of 18.

(e) Lubricant C; failure index, 20 out of 20.

(f) Summary.

Figure 2, - Surface pitting fatigue 11fe of Jubricated, CVM AISI 9310 spur
gears, Speed. 10 000 rpm; temperature, 350 K (170 °F); maximum Hertz stress,
1.7 mPa (248 ksi).

{a) Typical fatigue spall.
(b) Cross section of typical fatigue spali.
Figure 3, - Fatique spall for lubricant F.

(a) Tetraester (reference) oil with 2.5-percent oxidation inhibitor plus
2.1-percent corrosion inhibitor (Lubricant L-1).

(b) Tetraester o11 with 0.1 wt % alkyl amine thiocynate (sulfur) EP additive
(Lubricant L-2).

(c) Tetraester ofl with 0.1 wt % alkyl acid phosphate (phosphorous) EP
additive (Lubricant L-3).

(d) Tetraester o11 with 0.1 wt % alkyl amine thiocynate (sulfur) EP additive
and without phosphate quinizarin corrosion inhibiter/metal passivator
{Lubricant L-4),

(e) Summary.

Figure 4. - Surface pitting fatigue 14fe of CVM AISI 9310 spur gears. Pitch
diameter, 8.39 cm (3.5 in); speed, 10 000 rpm; lubricant, synt-etic
tetraester oil; gear temperature, 344 K (160 °F); maximum Hertz stress,
1.7%10° GPa (248 ksi).
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LUBRICANT AND ADDITIVE EFFECTS ON SPUR GEAR FATIGUE LIFE
Dennis P. Townsend, Erwin V. Zaretsky, and Herbert W. Scibbe*
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44735

ABSTRACT

Spur gear endurance tests were conducted with six lubricants using a
single lot of consumable-electrode vacuum melted (CVM) AISI 9310 spur gears.
The sixth Tubricant was divided into four batches edch of which had a different
additive content. Lubricants tested with a phosphorus-type load carrying
additive showed a statistically significant improvement in 1ife over lubricants
without this type additive. The presence of sulphur type antiwear additives
in the lubricant did not appear to affect the surface fatigue 1ife of the
gears. No statistical difference in 11fe was produced with those 1ubr1canﬁs
of different base stocks but with similar viscosity, pressure-viscosity
coefficients and antiwear additives, Gears ilested with a 0.1 wt % sulfur and
0.1 wt ¥ phosphorus EP additives in the lubricant had reactive films that were
200 to 400 (0.8 to 1.6 pin) thick.
INTRODUCTION

Gear failure by surface pitting (rolling-element) fatigue is affected by
the physical and chemical properties of the lubricant. Knowledge of how these
chemical and physical properties affect rolling-element fatigue is a useful
guide both in selecting existing lubricants for mechanical power transmission
applications and in developing new lubricant formutations. For helicopter and
turboprop transmission applications it is important to know the effect of these

Tubricants and thetr additives on bearing and gear l1ife and reliability.

*Currently with Goodyear Aerospace Corp., Akron, Ohio,



Lubricant additives are é necessity to the operation of gear systems.
These additives can prevent or minimize wear and surface damage to bearings and
gears whose load-carrying surfaces operate under very thin fiim or boundary
lubrication conditions (1,2).1 These antiwear or extreme pressure (EP)
additives either absorb onto the surfaces or react with the surfaces to form
protective coatings or surface films. Although these boundary films are 1 um
(40 ywin) or less thick (3), they can provide separaticn of the metal surfaces
when the elastohydrodynamic (EHD) film becomes thin enough for the asperities
to interact. The boundary fiim probably provides lubrication by microasperity-
elastohydrodynamic lubrication as the asperities deform under load. The
boundary film prevents contact of the asperities and at the same time provides
Tow shear strength properties that prevent shearing of the metal while reducing
the friction coefficient below that of the base metal.

The type of EP addi%ive required will depend on the severity of the
conditions of the meshing gear teeth, such as sliding velocity, surface
temperature, and contact load. The boundary films can provide lubrication at
different temperature conditions, depending on the materials used. Some
boundary films melt at a lower temperature than others and thus fail to protect
the surfaces (4). The failure temperature is the temperature at which the
Tubricant film fails. In EP lubrication, the failure itemperature is that at
which the boundary film melts. The melting point or thermal stability of
surface films appears to be one unifying physical property that governs the
failure temperature for a wide range of materials (4).

Virtually all effective EP additives are organic compounds that contain
one or more elements such as sulfur, chlorine, phosphorous, carboxyl, or

carboxXyl salt that can react chemically with metal surfaces under the

]Denotes references at end of text.
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conditions of boundary lubrication (5). When these compounds react with metal
surfaces they form inorganic films that can provide effective Jubrication at
high temperature and high s1iding speed. These films are more stable than any
physically or chemically absorbed film (6).

The NASA fatigue spin rig and five-ball fatigue tester were used to
determine the rolling-element fatigue 1ives at room temperature and at 422 K
(300 °F) of groups of AISI M-2 and AISI M-1 steel kalls run with nine
Tubricants having varied chemical and physical characteristics (7-9). These
Tubricants were classified as three basic types: esters, mineral oils, and
silicones. 1In the spin rig tests longer fatigue lives were obtained at room
temperature with the silicone and one of the esters, a dioctyl sebacate, than
with other Tubricants. At 422 K (300 °F) in the spin rig where pure rolling
occurs, the silicone and the mineral ojls gave the longer lives {7). Similar
restlts were obtained with gears (10). The relative order of fatigue results
obtained in the five-ball fatigue tester compared favorably with that obtained
with 7208-size ba)) bearings (7) tested with the same lubricants. 1In the
five-ball fatigue tester at 422 K (300 °F) the silicone induced such a high
wear rate in the ball specimens because of ball spinning to preclude long term
fatigue testing. The difference in 1ife between these lubricants can be
attributed to the elastohydrodynamic (EHD) film forming properties of the
lubricants (8,9},

Rolling-element fatigue tests were conducted in the five-ball fatigue
tester using a base o1l with and without surface active additives. The 12.7-mm
(0.500~in)-diameter test balls were either AISI 52100, AISI M-So; or AISI 1018
steel (9,11). The lest Tubricant was an acid-treated white oi1 containing
either 2.5 percent sulfurized terpene, 1 percent didodecyl phosphite, or
5 percent chlorinated wax. Nine combinations of materials and lubricants (six
containing additives) were tested at conditions including a maximum Hertz
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stress of 5.52 GPa {800 000 psi), a shaft speed of 10 700 rpm, and a race
temperature of 339 K (150 °F), With the exception of the chiorinated wax
additive, these additives showed essentially no statistical differences between
the Tives using the base o011 with the additive and those without the additive.
The presence of the chlorinated wax produced surface distress and a significant
reduction in 1ife,

The additives used with the base o011 did not change the 1ife ranking of
bearing steels in these tests where rolling-element fatigue was of subsurface
origin. That is, regardless of the additive content of the Tubricant, the
lives with the three materials ranked in descending order as follows: AISI
52100, AISI M-50, AISI 1018 (9,11).

The research reported herein, which is based on the work reported in
(12,13), was underiaken to investigate the effects of lubricant base stock and
additive content on spur gear tooth surface 1ife. The primary objectives were
(a) to determine the effects of six lubricants on the sour gear 1ife, (b)
compare the surface pitting fatigue 1ives of the test spur gears using a
tetraester oil with and without EP additives, and {(c) determine the changes in
chemical compositicn over the surface of the gear teeth and relate these
changes to the effectiveness of the EP additives in forming the boundary film.
GEAR TEST APPARATUS

The gear fatigue tests were performed in the NASA Lewis Research Center's
gear test apparatus. The test rig 1s shown in Fig. 1 and described in (14).
This test rig uses the four-square principle of applying the test gear load so
that the input drive only needs to overcome the frictional losses in the
system.

A schematic of the test rig is shown in Fig. 1(b). 011 pressure and
leakage flow are supplied to the load vanes through a shaft seal. As the o1l
pressure is increased on the load vanes inside the slave gear, torque 1is
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applied to the shaft. This torque 1s transmitted through the test gears back
to the slave gear where an equal but opposite torque is maintained by the o1l
pressure, This torque on the test gears, which depends on the hydraulic
pressure applied to the load vanes, loads the gear teeth to the desired stress
level., The two identical test gears can be started under no load, and the load
can he applied gradually, without changing the running track on the gear teeth.

Separate lubrication systems are provided for the test gears and the main
gearbox. -The two lubricant systems are separated at the gearbox shafts by
pressurized labyrinth seals. Nitrogen is the seal gas. The test gear
Jubricant is filtered through a 5-um nominal fiberglass filter. The test
jubricant can be heated electrically with an immersion heater. The skin
temperature of the heater is controlled to prevent overheating the test
lubricant.

A vibration transducer mounted on the gearbox is used to automatically
shut off the test rig when a gear-surface fatigue spall occurs. The gearboy
is also automatically shut off if there is a loss of oil flow to either the
main gearbox or the test gears, if the test gear oil overheats, or if there is
a loss of seal gas pressurization,

The belt-driven test rig can be operated at several fixed speeds by
changing pulieys. The operating speed for the tests reported herein was
10 000 rpm.

TEST GEARS

Dimensions for the test gears are given in Table 1. Al1 gears have a
nominal surface finish on the tooth face of 0.406 ym (16 win) rmg, with a
standard 20° involute profile with tip relief. Tip relief was 0.0013 cm
(0.0005 in), starting at the highest point of single itooth contact.



The test gears were manufactured from consumable-electrode vacuum-melted
(CYM) AISI 9310 steel from the same heat of material. The nominal chemical
composition of the material is given in Table II. A1l sets of gears were case
carburized and heat treated in accordance with the heat tireatment schedule of
Table III.

TEST LUBRICANTS

Six Jubricants were selected for endurance tests with the AISI 9310 gear
test specimens, These lubricants either meet the MIL-L-23699 specification or
are being used as éear or transmission lubricants. They can be classified as
three basic types: synthetic hydrocarbon, mineral oil, and ester-based
Tubricants. Tests were conducted on these lubricants (15) to determine their
physical and chemical properties. A summary of the properties of these
Tubricants is given in Table IV. The lubricant designations are cross-~
referenced between those of the NASA and the U.S. Army Fuels and Lubricants
Research Laboratory (15) in the table. The additives contained in these oils
are proprietary to their respective manufacturers except where indicated.
However, it 1is expected that each of the oils would have antiwear and extreme-
pressure (EP) additives as well as oxidation and rust inhibitors.

The lubricant F, synthetic paraffinic oi1, is the standard Tubricant used
by the authors in their gear test facility (16). It is commercially available
with an oxidation inhibitor. An EP additive package was added to the
as-received o1l, This additive package and the amount added is given 1in
Table IV. .

Lubricant A is a common automotive automatic transmission fluid which is
being used by some commercial helicopter users in the main rotor gearbox 1in
place of MIL-L-7808 or MIL-L-23699 specification lubricants. The lubricant has

been advocated for use by the military in place of those with the above



military lubricant specifications. However, the o1l does not meet ali the
MIL-L-23699 specifications for engine oil,

The Tubricants C and X are from the same manufacturer and meet the MIL-L-
23699 specification. However, Tubricant K may have un adverse effect on seal
clearances i1f silicon seal compounds are used, Both oils are pentaerythritol
esters with nearly the same viscosity and pressure viscosity characteristics.
However, the measured wear rate (15) with lubricant C is twice that of
lubricant K. This would indicate a more effective additive package in
tubricant K.

Lubricant E, which {is a dibasic acid ester, is a commercially available
gear Tubricant. It does not meel existing military specifications for ajrcraft
transmission application. However, it has been recommended for use in
helicopter transmissions.

Lubricant L is a pentaerythritol tetiaester of mixed alky} acids. The
Jubricant was formulated in four batches (L-1 to L-4) with each batch having
the constituents shown in Tables 1V and V. Batch L~1 meets the MIL-L-23699
specification.

Tha pitch-1ine elastohydrodynamic (EHD) f1im thickness was calculcted by
the method of (17) and (18) and using the data of Table IV for each of the
Tubricants. It was assumed, for this film thickness calculation, that the gear
surface temperature at the pitch 1ine was equal to the oil temperature at the
outlet of the gearbox and that the oif temperature entering the contact zone
was equal to the gear temperature, even though the temperature of the oil1 jet
to the gears was considerably lower. It is possible that the gear surface
temperature was even higher than‘the 011 outlet temperature, especially at the
end points of sliding contact. The computed EHD film thicknesses are given 1in
Table 1V as are initial A ratios (film thickness divided by composite
surface roughness (h/¢)) at the 1.71-GPa (248 000-psi) pitch-1ine maximum
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Hertz stress. Based on the A values, the gears lives obtained with each
lubricant would not be expected to be significantly different except where
additive effects become important (12).
TEST PROCEDURE

After the test gears were cleaned to remove the preservative, they were
assembled on the test rig. The test gears were run in an offset condition with
a 0,305 cm (0.120-in) tooth~-surface overlap to give a load surface on the gear
face of 0,28 cm (0.130 in), thereby allowing for the edge radius of the gear
teeth. If both faces of the gears were tested, four fatigue tests could be run
for each pair of gears. A1l tests were run-in at a Toad of 1225 N/cm
(700 1b/in) for 1 hr. The load was then increased to 5784 N/cm (3305 1b/in),
which gives a 1.71 GPa (248 000 psi) pitch-line maximum Hertz stress. At the
pitch~line load the tooth bending stress was 0.21 GPa (30 000 psi) if p]aiq
bending is assumed. However, because of the offset load, an additional stress
is imposed on the tooth bending stress. Combining the bending and torsional
moments gives a maximum stress of 0.26 GPa (37 000 psi). This bending stress
does not include the effects of tip relief which would also increase the
bending stress. In general, 20 tests were run for each lubricant.

Operating the test gears at 10 000 rpm gave a pitch-Tine velocity of
46,55 m/sec (9163 ft/min). Lubricant was supplied to the inlet mesh at
800 cm3/m1n (0.21 gal/min) at 320+6 K (116410 °F). The lubricant outlet
temperature was nearly constant at 35043 K (17045 °F). The tests ran
continuously (24 hr/day) antil they were automatically shut down by the
vibration detection transducer, located on the gearbox adjacent to the test
gears. The lubricant circulated through a 5-um fiberglass filter to remove
wear particles. After each test the lubricant and filter element were
discarded, Inlet and outlet o1l temperatures were continuously recorded on a
strip-chart recorder. After each test the system was partially disassembled,
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flushed with trichloroethane and then with alcohol, dried, and reassembled
before a new ubricant was used in the system.
RESULTS AND DISCUSSION

Gear life. The surface pitting fatigue 1ife of the AISI 9310 gears run
with lubricant F, the synthetic paraffinic o011 1s shown in Fig, 2. These data
which are shown on Weibull coordinates were analyzed by the method of (19).

The 1ife shown is the 1ife of gear pairs failled in miilions of stress cycles.
The gear teeth receive one stress cycle per revolution. A failure is defined
as one or more spalls covering more than 50 percent of the width of the tooth
Hertzian contact. A typical fatigue spall 4s shown in Fig. 3(a). A cross
section of the spall is shown in Fig, 3(b). The failure index in Fig. 2
indicates the number of failures out of the number of tests run. For lubricant
F, the failure index was 18 out of 19.

Lubricant F is the standard test oi1 used with all of the NASA gear
material endurance tests (16). The 10~ and 50-percent system 1ives (these are
the lives at a 90- and 50-percent probability of survival, respectively) were
18.8 mii1ion and 46.1 million revolutions or stress cycles, respectively. The
11fe results are summerized in Fig. 2 and Table VI.

The surface pitting fatigue 1ife of the CVM AISI 9310 steel spur gears run
with lubricant E, a dibasic acid ester, are summarized in Fig. 2 and Table VI.
The 10~ and 50-percent system lives with this fluid were 18.8 million and
43,7 milldon stress cycles, respectively. This lubricant exhibited fatigue
1ives almnst identical with lubricant F. Based upon a comparison of the
physical properties of the two lubricants, this result is not unexpected if
chemical differences are discounted, The surface pitting fatigue lives
obtained with lubricant A, the mineral oi1 based lubricant, are shown in Fig. 2
and summarized in Table VI. This lubricant produced 10~ and 50-percent 1ljves

of 22.8 million and 53.7 million stress cycles, respectively. The 10-percent
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1ife is more than 20 percent greater than the 11fe obtained for lubricant F,
the synthetic paraffinive oi1 and lubricant &, the dibasic acid ester
Tubricant., The difference in these 1ives based upon the confidence numbers
given in Table VI are not statistically significant. The confidence numbes
indicuates the percentage of time the order of the test results would be the
same. For a confidence number of 62 percent, 62 out of 100 times the test is
repeated the A lubricant will produce a higher life than the F Jubricant.
Generally, a 2~o or a 95-percent confidence 15 considered statistically
significant. Howaver, experience has shown that a confidence number of

BO percent or greater is meaningful in order to draw conclusions regarding life
differences,

The surface pitting fatigue 1ives obtained with Tubricant K, a
pentaerythritol ester are shown in Fig. 2 and summarized in Table V1, The 10-
and 50-%zrcent 1ives were 24.7 mi1lion and 37.5 miilion stress cycles,
respeicively, While this Jubricant had a higher 10~percent 1ife than the
reference lubricant, F, 1t had a lower 50-percent 1ife. The confidence number
for the 10-percent 1ife was 72 percent which indicates no statistical 1ife
differences between this fluid and the three previous Tubricants discussed.
Again, based upon the physical properties alone and not on chemical
differences, no statistical differences in 1ife would be expected because
resultant elastohydrodynamic film thickness would be nearly the same for all
the lubricants.

The 14fe results for lubricant C which is also a pentaerythritol ester
are shown in Fig., 2 and summarized in Table VI. The 10~ and 50-percent lives
obtained with this fluid were 4.8 million and 25.9 million stress cycies,
respectively, This 10-percent 1ife is approximately 20 percent of the 1ive
obtained with Tubricant K which 1s the same base stock with different
additives. The confidence number was 96 percent which is a 2-o confidence.
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_ Hence, the Vife obtained with this Tubricant is statistically significantly
Tower than the previous four Tubricants. Based upon the physical
characteristics of this fluid and the 11fe resuits previously discussed, these
results were not expected. It was specujated that undefined chemical effects
due to the lubricants additive package may have contributed to the lower 1ives
obtained.

Additive effects. From the results of lubricants C and K, it appears that

the extreme pressure (EP) additive in Tubricant K is responsible for the five
to one improvement in the 10~percent surface fatique 1ife of the gears.
Theirrefore, a series of tests were conducted to determine the effect of
different EP additives on the gear surface fatigue 1ife. In order to
accomplish this evaluation, four groups of test gears were surface fatigue
tested with a base lubricant containing different additives for each test group
of gears. The base lubricant designated L-1 was a pentaerythitol tetraester
which is a synthetic Tubricant. This jubricant which has similar physical
properties to lubricants C and K contained oxidation and corrosion inhibitors
but no EP type additives.

The surface pitting fatigue 1ives obtained with lubricant L-1 are
summarized in Figs. 2 and 4 and Table VII. The resultant 10- and 50-percent
lives obtained with this fluid were 7.6 million and 31 million stress cycles,
raspectively. These Tives were statistically similar to those obtained with
jubricant C discussed herein above.

Lubricant L-1 was modified by the addition of 0.1 wt % suifur type load
carrying additive to formulate lubricant L-2. Additionally, 1ub?icant L-2 was
also formulated wherein the amount of oxidation inhibitor contained in the
lubricant was reduced from 2.5 to 0.5 wt %. The batch so formulated with the
0.5 wt % oxidation inhibitor was designated as lubricant L-4. The results of
lubricants L-2 and L-4 are shown in Fig. 4 and summarized in Table VII. The

11
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10- and 50-percent 1ives for lubricant L-2 were 9.3 mitlion and 65.6 milljon
stress cycles, respectively. The 10- and 50-percent 1ives for ltubricant L-4
were 12.5 mi1lion and 73.8 million stress cycles, respectively, There is an
inference that the addition of the sulfur additive as well as the reduction in
oxidation inhibitor improves 1ife. However, there is no statistical
differences in the 1ives obtained with lubricants L-i, L-2, and L-4. Hence,
while 1t cannot be concluded with definite certainty that the presence of the
sulfur EP additive improves 11ife nor the presence of the oxidation inhibitor
degrades 1ife, it can be concluded with reasonable statistical certainty that
the presence of a sulfur EP additive does r it adversely affect gear surface
pitting fatigue 1ife.

Lubricant L-1 was also modified by the addition of 0.1 wt % phosphorus-
type load carrying additive. This lubricant batch was designated lubricant
L-3. The surface pitting fatigue lives obtained with lubricant L-3 were 19.8
and 67,1 mi1lion stress cycles for the 10- and 50-percent 1ives, respectively.
These test results indicate a 10-percent 1ife which is 2.6 times that of the
gears tested with Tubricant L-1 and statistically similar to those gears tested
with lubricant K. These resuits would indicate that the phosphorus EP additive
was beneficial in improving the surface fatigue T1ife of the gears.

Scanning Auger microscope (SAM) images of gear teeth run with Tubricants
L-1 to L-4 were made (12). Results of the SAM studies revealed that the gears
tested with the 0.1 wt % sulfur and 0.1 wt ¥ phosphorus EP additives in the oil
had reactive surface fiims that were 200 to 400 (0.8 to 1.6 uin) thick. The
surface film across the tooth was nonuniform in thickness. This'wou1d suggest
that protective f1lms are formed by the reaction of the additives with the
surface in response to some spacially varying environmental factor (i.e.,

mechanical load). No quantitative or qualitative conclusions could be reached
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on the basis of these tests and the SAM examination regarding the thickness of
the film measured and the resultant surface fatigue life.

Chemical Effects

Except for lubricants L-1 to L-4, the other lubricants studied were
commercial products having proprietary additives. As a result the additive
contents could not be directly identified nor directly assessed. These
lubricants were also tested in an OH-58 helicepier transmission. An x-ray
fluorescence (XRF) filter method was used to identify and measure the metals
contained in the lubricants (15) prior to and subsequent to testing in an OH-58
helicopter transmission at the authors' laboratory. With this method the wear
metals and additive particulates are separated from the lubricant and subjlected
to energy-dispersive x-ray fluorescence analysis. Using this analysis the type
and amount of Jubricant additive can be identified. This method gives a
sensitivity of 0.1 ppm. The results of these measurements are shown in
Table VIII.

For the reference lubricant F, the synthetic paraffinic o1l, the chlorine,
ptosphorus, and sulfur present are from the additive package. Approximately
51 ppm of sulfur was measured in the used oi1 which would be indicative of a
predominance of this element in the additive package.

Lubricant A, the miperal oil, showed barium, chlorine, phosphorus, and
sulfur as probably being part of the additive package. Both chlorine and
sulfur showed their presence to be approximately 1.12 ppm in the used oil. The
amount of sulfur is significantly less than that measured for lubricant F. The
1ife difference between these two lubricants does not suggest any effect of the
presence of sulfur on the surface pitting fatigue life of the gears. The XRF
results for lubricant E, the dibasic acid ester showed lesser amounts of
elements associated with the additive package with the used oil1 than with the
new o011, Specifically, large reductions were indicated in chlorine, zinc, and

13



sulfur. Sulfur appears to be the major constituent in the additive package.
The zinc could be due to wear when present with copper or an additive when
present alone. This additive package is more typical of reciprocating piston
engine of1. Strong acid was indicated in the o1l which was probably due to
free sulfonic acid from the additives. The 1ife with this lubricant was nearly
identical to F.

From the results for lubricant K, a pentaerythritol ester, a predominance
of chlorine is indicated which is significantly more than with the other
lubricants. The other additive present appears to be phosphorus. No sulfur
appears present. This lubricant produced the highest 1ife of all the
lubricants studied although the higher 1ife was not statistically significant.
These results may contradict those rolling-element fatigue results from (9)
which showed a chlorinated wax additive to be detrimental to 1ife. However,
the tests in (11) were run at Hertz stresses more than three times (5.5 mPa
(800 000 psi)) that used for the gears. Since the chemical effect of the
additive are temperature dependent the higher stresses used in (9) may account
for the difference in the results.

Lubricant C was the other pentaerythritol ester studied. This lubricant
showed traces of. both phosphorus and sulfur in much lower quantities than with
the other lubricants in both the new and used samples. This lubricant produced
the jowest gear 1ife, approximately 22 percent of that obtained with the other
lubricants. While the difference between the lives obtained with the other
lubricants studied were considered statistically insignificant, the life
obtained with this lubricant is in fact statistically lower. Thé major
differentiating factor appears to be the small amounts of sulfur and
phosphorus. Considering that Tubricant K also being a pentaerythritol ester
has no suifur present, it is strongly suggested that the phosphorus additive
has no detrimental effect and could have a beneficial effect on the surface
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pitting fatigue 11fe of gears. What appears to be important is that in order
to obtain reasonable gear 1ife expectancy, a phosphorus additive or a
combination of phosphorous, chlorine and possible sulfur must be present in
reasonable quantities (not less than 2.5 ppm 1s suggested but not substantiated
from the results presented herein).

The fact that lubricant K gave the best 1ife with on’y phosphorus and
chlorine and no sulphur additive suggest that a sulphur additive is not
necessary for good gear 1ife at the conditions tested.

For a long time it has been a practice in the gear industry to require EP
and antiwear additive packages for gear oils. The additive packages are
generally proprietary and the scientific and engineering basis for their
selection or nonselection have been based on friction and wear tests rather
than on rolling-element fatigue tests. Referring to Table IV the lubricant
exhibiting the lowest wear and friction was lubricant K which also produceé the
longest-gear 1ife. The Tubricant producing the highest wear and the lowest
1ife was lubricant C. Friction and wear are not related in that low friction
is not indicative of Tow wear and vise versa. The wear rate is a measure of
the effectiveness of the EP and antiwear additive packages. This would explain
the past success in gear lubricant selection and field experience. Based on
the results of the gear tests conducted in this program, a phosphorous type EP
additive should be added to gear lubricants to improve the surface fatigue 1ife
of steel gears.

SUMMARY

Research was conducted to investigate the effects of lubricant base stock
and additive content on spur gear tooth surface (pitting) 1ife. Spur gear
endurance tests were conducted with six lubricants using a single lot of
consumahle-electrode vacuum method (CVM) AISI 9310 gear test specimens. The
sixth lubricant was divided into four batches each of which had a different
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additive content, Test conditions included a bulk gear temperature of 350 K
(170 °F), a maximum Hertz stress of 1.71-GPa (248 000 psi) at the pitch line
and a speed of 10 000 rpm. The following results were obtained:

1. Lubricants tested with a phosphorus-type load carrying additive showed
a statistically significant improvement in 1ife over those lubricants without
this type additive.

2. Lubricants with sulfur EP additives showed no statistical improvement
in 1ife compared with those Tubricants without this type additive.

3. No statistical difference in 1ife was produced with those lubricants
of different base stock but with similar viscosity, pressure-viscosity
coefficients, and antiWear additives., The EP and antiwear package in the
lubricant appears to control the resultant surface fatigue 1ife of the gears.

4. Scanning Auger microscope (SAM) images of the gear tooth surfaces made
after testing showed that gears tested with 0.1 wt % sulfur and 0.1 wt %
phosphorus EP additives in the lubricant had reactive surface films that were
200 to 400 (0.8 to 1.6 pin) thick.
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TABLE I, - SPUR GEAR DATA
[Gear tolerance per ASMA class 13,]

Humber F CEEEN o o v v 4w 4w b b e e e e e e s e e e e .. 2B
D1ametl‘a]p‘|tch..............-........-......-ﬂ
Circular P1tch| cm Sin) S r e e e e e e e e e e e 00,9975 (0.3927
Whole depth, cm €10} v v ¢ v o v v o 0 0 0 o v e e s e .. 0.762 (0,300
Addendum.‘:fﬂtiﬂ)._-.'--o--0.-.--:--0.0.--0.3]8 0.125
Chordal tooth thickness reference, em (in) . ..., ....., 0.48 {0.191)
Pressurc angle, deg o 4 v o v v v 4 b b b b ke s e e b s e s s e e e 20
Pitch diametet‘, cm (1") Por b v 0 e h e o s s e e e s o o e os s 8,890 (3,500’
Outside diaﬂletel“, cm (fl‘l) L I R T T R T R T S 9.525 (3-750
Root fillet, em (fn) . ., v v v v v v v ., 0,102 to 0.152 (0.04 to 0.06;
Measurement over pins, em (in) ., . . . ., 9,603 to 9,630 (3.7807 to 3.7915
Pin diameter, em (IN) o v v v v v b v e e e e e e s e .0.549((0.2]6;
Backlash referenca, €m (fN) + v v 4 4 o ¢ v v v v b o v s e . o 0.0254 {0,010
Tip relef, em (in} « o v . v o v . v . . . 0,001 to 0.0015 {0.0005 to 0.0007)
TABLE I, - CERTIFIED CHEMICAL COMPOSITION OF GEAR MATERIAL
C¥M ALISI 9370 AMS 62650
Element
C Hn p S 51 Bl cr Mo Cu Fe

Contents, wt % (0,11 | 0,64 | 0.0007 | 0.004 [ 0.34 | 3.18 | 1.33]| 0.17 | 0.26 | Balance

TABLE IIl. ~ HEAT TREATHENT FOR AISI 9310

Step Process Temperature,| Time,
hr
K °F

1 Preheat in air cmem | amem | memeaa
2 Carburize 1172 1 1650 | 8

3 Afr cool to room temperature | ae~- | ae-r | cm-aa-
4 Copper plate all over e e R
5 Reheat 922 11200 | 2.5

G Afr cool to room temperature | me=m | waec | ceaea-
7 Austenitize 1117 | 1550 | 2.5

8 011 quench wwmm | mewe | mmeeea
9 Subzero cool 180 | -120 | 3.5

10 Double temper 450 350 | 2 each
N Finish grind el el et
12 Stress relive 450 350 | 2
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TABLE IV, - LUBRICANT CHEMICAL AND PHYSICAL PROPERTIES SUMMARY

Lubricant
A [ E F K La
Minaral ofl Polyol ester Dibasic acid Synthetic Palyol ester Pentaerythritol
pentacrythritol estar paraffinic pentaerythritol tetrapstor
Carboxylic acids,
percent
L4 ammennssvsannma Trace | vesvsarnmanrnnewe | Anerasrmnancuanmana Trace | seremecuececaus
€-5 mmecrarreas aenu 46 DirBd | eesnsenacenmanmanne 22 100
L6 smemensresannrs 10 PHr37 | memeovemnconnanens - 16 100
Ce7 rummesssasraran 1 2 [ R, P 24 100
C-B 00 | eemmmsem—a—- - 10| cemvvmmaummsnran | cbmevssvunnanasennn B |ecemnnsrernasen
C-0 . 13 | cmmccmmmcmrmcces | dmecrencanccaana. - 20 |cowncsennanunnn
Cal0 @ | cemcessccccanes 4| wanamaunananmnen | uaee cemmn hmmrn— 1| encmanen remmene
Additives Proprictary Proprictary Proprictary Lubrizal 5002 Proprietary Sea Table 6
(5 vol %) Content
of additive
Phosphorus 0.6 wt %
sulphur 18,5 wt %
Specification GM 6137-M MIL-L~23099 | srecmeccccccceons | menvecnvonnannnna e MIL-L-23699 MIL=L=23699
Type Automatic Turbine engine Synthetic gear HASA ?ear test Type 1 turbine |[Type 10 turbine
transmission oil Tubricant ubricant engine oll engine ofl
fiuid
K“Eematic viscosity,
/sec {cS) at -
244 K [-20 °F) 35, (3500) 30. (3000) 50, {5000) 26, (2600) 30, {3000) |svemccmmcnna -
311 K (100 °F) 0.40 {40) 0.285 (28.5) .36 (36) ,303 (30,3) 285 (28.5) 276 (27.6)
372 K (210 °F) 07 (7.2) L053 {5.3) .06 {6,0) L0855 (5,5) 053 (5,3) .052 {5.2)
477 K (400 °F) 015 {1.,5) 013 1,3) L0144 (1,4} L013 (1.3) y013 (1.3)  [ewwmrsasuns wamn
Pressure viscosity
cneff1c1ent. Gra~]
{psi=") at -
31 (100 °F) 15.4 {10.6x107%) | 11,6 {8.0x107%) |15.5 (10.7x107%) 13,4 (9.25107%) | 11.4 (7.9x10"5) {emmnmemconcnann
372 (210 °F) 12 (7.7x10°%) | 10,0 (6.9x10°%) | 11,5 (7.9x10"5) 1 (771075 | 9.5 (6.5x1075) [emmmmromnonnae .
422 (300 °F) 10,2 {7.0x107%} | 8.8 (6.1x107%) | 9.9 (6.8x107%) 9.5 (6.5x10™5) 8,3 {5,7x1075) |--mmmmmcmemceas
Flash paint, K (°F) 433 (320 §27 (490) 513 (465) 508 §455} 543 (500) 527 {490}
Fire point, K (°F) 488 (347 533 (500
Pour point, K (°F) 233 (-10) 211 (-80) 219 (-65) 219 {-65) 21 (-75) 213 {-76})
Specific gravity 0.862 1.005 0.932 0,829 0.983 0.982

Specific heat at
311 K {100° F),

J/kg K (Btu/lb °F)

Vapor pressure

at 311 k {100 °F),

mm Hg or torr

Relative wear rate

Friction coefficiant

Elastohydrodynamic
film tnickness,
hy um (H“‘)

A ratio (h/o)

1758 {0.42)
Unknown
1.3

0.053

0.523 (20.6)

0.87

1842 (0.44)
Unknown
2.2

0,024

0.454 (17.9)

0.76

2847 {0.68)
Unknown

1.3

0.035

0,515 (20.3)

0.86

21717 (0.52)
0.1

1.7

0.034

0.388 (15.3)

0.65

1884 (0,45)
Unknown

1

0.022

0.411 {(16.2}

0,69

0.731 (28.8)

1.22

35ee Table 5.
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TABLE V. ~ LUBRICANT COMPOSITION AND PROPERTIES
{a) Compositions

Lubricant
L-18 | L2 L3 L-4
Composition, wt %

Tetraester base ofl 95,4 95,3 {95.3 99.4
Amingetype oxidation fnhibitor 2.6 2.5 2.5 0.5
Phosphate quinfzarin corrosion 2.1 2,1 2.1 -

inhibitor plus metal passivator
Alkyl smine thiocynate EP additive| ===~ vl ——-- ol
Alkyl acta phosphate EP additive m—mn e | cmve
Water 019 020 010 A6

(b) Properties
L-}0 L-2 L-3 L-4

Kinomatic viscosfty (CS) at-

1K (1o °F; 27.58 27,490 27,90 26,40

373 K (212 °F 5,22 5.17 5.18 5.08
Flash point, K (°F} 527 (490) 1533 (500) | 527 (490) 533 {500)
Pour point, K (°F) 213 («76
Specific ?rnvit ate

311 K {100 ° { 0,982 0.082 0.982 0.979

373 K (212 °F) 0.943 0,943 0.943 0.939
Total acid number {TAN},

mg KOH/g 011 0.02 0.3 0,29 Q.15

3eets MIL-1.-213699 specificatieons,

TABLE VI, - SUMMARY OF GEAR FATIGUE LIFE RESULTS

[NASA spur gear test apparatus; material, CVM AISI 9310: gear bulk temperature, 350 K
(170 °F)y maximum Hertz stress, 1.71 Gha (248 ks1)s speed, 10 000 rpm,]

Lubricant Lubricant Gear system Vife, Weibull Faflure Confidenﬁe
basestock milliens of stress cyeles { slope {ndex? number,
pergent
10 percent | 50 percent
A Mineral 011 22.0 §53.7 2.2 20 out or 20 62
‘ C Pentierythritol 4,8 25.9 1 20 out of 20 96
aster
E Dibasic acid 18.8 43.7 2.2 20 out of 20 50
ester
F Synthetic 18.8 46.1 2. 18 put of 19 we
Paraffinic
K Pentaerythrito) 24,7 37.5 1,5 18 out of 18 72
ester

INumber of faflures out of number of tests.
Parcent of time that 10 percent life obtained with each lubricant will have the same relation
to the 10 percent life of lubricant F,



TABLE VII, « SUMMARY OF GEAR FATIGUE LJFE RESULTS
[Material, CVM ALSI 9310 steel; pitch diameter, 8,89 ¢m (3.5 fn); specd, 10 000 rpm: maximum

Hertx stress, 1,7) GPa (24B ksi); lubricant, synthetic totraester pil with various

additives; gear temperature, 344 K (160 °F).}

Lubpicant Gear system 1ife Weibull Failure Confidgnco
mit1ions of slope ingexd number
stress cycles
10-parcent | 50-percent
L=1-Tetraaster reference ofl
+ 2,5 percent oxidation 1nhibftor
2.1 parcent cerrosfon fnhibitor 7.01 30 1.34 30 gut of 30 95
L-2=5ame as L= + 0.1 percent
sulfur-type load-carrying
additive 9,26 65.6 .96 |22 out of 23 81
L-BTSamﬁ as L-l + Oil %ercenti
phosphorous-type load-carryin
ddditive " ying 19.8 67.1 1.65 20 out of 20 52
L-d4-Tetraester reference o)
+ 0,5 percent oxidatfon inhihitor
+ 0.1 percent sulfur~type
loag-carrying additive 12,8 73.8 1.06 |23 qut of 21 69

dNumber of fatigue failure out of number tested.
Dpercent of time that 10 percent 1ife obtained with each lubritant wil) have the same relation to

the 10-percent life of lubricant F,

TABLL VIII. - ANALYTICAL REPORT SYNTHETIC LUBRICANT X-RAY FLOUKESCENCE ANALYSIS

Lubricant coae Element content, ppm® Limitd of
- detection,
NASA AFLRL [ Me AL [ c1 | Fe | Nt {cu | pb YzaP | 45 | € fca€ | paS |Si |Mn ppm
A-New w112527 1 048] weaen [ 2,47 | cvcm | macn [ mcna [0,8] | wmae | 0,18 4,71 ] wnaa | 0,23 | cnu | ==n 0.1
A-Used | 11263~ | -»- 15,91 11,1210.57 10,10 [0, 34 | ==~ 10,107 ] 17 ] 1,121 ne-w 2 1 men | aen .09
C-Naw | «11250- [ .28 =e=m | 73] 13| =en | omem [ amanm [ocme | 126 | cmene RN — S .09
C-Usgd | =11261~ | === (2,97 10,04 02,091 211 12| mee=] L1517 ,19 N e e 0%
E«New =11256= [ 167 19| 7.57| ,10) ~wnn [wnan|1,2817.2712.15]13.00]0.290]10.16 | nn | === .09
E-Used | -11257- | J12[1.6911.611 .26 ~=ce | .1V | cuen | 3,71 94| 0.29 | cen- | 2,43 |cna [ --an .09
Felew | «11268- [ .31[ cmee | 45| cooc [ mman [comn | coee [ ceen | 119 ] 7,08 [ wwen | moemn [men [ one .10
F-Used | ~11259= |5.36 | aeen | 2,40 [ mmmn | mmee [wmve [ coen | omne [2,42 {5100 | come | comen |oue | omm .55
K-New | =11266- | 60 ~=an 0,80 .28 [ meme {=ons | wann | meee (2,67 |wnen- moe | eann SR R .24
R-Used | ~11267- {1.26( .39 |7.30 | .56 [=--= j==== { .65 |-vv- | 1,86 |--c-- cven | wenns Y

35ae page Notes on XRF Particulate Wear

Metal Analysis.

bprasence could be due to wear when present with copper, or as an additive when present alone.
ZProbably present as additives,
Limit of detection for sample, when shown, element 15 less than this value.
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