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Previous research provides qualitative evidence that an improved surface finish can in-

M. P. Alanou

H. P. Evans crease the surface fatigue lives of gears. To quantify the influence of surface roughness on
life, a set of AISI 9310 steel gears was provided with a near-mirror finish by superfinish-
R. W. Snidle ing. The effects of the superfinishing on the quality of the gear tooth surfaces were

determined using data from metrology, profilometry, and interferometric microscope in-

Cardiff University, spections. The superfinishing reduced the roughness average by about a factor of 5. The

P.0. Box 685, superfinished gears were subjected to surface fatigue testing at 1.71 GPa (248-ksi) Hertz
Cardiff, CF24 3TA, contact stress, and the data were compared with the NASA Glenn gear fatigue data base.
Wales, United Kingdom The lives of gears with superfinished teeth were about four times greater compared with

the lives of gears with ground teeth but with otherwise similar quality.
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Introduction hardened, mirror-finished pinion was mated with a relatively soft

The power density of a gearbox is an important considerati%ear’ the gear became polished with running. They considered that

for many applications and is especially important for gearbox
used on aircraft. One factor that limits gearbox power density |
the ability of the gear teeth to transmit power for the require oar
number of cycles without pitting or spalling. Economical method .

: . . : ) A second investigation by Nakasuji et I,8] studied the pos-
goersli:g%rlgvmg surface fatigue lives of gears are therefore hlghlé(ibility of improving gear fatigue lives by electrolytically polish-

Tests of rolling element bearinge.g.,[1,2]] have shown that ing the teeth. They conducted their tests using medium carbon
the bearing life is affected by the lubricant viscosity. When th?—:teel gears and noted that the electropolishing process altered the
specific film thicknessthe EHL film thickness divided by the gear profile and the surface hardness as well as the surface rough-
composite surface roughnéss less than unity, the service life of ness. The polishing reduced the surface hardness and changed the

the bearing is considerably reduced. Some investigators haveé%th profiles to the extent that the measured dynamic tooth

ticipated that the effect of specific film thickness on gear life cou ressehs wirehsui;nlflcafnrt]Iy éarger reldat_lve o tr&edgroun_d gears.
be even more pronounced than the effect on bearindg 3ifeTo ven though the loss of hardness and increased dynamic stresses

improve the surface fatigue lives of gears, the EHL film thickne \gglult?ctegﬁsﬁnres\lf;sesﬁgﬁs tlgrm]s Ig:/glttﬂggst?ggbl:m tgtevfr:iec(;
may be increased, the composite surface roughness reduce e P 9 P '

g gears were free of pitting, by about 50 percent.
ggjtgi eaépproaches may be adopted. These two effects have b eIqoyashita et al[9,10] completed a third investigation of the

Townsend and Shimsk#] studied the influence of seven dif_relation between surface durability and roughness. They con-

ferent lubricants of varying viscosity on gear fatigue lives. Tes%umed a set of tests to investigate the effects of shot peening and

were conducted on a set of case-carburized and ground gearspg“shing on the fatigue strength of case-hardened rollers. Some of
manufactured from the same melt of consumable-electromee shot-peer:leté rgllersilyvere rheground agd Sl?me ;]/ved;e pollshhed by
i a process called barrelling. The reground rollers had a roughness
vacuum-meltedCVM) AISI 9310 steel. At least 17 gears were verage(Ra) of 0.78 um (31 win.). The polished rollers had a Ra

tested with each lubricant. They noted a strong positive correﬂf 0.05 um (2.0 win.). Pitting tests were conducted using a slide-

tion of the gear surface fatigue lives with the calculated EHL fil 16 of —20 t on the foll ith mi L oil as th
thickness and demonstrated that increasing the EHL film thickne{é’%l3 ratio o percent on the follower with mineral oil as the
ubricant. The lubricant film thickness was estimated to be 0.15

does indeed improve gear surface fatigue life. . o
At least three investigations have been carried out to demgﬁ?'ﬁﬂm (5.9-9.8in.). The surface durability of the rollers

is polishing during running improved the surface durability of
e gear. None of the tests conducted in the study, however, in-
uded a case-carburized pinion mated with a case-carburized

strate the relation between gear surface fatigue and surface routj had been shot peened and polished by barrelling was signifi-
ness. One investigation by Tanka et (] involved a series of antly improved compared with rollers that were shot peened only

tests conducted on steels of various chemistry, hardness, Qhdhat were shot peened and reground. They found that the pitting

states of surface finish. Some gears were provided with a nelffits (maximum Hertz stress with no pitting after“16ycles of
mirror finish by using a special grinding wheel and macHiék the shot-peened/reground rollers and the shot-peened/polished

The grinding procedure was a generating process that provid@iers were 2.15 GP&12 ks) and 2.45 GP4355 ks, respec-

teeth with surface roughness quantifiedRag,, of about 0.1xm  UVely. _ _
(4 pin.). A series of pitting durability tests were conducted and Patching et al[11] evaluated the scuffing properties of ground

included tests of case-carburized pinions mating with both plaf'd superfinished surfaces using turbine engine oil as the lubri-
carbon steel gears and through-hardened steel gears. They &fil- The evaluation was performed using case-carburized steel
cluded that the gear surface durability was improved in all cas@iscs. The discs were finish ground in the axial direction such that

as a result of the near-mirror finish. They noted that when a cadBe orientation of the roughness would be perpendicular to the
direction of rolling and sliding, thereby simulating the conditions

Contributed by the Tribology Division for publication in the ASMBURNAL OF ”om_‘a”y found in gears. Some of the discs were s"!perflnIShed to
TRIBOLOGY. Manuscript received by the Tribology Division February 2, 2000; reprowde SmOchef surfaces. The Ra of the .g'jound d!SCS was about
vised manuscript received January 18, 2001. Associate Editor: T. C. Ovaert. 0.4 um (16 win.), and the Ra of the superfinished discs was less
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than 0.1um (4 win.). They found that compared with the ground ) Slave-system

discs, the superfinished discs had a significantly higher scuffir g;'sm_ oil inlet -

load capacity when lubricated with turbine engine oil and sub Viewing A _
jected to relatively high rolling and sliding speeds. They als¢ port—l% Drive

noted that under these operating conditions, the sliding friction ¢ Test-gear ey

the superfinished surfaces was the order of half that for the groul
surfaces. \ - >

These previous workgl—11] provide strong evidence that the 7PN ==t j’i'\, \
reduction of surface roughness improves the lubricating conditic " ] Bra
and offers the possibility of increasing the surface fatigue lives ¢
gears. However, there is little published data to quantify the im Y 8 /
provement in life for case-carburized gears. The present study w i, g - pressure
therefore carried out to quantify the surface fatigue lives o R~ ’
aerospace-quality gears that have been provided with an improv
surface finish relative to conventionally ground gears.

— Loading vane

lubricant
inlet

Test Apparatus, Specimens, and Procedure

N

Gear Test Apparatus. The gear fatigue tests were performed ¥ _
in the NASA Glenn Research Center’s gear test apparatus. T ‘Iee;'p;;‘:tﬂfzﬁ;;ﬁm
test rig is shown in Fig. (a) and described in referen¢&2]. The ment location :
rig uses the four-square principle of applying test loads so that tt
input drive only needs to overcome the frictional losses in thi
system. The test rig is belt driven and operated at a fixed speed (@) Cutaway view.
the duration of a particular test.

A schematic of the apparatus is shown in Fi@)10il pressure
and leakage replacement flow is supplied to the load van¢ | Jest [~ 1ave gear
through a shaft seal. As the oil pressure is increased on the lo f
vanes located inside one of the slave gears, torque is applied to
shaft. This torque is transmitted through the test gears and back
the slave gears. In this way power is recirculated and the desir
load and corresponding stress level on the test gear teeth may /
obtained by adjusting the hydraulic pressure. The two identici gy ==
test gears may be started under no load, and the load can then
applied gradually. This arrangement also has the advantage tl

CD-11124-15

—Orive shaft
!
! ,:'-Belt pulley

Slave-gear

changes in load do not affect the width or position of the runnini m=____ _ \‘Qt:an‘;'?g :
track on the gear teeth. The gears are tested with the faces off Y 7
as shown in Fig. 1. By utilizing the offset arrangement for bott 7 7 £ haft
faces of the gear teeth, a total of four surface fatigue tests ci = . seal
therefore be run for each pair of gears. CD-11421-15
Separate lubrication systems are provided for the test and sla {b} Schematic diagram, View A-A

gears. The two lubrication systems are separated at the gearbox

shafts by pressurized labyrinth seals, with nitrogen as the seal geig. 1 NASA Glenn Research Center gear fatigue test appara-
The test gear lubricant is filtered through @ (200 xin.) nomi-  tus: (&) cutaway view; (b) schematic view.

nal fiberglass filter. A vibration transducer mounted on the gear-

box is used to automatically stop the test rig when gear surface

fatigue damage occurs. The gearbox is also automatically stopped

if there is a loss of oil flow to either the slave gearbox or the te%

ears, if the test gear oil overheats, or if there is a loss of seal g4 Wereé manufactured from a separate melt of consumable-
gressurization g ectrode vacuum-melte@CVM) AISI 9310 steel. Both sets of

gears were case carburized and ground. The nominal and certified
Test Specimens. The gears of the present study were manwchemical compositions of the gears are given in Table 1. Figures
factured from consumable-electrode vacuum-me{@dM) AISI  2(a) to (d) are photomicrographs showing the microstructure of
9310 steel. The best available baseline for this study is a settbé case and core. Figure 3 is a plot of material hardness versus
conventionally ground gears that were previously tested and ttiepth below the pitch radius surface. The data of Fig. 3 are
data reporte4]. The test gears used for the baseline study of Refquivalent Rockwell C scale hardness values converted from

Table 1 Nominal and certified chemical composition of gear materials, AISI 9310

Element
C Mn P S Si Ni Mo Cr Cu Fe
Nominal contents, wt % 0.10 | 0.63 | 0.005]0.005| 027 | 3.22 | 0.12 1.21 | 0.13 | Balance

Ground gear, 0.10 | 0.56 [ 0.003 [0.003}| 026 | 349 | 0.10 | 1.15 * *
certified contents, wt %
Superfinished gear, 0.11 | 0.55 | 0.006 |10.018| 026 | 3.42 | 0.10 | 1.30 * *

certified contents, wt %
*Indicates not measured.
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Fig. 2 Microphotographs of the gears prepared with 3 percent nital etch:
gear; (b) case of superfinished gear;
gear (from Ref. [4]).
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Fig. 3 Material hardness versus depth below the pitch radius
surface: (a) superfinished gear; (b) ground gear.

Journal of Tribology

(a) core of superfinished

(c) core of ground gear (from Ref. [4]); and (d) case of ground

Knopp microhardness data. These data and metrology inspections
[13] verify that the gear materials and geometry are aerospace
quality.

The dimensions of the gears are given in Table 2. The gears are
3.175 mm modulé8 diametral pitchand have a standard 20 deg
involute pressure angle with tip relief of 0.013 mi®0005 in)
starting at the highest point of single tooth contact. The nominal
face width is 6.35 mn{0.250 in), and the gears have a nominal
0.13 mm(0.005 in) radius edge break to avoid edge loading.

Fourteen gears were selected for finishing by a polishing
method described below. A subset of four gears was selected at
random for metrology inspections, both before and after superfin-
ishing. Parameters measured on each gear included lead and pro-
file errors, adjacent pitch errors, and mean circular tooth thick-
ness. In order to show the detailed effects of superfinishing, it was

Table 2 Spur gear data (gear tolerance per AGMA class 12 )

Number of teeth 28
Module, mm 3.175
Diametral pitch 8
Circular pitch, mm (in.) 9.975 (0.3927)
Whole depth, mm (in.) 7.62 (0.300)
Addendum, mm (in.) 3.18 (.125)
Chordal tooth thickness reference, mm (in.) 4.85 (0.191)
Pressure angle, deg. 20

88.90 (3.500)

Pitch diameter, mm (in.)
Outside diameter, mm (in.) 95.25 (3.750)
Root fillet, mm (in.) 1.02 to 1.52 (0.04 to 0.06)
Measurement over pins, mm (in.)-------------------— 96.03 to 96.30 (3.7807 t0 3.7915)
Pin diameter, mm (in.) 5.49 (0.216)
Backlash reference, mm (in.) 0.254 (0.010)
Tip relief, mm (in.) 0.010 to 0.015 (0.0004 to 0.00006)
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Superfinishing treatment of the gears was completed as follows.
The gears were immersed in a bed of small zinc chips, water, and
aluminum oxide powder. The containg@ rubber-lined open tank
was vibrated for a period of several hours and the grade of the
oxide powder was increased in fineness in three stages. Upon
completion of the initial superfinish treatment, metrology inspec-
tions were carried out and relocated profiles were taken. Although
the surface finish had been improved, grinding marks were still
visible on some teeth. The gears were then subjected to a second
superfinish treatment. After the second treatment, the gears had a
superb near-mirror finiskiFig. 4), and grinding marks were no
longer visible. Following the secorifinal) superfinish treatment,
metrology and profilometry inspections were again completed. A
detailed report of the superfinish treatment and inspections is
available[13]. From analysis of the metrology data, it was con-
cluded that the superfinishing treatment did not significantly alter
the lead and involute profile traces of the gear teeth.

Figure 5 is a typical comparison of the relocated surface pro-
files of the same tooth taken first after grinding, a second time
after the initial superfinish treatment, and a third time after the
final superfinish treatment. The profile taken after the first stage of
superfinishing (Fig. 5(b)) shows a persistence of identifiable
grinding marks. These have almost disappeared from the profile
taken after the final superfinish treatmegfig. 5(c)), although
there are faint signs of particularly deep marks. Analysis of the
profilometry data suggested that abouuth (39 win.) had been
removed from each surface following the initial superfinish treat-
decided to also take “relocated” profiles from the gear teeth. Thigent and in total, about 2 to @m (79 to 118uin.) had been
was achieved by use of a special stepper-motor-driven profilonfémoved from the surface following the final stage of treatment.
ter with which it was possible to take a profile or series of profile§hese estimates of material removed, as derived from the profilo-
at a precisely known location on a gear tooth. The principle @fetry data, agree with estimates obtained from metrology mea-
relocation was based on detection of the edges of the tooth $iyrements of the mean circular tooth thickness taken before and
running the profilometer stylus in the axial direction of the gear tafter finishing[13]. The roughness averaga) and 10-point pa-
detect the side of the tooth and radially to detect the tooth tipameter(R2) values for each profile inspection were calculated
Three profiles were taken from both sides of two teeth on eaudling the profilometry data filtered with a cutoff of 0.08 mm
gear(i.e., a total of 12 profiles from each geafwo of the three (0.003 in. Table 3 is a statistical summary of the calculated Ra
profiles on each gear flank were located 1 039 in) from and Rz values. Before superfinishing, the gears had a mean Ra of
each side edge and the third profile was located on the center0d380um (15 uin.) and a mean Rz of 3.506m (138 uin.). After
the tooth. Profile data was taken up to and slightly beyond the piperfinishing, the gears had a mean Ra of 0.0@1(2.8 uin.)
of the teeth as a direct means of verifying the accuracy of relocand a mean Rz of 0.940m (37 uin.). Therefore, the mean Ra and
tion in every case. All profiles were processed using a standarean Rz values were reduced by a factor of about 5 and 4, re-
phase-corrected digital filter with a cutoff of 0.08 n{th003 in).  spectively, by superfinishing.

Fig. 4 Near-mirror quality of superfinished tooth surface

(a)

AANA

(b)

WW‘WWWWWWN'WW If um
A A —

()] 100 um

Fig. 5 Typical relocated surface features measured using a profilometer followed by filtering

of the data using a 0.08 mm (0.003 in.) cutoff. Evidence of persistence of the deepest grinding
marks are indicated by arrows: (&) ground tooth surface, Ra =0.434 um (17 uin.) (b) same tooth
surface after the first stage of superfinishing, Ra =0.083 gm (3.3 uin.); (c) same tooth after
second (final) stage of superfinishing, Ra =0.056 um (2.23 uin.).
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Table 3

Summary of statistical analysis of profilometry data

Parameter Surface condition Mean value, Standard deviation,
pm (pin.) pm (pin.)
Roughness average Before superfinishing 0.380 (15.0) 0.068 (2.7)
(Ra) After superfinished 0.070 (2.8) 0.016 (0.6)
10-point parameter Before superfinishing 3.506 (138.0) 0.610 (24.0)
(Rz) After superfinished 0.940 (37.0) 0.298 (11.7)

“Data are based on relocated and filtered profile measurements of the same teeth, both before and after superfinishing.

A ground gear tooth and a superfinished gear tooth were itiwear additive package. Lubricant properties gathered from ref-
spected using a mapping interferometric microscope. Data framenceg4] and[14] are provided in Table 4.
the microscope were low pass filtered to remove instrument noiseThe test gears were run with the tooth faces offset by a nominal
and were further processed to remove the datum. Figure 6 i8& mm(0.130 in) to give a surface load width on the gear face of
comparison of the processed interferometric data. The images30j mm (0.120 in. The actual tooth face offset for each test is
Figs. Ga) and(b) are not images of the same gear before and aftggsed on the measured face width of the test specimen, and the
superfinishing but are images from two separate gears. These §fjset is verified upon installation using a depth gage. The nomi-

ages provide examples of features of typical ground and supeer& 0.13 mm(0.005 in) radius edge break is allowed for to cal-
ished surfaces. Figurgly shows that traces of the original grind- .

ing marks are still evident after superfinishing,

the marks are greatly reduced.

but the depths B

late load intensity. All tests were run-in at a ld@drmal to the
tch circle per unit width of 123 N/mm(700 Ib/in) for 1 hour.
The load was then increased to 580 N/n®300 Ib/in), which

Test Procedure. The lubricant used was developed for helitesulted in a 1.71 GP@48 ksj pitch-line maximum Hertz stress.
copter gearboxes under the specification DOD-L-85734. This isA4 the pitch-line load, the tooth bending stress was 0.21 @Pa
5-cSt lubricant of a synthetic polyol-ester base stock with an aksi) if plain bending was assumed. However, because there was an
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Fig. 6 Comparison of gear tooth surface topographies as measured using a mapping inter-

ferometric microscope:

Journal of Tribology

(a) ground gear tooth;

(b) superfinished gear tooth.
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Table 4 Lubricant properties  (from Refs. [4] and [14])

Specification DOD-L-85734
Basestock Polyol-ester
Kinematic viscosity, cSt
311 K (100 °F) 27.6
372 K (210 °F) 5.18
Absolute viscosity, N-s/m’
333 K (140 °F) 0.01703
355 K (180 °F) 0.00738
372 K (210 °F) 0.00494
Specific gravity
289 K (60 °F) 0.995
372 K (210 °F) 0.954
Pressure viscosity coefficient (1/Pa)
313 K (104 °F) 11.4x 10°
373 K (212 °F) 9.5x10? @ b)
Total acid number (tan), Mg Koh/g oil 0.40
Flash point, K (°F) 544 (520) ) ‘ _
Pour point, K (°F) 211 (-80) Fig. 7 Typical fatigue damage: (a) ground gear from study of

Ref. [4]; (b) superfinished gear of present study.

offset load, there was an additional stress imposed on the tooth

bending stress. The combined effects of the bending and torsiongks, loads, speeds, material specification, and geometry specifi-
moments yield a maximum stress of 0.26 GB@ ks). The ef- cations as the present study. The gears of Réfwere specified
fects of tip relief and dynamic load were not considered for thg be ground with a maximum root-mean-squared roughness of
calculation of stresses. 0.406 um (0.016 uin.). There were 17 failures and 3 suspended

The gears were tested at 10,000 rpm, which gave a pitch-liggsts for the ground gears of the baseline study, and there were 8
velocity of 46.5 m/s(9154 ft/min. Inlet and outlet oil tempera- failures and 7 suspended tests for the ground and superfinished
tures were continuously monitored. Lubricant was supplied to thgars of the present study. The test data were analyzed by consid-
inlet of the gear mesh at 0.8 liter/mi@9 in¥min) and 320 ering the life of each pair of gears as a system. The data were
+7K (116+13°F). The lubricant outlet temperature was reanalyzed with the methods of R¢fL7].
corded and observed to have been maintained at-34BK Surface fatigue test results for the ground gears of the baseline
(166+8°F). The tests ran continuous(24 hr/day until a vibra- study are shown in Fig.(8). The line shown in Fig. @) is a
tion detection transducer automatically stopped the rig. The transast-squares linear fit of the data to a two-parameter Weibull dis-
ducer is located on the gearbox adjacent to the test gears. If tfipution. From the fit line, the 10 and 50 percent lives of the
gears operated for 500 houirresponding to 300 million stresssample population are #210° and 51x 10° stress cycles. Sur-
cycles without failure, the test was suspended. The lubricant wagces that had been run but were not pitted or spalled had a dif-
circulated through a um (200 win.) nominal fiberglass filter to ferent appearance relative to the appearance before testing. The
remove wear particles. For each test, 3.8 litega) of lubricant  grinding marks had become worn away and/or smeared, and the
was used. ) ) ) _running tracks on the gears were plainly evidéfig. 7(a)).

The EHL film thickness at the pitch point for the operating Surface fatigue test results for the ground and superfinished
conditions of the surface fatigue testing was calculated using thears of the present study are shown in Fidp).8The line shown
computer program EXTERN. This program, developed at thg Fig. gb) is a least-squares linear fit of the data to a two-
NASA Glenn Research Center, is based on the methods of Refarameter Weibull distribution. From the fit line, the 10 and 50
[15] and[16]. For the purposes of the calculation, the gear surfagycent lives of the sample population arex4Bf and 205
temperature was assumed to be equal to the average oil oullef(f siress cycles. Superfinished surfaces that had been run and
temperature. This gave a calculated EHL pitch-line film thicknesg,ived with no fatigue failure appeared almost like surfaces that
of 0.54 um (21 pin.). had not been run. The running tracks on the gears were not im-
. . mediately evident but could be seen by close examination with a
Results and Discussion 10x eyepiece. The wear and/or smearing that were seen on the

Surface fatigue testing was completed on a set of gears magueund gears after testing were not observed on the tested super-
factured from CVM AISI 9310 steel. The gears were case carbdimished gears.
ized, ground, and superfinished. The measured Ra of the superfinfhe surface fatigue test results are summarized in Table 5 and
ished gears was 0.074m (2.8 uin.). Gear pairs were tested until Figs. 8c) and(d). Figure &c) shows the two least-squares linear
failure or until 300 million stress cycle600 hr of testing had fit lines on one plot. The Weibull slopes are nearly equal, and
been completed with no failure. The test conditions were a lodlderefore the gears have similar relative failure distributions. Fig-
per unit width of 580 N/mm(3300 Ib/in), which resulted in a ure §d) shows the distributions of fatigue lives plotted using lin-
1.71-GPa(248-ks) pitch-line maximum Hertz stress. For pur-ear axes. This plot shows that for a given reliability, the lives of
poses of this work, we defined failure as one or more spalls or ptte superfinished gears are greater than the lives of the ground
covering at least 50 percent of the width of the Hertzian lingears. One significant result of the statistical analysis is that the 10
contact on any one tooth. Examples of fatigue damage are shopearcent life of the set of ground and superfinished gears was
in Fig. 7. Figure 7 also provides scaled measures of the runniggeater than the 10-percent life of the set of ground gears to a 91
tracks. The actual widths of the running tracks varies slightly fromercent confidence level. In general, the life of the set of ground
test to test depending on the exact geometry of the edge breaid superfinished gears was about four times greater than the life
radius provided to prevent edge loading. of the set of ground gears. In this study, the difference in life can

To provide a baseline for the present study, the data from Rék attributed to the combined effects(aj the gears being made
[4] were selected as the most appropriate available. The testsrom different melts of steel antb) the superfinished gear teeth
Ref. [4] were conducted using the same rigs, lubricant, tempersurface having significantly different topographies.
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Fig. 8 Surface fatigue lives of ground and superfinished AISI 9310 gear pairs:
(a) ground gears of Ref. [4]; (b) superfinished gears; (c¢) summary of linear
least-square fit lines; and  (d) linear least-squares-fit lines plotted on linear

axes.
Table 5 Fatigue life results for test gears
Gears 10-percent life,[50-percent life,| Weibull | Failure | Confidence
cycles cycles slope index® number,b
percent
CVM AISI 9310, ground [ref. 4] 12x10° 51x10° 1.3 17/20
CVM AISI 9310, superfinished 46x10° 205x10° 1.3 8/15 91

“Indicates the number of failures out of the number of tests.
®Probability, expressed as a percentage, that the 10-percent life of the superfinished gears is greater than the 10-percent life of the
ground gears. .

Table 6 Surface fatigue lives of case-carburized AISI 9310 gear pairs tested in the NASA Glenn Research Center gear fatigue test
apparatus (pitch-line Hertz stress, 1.71 GPa (248 ksi), 10,000 rpm; oil outlet temperature maintained at 348 *4.5K (166%x8°F); 5

pmm (200 wpin.) nominal fiberglass filter to remove wear debris; gear geometry, AGMA class 12, 8 pitch, 28 teeth ).
Reference Year Material Lubricant specification or description 10-Percent { S0-Percent | Weibull | Failure Comments
published life, life, slope index”
cycles® cycles®

18 1985 CVM AISI 9310 MIL-1-23699 4.8x10° 26x10° 1.1 20/20 | Ground

19 1984 CVM AISI 9310 Tetraester plus additives (see ref.) 7.6x10° 31x10° 1.3 30/30 | Ground

19 1984 CVM AIST 9310 Tetraester plus additives (see ref.) 9.3x10° 66x10° 1.0 22/23 | Ground

20 1975 CVM AISI 9310 Super-refined mineral oil plus additives 11x10° 24x10° 2.6 19/19 | Ground

4 1994 CVM AISI 9310 MIL-L-23699 12x10° 76x10° 1.0 20/20 | Ground

4 1994 CVM AISI 9310 DOD-L-85734 12x10° 51x10° 1.3 17/20 | Ground, most direct comparison
with present study

19 1984 CVM AISI 9310 Tetraester plus additives (see ref.) 13x10° 74x10° 1.1 21721 Ground

18 1985 CVM AISI 9310 Dibasic acid ester gear lubricant 19x10° 44x10° 2.2 20/20 | Ground

21 1982 CVM AISI 9310 NASA standard 19x10° 46x10° 2.1 18/18 | Ground

19 1984 CVM AISI 9310 Tetraester plus additives (see ref.) 20%x10° 67x10° 1.6 20/20 | Ground

22 1995 CVM AISI 9310 NASA standard 21x10° 45x10° 24 19/20 | Ground

23 1980 CVM AISI 9310 NASA standard 23x10° 52x10° 23 30/30 | Ground

18 1985 CVM AISI 9310 GM 6137-M 23x10° 54x10° 2.2 20/20 | Ground

18 1985 CVM AISI 9310 MIL-1-23699 — type II 25x10° 38x10° 4.5 18/18 | Ground

21 1982 CVM AISI 9310 NASA standard 30x10° 68x10° 2.3 24/24 | Ground, shot peened.

24 1992 VIM-VAR AIST 9310 | NASA standard 42x10° 140x10° | 1.6 14/20 | Ground, medium-intensity shot
peened

25 1989 VIM-VAR AISI 9310 | NASA standard 48x10° 200x10° 1.3 24/33 | Ground

24 1992 VIM-VAR AISI 9310 | NASA standard 89x10° 250%10° 1.9 13/20 | Ground, high-intensity shot
peened

N/A 2000 CVM AISI 9310 DOD-1-85734 46x10° 205x10° 1.3 8/15 Ground and superfinished

(present study)

"The 10-percent and 50-percent lives are those obtained by fitting the test data to two-parameter Weibull distributions. The lives are system lives, the system being a pair of gears.
®Indicates the number of failures out of the number of tests. A test was suspended after 300x10° cycles if no failure occurred
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To help assess the influence of the superfinishing on life, the6 The proportion of the gears operating for 300 million cycles
results of the present study can be compared in a qualitative semsout failure was considerably higher for the superfinished
to the NASA Glenn gear fatigue data base. Tabld®-25 is a gears than was the proportion for any other set of ground AISI
summary of the majority of published test results of testing AIS310 gears tested to date using the NASA Glenn gear fatigue test
9310 gears using the NASA Glenn gear fatigue test apparatsparatus.

(Fig. ). Common to all data presented in Table 6 &g tests 7 The lives of the CVM AISI 9310 ground and superfinished
completed using the same rigb) test gear geometry per Table 2,gears of the present study were of the order of magnitude of
(c) ground surface finish specified as maximum root-meaM-VAR AISI 9310 ground gears when tested using the NASA
squared roughness of 0.4p6n (0.016 in), (d) load of 1.71 GPa Glenn gear fatigue test apparatus.

(248 ks) Hertz contact stress at the pitch life) test gears runin 8 There is strong evidence that superfinishing significantly im-
an offset condition with a 3.3 mr0.130 in) nominal tooth sur- proves the surface fatigue lives of case-carburized, ground,
face overlap(f) operating speed of 10,000 rprtg) lubricant fil- aerospace-quality AlSI 9310 gears.

tered using a 5um (200 win.) nominal filter to remove wear

debris; (h) lubricant outlet temperature maintained at 385K  References

ElGGi 8°F); %nﬂgl) thf?[ttedsi dat? tre_ated as Ialll\J,I’ve_SbOf”ad'S);S_tST_ Of[l] Andgrson, W. J., Parker, R. J, apd Zgretsky, E. V., 1962, “Effect of Nine
WO gears and then nitted 1o a two-parameter VWeIbull diStribution” =, yyricants on Rolling-Contact Fatigue Life,” NASA TN D-1404.

using the linear least-squares method. The 10 and 50 percent livgs| anderson, W. J., Sibley, L. B., and Zaretsky, E. V., 1963, “The Role of Elas-
listed in Table 6 are those of the least-squares fit lines. The table is tohyfargdxgnsegmic Lubrication in Rolling-Contact Fatigue,” J. Basic Er@5,
sorted in ascending order of 10 percent lives, except the data of QP‘-NH i D P. and Shimski. J. 1991 “Evaluation of Advanced Lubrican
the present study occupies the last row of the table. The data 313] Townsend. Applfcitignss Uemg Gooar Surtace. Fatiue e T
Table 6 were produced using gears manufactured from several 104336.

melts of steel, having various processifsyich as shot peeniilg  [4] Townsend, D. P., and Shimski, J., 1994, “Evaluation of the EHL Film Thick-

and lubricated with several different lubricants with ViSCOSi('E!S ness and Extreme Pressure Additives on Gear Surface Fatigue Life,” NASA
o ; TM-106663.
373K (212 H) ranging from 5.1-7.7 cSt. The ground and super- [5] Tanaka, S., Ishibashi, A., and Ezoe, S., 1984, “Appreciable Increases in Sur-

finished gears of the present study had lives greater than those 0Of face Durability of Gear Pairs With Mirror-Like Finish,” ASME Publication
any other set of single-vacuum processed AISI| 9310 gears tested 84-DET-223, ASME, New York, NY. _ o
to date. The lives of the CVM AISI 9310 superfinished gears werel6] Ishibashi, A., Ezoe, S., and Tanaka, S., 1984, “Mirror Finishing of Tooth

. Surfaces Using a Trial Gear Grinder With Cubic-Born-Nitride Wheel,” ASME
of the order of magnitude of ground VIM-VAR AISI 9310 gears.  p piication 84-DET-153, ASME, New York. NY.

The proportion of the gears operating for 300 million cycles with- [7] Nakatsuji, T., Mori, A., and Shimotsuma, Y., 1995, “Pitting Durability of Elec-

out failure was considerably higher than that for any of the other troly;i;gllly2 3f’zolished Medium Carbon Steel Gears,” Tribol. Trar88, No 2,

gears tested. pp. 223=252. . . . .
Considering the quantitative differences in the data of Table 58] gﬁ';zts,\;’gaahagixgﬁ’Qté’ell922&5'_“?&&%3%%2255 ft{filggfa#gzs I,'

the qualitative comparisons made using the data of Table 6, and No 2, pp. 393-400.

the observed differences in appearances of the tested ground aff] Hoyashita, S., Hashimoto, M., and Seto, K., 1998, “Basic Studies on Fatigue

superfinished surfaces, there is strong evidence that superfinishing Strength of Case-Hardened Gear Steel—Effects of Shot Peening and/or Bar-

S . . . : relling Processes,” AGMA Publication 98FTM3.
significantly improves the surface fatigue lives of case-carburlzeﬂo] Hashimoto, M., Hoyashita, S.. and Iwata, J., 1998, “Studies on Improvement

and ground aerospace-quality AISI 9310 gears. of Surface Durability of Case-Carburized Steel Gear—Effects of Surface Fin-
ish Processes upon Oil Film Formation,” AGMA Publication 98FTM9.
Conclusions [11] Patching, M. J., Kweh, C. C., Evans, H. P., and Snidle, R. W., 1995, “Condi-
tions for Scuffing Failure of Ground and Superfinished Steel Disks at High
A set of consumable-electrode vacuum-mel{€@VM) AlSI Sliding Speeds Using a Gas Turbine Engine Oil,” ASME J. Tribbl7, No 3,

9310 steel gears were ground and then provided with a near- Ppp. 482-489.

: : SR 12] Townsend, D. P., Chevalier, J. L., and Zaretsky, E. V., 1973, “Pitting Fatigue
mirror q“f”‘."ty tooth surface by syperflnlshlng. The ger_:lr teeth SUL Characteristics of AISI M-50 and Super Nitralloy Spur Gears,” NASA TN
face qualities were evaluated using metrology inspections, profilo- p.7261.

metry, and a mapping interferometric microscope. The gears wefes] Snidle, R. W., Evans, H. P., and Alanou, M. P., 1997, “The Effect of Super-
tested for surface fatigue in the NASA Glenn gear fatigue test finishing on Gear Tooth Profile,” AD-A327916, Defense Technical Informa-
. tion Center, Ft. Belvoir, VA. Also available from NASA Scientific and Tech-

apparatus at a load of J."71. GIPE48 kSD and.at an operapr)g nical Information Centemttp://www.sti.nasa.gowiccessed October 3, 2000.
speed of 10,000 rpm until failure or until survival of 300 million [14] present, D. L., Newman, F. M., Tyler, J. C., and Cuellar, J. P., 1983, “Ad-
stress cycles. The lubricant used was a polyol-ester base stock vanced Chemical Characterization and Physical Properties of Eleven Lubri-
meeting the specification DOD-L-85734. The failures were coné&] Za';tsy” NASNA ER-&GMSZH LS. H. and Black, J. D., 1984, “An Analytical

A B . nderson, N. E., Lowenthal, S. H., an ack, J. D., , “An Analytica
sidered as failures of a wo gegr SYStem’ and the data were fitt Method to Predict Efficiency of Aircraft Gearboxes,” NASA TM-83716
to a two-parameter Weibull distribution. The results of the present  (ajaa Paper 84-1500

study were compared with the NASA Glenn gear fatigue dat@ie] Anderson, N. E., and Lowenthal, S. H., 1980, “Spur-Gear-System at Part and

base. The following results were obtained. Full Load,” NASA TP-1622. ) )
[17] Johnson, L. G., 1964The Statistical Treatment of Fatigue Experiments
1 The superfinishing treatment removed about 2 tm8(79 to Elsevier Publishing Co., New York, NY.

f ; [18] Townsend, D. P., and Zaretsky, E. V., 1985, “Effect of Five Lubricants on Life
118 uin.) of material from the tooth surfaces. of AISI 9310 Spur Gears,” NASA TP-2419

2 The superfinishing treatment reduced the mean_rOUghness ¥9] scibbe, H. W., Townsend, D. P., and Aron, P. R., 1984, “Effect of Lubricant
erage(Ra) by a factor of about 5 and the mean 10 point parameter — Extreme-Pressure Additives on Surface Fatigue Life of AISI 9310 Spur
(Rz) value by a factor of about 4. Gears,” NASA TP-2408. ) . .

3 The 10 percent life of the set of ground and superfinishet® €0 J: J., Townsend, D. P, and Zaretsky, E. V., 1975, “Analysis of Dynamic

. Capacity of Low-Contact-Ratio Spur Gears Using Lundberg-Palmgren
gears of the present study was greater than the 10-percent life of Theory,” NASA TN D-8029.
the set of ground gears of the baseline study to a 91 percef] Townsend, D. P., 1982, “Effect of Shot Peening on Surface Fatigue Life of
confidence level. Carburized and Hardened AISI 9310 Spur Gears,” NASA TP-2047.

: T 2] Townsend, D. P., Turza, A., and Chaplin, M., 1995, “The Surface Fatigue Life
4 In general’ the life of the set of ground and SUperfmIShe&F of Contour Induction Hardened AISI 1552 Gears,” NASA TM-107017.

gears of the present study was about 4 times greater than the |[§%] Townsend, D. P., and Zaretsky, E. V., 1980, “Comparisons of Modified Vasco
of the set of ground gears of the baseline study. X-2 and AISI 9310 Gear Steels,” NASA TP-1731.
5 The set of ground and superfinished gears of the preseﬁﬂ] Townsind, D.hP., 1992, “Ir;]provements in Surface Fatigue Life of Hardened
; B _ Gears by High-Intensity Shot Peening,” NASA TM-105678.
study had lives greater than those of any other 39t of SIHQE%] Townsend, D. P., and Bamberger, E. N., 1989, “Surface Fatigue Life of Car-
vacuum proces_sed AlSI 9310 gears tested to date using the NA burized and Hardened MSONIL and AISI 9310 Spur Gears and Rolling-
Glenn gear fatigue test apparatus. Contact Test Bars,” NASA TM-101979.

716 / Vol. 123, OCTOBER 2001 Transactions of the ASME

Downloaded 04 Apr 2012 to 131.251.133.27. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



