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I. INTRODUCTION

In conjunction with a technical program interchange, the U.S. Army Research and
Technology Laboratories (AVRADCOM) requested U.S. Army Belvoir Research, Develop-
ment and Engineering Center (Belvoir RDE Center) assistance to develop an improved
turbine engine lubricant having increased gear load-carrying capacity with the capability
of operating at higher temperatures. In addition, the lubricant should not sacrifice the
acceptable performance characteristics of the current MIL-L-7808 and MIL-L-23699
turbine engine lubricants. This effort was aimed toward supporting the Army's future
needs in the areas of newly designed helicopter turbine engines and advanced transmis-

sions and for possible applications in the AGT-1500 turbine engine.

Earlier gear programs at Southwest Research Institute under Air Force and Army
sponsorship (1,2)* have shown that the type of gear material used is of extreme
importance in evaluating gear lubricants. The requirements for the most current
military specifications for MIL-L-7808 (3), MIL-L-23699 (4), MIL-L-27502 (5), and XAS-
2354 (6) were summerized and studied in the earlier Army program.(2) In general, it is
the opinions of both the Air Force and Navy lubrication specialists that the most recent
{ubricants added to the Qualified Products List, for both the MIL-L~7808H and MIL-L-
23699C specifications, represent the current state-of-the-art for turbine engine lubri-
cants. The Air Force does not have a qualified product as yet for the MIL-L-27502
lubricant specification, but work is continuing in evaluating candidate oils as they
become available to the Air Force. The Navy is interested in including higher gear load-
carrying characteristic requirements in its experimental development turbine engine
lubricant specification XAS-2354; however, the Navy has just recently released a
lubricant specification DOD-L-85734(AS) (7) for helicopter transmission systems only,
and is not intended for dual use in the engine and transmission systems as all earlier

military helicopter transmission lubricants have been required to satisfy.

AVRADCOM personnel have indicated that manufacturers of Army helicopter systems
are concentrating on selected high hot-hardness gear materials for use in advanced
helicopter gearbox applications. The high hot-hardness gear materials of specific

current interest are CBS-600, EX-00053, and VASCO X-2. The majority of the current

* Underscored numbers in parentheses refer to the list of references at the end of this
report.

|




helicopter gearboxes use AMS-6260 gear material, which is not effective for operation at
temperatures above approximately 177°C (350°F) due to a loss in hardness when

subjected to higher temperatures.

Il. TEST PLAN

A meeting on a Cooperative Program on High Hot-Hardness Gear/Lubricant Evaluations
was held at Belvoir RDE Center on 10 November 1981, The attendees included personnel
from the U.S. Naval Air Propulsion Center (NAPC), AVRADCOM, the U.S. Army
Material and Mechanics Research Center (AMMRC), the Air Force Wright Aeronautical
Laboratory (AFWAL), and Belvoir RDE Center.

A test program was developed at the meeting that encompassed a combination of

lubricants and test temperatures as shown in the following lubricant-test temperature

matrix:
Test at Test at
Lubricant 749C (165°F) 218°C (425°F)
NATO Code No. O-136 Yes Yes
NATO Code No. O-149 Yes Yes
NATO Code No. O-160 Yes Yes
NATO Code No. O-156 Yes Yes
MIL-L-23699 Type C.L.* Yes No
50:50 Mix O-156 & O-160 Yes Yes
50:50 Mix O-148 & O-149 Yes No
10:90 Mix O-136 & O-160 Yes No

* Candidate corrosion-inhibited MIL-L-23699 lubricant.

A MIL-L-7808 lubricant (NATO Code O-148) was substituted for the corrosion-inhibited
MIL-L-23699 lubricant due to the nonavailability of a suitable corrosion-inhibited MIL-L-

23699-type lubricant when the evaluation portion of the program was initiated.

Four different gear steels, AMS-6260, CBS-600, EX-00053, and VASCO X-2, were

selected to be included in the program. AMS-6260 steel is the material used for the

. TR Y T Y
\n'\-f"\' \‘PV‘

LA IR P L AN

T e e

v

-----

B a0 i Wt



standard Ryder test gears and is the most common gear material used in today's aviation

turbine engine gearboxes and helicopter gearboxes. It has an upper operating tempera-
ture limit of approximately 1779C (3509F) due to a loss of hardness when subjected to
temperatures above this value. The AMS-6260 gears were, therefore, not scheduled or
evaluated at the 218°C (4259F) test-temperature condition. The remaining three gear
steels, CBS-600, EX-00053, and VASCO X-2, were selected due to their excellent high
hot-hardness characteristics based upon recommendations of manufacturers of Army
helicopter systems. All three of these steels retain their hardness, with little change,
over a temperature range of room temperature to over 371°C (700°F), well above the
operating temperature range of today's and near-future designs of lubricants and/or

gearboxes.

The exact heat treatments used for the more exotic steels are, for the most part,
proprietary information of the company recommending its use. As such, only a very
limited number of facilities are available with the necessary equipment and experience
to heat treat each of the respective high hot-hardness gear steels. A suggestion was
made that the heat treatment for the special test gears be conducted by the gear
suppliers that produce the "production” gears for the helicopter gearboxes using each of

the respective recommended high hot-hardness gear steels.

Based upon the above suggestion, Sier-Bath Gear Company was selected to furnish all of
the gear forgings, provide necessary rough machine work on the forgings, work with the
three different groups that provided the necessary heat treatments, and to finish
machine the heat-treated gear blanks to the standard dimensions. Arrangements were
made with Sikorsky Aircraft to heat treat the rough machined gears made from CBS-600
steel. Bell Helicopter provided the heat treatment for the EX-00053 steel gears, and
Litton Precision Gear Company, a gear supplier to Boeing Vertol, did the heat treatment
for the VASCO X-2 steel gears.

Four determinations, the A and B sides of two gear pairs, were proposed to be obtained
for each gear/lubricant/temperature condition. This required the following test gears to

be obtained for the program:
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Material No. of Gear Pairs f::f
AMS-6260 16 H
CBS-600 26 ¥
EX-00053 26 o
VASCO X-2 26 E

[ll. TEST EQUIPMENT AND PROCEDURES !

L

A. WADD Gear Machine

A WADD gear machine was employed in this gear load-carrying capacity investigation.
The design features of the machine are described in detail in ASTM Test Method D 1947,
Standard Test Method for Load-Carrying Capacity of Petroleum Oil and Synthetic Fluid
Gear Lubricants. Its four-square operating principle and critical dimensions are identical
to those of the older and more widely used Ryder gear machine.(3) The major
differences lie in the materials of construction and certain design details, which permit
the WADD gear machine to operate at significantly higher test-gear temperatures and

speeds than the Ryder gear machine.

Briefly, the WADD gear machine differs from the Ryder gear machine in that each shaft
is supported by two double-row roller bearings instead of three journal bearings. It has
one load chamber located on the end of the driven shaft, rather than two load chambers
located in the middle portion of both shafts. Screw-thread type nonrubbing seals, rather
than elastomer seals, are used to separate the test oil and support oil chambers; and the

case is made of tool-steel to improve structural stability at elevated temperatures.

Two replaceable spur gears are used in both the WADD and the Ryder gear machines as
the test gears. The test gears are mounted on .two shafts having integral, matching
helical slave gears. The test gear tooth load is derived from the application of a
controlled hydraulic oil pressure to the load system. This hydraulic load causes a slight
axial movement between the two shafts, which in turn produces a normal tooth load on
the test gears by virtue of the helical slave gears. The test gear tooth load is computed

from the applied hydraulic load and the geometry of the load system. Extensive

calibrations of the WADD machine (1) have shown that the computed tooth load is valid
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.:r:-: for speeds up to 20,000 rpm, test-oil temperature up to 204°C (400°F), and test-gear
,_ temperatures up to 371°C (700°F).

~\\I

- An Erdco universal drive system is used to drive the WADD gear machine. This drive
':'.:: system consists of a 50-hp induction motor that drives the machine through a variable-
Y speed coupling, a step-up gearbox, and an adaptor block to which the machine is
»] - attached. The test-gear speed is controlled at 10,000 rpm by adjusting the field
A

,:,.‘-‘ excitation of the variable-speed coupling.

e
.r,'.
D B. Test-Oil System
¥ ..‘
O A test-oil systein capable of rnaintaining test-oil temperatures up to 204°C (400°F) js
v
A used with the WADD gear machine. The capacity of the test-oil system is | liter. Test
N
_:‘ oil is supplied to the test gears at 270 mL/min by means of a pressure pump through an

£ inline filter and then to the test-oil jet, located on the unmeshing side of the gears. The
_-'.:'_:: oil is gravity drained from the test section through a flow check chamber and returned to
j:'.’-:: the sump. Oil tenperature to the test gears is maintained constant by means of two
:_:‘:' electrical band heaters located on the outside of the test-oil sump.
-'_\‘i

A C. Test Gears

:Z::

.‘\

o aw

Three different high hot-hardness gear materials, Cartech EX-00053, CBS-600, and

» \os

VASCO X-2, were evaluated in this investigation. The elemental analyses of the three

-

‘:.:' gear materials are presented in TABLE | along with the nominal composition of AMS-
:ES 6260 steel, the material used in the manufacture of standard Ryder test gears. The test
2y gears used were all special spur gears having 28 teeth, 8.89 cin (3.5 in.) pitch diameter, 8
s_; dimetral pitch, and a 22.5-degree pressure angle.
-:E. The dimensions of the test gears used in high-temperature gear tests are essentially the
% saine as those used in the standard 749C (165°F) test; however, it is necessary to reduce
AR the width of the gear teeth on the wide gear to approximately 0.952 cm (0.375 in.) rather
‘ Eg than 2.381 cm (0.9375 in.) in order to accominodate the induction heating coil required to
‘: heat both the narrow and wide test gears for the 2189C tests. This reduction in tooth
f:_ width has little, if any, effect on the test results since the reduced width still allows
v

5
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; TABLE 1. Nominal Elemental Analyses of Four Gear Materials

"

. Element, Cartech

P wt%* AMS-6260 EX-00053 CBS-600 VASCO X-2
“ Carbon 0.10 0.10 0.19 0.14

: Manganese 0.55 0.38 0.55 0.30
b Silicon 0.25 1.00 1.07 0.90
: Phosphorus 0.025 0.05 0.025 0.075
. Sulfur 0.025 0.05 0.025 0.05
- Chromium 1.25 1.00 1.45 5.00
& Molybdenum 0.12 3.25 1.00 1.40
> Nickel 3.25 2.00 - --
” Vanadium - 0.09 - 0.45
‘N Copper -- 2.00 -- --
Tungsten - - -- 1.35

h:‘; * Balance Iron.
; ample contact area for the 0.635 cm (0.25 in.) wide teeth of the narrow test gear during
L test.

o

, The web of each side of each narrow test gear was electroplated with black chromium in

: order to facilitate the accurate measurement of gear temperature during test.

D. Test Procedures

o

‘ Two basic test procedures were used with the WADD gear machine. One procedure,
. described in detail by ASTM Method D 1947, was used to determine gear load-carrying
- capacities at 749C (165°F); and, the second procedure, described in detail in Appendix IB
: of Reference 5, Military Specification MIL-L-27502, was used to determine gear load- .
g carrying capacities at 2189C (4259F).

.
. The ASTM Method D 1947 describes a procedure in which the test-oil and support-oil
‘ temperatures are controlled at 74°C (165°F) and the test gears are allowed to seek their
QS
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own equilibrium temperature, usually in the range of 759 to 149°C (167° to 300°F) or

higher, depending upon the lubricant, gear material, and load applied to the test gears.
In the 2189C (425°F) high-temperature gear test procedure, the test-gear temperature is
continuously monitored using an infrared radiometer and is maintained at a constant

2189C (4259F) throughout the test by means of an induction heater.

The general operational procedures for both test methods are very similar and are briefly
described as follows: A test rig warm-up period is allowed with all systems functioning
with the exception of the drive and the induction heating systems. After the desired
test-oil and support-oil temperatures are attained, the drive system is activated, and the
speed of the WADD gear machine is increased to 10,000 rpm. If the test calls for a
controlled 218°C (4259F) test-gear temperature, the induction heating control system is
set at the desired temperature, and the test-gear temperature is obtained and controlled
automatically. The desired load is next set into the load system that automatically loads
and controls the load on the gear teeth. After the load is obtained, the interval timer is
set for the standard load duration time of 10 minutes. At the end of the 10-minute
period, the timer shuts down the drive system. The operator then turns off the load and
the induction heat to the test gears. The machine is then stopped and each tooth on the
narrow test gear is visually inspected for scuff, The procedure is then repeated for the
next higher load step. The test is terminated at least one load step after an average of

22.5-percent scuff is obtained on the narrow gear.
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X IV. TEST LUBRICANTS
e
t‘w.
(. T Specific details concerning lubricant formulations are not available due to the proprie-
f‘a: tary interests involved. The following tabulation presents the initial viscosity values,
I.a'
-:i-: neutralization number data, and the available specification information for the lubri-
.- cants included in this program:
o
,'.
[} '
*Qn ! Viscosity, cSt
:% Lubricant Code Lubricant 400C 1009C Neut. No.,
o BFLRF NATO Specification (1049F) (2129F) mg KOH/g
«....I'

AL-1l444-L O-136 DERD 2479/1 61.6 8.82 0.04

.:‘.j,: AL-11445-L O-149 DERD 2487 32.1 7.49 0.03
% AL-11446-L  O-160 DERD 2497 24.8 5.03 0.44
£\
_"‘-h AL-16686-L O-156 MIL-L-23699 25.5 4.94 0.02
o AL-1668&7-L O-148 MIL-L-7808 13.5 3.29 0.07
oo
-.IR.
.;-;.: 50 vol% O-148 -- 21.3 5.06 0.01
&5 50 vol% O-149
N /-
DT,
Fos. 50 vol% O-156 -- 25.1 4.96 0.37

S .
- 50 vol% O-160
1y
¥ '(-,‘
' 10 vol% O-136 -- 25.9 5.14 0.32
:'c: 90 vol% O-160
‘it
B
)
b
® V. RESULTS AND DISCUSSION
o
?&. A. General
I.'.
15,08
S As mentioned earlier, the ASTM Method D 1947 requires that the test-oil temperatures
N to the gear machine be controlled at 74°C (165°F) and that the test gears are allowed to
:‘; seek their own equilibrium temperature. Fig. | presents a plot of the test-gear
vy temperature (equilibrium temnperature) versus the gear tooth load. Since significant
" i increases in gear temperatures are noted when large increases in gear scuff are obtained,
',:::'. the data used to generate Fig. | does not include any data in which more than a 10-
E:"§' percent increase in the total average scuff was obtained during any one load step, or
e
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i Figure 1. Effect of load on test-gear temperature
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when the total average scuff exceeded 20 percent. Therefore, this plot shows the effect
of gear tooth load on the test-gear temperature with little or no influence from the
effect of scuffing. The average test-gear temperatures shown represent temperatures
from 30 individual tests with all four gear materials. It can be seen in Fig. 1 that the
temperature of the test gear can exceed 149°C (300°F) before a high gear load-carrying
lubricant is rated at the 22.5-percent scuff level even though the test is referred to as a
740C (165°F) test.

B. Gear Load-Carrying Capacity Results

Summaries of the individual gear load-carrying capacity determinations obtained in this
program for each gear material/lubricant/temperature test condition are presented in
TABLES 2 through 5 for the AMS-6260 gears, CBS-600 gears, EX-00053 gears, and
VASCO X-2 gears, respectively. TABLES 6 and 7 summarize the average load-carrying
capacity results, standard deviations, and 95-percent confidence intervals obtained for
each gear material/lubricant/temperature test condition. Fig. 2 presents plots of the
average 74°C (165°F) and 218°C (4259F) load-carrying capacities for the various

material/lubricant combinations included in this program.

The load-carrying capacities for lubricants O-148 and O-156 obtained using AMS-6260
gears, as shown in TABLE 2, appear to be approximately 27 percent lower than would
normally be expected for these lubricants. These lower load-carrying values may be
attributed to differences in gear-manufacturing variables such as hardness, surface
finish, and/or gear tooth tip relief. (Test-gear hardness is discussed in the next section
of this report.) However, since all of the test gears used in this program were produced
by one manufacturer, it is believed that any possible effect of manufacturing differences

on load-carrying capacity should be minimized.

The standard deviations obtained for the various material/lubricant/temperature test
conditions are presented in TABLES 2 through 7. These values are shown to vary for
individual test conditions from a low of 70 N/cm (40 Ib/in.) for AMS-6260 gears at 74°C
(1659F) temperature conditions using lubricant O-156 to a high of 844 N/cm (482 Ib/in.)
for EX-00053 gears at 749C (165°F) temperature conditions using the lubricant mixture
10 vol% O-136 and 90 vol% O-160. The average standard deviation divided by the mean
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TABLE 2. Load-Carrying Capacity Determinations for AMS-6260
Test Gears at 74°C (165°F) Test-Temperature Conditions*

Lubricant

AL-11444-L (0O-1386)

Average
Standard Deviation

AL-11445-L (0O-149)

Average
Standard Deviation

AL-11446-L (0-160)

Average
Standard Deviation

AL-16686-L (0-156)

Average
Standard Deviation

AL-16687-L (0-148)

Average
Standard Deviation

50V% 0-156

50V% O-160
Average

Standard Deviation

50V% O-148

50V% O-149
Average

Standard Deviation

10V% O-136

90vV% 0-160
Average

Standard Deviation

Load-Carrying Capacity, N/cm_(1b/in.)

74°C(165°F)

A Side B Side
1698(970) 2347(1340)
2294(1310) 2697(1540)

2259(1290)
413(236)

5709(3260) 4641(2650)
5289(3020) 4903(2800)
5131(2930)

466(266)

6164(3520) 6882(3930)
6497(3710) 6357(3630)
6479(3700)

303(173)

3677(2100) 3677(2100)
3555(2030) 3555(2030)
3616(2065)

70(40)

3170(1810) 3625(2070)
3012(1720) 3362(1920)
3292(1880)

264(151)

4903(2800) 5008(2860)
6549(3740) 5569(3180)
5507(3145)

753(430)

5324(3040) 4273(2440)
4693(2680) 3905(2230)
4553(2600)

616(352)

5796(3310) 6339(3620)
7478(4270) 7390(4220)
6751(3855)

819(468)

*AMS-6260 test gears not run at 218°C(425°F) test conditions.
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TABLE 3. Load-Carrying Capacity Determinations for CBS-600

Test Gears at Two Temperature Levels

Load-Carrying Capacity, N/cm (1b/in.)

74°C(165°F) 218°C(425°F)
Lubricant A Side B Side A Side B Side
AL-11444-L (0O-136) 5236(2990) 5464(3120) 3782(2160) 4290(2450)
4395(2510) 5271(3010) 4220(2410) 3993(2280)
Average 5096(2910) 4071(2325)
Standard Deviation 475(271) 231(132)
AL-11445-L (0O-149) 9439(5390) 10,227(5840)* 7372(4210) 7740(4420)
9194(5250) 10,349(5910)* 7670(4380) 7232(4130)
Average 9807(5600)* 7504(4285)
Standard Deviation 573(327) 242(138)
AL-11446-L (O-160) 8914(5090) 6970(3980) 3082(1760) 3572(2040)
7390(4220) 7180(4100) 3432(1960) 4027(2300)
Average 7530(4300) 3529(2015)
Standard Deviation 881(560) 392(224)
AL-16686-L (0O-156) 5288(3020) 5131(2930) 2557(1460) 3047(1740)
6094(3480) 6409(3660) 3712(2120) 3135(1790)
Average 5726(3270) 3117(1780)
Standard Deviation 618(353) 475(271)
AL-16687-L (0O-148) 5551(3170) 5043(2880) Not Evaluated
5218(2980) 5866(3350)
Average 5420(3095)
Standard Deviation 364(208)
50V% 0O-156 7600(4340) 7337(4190) 3888(2220) 3397(1940)
50V% 0O-160 7600(4340) 7285(4160) 3695(2110) 3712(2120)
Average 7460(4260) 3677(2100)
Standard Deviation 168(96) 203(116)
30V% 0O-148 6497(3710) 6199(3540) Not Evaluated
50V% 0-149 6794(3880) 6532(3730)
Average 6506(3715)
Standard Deviation 243(139)
10V% 0O-136 8125(4640) 7460(4260) Not Evaluated
90V% O-160 7197(4110) 7512(4290)
Average 7574(4325)
Standard Deviation 392(224)

*Extrapolated.




YL LIPS KRR,

>

LORASEE Ak AR TR AL AN,

A

PR

T FREERLEN T A A Y

CC ~ FFFFFIEFAT Y

TABLE 4. Load-Carrying Capacity Determinations for EX-00053

Test Gears at Two Temperature Levels

Load-Carrving Capacity, N/cm (Ib/in.)

74°C(165°F) 218°C(425°F)
Lubricant A Side B Side A Side B Side
AL-11444-1L (O-136) 6006(3430) 6532(3730) 4098(2340) 5306(3030)
6094(3480) 5709(3260) 3677(2100) 4903(2800)
Average 6085(3475) 4501(2570)
Standard Deviation 340(194) 741(423)
AL-11445-L (O-149) 9877(5640) 9964(5690) 6532(3730) 5236(2990)
8861(5060) 9666(5520) 6497(3710) 5954(3400)
Average 9596(5480) 6059(3460)
Standard Deviation 502(287) 606(346)
AL-11446-L (0O-160) 6112(3490) 6356(3630) 3100(1770) 3082(1760)
5481(3130) 6427(3670) 3520(2010) 3940(2250)
Average 6094(3480) 3415(1950)
Standard Deviation 431(246) 406(232)
AL-16686-L (O-156) 6497(3710) 6322(3610) 3205(1830) 2381(1360)
6952(3970) 7232(4130) 2364(1350) 2119(1210)
Average 6751(3855) 2522(1440)
Standard Deviation 417(238) 473(270)
AL-16687-L (0O-148) 4763(2720) 5061(2890) Not Evaluated
6094(3480) 4973(2840)
Average 5218(2980)
Standard Deviation 594(339)
50V% O-156 6339(3620) 6900(3940) 3047(1740) 3624(2070)
30V% 0O-160 4868(2780) 5779(3300) 2469(1410) 3100(1770)
Average 5972(3410) 3065(1750)
Standard Deviation 866(495) 473(270)
50V% 0O-148 9474(5410) 7933(4530)* Not Evaluated
50V% O-149 7548(4310) 8020(4580)
Average 8248(4710)*
Standard Deviation 844(482)
10V% 0O-136 6952(3970) 7600(4340) Not Evaluated
90V% 0O-160 4360(2490) 5183(2960)
Average 6024(3440)
Standard Deviation 1506(860)
*Extrapolated.
13
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TABLE 5. Load-Carrying Capacity Determinations for VASCO X-2
Test Gears at Two Temperature Levels

#
r
r
¢
f
(

Load-Carrying Capacity, N/cm (lb/in.)

74°C(165°F) 218°C(425°F)
Lubricant A Side B Side A Side B Side
AL-11444-L (0O-136) 8948(5110)* 8371(4780)* 5429(3100) 6112(3490)
5639(3220) 7723(4410) 6129(3500) 6497(3710)
Average 7670(4380)* 6041(3450)
Standard Deviation 1443(824) 445(254)
AL-11445-L (0O-149) 9124(5210)* 9001(5140)* 8826(5040) 9036(5160)
9001(5140)* 9281(5300)* 8633(4930)* 7932(4530)
Average 9106(5200)* 8615(4920)*
Standard Deviation 131(76) 478(273)
AL-11446-L (0O-160) >9912(>5660) >9912(>5660) 4885(2790) 6584(3760)
>8966(>5120) 9229(5270) 4518(2580) 4536(2590)
3117(1780) 4028(2300)
6409(3660) 6865(3920)
Average >9509(>5430) 5113(2920)
Standard Deviation - 1354(773)
AL-16686-L (0O-156) 7618(4350) 7583(4330) 5866(3350) 5131(2930)
8423(4810)* 8143(4650)* 6304(3600) 6024(3440)
Average 7950(4540)* 5831(3330)
Standard Deviation 412(235) 501(286)
AL-16687-L (0-148)  7075(4040) 7740(4420) Not Evaluated
7127(4070) 7688(4290)
Average 7407(4230)
Standard Deviation 354(202)
S50V% O-156 8984(5130)* 9106(5200)* 6444(3680) 6304(3600)
50V% O-160 5569(3180) 6217(3550)
Average 9054(5165)* 6129(3500)
Standard Deviation 86(49) 389(222)
50V% 0O-148 9912(5660)* 10,122(5780)* Not Evaluated
50V% 0-149
Average 10,017(5720)*
Standard Deviation 149(85)
10V% 0-136 9736(5560) 9929(5670)* Not Evaluated
9I0V% O-160 9841(5620) 9246(5280)
Average 9692(5535)*
Standard Deviation 304(174) 4
*Extrapolated.
14 A
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TABLE 6. Average Load-Carrying Capacity Results Obtained Using
Four Different Gear Steels and Eight Different Lubricants at
749C (165°9F) Test Conditions

Average Load-Carrying Capacity, N/cm (1b/in.)

Lubricant AMS-6260 CBS-600 EX-00053 VASCO X-2
AL-11444-L (O0-136) 2259(1290)4(8)  5096(2910)4 6085(3475)4 7670(4380)*4
Standard Deviation 413(236) 475(271) 340(194) 1443(824)
95% C.I.(b +404(+231) +466(+266) +333(£190) +707(+404)
AL-11445-L (0-149) 5131(2930)4 9807(5600)*4 9596(5480)4 9106(5200)*4
Standard Deviation 466(266) 573(327) 502(287) 131(76)

95% C.I.(b) +457(+261) +560(+320) +492(+281) +130(+74)
AL-11446-L (O-160) 6479(3700)4 7530(4300)4  6094(3480)4  >9509(>5430)4
Standard Deviation 303(173) 981(560) 431(246) --

95% C.1.(b) +298(+170) +961(£549) £422(+241)

AL-16686-L (0O-156) 3616(2065)4 5726(3270)4 6751(3855)4 7950(4540)*4
Standard Deviation 70(40) 618(353) 417(238) 412(235)
95% C.I1.(b) +68(+39) +605(+346) +408(+233) +403(+230)
AL-16687-L (0-148) 3292(1880)4 5420(3095)4 5218(2980)4 7407(4230)4
Standard Deviation 264(151) 364(208) 594(339) 354(202)
95% C.I.(b) +259(+£148) +357(+204) +581(+332) +347(+198)
50V% 0O-156

50V% 0O-160 5507(3145)4 7460(4260)4 5972(3410)4 9054(5165)*2
Standard Deviation 753(430) 168(96) 866(495) 86(49)
95% C.I.(b) +737(+421) +165(194) +849(+485) +84(+48)
50V% O-148

50V% 0O-149 4553(2600)4 6506(3715)4 8248(4710)*4 10,017(5720)*2
Standard Deviation 616(352) 243(139) 844(482) 149(85)
95% C.l.(b) +604(+345) +238(+136) +826(+472) +145(+83)
10V% 0O-136

90V% O-160 6751(3855)4 7574(4325)4 6024(3440)4 9692(5535)*4
Standard Deviation 819(468) 392(224) 1506(860) 304(174)
95% C.1.(b) +804(1459) +385(+220) +1474(+842) +298(+£170)

(a) Number following parentheses denotes the number of determinations
used to obtain average.
(b) 95% confidence interval.

* Average obtained using one or more extrapolated values.

'




TABLE 7. Average Load-Carrying Capacity Results Obtained Using
Three Different High Hot-Hardness Gear Steels and Five Different
Lubricants at 218°C (#259F) Test Conditions

Lubricant

AL-11444-L (0-136)
Standard Deviation
95% C.1.(b)

AL-11445-L (0-149)
Standard Deviation
95% C.1.(b)

AL-11446-L (0O-160)
Standard Deviation
95% C.I.(b)

AL-16686-L (0-156)
Standard Deviation
95% C.I1.(b

50V% 0O-156
50V% 0-160
Standard Deviation
95% C.1.(b)

Average Load-Carrving Capacity, N/cm (lb/in)

CBS-600

4071(2325)4(a)

231(132)
£226(+129)

7504(4285)4
242(138)
$236(£135)

3529(2015)4
392(224)
+385(1220)

3117(1780)4
475(271)
+466(+266)

3677(2100)4
203(116)
+200(£114)

EX-00053

4501(2570)4
741(423)
+725(1414)

6059(3460)4
606(346)
+594(£339)

3415(1950)4
406(232)
£398(+227)

2522(1440)4
473(270)
+464(1265)

3065(1750)4
473(270)
+464(1265)

VASCO X-2

6041(3450)4
445(254)
+436(£249)

8615(4920)*4
478(273)
+469(+268)

5113(2920)8
1354(773)
+1326(1757)

5831(3330)4
501(286)
+490(+280)

6129(3500)4
389(222)
+382(+218)

(a) Number following parentheses denotes the number of determinations

used to obtain average.

(b) 95% confidence interval.

* Average obtained using one or more extrapolated values.
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load-carrying capacity for the seven different test conditions (four at 74°C (165°F) and
three at 218°C (4259F)) ranged from a [ow of 5. percent for VASCO X-2 at 749C
(165°F) test conditions to a high of 12.5 percent for EX-00053 at the 218°C (425°F) test
conditions. As a comparison, the average standard deviation divided by the mean for
1,032 determinations for a reference oil listed in ASTM Method D 1947 shows 9.6 percent
using AMS-6267 test gears at the 740C (1659F) test condition, thereby indicating
reasonable repeatability for the data reported herein when compared with earlier data -

generated using Methoc D 1947,

Fig. 2 shows at u glance that the load-carrying capacities of all lubricants except O-169
were significantly nproved using all three high hot-hardness gear muaterials when
Compared with equivalent data froon AMS-6260 gears at 749C (165F) test conditions.
Lubricant O-160 showed iinproved gear load-carrying capacity results for the CBS-600
and VASCO X-2 materials at 74°9C (165°F), but essentially no change in load-carrying
capacity when run in combination with gears made from EX-00053. Furtrer, from Fig. 2,
1t is evident that the highest overall load-carrying capacities for all lubricants evaluated
were obtained when using the gears made from VASCO X-2 steel at 74°C (1659F) test

conditions. Fig. 2 also shows that the highest load-carrying capacity results for all the

lubricants evaluated at 2189C (425°F) were obtained using the VASCO X-2 test gears.

TABLES 8 and 9 present the average gear load-carrying capacity data, shown in the
earlier tables, expressed as a percent of the 74°C (1659F) load-carrying capacity of
lubricant O-156 using AMS-6260 gears. This comparison is made since Jubricant O-156 is
the most widely used lubricant in current U.S. military helicopter engines and gearboxes
and has, for the most part, provided satisfactory service for all earlier operating
conditions. It will be noted in TABLE 8 that all three high hot-hardness gear steels
evaluated at 749C (1659F) provided significant increases in lubricant load-carrying
capacities, ranging from 141 percent (O-136 lubricant using CBS-600 gears) to 277
percent (O-148 and O-149 lubricant mixture using VASCO X-2 gears) when compared
with O-156 results using AMS-6260 gears at 749C (165°F). Further, the gears made from
CBS-600 and EX-00053 steels, while showing a general improvement in load-carrying
capacity when compared with AMS-6260 gear data, show lower overall load-carrying

capacity values than those obtained using the VASCO X-2 gears.
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; :::j TABLE 8. Average 74°C (165°F) Load-Carrying Capacity Results
k ":“ Using Four Different Gear Steels and Eight Different Lubricants
.
!
NN . .
Ny Average Load-Carrving Capacity, %*
:,::' Lubricant AMS-6260 CBS-600 EX-00053 VASCO X-2
Oy
s
D] - AL-11444-L (0-136) 62 141 168 212
X 95% C.I.(a) 51-74 128-154 159-177 192-232
\.}?f
NN AL-11445-L (0-149) 142 271 265 252
:,’._w 95% C.1.(a) 129-154 256-287 252-2179 248-255
k> .‘"
AL-11446-L (0O-160) 179 208 168 >263
95% C.1.(a) 171-187 182-235 157-180 --
-\-I
. AL-16686-L (0-156) 100 158 187 220
b 95% C.1.(a) 98-102 142-175 175-198 209-231
v,
2= AL-16687-L (0-148) 91 150 144 205
L 95% C.I.(a) 84-98 140-160 128-160 195-214
T
o 50V% O-156
8 ::' 50V% 0O-160 152 206 165 250
-~ 95% C.1.(a) 132-173 202-211 142-189 248-252
o 50V% O-148
f',:—‘_ 50V% 0-149 126 180 228 277
T 95% C.I.(a) 109-143 173-186 205-251 273-281
I
o 10V% 0-136
D 90V% O-160 187 209 167 268
. 95% C.1.(a) 164-209 199-220 126-207 260-276
"
o
,‘ My
.’"‘ * Load-carrving capacity expressed as a percent of the average 74°C(165°F)
NY load-carrving capacity of O-156 using AMS-6260 steel gears.
R .
-,f (a) 95% confidence interval of the average load-carrying capacity expressed as a
.v;:.o percent of the average 74°C(165°F) load-carrying capacity of 0-156 using
K AMS-6260 steel gears.
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¢ ~ TABLE 9. Average 218°C (#25°F) Load-Carrying Capacity Results
% Using Four Different Gear Steels and Eight Different Lubricants
-
SO
Y .
Lo Average Load-Carrving Capacity, %*
-Z::;: Lubricant CBS-600 EX-00053 VASCO X-2
L) AL-11444-L (0O-136) 112 125 167 .
~ 95% C.1.(a) 106-119 104-144 155-179
T
::j}, AL-11445-L (0-149) 207 168 238
[0 95% C.1.(a) 201-214 151-184 225-251
N AL-11446-L_(0-160) 98 94 141
o 95% C.1.(2) 87-108 83-105 105-178
J'_-.:,
2 AL-16686-L (0-156) 86 70 161
o0 95% C.I.(a) 73-99 57-82 148-175
L] 30V% O-156
: 30V% 0O-160 102 85 169
95% C.I.(a) 96-107 72-98 159-180
%
"y
.
"\..:: * Load-carrving capacity expressed as a percent of the average 74°C(165°F) .
ﬂ"’.rf load-carrying capacity of O-156 using AMS-6260 steel gears.
o
ol {a) The 95% confidence interval of the average load-carrying capacity expressed
) as a percent of the average 74°C(165°F) load-carrying capacity of O-156 using
N AMS-6260 steel gears.
>
o
v
oS,
:'.::-
- TABLE 9 shows that the highest load-carrying capacities obtained at the 218°C (4259F)
i'_’. temperature conditions were obtained using VASCO X-2 gears. The average values at
:::::E the high-temperature conditions ranged from 141 to 238 percent for O-160 and O-149,
;:::" respectively, of the load-carrying capacity of O-156 using AMS-6260 gears at 74°C
'M: (1659F) temperature conditions.
A
i..‘)'s
”;: C. Test Gear Hardness
A0
Yo
\-.:"
’_‘ Hardness measurements were taken on the test gears before and after test. The
O measurements were taken on the flanks of three teeth, evenly spaced around the gear,
A '
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using the 15-N scale on a Rockwell® Superficial Hardness Tester. The drawing for the

standard Ryder test gear calls for a surface hardness of Rockwell® C 60 to 65, which

converts to 90 to 92 on the |5-N scale.

TABLE 10 presents the average hardness measurements obtained for the four different
gear materials included in this program. The results are reported for before being tested
and after being tested, at both 74°C (165°F) and 218°C (425°F) test conditions. The
calculated 95-percent confidence interval for these average before test hardness
measurements range from a low of * 0.22 for EX-00053 to a high of * .12 for the AMS-
6260 test gears. This, for example, says that the gear hardness of the AMS-6260 test
gears is 88.8 £ 1.12 at the 95-percent confidence level. The lower average hardness
number obtained for the AMS-6260 test gears probably accounts for at least a portion of

the lower ratings obtained on O-148 and O-156 lubricants as mentioned earlier in this

report.
TABLE 10. Average Gear Hardness Measurements
Rockwell® Hardness, 15-N Scale
Gear Before After 74°C After 2180C
Material Test (165°F) Test (4259F) Test
AMS-6260 83.8 89.7 -
EX-00053 90.0 90.8 90.8
CBS-600 89.6 89.1 90.1
VASCO X-2 91.3 91.6 92.0

From TABLE 10, it will be noted that the hardness numbers after test did not change
significantly from the data obtained prior to testing, which is what would normally be
expected since the AMS-6260 gears were not subjected to temperatures over approxi-
mately [359C (275°F) and the high hot-hardness materials were subjected to tempera-
tures of only 2180C (4259F). Earlier gear data (9) generated using the same equipment
as used in this program showed that the hardness of AMS-6260 steel gears was reduced
from 90.9 to as low as 85.8 on the 15-N scale, a significant reduction in hardness, after

being subjected to 204°C (400°F) gear tests.
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Vi. CONCLUSIONS

An increase in the gear load-carrying capacities of all lubricants and lubricant mixtures
evaluated was obtained with CBS-600 and VASCO X-2 gears when compared with their
equivalent 749C (165°C) data using AMS-6260 gears. Material EX-00053 showed
increases in load-carrying capacities for four of the five lubricants and two of the three
lubricant mixtures evaluated when compared with the respective 74°C (1659F) data using

AMS-6260 gears.

All three high hot-hardness gear materials evaluated at 74°C (165°F) provided signifi-
cant increases in load-carrying capacities when compared with O-156 results using AMS-
6260 gears at 74°C (165°F) test conditions.

The highest load-carrying capacities obtained at 218°C (4259F) test conditions were
obtained using VASCO X-2 gears, followed by CBS-600 gears, and then EX-00053 gears.

Lubricant O-149 provided the overall highest load-carrying capacity with all three gear
materials at the 218°C (4259F) test conditions. However, O-160 and the two mixtures
containing O-160 provided higher {oad-carrying capacities than O-149 at 74°C (165°F)

test conditions when AMS-6260 gears were used.

It is evident that the load-carrying capacity of gears made from different materials does
not necessarily have the same relative ranking when evaluated at two different test-
temperature levels. Therefore, the load-carrying capacity of a material/lubricant
combination at 2180C (4259F) test-temperature conditions cannot be accurately pre-

dicted from equivalent data obtained at the 74°C (165°F) test-temperature condition.

VII. RECOMMENDATIONS

It has been shown that different gear material/lubricant combinations do not necessarily
have the same relative rankings at different operating-temperature levels. Therefore, if
it is anticipated that a new gear material and/or lubricant is to be subjected to
operating-temperature conditions significantly above those from which ample satisfac-
tory operating experience is available, it is recommended that comparative test data be
obtained at the 749C (165°F) and the 213°C (4259F) test conditions (or higher test-
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temperature conditions if deemed necessary) in order to adequately evaluate the

anticipated degree of success of the new material/lubricant combination.

)
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