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DISCLAIMERS

The findings in this rezport are nct to be coastrved as an cfficial
Department of the Army position unless sc designated by other
auvthorized documents.

When Governinent drawings, specifications, or other data are used
for any purpose other thanr in connection with a defimitely related
Goverament procurement operation, the United States Government
thereby incurs no responsibility nor any obligation whatsoever; and
the fact that the Government may have formulated, furnished, or in
any way supplied the said drawings, specifications, or other data
1s not to be regarded by implication or otherwise as in any manner
licensing the lLiolder or any other person or corporation, or convey-
ing any rights or permission, to manufacturs, use, cr sell any
patented invention that may in aay way be related thereto.

Trade names cited in this report do not constitute an official
endorsement or approval of the use of such commercial hardware
or software.

DISFOSITION INSTRUCTIONS

Destroy this report when no longer neesded. Do not return it to the
originator,

I

ACCESSIG | -
‘!m THITE SECTIOA g/
03¢ §FF SECTION .3

UAXNGRRED . o
LEHnedipe

2
ISTRIGTICR AYAILBILITY CONES

WL AVAIL aados SPERIAL
!

i
|
i
1 ’ }

-




i

b bt ot

W DAl

DEPARTMENT OF THE ARMY
U. S. ARMY AIR MOBILITY RESEARCH & CEVELOPMENT LABORATORY
EUSTIS DIRECTORATE
FORY EUSTIS, VIRGINIA 23004

This report was piepared by ths Boeing Company, Vertol Division under the
terms of Contract DAAJD2-72-C-0009.

In this zffort, it was showa that the current state-of-the-art trans-
mission gear materxal is not capable of operation at 100-percent power for
30 ninutes in z nornlubricsted enviroament. The results indicate that
there must be some 2mount of lubrication or cooling to prevent the gear
temperature from reaching a point where the metal begins to flow and
failure occurs. Purther study 1s indicated to develop a thermal map of
the transmission which would be useful in predicting the minimes a=ount

of lubrication or cooling that is necessary.

The techaical monitors for this contract were ¥r, James T. Robinson and
SP4 Vick M. Crawley of the Safety and Survivability Division.
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INTRODUCTICN

The objective of this program was to investigate the pctential
of improving the survivability time of the main power spirai

gears in an emergency nonlubricated environment by experimen-
tally testing bevel gears fabricated from a carbuvrized, high-

hot-hardness, tool steel.

Considerable effort has been expended by industry in recent
years in the development of failsefe rclling-elament bearing
designs with the capability of emergency operation in a
hostile (loss of oil) environment for a reasonable length cf
time. However, the practicality of extended survivability for
a helicopter power transmissicn is also devendent on the final
development of a failsafe power gear train and a supporting

bearing system.

The results of several recently completed gear test programs
by Boeing's Vertol Division have indicated that the high-hot-
hardness characteristics of VASC0--X2 steel hava the potential
for improved performance in a high-load and/or high-temperature

operating environment.

This report presents the resuits of a prcgram conducted bv
Vertol to evaluate the performance in a nonlubricated environ--
ment of main power spiral bevel gears manufactured from the
currently used gear steel, AISI 9310 (AMS6265), =2ud from

VASCO-X2 steel.
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TECHNICAL APPROACH

BACI'GROUND

Previous deve_opment efforts to improve power transmission

gear materials have not considered high-hot-hardness character-
istics and emergency operation under no-cil conditions. The
need for improved gear materials has usually been based on the
desire for higher load-carrying capacity withcut increases in
gear size. This requirement has resulted in an effort to
improve core strength and hardenability. In the past, gear
steel development has been essentially limited %o the addition
of varying quantities of carbon, chromium, nickel, and molybde-
num as alioying elements. However, the choice of alloying ele-
ments is dictated by the effects of the elements on the unifor-
mity of carburizing and the compatibility of case-core heat
treatment. The present standard gear material of the aerospace
industry is AISI 9310 steel. This material incorporates these
alloying elements to a degree and generally provides a good
combination cf properties. The current aerospace gear steels
are heat-treated by conventional guench and tempering methods.

In the past, helicopter main pcwer g=zar design was based
primarily on bending fatigue strength, usually resulting in

the selection of coarse--pitch tooth designs. This approach
has often limited the surfacs Gurability in favor of bending
strength and produvced early surface failures (scuffing, pit-
ting, etc.). Scoring (scuffing] s a phenomenon which occurs
when the film of lubricatinyg 01! breaks down and perwits metal-
to-metal contact of the gear tooth surfaces. This metal-to-
metal contact results in the development of high frictional
heat wnicn, in turn, tempers the gesr tocth s a
uad operation unders these conditions will ultimat
retal flow, which alters the tooth profiles and &
load-carrying capacity of the gear set.

Advanced gear materials now in the process of Jdevelopment
indicate the capability to resist plastic flow at elevated
temperatures. Past experience with helicopter transmission
operation during emergency conditions (loss of lubrication)
indicates that the resulting high-temperature environment
regurires a gear material with the capabhi’ity cf resisting
excessive erosion and softening of L carburized case, and
still mainta:n sufficient hardness. Tne candidate materials

i
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under development that display this potential are secondary
hardening steels, similar to these used in toul fabrica-

tion. These materials develop their maximum hardness by
tempering between 950¢F and 1100°F. Thermal exyosure of these
materials to temperatures below the tempering range will not
significantly alter room temperature hardness, as compared to
conventional carburizing steels that will display case soft-
ening at temperatures as low as 350°F.

d,

T A e

STATEMENT OF PROBLEM

The main gearboxes of current helicopter power traasfer
systems are the heart of the propulsion svstem, charged with,
tremendous responsibility. fcr safe flight of the entire
aircraft. There are few other types of vehicles which place
such stringent demands on power gears and dearings for reli-
ability and performance. Combz: operaticn of helicopters in
Southeast Asia has shown that the heli~opter cil-ccoling
system is susceptible to combat dama wge due o the remote
location of coolers and blowers with their extensive plurbing
systems. x

4 Hy

i oy

This service experience (corroborated by tests} indicatec the
dependence of the helicopter transmission system on a contin-
.. uous flow of lubricating oil to the main power gears and
bearings. On the occasions when the oiil suﬁply has been
interrupted, the transmission urvisal times are of extremely
short duration, particulariy in the area of Lign input speed.

Interruption of this c1l flow from sny cause would normally
dictate an immediate power-off descent and larding. Unaer cer-
tain circumstances, suc“ as over open water, over snemy terrain,
or in the dark, this = hazarcdous operatica. It is
therefore obvious that neeé exlsts for proionging Fiue safe
cperation of the drive system for approxinately 30 mirutes
after the loss of oil. : :

il

f

Main power gearing: in current heliccpter trons:

limited in load-carrving capacity by ths fzcu

gear materials are subject to early surface ‘az!a‘

form of scuffing, pitting, or spalliing. The Dho-ndin s
and flexural resistance w‘ these materials have not typically
:mposed significant limitations on performance.
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The primary concern of the transmission gzar design engineer
is to provide adequate tuwoth strength in order to preclude the
possibility of catastrcphic failure: therefore, gear mwatsrials
have becn selected cn the basis of beam strength reguirements.
The current family of aerospace carburizing gear steels has
very limited hot-hardness capability. Experience with these
steéls has not demonstrated a significant effect in resistinrg
the scuffing or pitting hazard. The implication is that these
s.eels will not provide adeguate survival time —nder conditions
of total o0il loss. whereas a noct-hardness steel cculd previde
for an adequate failsafe operatinc time period.

The contractor has conducted several programs under Governmernt
and compary funding to evaluate candidate advanced Jear

-materials. One material is identified by romenclature as

VASCO-X2 steel. Several formulsticns of this high-hot-nardness

-tool steel have been investigated. Some formulations difvered

in chemical composition; the percentages of both carbon and
tungsten were varied. The test data from these programs
revealed that certzin formulations of VAS(O-X2 steel permitted
2 substantial increase in tooth lcading withcut resulting in

a2 surface or bending tooth failure.

mlll iy

4
i

1

i e 0 W00l

et il

I

E
2
=
=
=
=
=
=
=
=
=
=
=
=
|
g

=
|
=
=
=
=
=
=
=
=
E
=
=
=z

=
=2
=

E

il

s

S
z
b
=
=
2
g
%




O B ol L A PR R,

é

i

GO e L

TEST METHOD

TEST SPECIMEN DESIGN

Spiral bevel gears from a previous Government-sponsored test

program (Contract DAAJV1-70-C-0453(1G}, AVSCOM) were used as
the test specimens.

Eight each spiral bevel pinions and gears of AISI 9310 AMS62&5
steel, part numbers SK23409-1 and 35K23410-1, were reground to
remove the tooth surface finish resulting from the previous
program for use as the baseline test gears. Eight each spiral
bevel pinisns and gears of VASCO-XZ consumable-electrode
vacuum-melt (CY#¥} steel, part numbers SK2341i-1 and SK23412-1,
were reground to remove the tooth surface finish from the
previous program and were useé as the test gears for comparison
with the baseline gears. All the test specimens were designed
te the fcllowing general specifications:

Diametral Fitch 5.823 (roncimensiocnal)

Pitch Diameter Pinion €.00 inches, gexzr 7.372 inches
Face Width 1.426 inches

Number of Teeth Pinion 35, gear 43

Pressure Angle 22 degrees 36 minutes

Spiral Angle 26 degrees

Tie detaji specifications for the test gears are shown in the
engineering drawings, figures 1 through 4.

MATERJIAL

The basaline spiral bevel test pinions (SK23409-1) and test
gears (SK23410-1) were made of AISI 9310 (AMS6265) consumable-
electrocde vacuum-melt steel. This material is currently used
for most helicopter main power gears. The remaining test
spiral bevel pinions (SK23411-1) and test gears (SK23412-1)
were of VASCO-X2 (0.15 carbon) consumable-electrode vacuum-
melt steel. This steel had shown preuisce of increased
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. Gear .Number Al02 : ;

Figure 7. As-Received Condition cf VASCO-XZ Test Gears
{Sheet 1 of 2). )
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TABLE II. CHEMICAL COMPOSITION OF TEST GEARS
Percent by Weight
AISI 9310 (AMS6265) VASCO-X2 CVM
Eiement Specified Actual Specified Actual
Carbon 0.07 to 0.13 0.11 0.12 to 0.16 0.17
Manganese 0.40 to 0.70 0.75 0.20 tc 0.40 0.29
Silicon 0.20 to 0.35 0.37 0.80 to 1.00 1.00
Chromium 1.00 to 1.40 1.33 4.75 to 5.25 5.10
Molybdenum 0.08 to 0.18 0.09 1.3C to 1.50 1.50
Vanadium - - 3.40 to 0.50 0.52
Tungsten ‘ - - 1.20 to 1.50 1.38
Nickel 3.00 to 3.50 3.25 - -
Case hardness - 61 to 62 - 62 to 63
Core hardness - 44 - 36
Grain size - - - 8
Preceding page blank
! 21
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test gear mesh oil jet for the nonlubricated portion of the
test. Figure 8 shows the configuration used for this program.

TESTIRG TECHNIQUE

The primary test variables were shaft torque and oil inlet
temperature. Gear tooth load was a function of shaft torqgue,
which was applied through a lever system at the beginning of
each test run. Torque levels were observed on a Strainsert
SR2 insztrument at the beginning and end of each test run.
Deviation from the initial target torque was controlled within
15 percent at test startup.

The torquemeter was calibrated before ard after the test

program on a Riehle deadweight torsion test machine (Figure 9).

Recalibration curves agreed with the initial curves within

2 percent. Test time (cycles) was determined by a log record
of running time and an elapsed-time meter at the test stand
console. Power was supplied by a 100-hp electric motor
driving the input shaft through a toothed-belt arrangement,
maintaining the input pinion speed at 3,410 rpm.

Inlet oi]l temperature for the test gearbox was controlled at

190+5°F, with an oil pressure of 55+5 psi. The 0il used for

lubrication of the test gears was MIL-7808-G. Test runs werxre
begun after the outlet o0il temperature stabilized.

Before the test runs were begun, deflection tests were con-
ducted by mounting the test gears in the test Lkox, arnplving
specified loads, and rotating the gear set through mesh by
hand, to evaluate the contact pattern {load distribution).

Tre test procedure used for all gears in this program was the
same. Eacn gear set (spiral bevel pinion and gear) was
installed in the test gearbox, with the sprecified backlash at
the specified mounting distance. The lubricating oil was
heated to 190i5°F and then circulated by the pumps. Torqgue
was applied after stabilization of the oil ocutlet temperature:
the test run began at this point. The test schedule given in
Table III was performed on both the AISI 9310 steel and the
VASCO-X2 steel spiral bevel gears as £follows:
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TABLE I1I. TEST SCHEDULE
Fercent Load 1
¥ith Lubrication Nonlubrication
i/2 Hx 1/2 Hr 1 Hr

Set Run-1n Run-In Run-In 30 Min (Max)
1 50 50 100 100
2 50 SO 100 100
3 S0 590 85 85
4 50 50 85 85
5 50 S0 70 70
6 50 50 70 70.

The run—-in tests were used to determine temperature stabiliza-
tion, wearing—-in of the tooth profiles, and general system
checkout. At the cornclusion of these rums, the gear tooth
surfaces were visually inspected to evaluate the surface
co.diticn.

GEAR_STRESS CALCULATIONS

To maintain a consistent and accurate rating practice, most of
the maior aircraft companies and engine manufacturers use

the Armerican Gear Manufacturer’s standards for strength rating.
Although the AGMA gear rating for=mulas for strength and dur-
ability proviGae for the use of =odifying factors to account
for misalignrent, dynamic conditions, cverload conditions,

size effect, etc., specific values for these factcrs as appli-
cable to helicopter transsission gears do not exist. This
reguires a co=parison of gear stresses with operational and
test experience gained in previocus design efforts.

The methods and/or experience currently being used for
forecasting stress allowables and gear life in the design of
helicopter trans=ission gearing cannot Eé applied directly for
test specimens operating in gear research type test stands.
The alignment, rigidity, dvnamics, etc., of an R&D test stand
act to i=prove the uaa capacity of the actual test speci
Past experience wit t&e Boeing-Vertol R&D test stand used

1

h"' m
'm“ [

£
=

mw b
"o l

this preogra= has indicated an increasad Ioad capacity for tes
gears (depending on §ear type}l in the range of 1.5 to 3.0

Mt
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where St =

times tha design allowabies established for aircraft power
gears. Conseguently, it is not practical to establish a basic
load leve! for test gears in the design stage for R&D opera-
tion ir a test stand environfert without relating these loads
to standard design practice. Therefore, it =ust be expected

- that baselire configuration, test gears will operate in an R&D

test stand at stress levels above the 100-percent lcadé level,
which Has been established for operation in an aircraft trans-
mission, without failure. . :

The 100-percent design load for the test gear configurations

= - - - - - - 3 13" -
utilized in this test program was established and defined as
that load (10,000 inch-pounds pinion torcue) whichk results in

a bending stress of 31,400 pounds per sguare inch and a Hertz
stress of 211,000 pounds per square inch, which is co=mensurzte
with current levels established for helicopter =ain power
spiral hevel gears.
The test gear stress levels presented in this report were cai-
culated by an existing Boeing-Vertol camputer prcgra= based cn
the Gleason method and the following AGMA standards:

.216.01 - Surface Durability (Pitting) Formmulas for
Spgiral Bevel Gear Teeth

223.01 - Rating the Strength of Spiral Bevel Gear Testh

.AGMA Standard 223.C1 rates the bending strength of spiral

bevel gear teeth as follows:

th
et
)
i
]
r*
El
0
w
|8,
&
"
™
:

i
<
"
Cu

calculated tensile stresy at root of tosth in
pounds per sguaré inch

-

"
21
"

diameiral pitch at large end of tooth

width in inches

"
|
Py
%

Ks = size factor

K= = igad distribution factor
J

= gec=etry factor
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For the test specimens in this program, assume that
Ko, Kv = 1.0
F = 1.426
Pé = 5.833
J = 0.3067 (calculated by ccmputer prograsm)
Ks = 0.6416
Ka = 1.1

Therefore, the test spscimen tensile stress is

Wt x 1.0 _ 5.333 _ 0.6416 x 1.1
St = =45 * 1326 * —0.3067

S5t = 9.42]1 wt (see Figure 10)

AGMA Standard 216.01 rates the contact stress of spiral bevel
gears as follows:

\
- wt x Co Cs C= x CE
=T *F XTI
where Sc = calculated maximsum contact stress in pounds perx

square inch
Cp = elastic coefficient (2,800 for steel}

Wt = transmitted tangential load at coperating pitch
diazeter in pounds

Co = overlcad factor

Cv = dyvnamic factor

d = pinicn operating pitch diametar in inches
F = face width in inches

Cs = size factor

C= = load distribution factor

oy
]

gec=etry factor

Cf = surface condition factor
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For the test specimens used in this program, assume that

Co, Cv, Cs, CE = 1.0

F 1.426

Ui A e

= I = 0.0767 (calculated by computer
progran)
d = 6.00

Then,

1 il i il \“,“‘.‘ L Fiedi R :‘"
mwx“s«“wm«wmmmw»wmmwwwwmwwwwwwwww

- Wt x 1.0 1.0 1.1 x 3.0
Se 2800\/ 1.0 * §.000 x 1.426 * 0.0767

_ 1.1 Wt -
Sc = 2800 A (see Figure 11)
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Ffigure 11.
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Tensile Stress in Spiral EBevel Test Gears.

M e 3422
T e
r . 1.2
e
! | |
d
255 1
o i
P ——— e
i
2EG = D —— .-
P - i
H
sz 3
! '
230 b e ;
) i
122 /
213 7 —— t————r—rt

D

1
i
& : :
/ ' i i
- s
a2 —
/ ; i
€ H i .
- — +
N i i
f : : i
= i 1] i
12
] ¥ H
H i 1
= ! | : i
H *
i H 1 .
FEE o 123 429 Wy 233 hiais

TANGINTING L&D - FOUNIS

Contact Stress in Spiral BRevel Test Gears,

e S ,;'._.___*i&; ~

e A Dl MMN‘W‘.” i

bt ArghOdmd Bl

3
‘.i
=
z
=]
-
4
3
3



‘‘‘

TEST RESULTS

DEFLECTION TEST

Analytical evaluation of the load-carrying capacity of bevel
gears involves assumptions regarding the nature of the tooth
bearing for the specific gear mountings under load. Unless
these assumptions are relatively accurate, actual stresses
may vary considerably from the calculated values, resulting
in a pussible life reduction.

i s

A

During manufacture of bevel gears, the desired tooth contact
pattern is established from observation of the pvattern ob-
tained under light load in a gear tooth pattern checker. It
is possible by selection of grinding wheel diameters and
grinding machine settings to vary the length, width, and
position of a tooth bearing.

R A

iy

R RN

With gear mountings that are rigid, the behavior of the tooth
bearing under lcad 1s usually more predictable. Consequently,
it is usuwally possible to develop tooth bearing patterns which
are based on previous experience. However, in the case of
aircraft applications, the mounting designs are markedly dif-
ferent, in that rigidity is sacrificed in favor of weight

= reduction. Therefore, it is seldcm possible to accurately
pradict, auring the design stage, the type of tooth bearing
required at noc load in a tooth pattern checker in order to

; obtain the desired bearing pattern in the final gear mountings.
: A study of the mounting design and operating conditions to-
gether with a judgement based on experience must be used to
establish the initial tooth bearing. From this point, the
development cf the final tocth bearing is accomplished by
actual trial of the gears in their final mountings.
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Tooth bearing pattern evaluations were made at the 50-percent
and 100-percent load levels on the first set of baseline test
gears. This was accomplished by applying rouge to the teeth
of the pinion member, 1n several sectors, and rotating the

gear set through mesh by hand. Results of this deflection
test were concidered to be satisfactory and are shown in

Figure 12.
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PEST DATA

' The objective of this experimental test program was to evaluate
the material effect on performance of main power spiral bevel
gears operatirng in a nonlubricated environment.

A summary of the test results is shown in Table IV, which
contains the pertinent information obtained during ‘the test
phase, including part numbers, serlal numbers, gear type,
load levels, and test time, : .

e A AT

’Loéd Schedule

The basic 100-percent désign ‘load leva2l for all of the test
gedrs was established as 3333 pounds tangential load (10,000
inch-pounds pinion torque)}, resuvlting in a bending stress of

: 31,400 pounds per square inch and a contact stress of 211,000
E : . pounds per square inch as calculated by the Amerlcan Gear

: Manufacturers Assoc1atlon standards.

Each gear set was subjected to two consecutive runs at the
50-percent load level with lubrication, followed by a one-hour
. run at the.specified load level with lubrication. At that
i time, the lubricating c¢il was shut off by a remote~controlled
solenoid, and the test was continued for, one-half hour maximurm,
with no lubricaticn to the test gear mesn. Ducing,each test
9 run vibration surveillance was provided by visual observation
3 of the osc1lloscope traces (see Figure 13). Torque readlngs
were taken immediately after the conclusicn of the nonlubri=+
~at10n testing to determine the degrez of torque loss. Figure
14 preseats a summary of the torque losses for all nonlubrica-
tion testing.

]

Temperat.re Instrumentation

Temperature~sen=4_1ve gages were applied to the heel end of
the spiral bevel test pinions (see Figure 15) in an attempt

to record the blank temperature during the test runs, partic-
wlarly in the nonlubricated testing. These gages were heat
sensors, .on a plate, with self-adhesxve and hermetically
sealed heat-sensitive elements which change chemical structure
E at given calibrated temperatures. Two individual plates were

; used on each test pinion in the following ranges: 230°F, 240°F,
250°F, 260°F and 350°F, 400°F, 450°F, S50C°F. Prior to
installation on the gears, several bench tests were conducted

M o
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TABLE IV. GEAR SPECIMEN DATA i
Run Nonlubr.
Number/ Load Pinion Gear Run Time
Material (percent) (s/n) (s/n) {minutes)
1/9310 190 A102 A102 25
2/9310 100 A103 2103 13.5
3/VASCO 100 A101 A102 25
4/VASCO 106 A104 A106 19
5/9310 85 A106 A105 30
6/VASO 85 A106 A107 17 :
7/9310 85 A106 AlC6 30 3
8/vASCC 85 A109  Al09 30 |
: /6310 75 A107 A107 30
10/VASCO 75 A110 A110 30 E
3 11/9310 75 Al108 a108 30 g
X 12/VASCO 75 Al12 Al13 30 %
1 E
3 g
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with 400°F MIL-L-7808 lubricating oil to select a protective
coating for the temperature gages. Results of this experiment
indicated that M-BOND 610 gage cement would provide the most
protection for the gages against the lubricating oil. However,
during the actual. testing, the gages either turred completely
black or were removed during nonlubrication testing.

Temperature-sensitive crayons were used as a backup method for
recording gear-blank temperatures at the end of the nonlubrica-
tion tests. The crayons were applied directly to the gear
teeth through the inspection cover at the conclusion of the
nonlubrication testing, and the results were recorded. Duting
the second baseline run, verification of the temperature evalu-
ation of the crayons was provided by using an external pyrom-

eter, which ind:icated approximately the same temperature as the
crayons.

Gear Testing

Twelve sets of spiral bevel gears were run on the test stand:

six sets of baseline test gears (AISI 2310 steelj and six sets
of VASCO-X2 test gears.

Baseline Test Gears ~ Each set consists c¢f a pinion, part

nusber SK23410-1. and a gear, part number SK23410-1. 3il
components were nusbered serially:

Set Ko.

ps
0

i pinion Al92 with gear Al02
Set No. 2 is pinion AlQ3 with gear Al03
Set No. 2 is pinion AlQS with gsar Al0S
Set No. 4 is pinion AlGEt with gear Al0G
Set No. 5 is pinion AlO7 with gear Al07
Set No. & is pinion AlQ8 with gear 2108

VASCC-X2 Tes:t Gears ~ Each set consists of a i
nuzher SK23411-1, and a gear, part nush
cozponeénts were nunbksred serially:

Set No. ! is pinmion AlJl w:ith gear AID2
Set No. 2 is pirion AlQ04 with gear Al0s
Set No. 2 is pinion Al0& with gear AlQ7
Set No. 4 is pinion Ald? with gear AlD%
Set No. 5 is pinion AllQ with gear AliQ
Set ¥o. & is pinion All2 with gear Alil

-

T g il
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Testing was conducted in accordance with the lcad schedule.
The test procedure and the principal results are given in

Table V for the baseline gears and in Table VI for the
VASC(O-X2 gears.

Run-in testing was done at the S0-percent load level. Visual

inspections of the tooth surfaces were ccnducted at the
conclusion of each run-in test. Results of these inspections
indicated no evidence of surface distress or damage.

The load
runs were conducted at increased loads: 75 to 100 percent
{(ses Tables V anad VI).

The nonlubrication testing was conducted by shutting off the
oil supply to the gear mesh in the =middle of = load run and
continuing the load run until there was a significant growth
in the vibration signature. 2 rapid increase in vibration
{to a level more than two and a half ti=es the level noted at
the beginning of nonlubrication testing) constituted a failure,
and the test run was ended. This criterion was cdeveloped as a
resuzlt of testing the first baseline gear set, and it was used
for ail the remaining tests. Vibration data are given in
Tables VII and VIII. Thersochro= crayon te=peratures are
given in Tables IX and X.

Pinion-blank te=peratures and torgue losses {given 1
XI} were checked after each test within =inutes of
Torgque losses are attributed io the dasa2ge and subseq

zent
wearing away of material fros= the contacting gear tooth pro-
files.

At the conciusion of the nonil

s EEnris

visual
T on of the
tooth surfaces are given

-

Baseline Gear Set Nusse

-~ At the end of the run-in tests, the
temmeratare gages were expesed. After 28 =inutes of non-
lubricaticon testing, th tion signal gréw ito approximately
four times the signal seen the start of the test run, and
the test was ended. The rapid growth in vibration signal
occurred in a very short t {seconds), indicating the need
for constant visual surveillance of the cscilioscope. Visual
inspection of the gear tooth surfaces at the end of nenlubrica-
ti

on testing revezled severe scoring and ==tal
loration, and pitchiine
transferred frcs the tips

oy

iow, heat dis-
pitting, but no cracks. Metzl was
of the testh ©on the drove side and

i

e A AR Y A A ot

i

L

! s
Mwmmwmum\unwmmmum*vuuwullwmmmummwmmmmw LTI

.
i
i




VTR
L]

i
]

O
Ay

We owo g

L

S

Fip e 2 4
I &S
392 ias
IIIESE

BE S -+ 24
= i
s EEL

==, 3T SIS 3EES

o
[l

o

[

LU )

L]

v
L]

-
-
=

=5 R

LB

4

fug K
[

[]
L]

1% i

5T 1%
FveIET
ter I

=
=
=
=

N =
H b 51
-

‘E&I.

' [l
[

"R

13
»

[}
"

.
L

*

143 373
3 TEn
zam =2t
4T 193

FL
e

s T4 14
e
R

" [y L)
1)

o

v

I “'n Iy

v
"

LN

#

*




wa

m

i
i
i
mly

A b,

AN B

"

[
o

L}
)

M

¥

W
Ny
b

»
[

Wb g
#n g

M
]

¢
1]

"

at
mw

I ’:m ‘N,un

[}

«

i [}
I

]

t

ol
w

-

W

n

»

I
[

"

i

<=

E-3
=




™

g

H
H
$
'
i
H
:
H
£ H
£
.
.5 = -
-3 -
s - I
-+ - :
z e} -
= & - H
- = H
- - i
Bd = H
PE ] - M
.. - t
Y = H
N Y = H
.2 = :
% - .
z ; 2
: - - : =
- - :
= 1.3 = :
) ix - .
- - = N
. i = - :
: t e -
- -
. .
4 _ ¢
: - t
2 .
] - : .
- . - :
P B :
: H
=
41

-z
% o a
Y
-

LREYRIFRTY VPR P

"0 e

AW G ot o 08 S B b 1

Wis sy aw

™

S MRS

il



e e e

AT RN G

BEVAD LIS INETIAVE A0 2 INENERE ROAVHD WM M L.

- - Wi " N M M . w
- - W, “ " "
- - ™ " w M " w Wt
war [AXA 4N L " L A Y AR AN ] . . Tl
LI ST 1N A B4 " IR AN LLLRY . LN R IR - ' er
wor YiiLte R errap iy "N - ol AR R) . -
teyiand otiaity OK sl Y IEARB LRI " IGERYL . . W
(LA L I TS A LT RN & . g LT S YR N 3 AL
LD T oy That 2 " ni
TR T CIREY IR 4 , . "l LAY '
TN IT T oF 0iwm 2l i . o TYSNTPTRE D) i ,
OH 0Kyl wi et . o [TRENL cfturl et
L A L T R PR TN ) - o subinty Rl [RRTTRN v
oy piogly LRI 3] - [AARIUR i as ettt f
oy ALY 0H WhE R " " LAaNs i’ Pheg b iy ARE oy ey
owuodait sy 0 g it

TRE WG

™
e




PTIRATY B 8P T

T PN 750

DAL L el TR

b pladiah A i R

W e e . ) } . L o L [T
- “ - - o - - - - - - - - 652
- - - - - - - - - - - . got
- - “oh Pty - - - - - - - - e
" - 30X gpiofik - . - - - - - - (¢34 3
- . ETT S P21t AT] - - - - " - - - oLt H
- - ON  ultnZo . . . - B - - o _
593 %0829 oN co02:9 HOX [N S-TES - - LR [(Z4RT4RA1 . - (R ﬂ
SOA QLRLE9 ON 4516189 Hded OviLGiE - - 1o¥3and YN AT VARN ! “14 h
LLRY FT4E:- 1404 oN 4PI6tiY Sul SELLiC ERE Ovigesel A LN LRI R DS \
!
se% 0213219 ON  LEi61:9 SDA UETLGIE oK GeiSLi el oN OX 5508511 oL o 3
ags GLigT!Y oN W2 6l [ IAPAATY T3 o IIRRTT AR BOA SpraLe il 1134 = _,
oN  TIINZi9 O BUIn(:9 \erazed  r{3i§ig 304 N LZibeR Tl o origuill orp
SN 4UIRZI9 ON  Clieliy ON O OTTAGT IAARE LA S-Sy : 1R 4 o e eer ON  UFIRYITL 6
ON 4018239 O S0i6Liy oN  neiegef DUENITIY: [RX 4} SN 00Teilt B ST T TR B i, 1 Y
IR 6§57t oN  §5181:9 ON npiAgiE X SUiRERCT oN  Ovigeill o :0%euiit 4y
P&ﬁgrwm asucdeay PEINA anuedsoy Uty ...ua:aa,..:“ ALY asuody oy PYIA aataedp oy ceAl A.?.,,s ] “_
4 395 JOSVA $ I8 QIS v 308 OOSVA £ 165 ODSVA 7 305 UISVA { 328 0I8\A v»r“wwwuw=9
LA DOLIAYL
o]
— T ~= _
O T1SAL NOLLVYOINENINON J0 NOIZNTONDD LV 4
SUYEAN LSAL TV-LLS Y J0 SAUIIVUAAKRI L NOAVM™ ROUHDOWYIHL X 3THVY . ] 1“
,

Famor B




(it

R s

TABLE XI.

OBSERVED DATA FROM NONLUBRICATION TESTING

e

Pinion-Blank Torque
Load Duration Temperatures Loss
Set {pexrcent) (minutes) (°F) (percent)
Baseline Test Gears
1 100 25.0 650 tco 1000 44.5
2 100 13.5 788 to 840 21.0
3 85 30.0 430 to 570 13.0
4 85 30.0 430 to 570 30.0
5 75 30.0 250 to 300 4.0
[ 75 30.0 540 to 570 6.0
VASCO-X2 Test Gears
1 100 25.0 660 to 770 38.0
2 100 19.0 570 to 660 27.0
3 85 17.0 840 to 930 259.9
4 85 30.0 788 tc 844 21.0
5 75 30.0 390 to 430 4.0
6 75 30.0 710 to 788 22.

mesh.

deposited in the fillet root in the form of a metai fin on

practically every tooth of the pinion member.
was also heavily scored, but to a somewhat lesser degree than

The gear member

the pinion, with heavy wear indications at the toe end of the

driven side.
test housing.
splinters.

In addition,

44

A great deal of metal debris was found in the
This debris was in the form of slivers and
The connecting cross-shaft to the slave bevel
gearbox developed heat color stains of ?ight blue, violet,
brown, and amber, in that order,
Heat stains of comparable
shaft material) usually indicate
750°F.

coming away from the test gear
colors on 43490 steel (the
2 temperature of 65C°F to

Disassembly of the test pinion was difficult due o ovality
of the mounting holes,

several areas indicated

the initial stage of welding the bolts to the mounting holes.
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¥ e vigence of =etal flow on the pinion gear teeth is a good .
inrdication that the tezperature experienced by the pinion blank

was in excess of 1000°F. The te=perature gages were nmissing

fro= the pinion and found in the test housing. All of the

te=perature Sots on the sensor plates had turned black.

o

T

In view of the extensive damage sustained during this test run,
it =ay be said that this test could have been curtailed ear-
lier, tHowever, since there was no previous experience with
testing conducted in this environment, it was =andatory to
continue the test run long enough to sustain 2 reasonable
degree of da=age.

Easeline Gear - Inspection of the te=perature

revealec that the low-temperature
: dots were exposed. 1In addition,
} dot was exposed, but this was
=

=

5

beiteved o he the reszit o
. - -
k=

t? 2 breakdosn in the protective
coating. Visual inspection of the tooth surfaces at the end of
monisbrication testing revealed severe scoring and setal flow,
heat Siscoloration, and destructive pitting oa the drive sid
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ide of the mating gear se=ber, ong with a lesser degree of
pitting. Contact patterns were on the coast side of
both nd contac th sides of the
testh, evide t the installat:on
| backlash was taken up in thersa ion. Finion blank
wilkl utes of shucdown.
: the pinicn-biank
is would indicate
ISE 2310 steel has a texpering
330°7F.
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Baseline Gear Set Number 5 - Visual inspection of the tooth sur-
faces at the end of nonlubrication testing revealed moderzte to
heavy scoring, and moderate pitting at the pitchline of the
pinion mexber. The same condition prevailed on the tooth
surfaces of the gear member, but with less severity. The
pinion blank temperature checks indicated a blank tcmperature
between 250°F and 300°F, and the 230°F temperature dot was
exposed as well.

Baseline Gear Set Number & - Visual inspection of the tooth sur-
faces of both members at the end of nonlubrication testing re-
vealed conditions very similar to the fifth baseline test set.

VASCO-X2 Gear Set Number 1 - After the first 50-percent load
ren-in, inspection of the temperature plate gages indicated
that all of the lower temperature and three of the higher
temperature dots were exposed. This exposure was believecd to
be the result of failure of the protective coating and
exposure to the lubricating oil.

Visual inspection of the gear tooth surfaces at the end of non-
lubrication testing revealed heavy scoring and pitting cn the
ériven side of the pinicn member. Scoring and pitting were
evident on the driven side of the mating gear member; however,
the damage was not as severe when compared to the pinion
rmepker. There was no visible evidence of c<racks on either
=exter. Contact patterns were visible on the coast side of
both mexbers. indjcating that the installation backlash was
insufficient to counteract thermal expansion during the non-
lubrication testing.

,nl

VASQO-X2 Gear Set Number 2 - Visual inspection of
surfaces at the end ¢f non Eubricaticg testing reve
scoring and heavy pittin at the pitchline of the

1€ gear tooti
ied severe
inion

mm

..l
AR

-

mexber. In addition, metal debris was deposited on the ccast
side, ?azticalarlv near tn heel end. The gear Eemier dis-~
vlayed s¢ :ia, and pitting similar to the pinion, but with les=

severity. There was no visible evidence of cracks on eith
member. Contact ratterns wexe visible onn the coast side ol
both mesbers, indicating that the installation backlash was
insufficient to countaract therTi: expansion during the ron-
lubrication testing.

VASCO-X2 Gear Set Number 3 - Visual inspection of the gear tccth
surfaces at the end of nonlubrication testing revezaled severe

Wiy

AL B



scoring and neavy pitting at the pitchline of the pinion
menber. In zddition, metal debris was deposited along the
tooth surfaces. The gear member ¢i-played scoring and pitting
simiiar to the pinion, but with less severity; the tooth surface
cf the gear member and the topland were irough with metal that
had been deposited in these areas. There was no visible
evidence of cracks on either member. Contact patterns were
visible on the coast side of both members, indicating that the
installation backlash was insufficient to counteract thermal
expansion during the nonlubrication testing.

VASCO-X2 Gear Set Number 4 - Visual inspection of the gear tooth
surfaces at the end of nonlubrication testing revealed heavy
scoring and moderate pitchline pitting of the pinion member.
The gear member displayed scoring and pitting similar to the
pinion, but with less severity. Contact patterns were visible
on the coast side of both members, however they were much
lighter and covered less area than any of the previous tests.
There was no visible evidence of cracks on either member.

VASCO-X2 Gear Set Number £ -~ Visual inspection of the gear

tooth surfaces at the end of nonlubrication testing revealed
moderate scoring and pitchline pitting cof the pinion member.
The gear rember displayed similar conditions, but with less

severity. There was no visible evidence of cracks on either
member.

VASCO-X2 Gear Set Number 6 -~ Visual inspection of the gear tooth
surfaces at the end of noniubrication testing resvealed heavy
scoring and moderate pitchline pitting of the pinion member.
The gear member disvlayed similar conditions, but with less

severity. There was no visible evidence of cracks on either
member,

METALLURGICAL E ALUATION

A destructive mctallurgical examination was perfosrmed on cne
baseline spiral bevel pinion {serial number A103) subjected to
the 100-percent load level ané run for 13.5 minutes, and on
oue VASCO-X2 steel spiral bevel pinion (serial nuwmber A1Q01)
subjected to the 100-percent load level and run for 23 minutes.

The results cof ‘his investigatior are shown in Figures 18 ard
19.

Eoth test pin:ois displaved excessive wear on the drive siae
of the tocth prefiles, resalting in a wearing away of rost of
the carburized layer. Plastic flow of metal from the drive
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flank over the tip onto the coast side was apparent on both
test pinions.

In general, the metallurgical examination revealed that both
test pinions were subjected to zxtremely high temperatures.
The VASCO-X2 pinion displayed streaks of radial rehardening,
shown in Figares 20 and 21, cn the arive flank of each tooth.
A section taken through one of theses logcalized strezks is
shown in Figure 21, It is estimated that this area was sub-
jected to a temperature in excess cf 170C°F.

Table XII presents a comparison of hardness aiong the tocth
profile of the two test pinions at the toe and heel positions
at two locations 180° aparxt. This table reveals a higher
hardness for the VASCO-X2 pinion along the entire tootn profile
and in the tooth core. Figures 22 and 23 present retallo-
graphic profiles of the gear teeth., Figure 24 shows effective
case dept. »f selected positions.

ilable copy.

ced from
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Figure 18. Baseline Pinion Gear (Al0)2) After 13.5 Minutes
of 0il Starvation at 100-Pcrcent Load.
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. ‘ VASCO-X2 3
(Ne rehardening characteriscics (Rehardening characteristics 3
exhibited) exhibited on each tooth addendum} g
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Figure 20. Baseline and VASCTC-X2 Pinion Gears (A103
and 2101) After Nital-Etch Inspection.

Recreduced from
st _available copy.

b .Figure 21. Rehardening Characteristics Exhibited by. ?
; VASCO-X2 Pinion Cear (2l0l) After Nital-

Etch Inspection.
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TABLE XII. HARDNESS DEYERMINATICOM
Rockwell "C" Hardness
Baselire VASCO-~X2
Pirion Pinion
Lecation on Teeth (2103) (A1C1)
0° Diameterx
2djacent to surface in carburized area
i Drive flank toe pcsiZion 39 55
heel position 37 52
Nondrive flank toe position 47 58
heel position 44 54
Root toe position 44 55
heel position 40 54
Core of tooth toe positicnm 30-32 46
(approxinately heel position 27-28 45-46
0.1 inch from
surface)
i 180° Ciameter
Adjacent to surface in carbur:ized area
C-ive flank toe position 42 40
heel position 39 38
Nondrive flanx toe position 45 54
heel pcs:ition 43 43
Roct toe position 48 52
i heel position 44 46
i
Core of tooth toe position 33-36 45
(approximately heel position 30-31 35-38
¢.1 inch fro=
surfase)
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The proposed method

cf measuring héa. tecperature by the
the noniubrication testing proved to

use ¢f gages during
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T ich were
e tooth surfaces. The regrind in-
ation backlash by approxi=ately twice
€i
>is

i s :

w insufficient cl e to
ansion during the nonlubrication
cluded that standard backlash could
Iy failure.

21 bevel gears and the AISI
s successfully cospleted non-
inutes at the 75-percent load
£ the gear tooth surfaces
t s&rfasé cistress in beth cases. This
that the coperating load level has a signif-
on gear perforamance in a noniubricated envi-
it should be noted that this test was
increased backlash and in the =odersate
velocity, 5369 feet per =inutej}.
s shoulid éé restricted to designs with cospa-
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results in significant
data scatter, thereby reguiring a sufficient nu=ber of
test speci=ens to acco=plish a statistical evaluation of

] 5. Experi=ental gear testing usually

— the test results. This progra=m consisted of a very s=all
nuzber of test speci=ens; consequently, the test results
generated by this progras should be evaluated with

= discretii.ﬁ -
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Based on i3

T testing
and from the ev execution of this
progran, it is reccs=mend that Zusrther work be directed in
the following areas:

1. Conaduct 2 destructive metallurgical exa=ipation of the
VASCC-X2 steel spiral bevel gears and the AISI 2310 stee
spiral bevel rs which survived the 75-percent lcad
testing cat ! i
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