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joint program was undertaken by the NASA Lewis Research Center
and the Army Aviation Systems Command t0 restore by grinding

those rolling-element bearings which are currently being discarded
at aircraft engine and transmission overhaul.

Three bearing types were selected from the UH-1 halicopter enginﬁ";ff)
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(T-53) and transmis.ion for the pilot program.~ Groups of 2ach ef
these bearings were visually and dimensionall nspected for
suitability for restoration. A total of 250 earings were
restored by grinding. Of this ~umber, 30 bea s)from each
type were endurance tested to a TBG of 1600 hours Mo bearing
failures occurred related to the restoration by grinding process:
The two bearings failure which occurred were dueé to defective
rolling elements and were t{pical of those which may occur in

new bearings. The restorable component yfeld to the thiree groups
was in_excess of 90 percent. ;

—
C;bthe risk and cost of a bearing restoration by grinding programs
was analyzed. A microeconomic inpact analysis was performad

The program will result in the Governrsnt ebtaining besrings
lower tost and equivalent reliabil{ty. : o
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: FOREWORD

The U.S. Army Aviation Systems Command (AVSCOM) is one of several
major commodity commands under the newly designated U.8. Army Davelopment
and Readiness Command. AVSCOM is responsible for the téchnical ménagement
and supply support of over 9 500 military sircraft, primarily helicopters.

These aircrsft are assigned not only to active army units, but also include

those operated by the National Guard and Reserve components. The AVSCOM
mission includes continuous efforts to ‘identify and implemént improved methods

for the support of the user while reducing the totél cost of dwnership of all assigned
items of equipment. '

One potential fur extending the service life and reducing the cost of ownership
for Army aircraft was suggested to AVSCOM by the NASA Lewis Research Center
at Cleveland, Ohio. Their concept was to restore, through grinding, those
bearings which, under normel overhaul and maintenance prdoedurea » would be
discarded. Their technical analysis of the feasibility of restoring rolling-element
bearings through grinding indicated that most sudh bearings could be returned
to a new condition when reworked under a contro.ed process. They Also indicated
potential cost savings that could be attdned through .59 application of thebeiring
restoration process. ‘ ‘

A joint Army-NASA task was initiated to identify, locate, snd subsequently
performance quulify rolling-element bearings restored through grinding under
a pilot program. After considering a wide range of candidate bearings for the
program, it was decided to select boarings useéd on the UH-1/T63 airframe/engine
system. One bearing seiected was the split-inner-ring niainshaft bail bearing
from the T-83 engine. A second bearing selécted, also from the engirie, was
the radial roller mainshaft bearing. The third beuting selecied was the triplex
input pinion ball bearing from ths UH-1 main transinfenion.’

A total of 829 of the above tlired typeb of candidate bearings, reioved from
the engines and transmissions during the overhaul process, were identified
for the restoration program. All of these bearings were closely examined by
the bearing contractor, Industrial Tectonics, Inc. (ITI), prior to being restored
in order to record all pertinent visual and dimensional data. In addition, all
ring elements were subjected to magnaflux and hardness testing to further
substantiate the bassline from which all future events oculd be judged. From
the original quaatity of 879 bearings, 250 were introduced into the restoration
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process although approximately 93 percent.of the initisl quantity of bearings
was judg~d by ITi to be restorable. This consisted of 50 bearings each of
the two engine bearings and 150 of the triplex bearings discussed above.

An extansive program was undertaken to "requalify” these bearings under
a controlled progfam of laboratory inspections and tests, and by actual engine
and transmission test stand operations with the refurbished besrings instalied.
All qualification testing was conducted independently of ITI. The NASA-Lewis
Research Center prapsred the technioal specification for the bearing rig testing
portion of the program. The Corpus Christi Army Depot prepared and conducted
the engine and transmission éimulated operational tests._The results of this
joint program are to be presentsd at this ceminar.

Consideration of the economics involved in the application of bearing restor-
ation will also be presented. An economic analysis has been prepared by the
NASA-Lewis Research Center. It is a guide for all interested organizations
when deciding on bearings that can be cost_effectively restored. The immediate
benefits are obviously related to high initial cost or replacement cost of the
besrings. The cost of restoration is also a function of the number of bearing
replacements being generated by the flelded equipment. That is, the cost
of restoration per bearing restored is closely related to the setup of an economical
quantity of bearings for the grinding process. Not all bearings would qualify
for considerition as candidates on an economics basis. However, there is
a cross-over point on many bearings at which it becomes mors economical to
restore than to replace the bearing.

In summary, the results of this joint program indicate that there are many
potential aviation and nonaviation applications for restored bearings within
the various military equipment programs. The cbjective of this seminar is
to provide the knowledge gained by AVSCOM to all crgenisations that may benefit
by the implementation of this process into their new and on-going maintenance

programs.
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RESTORATION BY GRINDING OF AIRCRAFT BALL AND ROLLER
BEARINGS - A MANUFACTURER'S VIEWPOINT

Heins Hanau®*

Industrial Tectonics, Inc.
Compton, California

ABSTRACT

A study was initiated by AVSCOM in conjunction with the NASA and CCAD to
undertake a rolling-element bearing restoration by grinding pilot program. A
90 percent yield can be achieved by the restoration process. The estimated cost
savings to restore rolling-element bearings ranges from 27 to 47 percent of new
bearing cost. Lot quantity for bearing restoration should correspond to the rate
at which bearings are removed from c eration and become available. Initial start-

up time from signing of a purchase order to the first delivery of restored bearings
is six months.

INTRODUCTION

Bearing refurbishment has been practiced in various forms by both the military

- and the airlines for the last 20 years. The rapidly rising cost of engine and trans-

mission bearings in today's more sophisticated turbomachinery has made it a
matter of economic necessity to reconsti‘ute nitcraftbnringo by whatever viable
techniques are available.

Bearing refurbishment tekes many forms depending on the facility which

undertakes it. In most casesbearings are disassembled, clecaned, visually inspected

and if fo print discrepancies, fiaws or major impeyrfections are found, the bearings
are reassembled, lubricated and packaged for further service.

In some cases new rolling elements are inserted. Those bearing refurbishment
facilities which have the capability tu do so, will also introduce a superficial pol-
ishing operation on the racewayn to remove minor raceway imperfections and

¥,
Work performed under AVSCOM vontract no. DAAJO1-73-C0501 (PSL).
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blemishes. Howaever, polishing of raceways, unless done by special machines
and under controllad conditions, can destroy racewsy geometry, and surface
conditions can be created which can adversely affect life. It can therefore
be dangerous under some circumstances to perform such a salvags yolishing
operation on high-performence turbomachinery bearings used in today'a jet
engines.

Restoration by grinding of rolling-element bearings removed from aircraft
engines and transmiosions at scheduled overhaul, is a new conoept developed
in its present form by ITI in conjunetion with the NASA Lewie Ressarch Center,
the Army Aviation Systems Command and the Corpus Chrisii Army Depot. The
objective of bearing restoration is to reduce the number of bearings which are
unnecessarily scrapped at overhiaul and thus achieve corisiderable cost and
raw material savings. Bearing restoration represents a logical extension of the
practice of bearing refurbishment. The process entails grinding of races and
other critical surfaces of used bearings to their original functional charactoristics
and dimensions. Grinding can remove raceway imperfections to significant
depths below the surface. In addition, this stock removal is accomplished by
grinding races on the same machines and with the same controls as are used
in the manufacture of new bearing raceways. The result is geometrical accuracy
and surface finish identic 1 to new besring raceways.

The restoration by grinding process can be approached in two ways: (1)as
a means of reconstituting bearings with imperfections beyond the salvaging
capability of the ordinary bearing refurbiatiment process; (2) as & sole means
of reconstituting all used bearings to sriginal functional characteristics and
dimensicns. The decision as to which spproach to use s mainly one of economics,
and one of the level of race imperfection which a given aircraft appli¢etion can
tolerate.

Bearing refurbishment as practiced by the airlines and military services
has siready demonstrated the effectiveness of this salvage operition in reducing
bearing replacement costs for aircraft engines and transmiasions. Restoration
by grinding will dsmonstrate further savings. The process will prove its éco-
nomic merits especially in reconstituting the more complex and thus more expen-
sive aircraft bearing required for today and tomorrow's more advanced and
sophisticated aircraft engines and transmissions. Furthermore, these advanced
engines and transmissions cannot operate relizbly with reconstituted bearings
which do not possess the original design acouracy which resteration by grinding

>
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The objective of this paper is to dncribo the reatoration by grinding process
l which the ITI Bearing Division hae developed, the economic impact, and the
manner in which such a program can be implemented and operated. The program
: ‘ was performed by Industrial Tectonics Bearing Division under AVSCOM Contrect
- no. DAAJO1-73-C-0501 (P3L).
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OVERHAUL PRACTICES

Bearings removed at enginu and transmission overhaul sre cleansd and
7 visually inspected for defects and dimensional conformance to print. Oniy those
_ bearings are taken apart and subjected to detailed visual inspection which are
S by design, separable. Therefore, impending ur minute fatigue spalling canaot
P be detected except by hand feel or noise cesting. Both of the latter techniques
are very subjective and can only be used with any degree of success by a bearing
manufacturer and then only after reference criteria has besn established on large
production ruas of a given bearing.
Table I shows the rejection rate of bearings removed from turbine engines
and transmistions of the UH-1 helicoptar. This dats was taken over a three month
period and shows that the engine bearing rejection is 56 percent, and the \rans-
‘ " missi. 1 bearing rejection rate is 47 percent.
B One major eiriline alone sends out 2400 jet engina raainshaft bearings and up
* to 12 000 accessory bearings per year for refurbishment. This particular airline
- has in operation at any one time approximately 750 JTD engines which are used on
727, 737 and DC-9 aircraft primarily. These are larger engines than the type used
in the UH-1 helcopter and the bearings used are mure complex and more expensive.
A schematic layout o the main body of the engine is shown in figure 1. OBM
prices for the bearings in this engine range from $120 for the relatively simple
#4-1/2 position roller bearing, to $750 for the #4 split-inner-ring ball bearing
duplex set. Since these bearings are furnished exclusively by the engine manufac-
B turer, who warrants them, the price that the airlines pay for these bearings is
almost doubled. Refurbishing mainshaft bearings alone represents an annual
- savings cf close to $500 000 and to this figure can be sdded approximately another
$500 000 in savings for the : efurbishment of all accessory bearings.
Only 845 mainshaft bearings are replaced annually to keep 780 engines ilying.
This is a very low figure particularly since commercial utilization and return

3
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on investment per engine requires their almost continuous usage, An equivalent
military engine would use up hearings at perhaps tnree times that rate. This is
due to two factors: (1) comniercial engines are traditionally over designed and
(2) they do not operate under conditions as severe as those required of military
engines. A helicopter iranamission imposes perhaps the grestest opon&ml
loads or. its bearings of all aircraft applications.

The reliability of refurbished bearings which have been put back into service

~ in commercial jots has been phenomenal. The experience cited by major airlines

indicates that never knowingly had a refurbished bearing failed in engines between
scheduled overhel periods. Similar experience has been reportad by the Naval Alr
Rework Facility in San Diego (ref. 1).

Based upon experienve, spproximately 10 percent of the bearings which are
rejected fail by what is referred to as clacsical rolling-element fatigue. This
failure modae is the basis upon which bsaring life is predicated {ref. 3). As s
result, approximately 90 percent of tha rolling-element bearings which are being
rejected for reuse in aircraft application can be refurbished or restored and
reused. In other words, of the 4313 UH-1 besrings which found thelr way into
the scrap bin it is probable that approximately 3800 oould be salvaged and reused
(table I).

Bearing fatigue life has increased considerably in the last 20 years due to
the combined effort of the bearing industry, users, and Governmental independent
research laboratories (refs. 2 and 3). The improvements are mainly due to in-
creased cleanliness of the steel achieved by more sophisticated steel melting
techniquee which has greatly reduced impurities and to improved manufacturing
processes. As a result, it is anticipated that bearings failing from fatigue will
be an even smaller percentage of those bearings rejected at overhaal. This will
result in a greater number of baarings which can be refurbisl.ed or restored.

RESTORATION BY GRINDING

The ITI process of bearing restcration by grinding must be done on the same
equipment and by the same skilled personnel s the manufacture of new turbo-
machinery ball and roller bearings. The process cornstitutes approximately
the last 30 percent of the total oporations required to make a new bearing. The
process consists of the following steps:
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(1) Visual inspect all coinponaents o determine if the bearing is restorcble.

(2) Grind and/or chroma plate and grind as required to original print size
and tolerances the outer ring o.d. and funer ring 1.4, These are the beaving
mounting dimensions.

(3) Grind and/or lap, us required, all faces and lands. These may then
become undersize by 0.001-inch maximw.a which is a nonsiguificant varistion
and not functionally important.

(4) Remove by grinding C.002 inch per side of stock on all race surfaces.
Hone surfaces as required tn achieve original print surface finisk and rece scou-
racy.

(5) On split-inner-ring (gothic arch) bearings only, remove by grinding
sufficient stock on the two mating inner faces to restore proper "shim dimension"
which restores bearing to correct contact sagle, axial and radial play, and resting
angle.

(6) On roller bearing races, up to 0,002 inch per side of stock is removed by
grinding of the channel faces.

(7) Manufacture new balls 0.004 inch oversize, and new rollers 0.004 inch
oversize on the 0.d. and width. The identical material specification is used to
produce these new rolling elements as in the original bearing.

(8) All silver plating is stripped from the separators. The separators are
visually and non-destructively inspected for defects. Bal! and roller retention
is reworked as required to retain oversized rolling elements. The separators
are silver plated and dynamically balanced as required. In the case of two piece
separators or deep groove ball bearings, new rivets are used.

(8) The visual and dimensional inspection techniques, procedures and processes, :

as well as the inspection fixtures and gages used, sre identical to those useri
for the manufacture of new bearings. Similarly, all non-destructive inspections

performed are to the same specifications and procedures as those regularly employed

in the manufacture of new bearings. This includes, as applicable: nital etch and
magnaflux of rings and rolling elements, magnaflux and die check of separators,
X-ray and ultrasonic meinly on materials.

1 (20) Bearings restored by grinding are subject to the same quality control

system as are all other rolling-element products produced. The ITI Quality Program,
as defined by the 111 Quality Program Manual, is applicable to all contracts received,

whether for products or services, and applies to all subcontracts issued under
such contracts. The program conforms to Military Specification MIL-Q-9858A.

K

- RSINE T SO W SN GUPr SR SUN SR SPIC U SRR i SO e e

i
1
|

i
'



JIIIT SEDURF NP S

- - —— e Dt

- LRV SRR Mg oAt

T TR TwRRL T T OTRYeSY O YTY O YW w

"Quality Program Requirements” and its supplements such as QRC-82G as required
by specific customer contracts. Incorporated in the Q‘ﬂ‘“" Program are MIL-
C-45662A "Calibration System Requirements” for all geges and instruments. All
nordestructive testing conducted conforms to MIL-8TD-271D and NTR-1A.

(11) All componer.ts and the final sssembly of the restuted beaiiugs are in-
spected in the same manner as new bearings produced. Beoarings are merked
to identify the fact that they hsvs been restored by ITI. They are packaged to
the original specification and shipped to their destination. Bearing serialisation
mdmtormmmmtyuwcnuuupnuonrmmmmduwmdoammt
file as required. Government and customer source inspection i~ performed as
requested.

Figure 2 shows a disassembled view of a typical e engine mainshaft bearing
of split-inner-ring construction. This is the inost complex of all sircraft bearings
as far as internal geometry is concerned. Figure 3 shows the surfaces which are
restored by the restoration by grinding process. Both inner and outer raceways
are reground to a depth of 9.002 inc¢h per surface. Since these race radii are
now 0.002 inch larger the bearing must be refitted with new bdalls 0.004 inch
larger in diameter. '

The effective race curvature sfter restoration as defined in figure 3 will be
jdentical tv the original dimensions within significant mathematical values.
Regrindin~ the split-inner-ring mating faces, or shim dimension, restores the
bearing to its original values of contact angle, resting angle, end and radial
clearance. Although the bearing now contains oversized balls and oversized
raceway curvatures, the total effective geometsy of the bearing has not been
changed and consequently the stress level, calculated beuring life and high speed
dynaniics of the restored bearing will be identical to the original bearing.

Roller bearings are processed in the identical manner. Figure 4 shows a
disassembled view of a typical aircraft roller bearing and figure 5 shows the
corresponding engineering drawing. Rollers havitig 0.004 inch oversise diameters
are manufacturered in order that a 0.002 inch depth of grinding can be accommo-
dated on both inner and outer raceway. The roller length will also be oversize :
to accommodate the regrinding of the channel faces.

With radial roller bearings, it is necessary to fit:not only oversize dianieter
rollers into the reground races, but also to assure that an oversise width roller '
is used such that the print tolerances for channel-to-roller-end clearance is
maintained.
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Roller bearing manufacturing has the addca comploxity of roller contour.
Figure 6 sitows a typical aircraft bearing roller. Almost all high performance air-
arsft rollers are partially srowned. Tl new rollers used to restore a bearing are
manufactured with the same crown radius, crown length and surfics finislies ss
rollers used for naw bearings. Roller manufacturing in the restoration by grinding
program is done on identical machines by identice! procedures as any new roller
for new aircraft roiler bearings.

Records of all restored bearings shipped are kept by original part number,
restoration number, serial number and dete of shipment in orderto have these .
inspection records available at all times. '

PILOT PROGRAM

An investigatior. was conducted of 529 bearings comprising three different
types removed at overhaul from UH-1 helicopter engines and transmissions. These
bearings under normal circumstances would not be reinstalied for use in the air-
craft nor refurbished for later reuse. The purpose of the pilot program wasto:

(1) establish the restorable yiald of these bearings and (2) demoiisirate the technical
and economic feasibility of restoring by grinding 50 sets of the three bearing types.
The bearings which are described in detail in reference 4 were 150 each 210-
size (50-mm bore) split-inner-ring ball bearings made from AISI 52100, 121 each

111-size (55-mm bore) cylindrical roller bearings made from AISI M-50, and 36
triplex 7216-size (80-mm bore) angular-contact ball bearing sets.

Of the 180 sp’it inner-ring ball bearings inspected, 145 or 96.7 percent were
considered to be canidates for restoration. The five bearings which were con-
sidered to be nonrestorable had defects such as corrosion, fatigue spalis, or
critical dimensions which were sufficiently out of tolerance.which would not allow
them tc be chrome plated and reground. However, only one bearing ring fell
into the later category. By considering individual components rather than complete
bearings, 98.2 peroent of the components werre considered capable of being restored.
Fifty of the 145 bearing considered restorable were chosen at random for the reator-
ation process.

The 111-sise cylindrical roller bearings were manufactured by two separate
vendors. Fifty-four were from oneé manufacturer and 67 from a second. of the
bearings from each manufacturer, 96.3 and 92.5 percent (52 and 62 bearings),

z
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respectively, were determined to be restorable. Based on restorable components.
96.7 percent recovery can be obtained for this bearing group. Of the bearings
rejected for restoration, seven bearinge had defects such as previously described
for the 210-sise split-inner-ring ball bearings. The besrings chosen for restor-
ation were &ll from the 62 bearings from one manufacturer.

The triplex 7216-size angular - contact ball bearing sets were also from two
manufacturers. There were a total of 86 sets sent tp.i_‘l‘L Of these, 71 sets were
from one tnanufacturer and 15 sets were from a second. (All the sets were not
complete resulting in 255 instead of 258 bearings.) Of the 255 bearings. 207
or §0.2 percent wera considered capable of being restored. However, on the
basis_of individual components restorable, the yield would increase to 91.6 percent.
These bearings evidenced corrosion and rusting of the raceways subsequent to
removal from operation. The appearance of these bearings would suggest that
caution be tdken at the overhaul facility to protect the bearings from corrosion
after their inspection and rejection. The triplex bearings had similar damage to
those reported for the other two types of bearings. Spe’ling fatigue failure occurred
in 7 or 8.1 percent of the triplex sets. The 50 iriplex sets chosen for restoration
were from two manufacturers.

Based upon inspection of the three bearing types, the restorable yield was
greater than 90 percent. While this number coincides with the original prediction
for bearing restoration, this yield may vary with different engine and transmission
applications. It is therefore recommended hat careful statistics be kept to more
accurately determine tiie bearing restoration yield for different bearings and appli-
cations over an extended time period. These statistics would aid in AVSCOM logistic
and economic planning. The information would also aid the prospective bearing ven-
dor in determining a reasonable price quotation for buﬂnc restoration by grinding.

Unit Cost Savings of Restoration by Grinding

Restoration by grinding can decrease costs to the military services by salveging
most of those bearinge which current refurbishment programs cannot restore to
useble bearings. Another major advantage of restoration by grinding is that this ‘
process restores bearings to original manufacturing accuracy because restoratiopr
is done by grinding on the same machines and by the same techniques as new

8
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bearings. This latter factor assumes greater importante when oonsidaring that —
today's jet engines and aircraft transmissions demand s level of bearing accuracy
higher than those designed five years ago. 'l‘omortqw'l engines, now on the
drawing board, reveal the need for even greater complexity bearings with a
corresponding increase in bearing cost. It will be more difficult to refurbish
bearings by conventional means, and the only visble alternative will te the restor-
ation by grinding process.
m.dmmmcudbmmmmmmmmmmmm
2 to 3 million DN range for these.engines now ltm roduction ar'e as follows:
Roller Bearings:

Raceway concavity/convexity = 0.000015 inch

Raceway surface finish = 4 pin. rms

Raceway deviation from true plane = 0.000020 inch
Ball Bearings:

Raceway finish = 2 yin. rms

Racewas curvature accuracy = 0.0001 inch .

When these types of accuracies have to be maintained then the restoration by
grinding process will prove to be not only necessary, but in terms of overall
cost, the most economical means of reclaiming used bearings.

Table II lists eight bearings ranging from conventional designs of today to
very complex designs for tomorrow's sircraft. It shows the unit price if these
bearings are-purchiased new in some economic lot quantity and the estimated
cost to restore by grinding in the same lot. quantity. The last column in the_
table fllustrates that the savings created by bearing restoration incresses as
bearing complexity increases. The relatively simple accessory roller bearing
shown in figure 7 can be restoree at 47 percent of nsw bearing coit; today's
production engine main shaft bearings (figs. 2 and 4) at 45 percent; advanced
jet engine bearings now going into production at 38 percent; and for future en-
gine designs, the figure drops to 27 percent. As bearing prices increase, the
total dollar savings bécome, of course, even more ugntﬂcnnt than the percentage
figure.

Anotlier important factor not directly considered in the economic analysis is
the potential savings in raw material. For the UH-1 helicopter it is estimated
that approximately 68 800 pounds of steel can be saved per year through bearing
restoration (table III). In sddition approximately 8800 pounds of aritical alloying
elements such &s molybdenum, menganese, chromium, nickel and vanadium oan
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be saved (table IV).

LOGISTICS OF A RESTORATION BY GRINDING PROGRAM .

Restoration by grinding must be sccomplished by the same processas and
on the same machines as is the manufscture of néw bearings. Furthermore,
the same production and manufacturing planning must be employed. This neces-
sitates that a minimum economic lot.quantity of parts be_processéd through the
plant for restoration by grinding in order that the price for pestoration be mein-
tained (table II). This economic lot quantity is approximately the same a8 is re-
quired for new aircraft bearihg manufacture. The economics inherent in performing
a given operation on & minimum quantity of parts spplies whether & new TRCOWAY
is ground in a newly manufactured bearing or regrinding the rece in the restoration
by grinding process. Similarly, each machine and inspection-set-up must be
capable of being. amortized over a given minimum quantity of bearings.
This eccnomic lot quantity for restoration by grinding varies with bearing
size and complexity. A complex mainshaft bearing suck ss shown in figures 2
and 4 may have an economic 1ot quentity of 300 to 300 bearings while a less complex
accessory bearing of the type shown in figures 7 and 8 may have 400 to 800 economic
lot quantities.
it is recognised that the quantitiea of besrings removed at even & series of
engine or transmission overhsuis, will not necessarily yield an economic lot
quantity of bearings. It is, thercfors, Necessary to_store such bearings either at
the overhaul base or send them piece meal to the ‘manufacturer who is to conduct
the restoration by grinding. When the predetermined economic lot guantity of &
given bearing site has been accumulated, the proceés of restoration by grinding
can be startéed. ' :
The manufacturer inspects bearings es received and makes the disposition
by bearing sise and part number as o which bearings and/or components
of bearings, i.a., inner and outer rings snd separators, are recoverable by
restoration. Good parts are then stored in & parts bank and bad parts scrapped.
A Fecord by bearing part number is maintained. After the required number
of restorsble components, including & scrap allowance ot 5 to 10 percent, has
been accumulated, restoration by grinding begins acoording to process travelers
and inspection points writtan in much the same mannéer as for new bearings.

10
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. An overview of the logistics of restoration by grinding is shown on the flow
chart in figure 9. It outlines theé path followed from the point at which bearings
mlmttoﬁnmmcmufmwmmpointwmonMWm
returned.

REQUES?T FOR QUOTATION

Although table II gives a general runge of saviiigs which restoration by grinding
can achieve, the exact savings must be determined on the basis of each individual
bearing design. Certain characteristics Mﬂnbmmwmw
may result in larger or smaller savings.

After the bearing manufacturér has reviewed the print, prices will be quoted
based on lot quantity to be restored, starting with the minimum econcmic quantity
that will assure & minimum restoration by grinding price. Lot prices for lerger
quantities may show further savings.

The manufacturer must also review, by physical inspection, the average condi-
tion of bearings removed at overhaul, tc determine the potential yield rate of restor-
ation by grinding. It is also necessiry that an enginvering evaluation be made
to determine hor critical is the bearing application. This can have ax impact on
the restoration by grinding process employed. There is a difference between newly
manufacturc « inainshaft and accessory besrings in terms of acourscy and inepection
level required.

The lot quentity on which the menufacturer is_asked to quote.should correspond
to the rate at which bearings are removed and become availsble for restoration
by grinding. The delivery of bearings resatored by grinding will, of course,
depend on this rate of availability. The total restoration by grinding process will
take approximately 22 weeks after a production Jot_has been started.

The overall logistics necensitates that long range commitments be inade. The
longer the commitment and, thersforse, the more total bearings are to be restored,
the lower the quoted price for rest. ration by grinding because it will then be
possible to amortize start-up and set-up costs over a grester number of units.

The quoted price will be fixed for the period of time specified. Parts will
De stored in parts bank atno charge to customer. Any component or bearings
scrapped, for whatever reason, will be done at no charge to either customer
or manufacturer.

Initial start-up time from signing of & purchase order to the first delivery
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of restored bearings is six months. Table V summarizes the quotation or contract
negotiation steps of restoration by grinuing.

SUMMARY OF RESULTS

A study was fnitiated by the Army Avistion System Command in corjunction
with the NASA Lewis Research Center and the Corpus Christi Army Deot for
the Industrial Tectonics, Inc..Bearing Division to undertake a pilot program to
determine the soonomic impact and the manner in whish rolling-élement bearing
restoration by grinding can be implemented and opanated; to establish ihe restorable
yield of thie restoration process and to determine the technical feasibility of restor-
ation by grinding on 50 sets of three bearing types. The investigation was conducted
on §29 bearings comprising three differant types removed at overhaul from UH-1
helicopter engines and transmissions. The following results were obtained.

(1) On the basis of individual bearing components, greater than a 90 percent
yield can be achieved by the restoration process. This yield may vary with dif-
ferent engine and transmission applications.

(2) The estimated cost to restore rolling-element bearings by grinding ranges
from 27 to 47 peroent of new béaring cost depending on bearing sise and complexity .
The more complex a bearing is, the greater the savings achisved by restoration.

(3) The lot quantity for beering restoration should correspond-to the rate
at which bearings are removed from operation and become available.

(4) Initial start-up time firom signing of a purchase order to the first delivery
of restored bearings is six months.
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TABLE 1. - REJECTION.RATE OF BALL AND ROLLER BEARINGS OVER

50 MM BORE REMOVED AT ENGINE AND TRANSMISSION.

«» "Evaluation of Ball and !

-» Bearing Restoration by

» May 20-21, 1976.

OVERHAUL FROM UH-1 HRLICOPTRR®

Qty brgs rejected | Rejection | Failed Restorsble ﬂ !
over 3/mo period rate from |
fatigue Aﬁ
From turbir. » engine 1800 S6% 180 1820
From transmission 2412 % 240 2172
Total 4212 420 3792

8Source: Letter A;;ril 1972; Director of Maintenance;
Depot Maintenance Center, Corpus Christi, Texas.
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TABLE II. - BRARING COST COMPARISON: .

NEW V8 RESTORATING BY GRINDING

Cost New | Restored | Psrosnt of new

Acoessory rolier brg
fig.

Accessory roller brg
(fig. 8)

Propeller thrust ball
bearing-turbo-prop
(fig. 10)

Mainshaft ball brg
today's production
jet engines (fiz. 2)

Mainshaft roller brg
today's production
jet engine (fig. 4)

Mainshaft roller brg
advanced jet engine
(tig. 11)

Mainshaft ball brg
adv}anced jet
engine (fig..12)

Mainshaft ball brg
future engine
design (fig. 13)

$118

$165

$210

$375

$450
| $850

$1075

$4500

$75

$95

$170

$200

$410

$1200

87

43

43
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TABLE I1l. - RAW MATERIAL SAVINGS FOR UH-! HELICOPTER

B it s D e el

Material Estimated | Average bearing | Recycled steel
| bearing weight (bs/year)
restored (lbs)
AISi M-50 steel G 400 8 51 200
AlISI 52100 steel 8 800 2 17 600

TABLE IV. - CRITICAL ALLOYING ELEMENT SAVINGS FOR UH-1 HELICOPTER

Material Total raw Alloying Element, Ibs (%)
recycled material
from table IIi, Molyb- | Manga- | Chromium | Nickel |Vana-
bs denum nese dium
AISI M-S0 51 200 2432 | ----- 2304 | ------ 666
(4.75) (4.5) .35
AISI 52100 17600 | ------ 70 270 70 ----
(0.40) .3 (0.40)
il + )
Total 68 800 2432 70 2574 70 666
Ibs/yr

15
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TABLE V. - REQUEST FOR QUOTATION

ldentification of bearings

Engine or transmissicn manufacturer's past number
Federal stock number.
OEM part number

Technical data

Furnish drawing ¢o which bearing is inspected
Description of application

Special restorution by grinding allowed or desired

Quantity

Estimate of annual quantity of bearings available for
restoration and length of contractual commitment

Estimate of monthly shipments to manufscturer

Expected rate of delivary of bearings restored by
grinding .

Manufacture's response

Price quotation per bearing size
Deljivery time of restored boaring

16
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Fuure 1. - Refurdishing experience on the JTB0 engine raainshaft beerings only.

Figure 2, - J«k engine bel heering,
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Figurs 1 - Refurbishing of spilt tnner ring bell beering.

Figure 4, - Jet engine roller beering.
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Figure 6, - Alrcraft quallly roller.
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Figure 7. - Transmission roller bearing,

- 16417

Figure 8, - Internal flange transmission roller bearing,
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Figure 10, = Propetier thrust bell beering,
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Pgurs W, - Propelier thrust bell.beertng,
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. . CS-76416
Figure 11, = Advanced jet engine rolicr bearing.

Cy-Todld

Figure 12, = Advanced [st engine maishatt beil beering:

.




Figure 13, - Future jot engine mainshot design ball bearing.

NASA-Lewis
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EVALUATION OF BALL AND ROLLER BEARINGS
RESTORED BY GRINDING
by R. J. Parker, E. V. Zaretsky, and 8. M. Chen’
. NASA Lewis Research Center. ... ..

ABSTRACT

A joint program was undertaken by the NASA Lewis Research Center and
the Army Aviation Systems Comand to restore by grinding those rolling-
element bearings which are currently being discarded at aircraft engine and
transmission overhaul. Three bearing types were selected from the UH-1
helicopter engine (T-53) and transmission for the pilot program. Groups of
each of these bearings were visually and dimensionally inspected for suitability
for restoration. A total of 250 bearings were restored by grinding. Of this
number, 30 bearings from each type were endurance teated to a TBO of 1600
hours. No bearing failures occurred related to the restoration by grinding
process. The two bearing fatlures which occurred were due to defective
rolling elements and were typical of those which may ocour in new bearings.

The restorable component yield to the thres groops was in excess of 90 percent.

INTRODUCTION

The last three decades have seen a significant increase in the severity of
applications in which rolling-element bearings are expected to function reliably
and with long lifé.. Rolling-element bearings are now required.to operate at
much higher speeds and, to a-lesser extent, higher teinperitures than in the
early 1840's. The increased speed and tetmperature requirements originated
principally with the advent of the aircraft gas turbine engine. Its development,
coupled with the appearance of & variety of high-speed turbine-driven machines,
has resulted in a wide range of rolling-element bearing requirements for main-
shaft, accessory and transmission applications.

Classical rolling-elonient fatigue which is of subsurface origin has been
considered the prime life limiting factor for rolling-element bearings although

*u.s. Army Aviations Systems Conmimand, St. Louis, Mo.
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actually leas than 10 percent of them fail by fatigue. With proper design, bandling,
installation, lubrication, and ;ystem cleanliness, a rolling-element bearing will
eventually fail by fatigue. Because fitigue results from material weaknesses, re-
search.to improve material quality has been a continuing activity. The remaining
90 percent of the failures are due to chuses such as lubricant flow interruption,
lubricant contamination, lubricant deterforation, excessive dirt ingestion, im-
proger beariig installation, hicorract meunting fits, mishandling of bearings prior
to installation, installing a contaminated bearing, manufacturing defects, ring
growth in service, and corrosion.

Nonmetallic inclusions are one cause of classical rolling-element fatigue
(vefs. 1 to 5). Basic inclusion types include sulfides, aluminates, asflicates,
and globular oxides. Thes¢ inclusions may act as stress raizers similar to
notches in tension and compression specimens or in rotating beam specimens.
Incipient cracks emanate from these inclusions (fig. 1), enlarge and propagate
under repeated stresses forming a network of cracks which form into a fatigue
spall or pit (fig. 2). In general, the cracks propagate in a plane approximately
45° to the normal; that 18, they appear to be in the plane of maximum shearing
stress. In addition to nonmetallic inclusions, Jarge carbides can act as siress
saisers and nucleate fatigue cracks (refs. 6 and 7).

One method for increasing rolling-elcment bearing life, reliability and
load capacity i8 to eliminate or reduce nonmetallic inclusions, entrapped gases,
and trace elements. Melting steel in a vacuum provides large life improve-
ments (refs. 8 to 10). Double vacuum-melted bearing steel, now commercially
available, 1s processed with the first heat being vacuum induction melted (VIM).
The material 18 subsequently vacuum arc remelted (VAK).. The resultis a
material with marked reductions in nonmetallic inclusions, gas content, and-
trace tmpurities (ref. 11). Tests with 120-mm bore ball béarings made from
VIM-VAR AISI M-50 steel produced fatigue lives at least seven times that
achieved by vacuum arc remelted steel (ref. 12). Henoce, the probability of
subsurface fatigue can be greitly minimized within current TBO intervals and
bearing steel state-ofsthe-art.

Failure by the other nwodes enumerated above are for the most part non-
predictable and tend to be surface as opposed to subsuriace originated. In
general, these failures due to surface originated defects, occur much earifer
than those failures due to classical rolling-element fatigue (refs. 13 to 15). As
a result, in aircraft engine and transmission applications, a large number of
beailngs are discarded at overhaul or during periodic maintenarice. This
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results in millions of dollars in bearings which have t0 be replaced anually. In
addition, critical alloying elements such a8 molybdenum, manganese, chromium,
nickel, and vanadium are consumed.

In order to redace costs and conserve materials by reusing beaings, bear-
ing rework has been performed both in privite industyy sand witliin the U.S. Gov-
ernment on a limited basis. Basically, bearing rework as currently practiced
comprises the following steps (ref. 16)"

1. Replace defective balls or roller sets with new balls or rollers that
match the original parts with respect to size, tolerance, finish, sphericity,
hardness, and material. The bearings are then reassembled and checked for
radial and axial clearance and, where required, coantact angle.

2. Defective retainers are replaced. Alternately, silver plating from
original retainers are removed, and the retainers are nondestructively in-
spected and replated to original specifications.

3. Ball and roller raceways are polished to remove superficial corrosion
or other shallow surface defects. The reworked bearing surfaces are then
checked for profile, concentricity, surface finish, and metallurgical integrity.

4. The inner- and outer-diameter surfaces of the bearing rings are ground
and replated to original drawing specification.

5. Duplex and multiple stack bearing sets are rematched in accordance
with original specifications using individual bearings from rejected or failed sets.

The aforesaid method retains subsurface damage in the used bearing race-
ways which mdy propagate to fatigue faflures and thus limit the reworked bearings'
life and reliability. Reworking of any kind which involves significant removal of
material (and thus this damage) from bearing raceways has been avoided in pre-
vious refurbishing or reworking tecaniques.

The program reported-herein was undertaken to investigate the endurance
characteristics of aircraft turbine engine and transmission bearings whose race-
ways were restored by grinding. The primary objectives were to (1) determine
ihe yleld of bearings suitab: for restoring by grinding; () determine the endur-
ance characteristics of restored bearings under simulated operating conditions;
(3) deternmiine po it-test condition of the restored bearings; and (4) establish a
specification for bearing restoration by raceway grinding.

BEARING SELECTION FOR RESTORATIC .

Three bearing types were selected from the UH~1 helicopter engine and
transmission for the program of restoration by grinding. The criteria for
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sclection were (a) bore of 50-mm or larger and (b) acquisition cost to the Cov-
ernment of $50. 00 or greater. Based on information furnished by the Corpus
Chrisi Army Depot, the bearings selected had among the highest replacement
rates during normal thaintenance and overhaul. The beariags nd their Federal
Stock and component engine part numbers are listed in table 1.

The.210=size (50-mm bore) split inver-ring ball bearing is shown in fig~
ure 3. These bearings are made from AISI 52100 steel by a single manufac-
turer. The bearing cage or separator which is made from silver-plated bronze
is of a one-plece design and is inner-land riding. These are mainshaft bear-
ings from the front compressor position of the T-53 gas turbine engine. Engine
operating conditions for the bearing include & speed of 24 000 rpm and a thrust
losd of 450 pounds. Bearing oil-in temperature in the engine is approximately
200° F and ofl-out temperature {8 between 260° to 300° F. A total of 150 of
these bearings were sent by the overhaul depot to be inspected for restoration.

The 111-8ize {55-mm bore) cylindrical roller bearings shown in figure 4
are manufaciured by two separate manufacturers. The design of each manu-
facturer is sufficiently different whereby interchangability of the bearing com-
ponents is not possible. The bearings are manufactured from AISI M-50 steel.
The bearing ¢age or separator i3 a one-piece, silver-plated steel, inner-land
riding design. These bearings are from the T-53 gas turbine engine rear com-
pressor position. Operating loads are nominal for this. bearing. They are con-
sidered to be under a light radial load. The maximum bearing speed is 24 000
rpm. Bearing ofl-in temperature in the engine is approximately 200° F and
ofl-out temperature is approximately 350° F. A total of 121 of these bearings
were sent by the overhaul depot to be inspected for res‘oration.

The third bearing type was the triplex ball bearing set shown in figure 5.
Eighty-six sets of these bearings were sent to be inspected for restoration.
These are 7216-size (80~inm bore) angular-contact ball bearings which are
mounted on the input bevel gear pinion shaft of the UH-1 helicupter transmis-
sion. The bearings are manufactured from AISI M-60. They have & one-
piece, silver-plated steel, inner-race riding cage. . Operating conditions in the.
helicopter for the triplex set include a radial load of 3176 pounds and a thrust
load of 4274 pounds at a speed of 6600 rpm. All the bearings in the set are
match ground with a 100~pound preload. There are two manufacturers of
this beazing. However, each manufacturer's design 8 similar which allows for
complete interchangeability.

27
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INSPECTION OF REMOQOVED BEARINGS

A total of 529 bearings of. the three types were subjected to inspection
to determine suitability and yield for restoring by grinding. These included.
150 eplit inner-ring ball bearings (210-size), 121 cylindrical roller bearings

(111-size), and 86 triplux sets of the angular-contact ball bearings. (7316-size).

The inspection procedure consisted of visual and dimensional inspections in-
cluding ring diameters, flatness, roundness, hardness, magnaflux for flaws,
raceway surface conditions (spalling, wear, etc.), and general suitability of
all components {or restoring by girinding. The restorable bearing yield per-
cents are given in table Il for the three bearing types.

Of the 150 split~inner-ring bail bearings inspected, 145 were judged
restorable for a yield of 96.7 percent. On the basis of restorable compo-
nents, the yileld was 98.2 percent. The general appearance of this group of
bearings was excellent. Racewsay tracks were light and balls and separators
were in good condition except for some oil varnish deposits on separator
lands and ball pockets. The {ive bearings that were judged non-restorable
had defects including fatigued raceways, corrosion, or bore and/or outside
diameters (O.D.) greater than 0.001 inch out of tolerance. The incidence of
bore and O.D. variance from print tolerance was high at 47.3 percent. Some
of this.variance is explainable by gaging discrepancies in cases were 0.0001
inch off-print dimension was noted. However, 28 of these bearings had rings
out of tolerance from 0.0002 to 0.001 inch but were judged restorable since
these bore and O. D. surfaces could be plated and reground to print dimen-
sions. Only one bearing was non-resiorable solely because of out-of-
tolerance rings. Fifty of the 145 restorable bearings werz randomly chosen
to be restored by grinding. _

These bearings are made of AISI §2100 steel, which may be expected to
experience dimensional changes in turi‘ne-engine mainshaft positions where
soak back temperatures near 400° F may o expected. Generally, the use of
AISI M-50 steel for mainshaft bearings is recorimended.

The 121 cylindrical roller bearings consisted of 54 from manufacturer A
and 67 from manufacturer B. The number of bearings judged restorable were
52 and 62, respectively, for yields of 86.3 and 92. 5 percent, ruspectively,
and an overall yield of 94.2 pércent. On the basis of restorable components,
the yield was 96.7 percent. The géheral appearance of these bearings was
excellent. Raceway tracks were light, and the rollers and separators were in
good condition except for some oil varnish deposits on the separator lands and
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roller pockets. The seven bearings that were judged non-restorable had defects
tncluding fatigue spalling, corrosion, or surface distress on the raceways and
damaged O. D. surfaces of outer rings. Seventeen of the total group of 121 bear~
ings had bore or G.D. dimensions out of print tolerance, but only three of
these discrepancies were greater than 0.0001 inch.

The bearings chosea for restoring by grinding were 50 randomly chosen
bearings from the 62 restorable bearings ail from manufacturer B.

The total of 86 triplex sets of the angular contact ball bearings consisted
of 71 sets from manufacturer C and 15 3ets from manufacturer D. The number
o sets judged restorable were 46 and nine, respectively, for yields of 64.8 and
60.0 percent, respectively, and an overall yield of 64.0 percent. The total
pumber of bearings considered restorable was 207, for an oversall bearing yield
of 80.2 percent. On the basis of components, that is, rings and cages, the
overall restorable component yleld was 91.6 percont.

The general appearance of this group of bearings was rauch poorer than the
other two groups of bearings inspected. There was & high incidence of corro-
sion and rusting in the raceways. Most of thia apparently occurred after re-
moval from the transmission and could be attributed o insufficient protection
during or prior to storage. Many of the raceway tracks appeared to have ex-
perienced wear or a change in suilace characteristics associated with opera-
tion in. dirt or debris contaminated lubricant. The incidence of spalling fatigue
failures was much higher than with the other two groups. Some of this spalling
may have been related to debris damage.

Of the 48 bearings that were judged pon-restorable, 37 had corrosion
pitted or rusted raceways,. two had separator damage, and nine had raceway
spalling fatigue faflures. Three bearings from two triplex sets were not re-
turned for inspection by the overhaul depot, thus accounting for the discrepancy
{n quantities from the total of 86 triplex sets. The spalling fatigue fatlures
occurred in seven triplex sets, for an 8.1 percent failure rate. Bearings from
24 triplex sets or 27.9 percent had corrosion pitted or rusted raceways.

Only 25 of the 265 bearings inspected had bore or O. D. dimension discrep-
ancies greater than 0.0001 inch, but none of these were bad enough to be judged

non-restorable.
The 50 triplex sets chosen for restoring by grinding included sets from both

manufacturers C and D.
The restorabie yield on the basis of components (rings and separators) was

greater than 90 percent for each bearing type inspected. For the split-inner-ring
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ball hearings the restorable component ylold was 96.2 percent; for the cylin-
drical roller bearing, 986.7 percent; and for the triplex angular~contact ball
bearings, 91.6 percent.

PROCESS OF RESTORING BY GRINDING

Figure 8 shows the relative magnitude of shearing siress as a function of
depth below the surface. In the zone of maximum resolved sheazring stress,
which generally occurs from 0. 002 tc 0.006 inch ielow the surface for most
rolling-element bearing applications, there exists the maximum orthogonal
shearing streuvs, the maximum octahedrul shearing stress, and the maximum
shearing stress on a 45° plane. Due tv the cyclic naturs of the sheaxing
streeses, a fatigue crack will eventually occur within this sone and propagate
into a crack network. This network will eventually lead to spalling and fail-
ure oi the raceway bearing surface whereby the bearing is no longer suitable
for the purposes for which it was intended.

In addition to this failure phencmena, damage to the surface can occur
which is caused primarily by dirt and foreign object or wear debais within
the lubrication system and in some instances by corrosion of the raceway
surfaces. This surface damage, in the form of indentations or scratches,
acts as stress raisers on the bearing raceway surfaces, and also initiates
fatigue cracks which propagate into crack netwcrks and eventuaily leads to
spalling.

Where a rolling element such as a dall or a roller fails by spalling,
debris damage generally occurs to the raceways. In addition, where an
inner or outer raceway fails there is generally debris damage to the rolling
elements and the non~failed race. These fajlure phenomtena make the bearing
unusable both for continuous application and for subsequent reuse. However,
most of the debris damage occurs at depthe less than 0.002 inch below the
surface of the roiling-element raceways.

Another problem in the operation of rolling-element bearings is growth
of the bearing race rings. As an example, the inner or outer races, can grow
due to metallurgical transformations or duo to hoop stresses during operation.
This growth results in the bearing being not reusable after removal from its
application.

For aircraft applications, bearings removed at overhaul are usually

cleaned and visually inspected for defects and dimensional conformance to print.
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Bearings are usually not taken apert, except those which by design are
separable. Therefore, impending or minute fatigue spaliing cannot be detected
except by band, feel, or noise tosting. Both of the latter techniques are very
subjective and can only be used wi2» any degree c{ suocess by a bearing manu-
tacturer and only after establishing performance yardsticks on large produc-
tion runs of new bearings.

In general, the rejection rate of bearings removed from turbine engines
and transmission at overhaul is approximately 50 percent. Based upon exper-
fence, less than 10 percent of the bearings removed have failed due to fatigue.
Therefore, 90 percent of those rejected bearings can be restored by grinding
the raceways and thus reused since the raceway damage causing rejection is
usually much more superficial thap fatigue failure damage.

In order to restore bearings econcmically, it is necessary to start a pro-
duction Tun of componeats when & minimum economic lot size of components
has been accumulated. A lot is then processed utflizing process~-travelers
and manufacturing drawings in same manner s & manufacture of new bea.~
ings. Some quantity of bearings received for restoring have non-restorable
components. These are scrapped. The restorable componenta are stored in
a "parts bank" from which interchangeable components will be drawn to make
an economic lot size for restoring.

Bearings rejected for reuse in application are disassembled into its com-
ponent parts. These components are visually inspected, and the hardness of
the bearing races are measured. The bearing components are either put
aside for restoring or scrapped.

Those components determined to be rostorable are dimensionally inspec-
ted. Where necessary, the bearing faces, bores, and outer diameters are
ground and either nickel or chrome plated to a thickness that will allow the
surfaces to be reground to the original print dimensions.

Both inner and outer raceways are ground tc a depth not exceeding the
maximum depth of the maximum resolved shearing stress under their maximum
loaded condition but not less than 0,003 inch. The surfaces finish is maintained
to its original print speci: cation. The bearing is then refitted with new rolling
elements of a diameter equal to the diameter .of the elemnents previously con-

tained in the bearing plus twice the depth of regrinding.

For hall bearings the effective race curvature is identical to the original
dimensions within significant mathematical values. The original values of con-
tact angles, resting angle, and radial clearance remain unchanged. Although
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the restored bearing contatns oversize balls and oversize racewaye, the total
effective geometry of the bearing has not been changed, and consequently, the
contact stress level and calculated bearing life of the restored braring will be
essantially identical to that of the original bearing. The bearing separator is
stripped of its silver plating, where applicable, inspected for cracks and re-

plated. The new, oversized rolling elements are placed within the separator,
and the bearing is reassembled.

For cylindrical roller bearings the procedure as outlined above i8 the same
with the excepiion that the roller iength as well as the roller diameter are in-
creased by a value twice of the depth of regrinding.

Referring to figure 6, the location of the zone of maximum resolved
shearing strese in the inner and outer raceways after regrinding is displaced
by a distance X, and the stress is redistributed accord! gly. The dimension X
should be not less thun 0.002 inch nor more than the original maximum depth
ot the zone of maximum resolved shearing stress &t the maximum load condi-
tion for the bearing. The bearing kinematics, internal clvarances, and contact
loads during operation remaln unchanged. A new volume of material is being
stressed which should result in a life or probability of survival equivalent to
the bearing's original life or survival probability.

ENDURANCE TESTING

Endurance tests were perfcrmed in order to evaluate the process of re-
sioring by grinding on each of the three bearing types and determine that the
restored bearing will provide lives at least as long as the desired time between
overhaul of 1600 hours. Speed, load, and lubricatiou conditions weie chosen
to be representative of each bearing application. The test conditions are shown
in table III.

Test Apparatus and Pmcedure

Each o the bearing types were tested in teat heads specifically chosen for
the particular speed and load conditions. The test facilities were capable of
continuous running with test interruption only due to bearing failure or inad-
vertent test facility malfunctions. The lubrication systems for the three
facilities had many common featwics. Each system used MIL-L-23699 Type Il
» iter, from single lubricant batches. The tust bearings were lubricated by jets.
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The lubricent was recirculated through sppropriate heat exchangers to mainthin
the desired flow rates and lubricant-in temperatures.

In oxder to simulate lubricant replenishment due to leakage and evaporation.
in engine and gearbox lubrication systems and periodic lubrication chinges, the
test facility lubrication systems were perfodically drained and refilled with new
lubricant. Also, the lubricant was changed each time at new bearing or bearings
werg put on test.. A

Split-inner-ring ball bearing test head. - A sectional view of a test head.
used for the 210~-size split-inner-ring tall bearings is shown in figure 7. Four
of these test heads were used, each one driven through a quill coupling from a
support spindle driven by flat belts and 25 horsepower electric motors. One of
each pair of test bearings was mounted ina floating housing and was thrust
loaded against the other with a calibrated hydraulic cylinder.

Lubrication 1s provided by jets located between thie test buurings. Two
test lubrication systems, separate from the support bearing lubrication sys-
tems, were used, each supplying lubricant to two test heads (four test bearings).
Each test lubrication system contained a heated 4-gallon sump, a 1. 7-gallon
per minute at 100 psi supply pump, a nominal 10-micron absolute filter, and a
turbine type flowmeter. Scavenge from the test housings was by gravity drain
lines. Bearing outer-race temperature and lubricant inlet and outlet tempera-
tures were measured by thermocouples and continuously recorded on a strip chart

recorder. Oil flow rates, spindle speeds, load system pressure, and lubrication
system pressures were periodically recorded. Continuous, unattended 24 hours
per.day, 7 days per week operation was dcoomplished.

Cylindrical roller bearing test head.. --A gsection view of a test head used to

~ test the 111~8ize cylindrical roller bearings is shown in figure 8. Three of

s ——

these test hends were used, each containing four test bearings and two support
ball bearings. The test spindles were driven by 7.5 or 10 horsepower electric
motors and a geared speed increaser. Power wes transmitted from motor to
gear box by pulleys and V-belts. Flat belts transmitted power from the gear
box to the test spindle.’ Each pair of test bearings was radially loaded by a
spring scale and lever arm arrangement. ‘

Lubricant was supplied to the test bearings through jets located between
each pair of test bearings., Each test head has a separate test lubrication sys-
tem with a heated 4-gallon capacity sump, & supply pump, & water-cooled hieat
exchanger, a nominal 10-micron filter, & volumetric flow meter, and a scav-
ange pump. A separate lubrication system was used for the support bearings.
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'Test bearing outer-ring temperatures, ofl inlet and outlet temperatures were
measured with thermocouples and were continuously recorded.on strip charts.

'Machine vibration was continucusly monitored and in conjinction with several

sutomatic pressure and temperature monitoring and safety devices, the test rigs
were capable of 24 hours per day, 7 days per week, unattended operation.
Angular contact ball bearing test head. - A section view of a test head used
to test the 7216-size angular-contact ball bearings is shown in figure 9. . Four
of these test heads were used, one on each end of two spindles driven through
V=belts with 20 horsepower electric moiors. A pair of test bearings were
mounted in exch test head in a back-w-back arrangement. The bearings were

thrust loaded against each other by four bolts with a fifth strain«guged bolt used

to set and monitor the thrust lcad magnitude. The desired radial load was
applied to each pair of bearings with a dead weight load through a 10 to 1 lever
arm.

Lubrication 18 provided by jets located between each pair of teat bearinge.
A single lubrication system supplied lubricant to all eight bearings tésted simul-
taneously. This lubrication system was separate from the system supplying
lubricant to the load bearings. The system for the test bearings contained a
heated 12~gallon sump, a 256-galion per minute supply pump, & constant pres-
sure bypass system, a water-cooled heat exchanger, & nominal 10-micron full
flow filter, and a 30-gallon per minute scavange pump. Lubricant temperatures
were monitored by thermocouples, and flow rate was menitored by calibrated
visual gages. )

Continuous, unattended 24-hour per day, 7 days per-week operation was
accomplished utilizing a computer control system. Test bearing outer-ring
temperature, thrust load, and machine vibration were continuously monitored.
Lubricant inlet and outlet temperatures, oil flow rate, and spindle speed were
periodically monitored.

Test Results

Thirty of each of the three bearing types were chosen at random from the
groups of bearings restored by grinding. These bearings were then tested for
endurance in their respective facilities for a duration of 1600 hours at condi-
tions representative of the specific application. The objective of the tests was
to demonsirate the capability of the bearings restored by grinding to operate
satisfactorily for the desired time between overhaul of 1600 hours. This is in
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contrast to bearing fatigue testing which is designed to Tun at conditions chosen
to zccelerate spalling fatigue failures.

In each of the three sets of tests, none of the restored bearings experienced
fatlures which could be related.to the restoring process. Twenty-eight of the
thirty 7216-size angular-contact ball bearings, 29 of the 111-size ¢ylindriocal
roller bearings, and all 30 of the 210-size split-inner- ring ball bearing reached
the desired 1600 hour time without failure.

Results with 210-size split-inner-race ball bearing. - The bearings in this.
group were from a helicopter turbine engine, front compressor bearing posi-
tion. Eight bearings were tested simultaneously with two bearings in each of
four test heads. In order to complete the 1600.hour duration for 30 bearings,
the final test setup utilized only tiree of the four test heads. The lubricant
volume in the sump was adjusted accordingly.

Subsequent to the successful comipletion of the 1600 hour tests, the bear-
ings were disassembled and visuaily inspected. The raceways had vistble run-
ning tracks typical of bearings running under thrust load. All race surfaces
and ball suzfaces were generally discolored from heat and lubricant staining.
The raceway running tracks were discolored to a lesser extent. The condition
of all contacting surfaces including raceways, balls, and cage surfaces was
excellent, with no indications of any detrimental effects of the restoring process
or damage from the endurance testing.

The extent of discoloration on the bearing components suggests that these
bearings were exposed to relatively high temperatures in these tests. The
measured outer race temperatures were in the range of 252° to 275° F and
averaged about 260° F. Oil-out temperature ranged from 235° to 265° F.

The hardness of the inner and outer raceé of several bearings were measured
after disaseembly. These bearings included the bearing with the highest outer-
race temperature 275° F) (also most discolored bearing and the bearing with the
Jowest outer-race temperature (352° F). All hardnesses were in the range from
58 R, to 60 Rc. which is on low end of the accéptable range for rolling-element
bearings. These temperatures are approaching the limits for the AlS1 52100
material. (It is8 recommended and is commor practice to use AISI M-50 for all
turbine engine main shaft bearings.)

Results with 111-size cylindrical roller bearings. ~ The bearings in this
group were from & helicopter turbine engine, in the rear compressor bearing
position. Twelve bearings were tested simultaneously with four bearings in
each of three test heads. To compléte the 1600 hour test time for all 30 test bear-
ings, dummy bearings were used to make up the extra positions in the test head.
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The measured outer-race temperatures for these bearihgs were in the range
from 220° t0.245° F. Tiie ofl-out temperature ranged from 206° to 220° .

Twenty-nine test bearings comipleted the desired 1600 bour duration. One
bearing suffered a faflure after only 16.3 hours. Subsequent detailed exami-
nation of this bearing indicated that the faflure initiated s a roller fatigus
spall. Failure detoction equipmaent did not'detect the fatlure and shut down the
test rig. It-was apparent that the roller spall propagated until more than half
the roller-surface was severely spalled, eventually causing cage breakup and
subsequent severe damage to the other rollers and the raceways. Because of
the severely overrun condition of the spalled ares on the suspected roller,
definite evidence of a material defect was not found. However, scannisg eleo~
tron microscope examination of the spalled arca and metallographic sectlons
through the spalled area indicated that subsurface initiated rolling-element
fatigue was the primary failure. Since the microstructure and hardness of the
roller, in genersl, were typical of properly. heat treated AISI M~50, it is sus-
pected that a stress concentration such as an inclusion or void was in ilie critical
area. Additionally, there was no evidenoe of roller akew or unusual end wear on
any rollers from this bearing.

It is concluded that this premature faflure was not related to the. restoring
by grinding process. The process includes installing new rollers in the re-
stored bearing, and such new rollexs are of a quality wlich would be installed
in new bearings. Thus, such a failure could have occurred in a new bearing as :
well as in this restored bearing. i

The bearings that completed the 1600 hour tests were disassembled and
visually inspected. Initial examination with the unaided eye revealed the race-
ways in.good condition, with roller tracks somewhat more apparent on the outer

.raceways than on the inner raceways. Cages were in excellent condition with i

the normal light wear or burnishing of the silver plating in the.pockets and the
inner race riding lands. - The rollers nearly all showed some circumferential
lines typically observed on tested rolier bearings. The roller ends and the
inner race flange contacts were in excallent condition revealing no significant
abrnormal roller motion. However, in & few of the bearings, the cage pocket
wear indicated a very slight amount of roller skewing.. However, the extent of
skewing does not appear to present a problem.

More detailed examination at low magnification (6x) of the surfaces of roll-
ers from several of the bearings revealed shallow surfacc distress or pitting
within the flat length of the ruller and generslly toward the blend of the flat length
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and the crown. The depth of the pitting, as measured from surface profile traces
and metallographic sections, was typically less than 0.0006 inch. Although the
inner and outer raceways showed some.isolated evidence of very minor surface
distress, the. damage was mainly limited to the rollex_surfaces.

Surface finishes of the rollers and raceways were measured on 10 bearings
randomly chosen from the total lot of 30. The outer raceways measured either
4 or 5 pin. RMS in all cases. The roller cylindrical surfaces measured from
4 to 6 yin. RMS. The inner raceway surfaces ranged from 3.5 uin. to 17 jfn.
RMS. The engine manifacturer's drawing for this bearing specifies 10 jin. or
better for these surfaces although bearing manufacturers typically fintsh to
better surfaces as indicated by the cuter raceway and roller surfaces measured
here.

in all cases where the surface finish of the inner raceway equalled or ex-
ceeded the npecified 10 uin., surface distress was observed on the rollers.

On two bearings, where inner raceway {inishes were 6 and 7 uyin. RMS, some
roller surface distress was observed. On the other bearings, where inner
raceways varied from 3.5 to 8 uin. RMS, no roller surface distress was ob-
served.

The elastohydrodynamic (EHD) film thickness in the roller raceway contacts
was calculated using a high-speed roller bearing computer program for the con-
ditions of these tests. The film thickness at both the fnnér and outer raceway
contacts 18 estimated to be 27-uin. An accepted criterion for the effectiveness
of the EHD film thickness in given conditions with given bearing surfaces is the _
ratio of EHD film thickness to the composite surface roughness. This ratio s
often referred to as film thickbess parameter or A. The composite surface
roughness is the_square root of the sum of the squares of the surface finishes
of the two surfaces in contact.

For those bearings where the inner-race surface finish was 10 ;dn. RMS
or greater, A was 2.4 orless. Inthe worst cases, A was as low as 1. 6.
Where A is less than 3, it should be expected that some asperity contacts will
exist (refs. 17 and 18). The detrimental effects of this surface-to-surface con-
tacts Is expected to be further aggravated by skidding. At the véry low radial
load of these tests, it is expected that some skidding exists, wherein the rollers
are orbiting at a speed less than epicyclic speed. Under these conditions of
skidding and low A, it may be expected that some surface damage would occur.
Thus, the surface distress observed on the rollers was apparently related to the
test conditions, and not attributed to the restoring by grinding process.
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The load and temperature conditions for these tests are estimates of those
that the bearing experiences in the engine. The engine conditions, of course,
are neither constant ror easily determined. Whether the engine conditions are
such that suxface distress would occur, such as that observed on these test bear-
ings, is not known, but in view of these test results, that possibility exists.

With the exception of some inner raceway surface finishes not meeting spec~
ifications, the_endurance tests revealed no problems related to the restoring by
grinding process. Raceway surface finish deviations are coccasionally found in
new bearings, so it s not a problem-unique o restored bearings.

Results with 2716-size angular-contact ball bearing. ~ The bearings in this
group were from triplex sets of a helicopter transmission input pinion bearing.
The tandem pair and preload bearing arrangement is shown in figure 5. Thirty
bearings were chosen at random from the tandem pairs of 30 triplex sets.

Eight bearings were tested simultaneously with four bearings required for each
test setup. In order to complete the 1600 hour duration for 30 bearings, addi-
tional bearings were chosen at random from the remaining bearings.

The measured outer-race temperatures for these bearings were in the range
from 186° to 195° F. Oil-out temperature ranged from 170° to 180° F.

After 1122 hours with one set of bearings, the inner rings of two adjacent
bearings began to turn on their shaft. Tliey were removed and could not be
tested further. Their raceways, balls, and cags surfaces were in excellent
condition. The bore diameters were within tolerances, but near maximum.

This fact, coupled with a shaft size near minfmum apparently allo.ved an unde-
sirable fit situation with this particular bearing pair. Since the bores were
within tolerances, this faflure could not be directly attributed to the restoring
process. .

While runring the last two bearings in the 30 bearing samples, an additional
bearing, one of two which were used only as slave bearings at the opposite end
of the test spindle, suffered a severe ball faflure. Although this bearing was not
oné of the original random sample of 30 bearings, it was a bedring from the
30 restored triplex séts. Observation of the fafled bearing indicated that the ball
failure was due to a metallurgical defect in the ball and had no relation to the re-
storing process of the races.

Subsequent to the 1600 hour tests, the wvearings was disassembled and vis-
ually inspected. The inner raceway had visible running tracks typical of bearings
run under such conditions for extended times. The outer racéways had visible

tracks typical of ball bearings under combined radial and thrust losd conditions.
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The general condition of all raceways, ball surfaces, and cage surfaces was ex-
cellent, with no indications of any detrimental effects of the restoring process.

General Comments

The results. of the program indicate that bearing restoration is technically
feasible. The experience gained from testing the three groups of bearings indi-
cate that the petrformance of the rostored bearings are comparable to brand new
bearings. It was originally speculated that infant mortality of the restored bear-
ings would be €. : ._ated or at least minimized, becsuse those bearing raceways
which would have been ivherently defective bave been_eliminated during field op~
eration. However, the one ball failure and one roller faflure expertenced on this
program indicate that infant mortality can gtill be a problem because of poten-
tially defoctive fiew rolling elements. This problem would be no greater than
that currently being experienced. In other words, while restored bearings can
be expected to be comparable to newly manufactured bearings, it would be un-
realistic to assume that their group life potential would be greater.

A necessary element in the bearing restoration process is to assure proper
quality control of the restored bearings. Further, it i8 necessary to assure
manufacturing consistancy comparable to newly manufactured bearings. An addi-
tional element on the bearing restoration process is the assurance that & poten-
tial vendor's restoration process will not adversely affect the life or quality of a
Pearing. As a resiult of the aforementioned AVSCOM and NASA fjointly developed
a_proposed "Specification for Restoring Bearings by Grinding" which is included
as an appendix to this réport.

The speecification incorporates both the technical and quality assurance as-
pects which have been defined both in the bearing restoration program and recent
advances in rolling-elemetit bearing state-of-the-art. The raw material and
melting specifications for rolling elements calls for VIM-VAR AISL M-560 sod
VIM-VAR ABSI 62100 assuring & longer rolling-élement life potential thea is
currently being obtained. Minimum grinding dopths are established but the
exact amounts are left to the disoretion of the vendor. Hardiess and surface
finish specifications are also tightened from previous AVBCOM practice. Re-
search performed by the NASA indicates both factors to be critical to rolling-
elemerit bearing life and reliabflity. Results of the tests reported herein {ndi~

with the existing beariig surface finishes is an inherenit defect in current bearing
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design. specification as practiced by AVECOM bezring suppliers.

The use of AISI M-50 steel is specified in aircraft bearings instead AISI
52100 because of the improved ability of the AISI M-50 steel to retain its hard-
ness at elevated temperatures. Unfortunately, when-current bearing specifica~
tions are such as to set a minimum hardness of Rockwell C-59 at room ambient
temperature, the hardness of the material at bearing operating témperatures
of 250° F falls below acceptable values. This minimum hardness deféats the
use of the AISI. M-50 steel and can résult in premature bearing damag and
faflure. As a result, the hardnéss criteria for the proposed specification is
tightened from that of current AVSCOM practice.

Material and part tinceability is another important factor. The ability to
trace defective critical bearings in a system can be extremely important when
fatlures ure experienced in the field. Traceability is not now being practiced
by the U.S. Army. A defective group of bearings or improperly processed or
heat treated steel can occur both ia new, refurbished, or restored bearings.
Where the failure mode can cause a loss of an aircraft, it becomes extremely
important to be able to remove all such defective bearings from the military
aviation system. Presently, tiis cannot be accomplished.

Original equipment bearing vendors have a proven capability manufactur-
ing acceptable bearings for a given application. Not all potential vendors for
the restoration of aircraft quality bearings have this proven record of bearing
manufacturing performance for aircraft quality bearings. This doés not mean
that these vendors should be excluded from the aircraft bearing restoration.
As a result, the specification (appendix) requires that a prospective vendor
endurance test a 30 bearing 1ot of airoraft ball bearings restored in acoordance
with this specification to qualify to restore ball bearings only. In addition, in-
order to qualify for roller bearing restoration, the specification calls for the
vendor to endurance test a 30 bearing lot aircraft roller bearings. Orce the
vendor performs these tests, further testing will not be requi'red. The criginal
equipment bearing vendor 1s exsmpt from this testing only for those bearings

which he bas originally manufactured and subsequeiitly réstored. Should this ven-

dor decide to restore bearings of another manufacturer, the vendor would be re-
quired to endurance test bearings to ensure the necessary life potential.

Quality control will be the responaibility of the military overhaul facility and

the vendor. Current quality control procedures if properly enforced should
result in quality equivalent to new bearings being purchased.
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Evaluation of restored tapsred-roller bearings has not been exsmined in
this program. However, there is no reason to believe that bearing reatoration
by grinding, as described in this paper, could not be applied to tapered=roii*r
bearings which are manufactured from case~carburized steels.

SUMMARY OF RESULTS ,

A joint program was undertaken by the NASA Lewis Research Center and
the Army Aviation Systems Command to restore by grinding those rolling-element
bearings which are currently being discarded at aircraft engine and transmission
overhanl. Three bearing types were selected from the UH-1 helicopter engine:
(T-53) and transmission for the pilot program. These bearings were a 210-size
split-inner-ring ball bearing and & 111-size cylindrical roller bearing used on
the T-53 engine compreasor shaft, and a 7216-size angular-contact ball bear-
ing triplex set from the transmission input pinion shaft. Groups of each of these
bearings were visually and dimensionally inspected for suitability for restoration.
Restorable bearing yields were determined for each bearing type on the basis of
bearings (or sets) and on the basis of components (rings and separators).

Fifty of each of the split-inner ring ball bearing and the cylindrical roller
bearing and 50 triplex sets of the angular-contact ball bearing were restored.
The restoration included regrinding raceways, plating and regrinding bores,
outside diameters, and faces, stripping and replating separators, and install-
ing new oversize balls or rollers while maintaining clearances and external
geometries and tolerances in accordance to original drawing specifications.

Endurance tests were performed on 30 of each of the three types of restored
bearings to verify that they will satisfactorily operate at speed, load, and lubris
cation conditions typical of the respective application for a pertod of 1600 hours.
The bearings were subsequently disassembled and examined to determine the suc-
cess of the restoration and endurance test program. The following results were
obtained:

(1) No bearing failures occurred in the 1600 hour endurance tests with all
three types of bearings which could be related to the restoration by grinding
process.

) The bearing faflures that occurred, both due to defective rolling ele-
ments, were typical of "infant” fiflurea which may occur in new bearings.

(3) The restorable component yield (rings and separators) was 98.2 percent
for the split-inner-ring ball bearing, 94.7 perceat for the cylindrical roller
bearing, and 91.6 percent for the triplex angy‘lar. contact ball bearing.
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APPENDKX

SPECIFICATION FOR RESTORING
BEARINGS BY GRINDING

1. BCOPE
1.1 Scope. This specification presents requirements for the restoration
by grinding of rolling-element bearings.

1.2 Definitions. For purposes of this specification, the following defini-
tions shall apply:

Rolling-element bearing - A rolling-element bearing is a bearing baving an
inner race, an outer race, and a plurality of either balls, cylindrics! rollers,
crowned rollers, or spherical rollers. .

Rolling-element - A rolling element is either a ball, a cylindrical roller,
or a spherical roller.

Cage or separator - A cage or separator separates positions and/or re-
tains the rolling elements between the inner and outer raceway.

Restoration - The process of grinding raceways and replacing rolling ele-
meats {n accordance with this specification.

Vendor - Contractor or bidder for restoring by grinding.

Purchaser - U.8. Government or its agencies unless otherwise specified.

2. APPLICABLE DOCUMENTS

2.1 The following documents shall form a part of this specification where
applicable to the extent specified herein. Unless a specific issue is specified,
the latest revision shall apply.

ORIGINAL MANUFACTURER'S DRAWINGS AND SPECIFICA TIONS
AEROSPACE MATERIALS SPECIFICATION '

AMS 6490 Steel Bars, Forgings and Tubing
4.0 CR-4.25 Mo-1.0V (0.77-0.85C)
Premium Bearing Quality,
Consumable Electrode Vacuum Melted

AMS 6444D Bars, Forging, and Mech. Tubing
1.45 Cr (0.98-1.10C) Premium
Bearing Quality, Consumable
Electrode Vacuum Melted
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AMS 2410 Plating-8ilver, Nickel Strike,

_ High Pake
AMS 2412E Plating-8Silver, Copper Strlke.
Low Bake
AMS 2406E Plating-Chromium, Hard Deposit
AMS 2404A Plating-Nickel, Electroless

- AMERICAN SOCIETY OF MECHANICAL ENGINEERS

ASME Life Adjustment Factors for Ball and Roller Bearings - An Engineering
Design Guide, 1971. '

AMERICAN NATIONAL STANDARDS INSTITUTE
ANSI B46.1 Surface Texture

AMERICAN SOCIETY FOR TESTING MATERIALS

ASTM E18 , Rockwell Hardness and Rockwell
Superficial Hardnese of
Metallic Material .
ASTM E112 Average Grain Size of Metals
MILITARY
MIL~-B-197 Bearing, Rolling clethent,
associated parts

3. REQUIREMENTS

3.1 Inspection

3.1.1 All bearings for reatoring shall be inspected by vendor prior to re-
storing at vendor's place of business and at vendor's cost. .

3.1.1.1 All inspection and test procedures shall be in accordance with ASTM
methods unless otherwise agreed upon by the vendor and the purchaser. Where
ASTM methods do not exist, the vendor shall submit inspection and test proce-
dures to the purchaser for approval.

3.1.1.2 The vendor shall inform the purchaser of the test and inspection
procedures to be used. Once these procedures are established they shall not
be changed without prior approval in writing of the purchaser.
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3.1.2 All bearing componeats for restoring except the rolling elements shall
be visually, dimensionally, and hardness inspected in accordance with 3.1.1

hereinabove.

3.2 Rejection
3.2.1 All bearing rolling elements shall be rejected without inspection.

3.2.2 Cages or separators not meeting criginal manufscturer's engineering
drawing dimensions or specifications or exhibiting gross wear shall be rejected.
All plating shall be removed from separators prior to inspection.

3.2.3 All races having nicks, dents, or other damage on the raceway surface
extending to a depth greater than 0.002 inch and/or whose hardness does not con-
form to original manufacturer's engineering drawing specifications shall be re-
jected.

3.2.4 Bearings which have been previously subjected to restoration by
grinding shall be rejected.

3.3 Raw Materials
3.3.1 AISI M-50 material supplied to this specification for rolling elements

shall conform to all requirements of AMS 6480 except as described in the follow-

ing paragraphs. }
3.3.1.1 The AISI M-560 steel supplied to this apecification shall have the

following composition:

Carbon 0.80-0.85 Molybdenum 4.00-4.50
Silicon 0.15-0.35 Vanadium 0.90-1.10
Phosphorous 0.10-0.25 Nickel 0.10 max.
Sulfur 0.015 max. Cobalt 0.25 max.
Chromium 0.010 max. Tungsten 0.25 max.

3.3.2 AISI 52100 material supplied to this specification for rolling elements
shall conform to a!l requirements of AMS 6444D except as described in the fol-

lowing paragraphs.
3.3.3 Materials other than those of paragraphs 3.3.1 and 3. 3.2 shall con-

form to applicable AMS requiremsnts. If, however, AMS requirements do not
exist for the material, the material shall conform tx the original bearing manu-

facturer's requirements.
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3.3.4 Melting Method - Material shall be produced by vacuum induction
melting followed by vacuum consumable electrode remelting. The vacuum con-
sumable electrode remelting proceas shall be capsble nf consistently producing
ingot that is uniform, yielding a billet free from voids and segregation. Inclu-

" sions shall not exceed the 1imits of AMS 8490. The critical vacuum arc, con-

sumable electrode remelting process variahles shall be continucusly monitored
and recorded by the melter, and in the cvent that they go beyond the estab'‘shed
limits, in an isolated instance, that area of the ingot shall not be uaed. The
established melting practices shall not be changed without informing the pur-
chaser and receiving approval in writing therefor.

3.4 Process Requirements

3.4.1 All raw material shall be procured only from scurces approved by
the purchaser.

3.4.2 Vendor may chrome or nickel plate in accordance with the require-
ments of AMS 2406E or AMS 2404A, the bore suriaces of the inner rings and ut-
side diameter surfaces of the outer rings, face surfaces, and race land surfaces
with an alloy to restore these surfaces to original di:aensions.

3.4.3 Vendor shall grird and superfinish raceway surfaces and flangs sur-
faces on roller bearing races removing material from said surfaces to a cepth
not less than 0.002 inch nor more than the depth of maximum shear stress under
the maximum operational load conditions for the bearing. The vendor shall de-
fine the depth of maximum shear stress. The inner and outer raceways and
flanges shall be ground to equal depths.

3.4.4. Vendor shall install the correct number of new rolling elements in the
bearings.

3.4.4.1 New balls installed in the bearing saall have a diameter equal to the
original ball diameter plus twice the grinding depth specified in paragraph 3.4.3.
The original print IRC shall be maintaired.

3.4.4.2 New rollers installed in the bearing shall have a diameter equal to
the original roller dlameter plus twice the grinding depth specified in paragraph
3.4.3. The roller leagth shall be equal to the original roller length plus twice
the grinding depth specified in paragraph 3.4.3. The original print IRC shall be
maintained.

3.4.4.3 Material for new balls or rollers to be installed in the bearings shaill
conform to the specifications in paragraphs 3.3, 3.5, 3.7, and 4.

3.4.4.4 Where specified by the original bearing manufactuve, separators
shall be plated in accordance with AMS 2410 ox AMS 2412 as appiicable.
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3.4.5 Vendor shall inform the purchaser of all manufacturing processes

and procedures and inspection and quality control procedures used to produoce

parts to this specification and receive written approval from the purchaser
therefore. Once these practices are establiched, they shall not be changed

without informing the purchaser, and recajviag prior spproval in writing from

the purchaser therefor.

3.5 Furnished Part Requirements

3.5.1 Hardness - All bearing rollers and balls shall have an average
hardness of Rockwell C62 to 64. All hardness values of these rolling elements
shall be in the range Rockwell C81 to 65.. Race hardness shall be acoording
original bearing manufacturer's specification unless othexrwise specified by the
purchaser.

3.5.2 Dimensions and Tolerances - All dimensions and tolerances shall
be in accordance with original manufacturer's engineering drawings and speci-~
fications except as described in the following paragraphs.

3.5.2.1 All balls and roller dimensions shall be in accordance with para-
graph 3.4.4.

3.6.2.2 Inner raceways may have diameters less than original specifica~

tions by an amount equal to twice the grinding depth specified in paragraph
3.4.2.3. Outer raceways may have diameters greater than original specifi-
cations by an amount equal to twice the grinding depth specified in paragraph
3.4.3.

3.5.2.3 Raceway groove radius shall be modified to reflect larger ball
diameter while mainteining the same conformity as in the original specifica-
tions.

3.5.2.4 Width between flange surfaces of cylindrical mller bearings shall
be increased by an amount equal to twice the grinding desth specified in para-
graph 3.4.2.3 where applicable.

~ 3.5.2.5 Internal radial and axial clearance, all other applicable internal

geometry, and roller-to-race end clearance as applicable, shall conform to
original bcaring manufacturer's specifications.

3.5.3 Surface Finish

3.6.3.1 The surface finish of balls shall be 2 microinches AA or better;
ball raceways shall be in accordance with briginal specifications or better.
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3.5.3.2 The surface finish of rollers shall be 6 microinch AA or better

on the O.D. and the ends.. Roller raceways shall be in acoordsnce with original
specifications or better.

3.5.3.3 Raceway surface finish messurements shall be made in the axial
direction.

3.5.4 Retained Austenite - The retained austenite content shall not exceed
3 precerit as measured in accordance with paragraph 4.3.1 hereinbelow.

3.6 Traceability

3.6.1 Vendor shall assign to each mﬁored bearing a number preceded by
the letter "R" and the vendors trade mark or symbol. This number shall be
marked on a face of each of the inner and outer races.

3.6.2 Records shall be maintained by the vendor to provide traceability
for each new part to its corresponding heat treat lot, and heat of steel.

3.6.3 Records shall be maintained by vendor of all restored bearings by
original part number, restored bearing number, serial number, and date of
shipment for a period of 16 years from the date of shipment.

3.7 Material Record Requiremeénts

3.7.1 Material identification record shall be retained by the bearing veandor
for 16 yeas from the date of completion of the order. When requested by the
purchaser, the records shall be made available for delivery within three work-
ing days. This record shall include, as a minimum, the following information:

(2) Forging vendor's certificate of test, as applicable

(b) Purchase order number

(c) Specific heat treatment cycle used (forger and/or bearing vendor)

(d) Numerical results of all required tests and inspections

(e) Macro and micro examination test results

(f) Heat number

(8) This specification number, CLASS and revisioa number

3.8 Quallficatton Testing

3.8.1 A lot of ball and roller bearings restored in accordance with this

specification, where applicable, shall be tested by the vendor at no cost to pur-

chaser to establish the reliability of bearlnga réstored acoording to the vendor's
manufacturing processes ind procedures used to produce parts to this speciti-
cation except as roted in paragraph 3. 8.2 hereinbelow.

3.8.1.2 A lot of bearings for qmlificaﬂon tésting shall comprise not less
than 30 bearings.
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3.8.1.3 Test conditions shall reasonably duplicate in a test rig those maxi~
mum speed, load and temperature conditions to which the bearing is subjected
in aircraft applications. Bearing lubrication and lubricant shall be similar to
that in the aircraft application. Test duration shall be the aircraft TBO time.
or the bearing Lm life calculated iix accordance with ASME methods which= .
ever be the slidortest duration.

3.8.1.4 All bearings in & lot shall run to the time specified in paragraph
3.8.1.3 hereinabove without failure in the raceways or cage. Should any bearing
or bearings fail by lubrication starvation because.of test rig failure, sald bearing
or bearings shall be eliminated from the lot andothor restored bearings subseti-
tuted in their place.

3.8.2 Vendors Exempt from 3.8.1

3.8.2.1 Original vendor of proposed bearings to be restored are exempt
from provisions of paragraph 3.8.1 but only to those specific bearing part num-
bers which said vendor manufactured.

3.8.2.2 Vendors who have restored bearings by grinding in accordance to
this specificadon and which bearings have been tested in accordance with para-
graph 3.8.1 inclusive shall be exempt from further testing pmvldlng the test
results and documentation are made available to purchaser.

4. QUALITY ASSURANCE PROVISIONS

4.1 General

4.1.1 All teot procedures except as herein specified shall be in accordance
with ASTM methods unless otherwise agreed upon by the vendor and the pur-
chaser {n writing. '

4.1.1.1 The vendor shall inform the purchaser of the test and inspection
procedures to be used. Once these procedures are estabiished they shall not be
changed without prior approval of the.purchaser.

4.1.2 Samples, representative of the shape and size of each forging and
which have been processed through all forging operations along with the parts
they répresent, shall be tested to show conformauce to the requirements of this
specification. The frequency and thé number and types of tests shall be per-
formed to the requirements of a Quality Control Plan approved by the purchaser.

4.1.3 Finished parts shall be periodically cut-up and tested to the require-
ments of this specification. The frequency of testing and the number and types
of tests shall be performed to the requirements of a Quality Control Plan ap~
proved by the purchaser.
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4.2 Grain Size

4.2.1 Grain size shall be determined per ASTM E112 on samples repre-
senting each heat treat lot of material. For referee tests, grain size shall be
determined by comparison of a polished and etched specimen with the chart in
ASTM E112.

4.3 Retained Austenite

4.3.1 Retained austenite shall be determined by x-ray diffraction techniques
uhless otherwise approved by the purchaser. If methods other than x-ray dif-
fraction nre used, the method shall be calibrated to and show agreement with
x-ray diffraction measurement.

4.4 Haxdness

4.4.1 Hardness tests shail be conducted in acoordance with ASTM E18.

4.5 Surface Finish

4.5.1 Surface finish shall be determined in accordance with ANSI B46. 1.

5. PREPARATION FOR DELIVERY

5.1 Packing
5.1.1 All parts shall be suitably packed in accordance with MIL-B-197 to

prevent damage or loss in shipment. (Class of preservation shall be specified
by vendor.)

5.2 Marking

5.2.1 Each shipment shall be legibly marked, s a minimum with the pur-
chase order number, manufacturer's name, part name, and part identification
numbers.

6. NOTES
6.1 Classification of Characteristics
CRITICAL: 3.2.3, 3.4.3, 3.4.4.1. 3.4.4.3, and 3.5.1
MAJOR: 3.5.2and 3.5.3
MINOR: All other paragraphs
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TABLE 1. - BEARING IDENTIFICATION AND SPECIFICATION

Bearing 210-Size split-inner | 111-Size cylindrical | - 7316-Size angular-
ring ball bearing roller bearing contact ball bearing
Federal stock 8110-727-3032 3110-071-4568 3110-135-2603
number
Component part 1-300-015-04 1=300-176-03 205-040-246-3
number (1=300-176-04)_
Tolerance ABEC-5 RBEC=5 ABEC-5
Contact angle 27° to 30° 25°
Bearing steel AISI 52100 AISI M-50 AISI M-50
Number of 14 16 (20) 15
Tolling
elements
Cage Bronze Steel (bronze) Steel
material
Cage type One piece, One plece, One piece,
inner-land inner-land inner-land
riding riding riding
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TABLE 1I. - RESTORABLE BEARING YIELD

' 310-Bise split-tmer | 111-8iss cylindrical | T316-Bise angular
ring ball bearing roller bearing oontact ball bear-_
ing triplex sets
Number of bearings 180 121 8¢
(or sets) for in-
spection
Number of bearings 146 114 58
(or sets) restor-
able
Restorable bearing 96.7 4.2 64.0
yield, peroent
Number of rcstor- 442 351 701+
able components
Restorable com- 98.2 96.7 91.6
ponent yield,
percent

"nne 86 triplex sets included 763 components, sinos three bearings from two sets
were not returned from thé overhaul depot for inspection.
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TABLE 1lI. - ENDURANCE TEST CONDITIONS

Bearing 310-Sise split-intier | 111-8ize cyltrdrical | 7316-8ize angular-
ring ball bearing roller bearing contact ball bearing
Spindle speed; 1rpm 24 000 24 000 6600
Radial load, Ib 0 100 1905
Thrust load, 1b 450 0 2564
Lubricant inlet 19645 19645 160210
temperature, °F
Lubricant flow 0.88+0. 043 0.3820.043 2.140.3
rate, gpm
Sump capacity, 4 4 12
w .
Number bearings 4 4 8
per sump
Lubricant change 100 100 600
interval, hr
e
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ROLLING-ELEMENT BEARING RESTORATION - A USERS VIEWPOINT
by Rubext L. Bull
Corpus Christi Army Depot

ABSTRACT

Ball and roller hearings restored by grinding were inspected and tested in
T-53 engines and UH-1 transmissions in test cells at Corpus Christi Army
Depot (CCAD). spection of the rustored bearings including nondeatruotive
magnetic testing and visual, laser scattered light and scanning electron micro-
scope inkpections revealed that the restored bearing surfr.ces were comparable
to new bearings, Tests in three engines and three transraissions to time periods
up to 150 and 1500 hours, respectively, revealed no wear or abnormalities in the
restored bearings., All bearings from these tests were in excellent condition,
Implementation of a restoration by grinding program for the Army at CCAD is
recommended,

INTRODUCTION

A major concern facing Army aviation is the replacement cost of component
parts such as rolling-element bearings. Rolling-element bearings are designed
for an engine or transmission applicaticn based upon the application design locd
and the life and reliability expected to assure long term operation. Life for
these bearings are based upon a rolling-elemont fatigue criteria (ref. 1). How-
ever, only 10 percent of the bearings that are removed have failed from fatigue
and are not reusable, The other bearings which are scrapped generally have
surface damage of the raceways or the dimensions are not within print. These
bearings can account for as much as 50 percent of the bearings removed at over-
haul, In most cases the potential remaining fatigue life of these bearings are
many times the accumulated hours already on the bearing. Curreut refurbishing
methods unfortunately cannot save these bearings and at the same time maintain
the reiiability required for aviatfon applications,

The NASA Lewis Research Center suggested to the Army Aviation Systems
Command and the Corpus Christi Army Depot a means to salvage those bearings

which are currently being scrapped by grinding the raceways. This method was
based upon basic research performed by the NASA and others (ref, 2).
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Ths cost implications of such & program was appealing. In addition, the
delivery time for obtaining restored bearings would be expected to be from one-
third to one-half that for obtaining new bearings. This would greatly assist
CCAD logistios.

A pilot program to restore bearings by griading was initiated by the Army
Aviation Systems Command (AVSCOM) in ccajunction with CCAD, the NASA
Lewis Research Center, and the Industrial Tectonics, Inc. (ITT) Bearing
Division, The NASA Lewis Research Center was to furnich to the Army the
engineering end technical coordination required to implament the program;
AVBCOM was to provide project management and endurance testing through
private industry; ITI was to undertake the bearing restoration by grinding in
conjunction with CCAD; and CCAD was to furnish candidate bearings, post
restoration inspection and qualification testing on etigines and trans-
missions. This paper describes the work undertaken by CCAD and the
results thereof.

PILOT PROGRAM

In order to establish the technical and economic feasibility of rolling-
element bearing restoration by grinding a contract was awarded Industrial
Tectonics, Inc. to examine 529 bearings removed at overhaul from UH-1
helicopter transmissions and engines. These bearings which are described in
detail in reference 2 comprise the 210-size split-inner-ring ball bearing and
the 111-size cylindrical roller bearing which are the compressor front and rear
bearings, respectively, of the T-53 engine, and the 7216-size angular-contact
ball bearing triplex set from the transmission input pinion shaft,

Thirty sets of each bearing type which were restored by grinding were sent
to the NASA for testing under AVSCOM countract under simulated field conditions

for a time of 1600 hours., This time is the engine and transmission TBO (ref. 2).

While a great deal of statistical confidence can be obtained from bench typ-:
bearing endurarce testing, these tests canpot completely simulate or duplicate
the actual engine or tranemission dynamic and thermal oanditions, Therefore,
it was considered important that a supplemental and complementary program
be undertaken by CCAD to test representative bearings in actual engine and
transmissions to assure a greater degree of confidence. Twenty sets of each
group of restored bearings were sent to CCAD, These bearings were from ths
same production lots as those sent to the NASA for endurance testing.

Prior to testing the bearings in the respective engines and transmissions
and after visual inspection by CCAD, the three groups comprising 20 bearing
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sets were sent to the Southwest Research Institwie (SWRI), ‘At SWRI the bearings
were subjected to advanced nondestructive teating techniques, tncluding magnetic
perturbation, snd Barkhausen noise. The bearing surfaces were also inspected
by & laser scattered light technique.

The mucpmw@wmmm»mmwm
surface and subsurface flaws (inclusions, cracks, pits, or dents) in the bearing
TRCEWCYS. The method cousists of establishing & magastio flux in the region of
the material being inspcted, and taen scenning the suface of the materisl with

a sensitive magnetic probe, The probe detects sspmalies or peztixbations in the .

mpeuonuwuohmduenthe_mdﬂm.z. i

The Barkhausen noise mathod was used to nepdestiuctively detect vosidual
stresses in the raceway subsuxface, This technique uses a probe o detect.
Barkhausen jumpe, or abrupt movemeuts of the boupdaries of magnetic domains,
as the part is magnetized, The presence of residual stresses in the raceway
influences these movements and thus the signal received from the jrobe.

Tuese bearings ware subsequently sent.to SKF dustries, Ino. for a charac-
terization of the bearing surfaces by visual observations wder magnification
(x60) and photographic documentation utilizing scanning electron microscopy.

Generally, four characterietic classification of surface irdegularities are
prominent on the restored bearing raceways.

1. Surface disturbances

2, Scratches

3. Finishing damage

4. Pits
The term suiface disturbances is used to represent any one of several surface
defects which are generally quite small in nature and result in a disruption in
the as-ground surface. :

Othor potential deiects that were appareit wexe from removal or disruption
of the black oxide coatings on the 7218-sise angular-contact ball bearings which
were blrnk oxide coated prior to and subsequent tp restoration,

A general summary of the results from the various inspection techniques
for each of the bearing types is precented in Tabie i. Iuspection of the hearing
raceways revealed that with few exceptions > bedrings were comparabls to
those of new bearings. While a criteria for bearing fejection has bot been
estabiivhed, six each of the 210-size split-inner-ring bell bearing and the 111-
size cylindrical roller bearing which extifbited the largest and most serious
number of defects were chosen for insertion and testing in the T-§3 engine.
Three triplex sets of the 7210-nize angular-contact ball bearing were selected
for testing in the UH-1 hellcopter transmission,
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ENGINE AND TRANSMISSION TESTING

UH-1 Helicopter Transmission

T The-4ransmission in the UH-1 helicopter is rated at approximately 1400 SHP

from the engine, Input speed-is-6600 rpm with an output speed at the rotor of
324 rpm. ‘The ofl-in temperature in the trans approximately 140° to
16¢° F with an ofl-out temperature of approximately 200° F, ~~ ~ .

‘The transmission is located directly shead of the engine and is suspended
by Pylon isolating mounts on structural support. The tmit is coupled to the
engine through a short drive shaft, It provides drive angle change and speed
reductions, through a tratn of spiral bevel gears and a two stage planetary to
drive the main rotor mast. A free whoel olutch in the input drive quill coupling
disengages to aliow main rotor and gear train to turn freely when the engine is
stopped or is idling below rotor driving speed, as in auto-rotational desocend,

The triplex set of 7216-size angular-contact ball bearings are mounted on
the input bevel gear pinion shaft, The bearings rotate at a speed of 6600 rpm.
The set 18 lozded with a 3175-pound radial aud a 4274-thrust load at 1250 HP
take-off power. The first two bearings in the triplex set are preloaded witha
50 pound axial load, The third bearing on the set is match ground with a 470
pound axial preload,

T-53 Engine

The T-53 gas turbine engine is a free turbins type power plant Geveloped
for use in rotary wing aircraft. The engine consists of an inlet section, com-
pressor section, diffuser section, combustion and exhaust section. All sections
are designed so as to include an annular flow path for the air or hot gases. The
gsections are structurally interdependent, They #upport all internal rotating sys-
tems and provide attaching capabilities for enzine reguired external components.
and limited airframe accessories.

The engine is rated at 1400 SHP, The compressor operates at 24 000 rpm

and the power turbine at 21 000 rpm. The power turbine speed is reduced through

2 3.2:1 gear box to a speed of 6600 rpm.

The 210-site split-inner-ring ball beariig is the front compressor shaft
bearing. The loadonthe b .ngis approximately 4560 pound axial load. The
oll-in temperature is appr  aately 200° F with an ofl-out temperature of 260°
to 300° F. -

The 111-size cylindrical roller bearing is located on the compreasor rear
shaft. The radial loads on t.e bearing are nominal and mainly due to unbalances
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due to aerodynamic loads. The oll-in temperature s approximately 200° F and
the ofl<out temperature 18 approximatuly 350° F,

RESULTS AND DISCUBSION
" Engine Tests
Two restored 210-size split-inner ring ball beartngs and two restored 111-

size cylindrical roller bearings were tested in a T53-L13B engine.. The bearing
positions were as follows: ‘ ‘

Engine position | Bearing deuMo:
number
1 Ball-210 size
2 Roller-111 size
3 Roller-111 size
4 Ball-210 size

This engine had several test items installed, but none were integral to the
oil system and failure would not have affected the bearings. The engine was in-
stalled in CCAD Test Cell No, 6 and a standard production run performed
4 April 1975. The engine -produced military rated power at 100, 4 percent N1
rpm at 1105° F exhaust gas temperature referred to standard day conditions.
The bearing scavenger temperature of the No. 2 bearing package was 328° F
and the scavenger from the No. 4 bearing was 337° F with an oil inlet tempera-
ture.of 196° F and a 656° F ambient temperature at.military rated engine power,

The actual test began on 7 April 1975 and was run on & two-shift basis until
completion on 21 April 1975. The qualification test was conducted in accordance
with Lycoming Test Spec XT8313.4. 1B. This test requires 150 hours of test
which accumulates an actual run time of 178 hours. The 178 hours includes a
standard production run.before and after the test.

A spectrographic oil analysis was taken each 6-hour-test cycle, There
were no unusual metal contaminatioh during the test and no unusual problems
otlierwise during the test,

The initial vibration level of the enginé was well within the specifications.
The vibration after-tast during the final production run was well within specified
limits. The coastdown time of the first production run was 61.0 seconds and on
the final production rui was 63,9 seconds. The scavenger oil temperatures at
the end of the test were the same as tho beginning production run with oil {nlet at
194° F and an ambient temperature of 82° F at sidlitary rated power,
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A second engine test was run with four more restored bearings with a second
T53- 1138 engine, This engine produced military rated power at 99. 7 percent N1
rpm with a 1052° F exhaust gas temperature reforred to standard day conditions.
The ofl temperature and vibration readings were within specifications at the be-
ginning and end of test run. This test was also conducted in scoordance with .
Lycoming Test Spec XTS313, 4. 1B and no. unusual problems were. noted.

A third engine was run in Test Cell No, 4 with four move restored bearings.
The. beginning production run was made 21 May 1975, The engine prodyoced mili-
tary rated power at 100, 1 percent N1 rpm and 2044° P eahaust gas tomperature
at standard day conditions. The oil-out.temperature for the roller bearings was
470° F and for the power turbine bearings 3¢2° F. The ofl inlet temperaiure was
198° F at an ambient temperature of 77° F, '

The engine was removed from the test cell and reinstalled in Test Cell No. 5
on 2 June 1975. The qualification test was conducted in accordance with Lycoming
Test Spec XTS313.4.1B, This test requires 150 hours of test time which came
out 178:45 total engine mnning time, This includes & before- and after-standard
production test end 161 engine start-and-stop cyocles, A spectrographic oil analy-

sis was run by the laboratory with a sarple being taken each day. A vibration at

flight idle (F/I) increased until it was decided to disoountinue the test after 74 hours.

The engine ofl filter and the test cell filter were vemoved. The filters con-
tained metal traces. The ofl sample also had & high jron content.

The engine was disagsembled and the busrings inspected with no discrepancies
found. The bearings showed no signs of damage. The gear box and the reduction
gears were inspected with no signs of fatlure, The sngine was reassembled and
the test resumed. The high vibration problem was corrected, but as the test pro-
gressed, the vibration level at F/I increased until the completion of the test when
it was near the maximum limits allowed, Mspection of the bearings after-tast re-
vealed no wear or damage,

The testing was. performed on & two-shift basis until completed on 18 July
1975. No othier unusual problems occurred during the test. The only discrepan-
cles noted were an oil leak on the starter drive shaft and the fuel oontrol drive
shaft,

Ttie ofi-out temperature was 338° F for the roller bearings and 304° F for
the turbine beaxings. The oil inlet temperature was 191° F at &n ambient temper-
ature of 86° F. The coastdown time at the beginning ol the test was €3, 0 seconds
and 84, 3 seconds after completion of the test, In all tésts reported the bearings
were in excellent condition,
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Transmission Tests

Trmmmmmuwnhmmmmmmupuml
1975. The first test was couducted simulating as neagly as possible, a flight
pwneamemmmmgmrmmmu.4.nuc-mm Total
time socumulsted in this test was 300 hour's with no akmermalities nated.

A seoond transmission test was Tun with a second set.of restoved beariags
installed. This test was for 300 hours total time and was fested te the same
specifications as the previous transmission, No abnormalities were noted.

' A third transmission was tested with a new set of restored bearings in-
stalled. This test was run 1500 hours total time without inspoction until com-
pieted. mmﬁmmvmdmmuiwmdwmwmlmm

during test,

GENERAL COMMENTS

The restored bearings selected for these tests were those with the largest
number of defects and more serious fadications from the baseline inspéction data.
it was roncluded from these tests that the restored bearings performed in a highly
satisfactorily manner, R is rocommended thet the technique of restoration by
grinding be qualified for use by the Army to recover assets which would otherwise
be scrapped. It is further recommended that the program of restoration by grind-
ing be implemented ut CCAD, A specification for restoration by grinding of Army
aircraft bearings should be developed and adopted by the Army. 2t is further
recommended that the remaining bearings be installed in engines and testing be
continued at the Army Test Board, Fort Rucker, Alabama. :

S"TMMARY OF RESULTS

A program to inspect bearings restored by grinding and subsequently, to test
the resiored bearingé in actual engines und transmissions was performed. In-
specticas included ncndestructive magnetic testing and visual, laser acattered
light, and scanning electron microscope inapections, Engine and trassmissicn
testing with the restored bearings were performed in CCAD test oelle uaing simu-
lated flight profiles with the T63-L13B engine and the U%-1 main transmission.
Tiree engine tests were performed with & different set of restored bearings on
tlie compressor shaft for each test. Three transmission tests were performed
with & different iet of restored bearings installed on the fnput pinion shaft for
each test. All bearings were disassembled and inspeoted at the end of the engine
and transmiasion tests, The following recults were obtained:
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1. Pretest inspection of 20 sets of bearings restored by grinding indicated
that the bearing raceways were comparable to now bearings.

2. luspection of the restored 210-sise ball bearings and the 111-sise relior
bearings tested in three engine tests for time periods in exoess of 160 hours

- each, revealed excellent condition of the bearing surfaces,

3. Inspection of the restored 7216-sise ball beariigs tested in thy_e trans-
mission tests. to time periods to 1500 hours revealed no excessive wear 4ad no
abnormalities of the bearings. '

REFERENCES

1. Littmann, W, E., ''The Mechanism of Contact Fatigue,'* Proceedings of
Symposium on Interdisciplinary Approach to the Lubrication of Concentrated
Contacts, NASA SP-237, 1970, pp. 308-377.

2. Parker, R, J., Zaretsky, E, V., and Chen, 8., ' Evaluation of Ball and
Rolier Bearings Restored by Grinding,'t NASA TM to be publistied, .

TABLE 1, - SUMMARY OF INSPECTION OF RESTORED BEARINGS

BY GRINDING
Bearing type and Bearings with probable irregularities as determined
number inspected by various inspection methods, percant
Magnetic | Barkhausen | Laser x50 | CCAD
pertur- noise soattered | Micro- | visual
bation light scope
210-Size split-inner-ring 66 76 88 100. 86
f ball bearing (20 bearings)
111-8ize cylindrical roller 85 45 82 95 18
bearing (22 bearings)
7216-8ize angular-ocntact 28 a8 7 2 0
ball bearing (60 bearings;
20 trinlex sets)
66
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MICROECONOMIC ANALYSIS OF MILITARY
AIRCRAFT BEARING RESTORATION
by Gerald F. Hein

National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44138

ABSTRACT

The risk and cost of a bearing restoration by grinding program was
analyzed. A microeconomic impact analysis was performed.. The annual
cost savings to U.S. Army aviation is approximately $950,000.00 for
three engines and three transmissions. The capital value over an indefi-
nite life 18 approximately ten million dollars. The dnnual cost savings
tor U.S. Air Force engines is approximately $313,000.00 with a capital
value of approximately 3. 1 million dollars. ‘"The ptogram will result in
the government obtaining bearings at lower costs at equivalent reliability.
The bearing industry can récover lost profits during a period of reduced
demand and higher costs. '

INTRODUCTION

Roller and ball bearing fatigue failures account for approximately
ten percent of all bearing fatiures. The remaining 80 percent. may be
attributed to a variety of causes related to manufacturing flaws, human
error or the effects of dirt and corrosion. Unlike fatigue failures, the
other causes of failure are not subject to a tractsbie analytical proce-
dure for failure prediction (ref. 1).

Those bearings removed for reasons other than fatigue fallure
consist primarily of component failures which affect the integrity of
the bearing and consequeutly the integrity of the aircraft. In order to
minimize risk, a subjective judgment is made to remove the bearing
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and replace it. The usual procedure is to remove bearings during
overhaul or other work on engines or transmiesions, clean and visually
inspect them for defects and dimensional conférmance to print. 8ince
most bearings are not disassembled during this operation, if there is
any doubt regarding integrity, the bearing is replaced. ‘

A pilot program was undertaken by the AVBCOM and NASA in con-
junction with Industrial Tectonics, Inc. to establish the restorsble yield
of bearings which would be candidates for restoration by grinding (refs. 1
and 2). Using statistics obtained from the Corpus Christi Army Depot
for a three month period in 1972 for the UH-1 helicopter, out of 4212
rolling-element bearings which were removed and discarded at overhaul
for a calendar quarter it was probable that 90 percent or 3792 could be
recovered through restoration by grinding. Mrspohﬂ.ng these statis-
tics, it was further speculated that approximately one-half million dollars
a year could be saved by Army aviation through bearing restoration by
grinding (ref. 2). Assuming for purposes of discussion that a 90 percent
recovery can be accomplished, the risk and cost of such a procedure
must be analyzed.

In addition to the above, consideration should be given to the micro-
economic impact of bearing restoration upon the bearing market. In
the event that there is little impact upon the market, and little or no risk
of using restored bearings, then a bearing restoration program would
offer the government a significant cost aavings over replacement of new
bearings. If any of the dreas produce adverse consequencés, restoration
still cannot be rejected, but the analysis to detsrmine overall value be-
comes considerably more complicated. In this paper, an attempt will
be made to.determine overall value, risks and costs associs’ed with a
bearing restoration program.

PROCEDURE

The bearing restoration procedure is nearly the same procedure
as the manufacturing of new bearings except that much of the work has
already been performed. The process constilutes approximately the
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last 30 percent of the total operations required to make & new bearing.
Of considerable significance is the fact that this portion of the process

18 the least capital intensive since most of the forming has been done

and material replacement is confined to ball or roller elements. One
manufacturer's process (ref. 2) cousists of a grinding operation on the
outer diameter, bore, land, face, and race. Bores and OD's are ground
and either thin nickel or chrome plated to restore them to original print
dimensions or salvage dimensions. Inner and outer raceways are re-
ground to & depth of 0.002 in. per surfsce. Since the race radil are
each approximately 0.002 in. larger, the bearing must be refitted with
balls 0.004 in. larger in diameter (ref.-2). The effective race curva-
ture is identical to original dimensions within significant mathematical
values. Although the bearing contains oversized balls and raceway curva-
tures, the geometry of the bearing is unchanged and so the stress level
and estimated life will be identical to the original bearing. A similar
restoration procedure applies to roller bearings (ref. 2).

The restored bearing contains new rolling elements such
as balls or rollers. An advantage of regrinding the raceways is that
any incipient spalls or cracks will be uncovered; in such cases the part
will be scrapped.

The final aspect of the procedur: is that it requires an economic
lot size production run because of th2 set-up cost which is aboui $500.
Although some manufacturers censider the ininimum economic lot size
to be about 500 bearings, the set up cost per bearing will go from $1 to
$5 if only 100 bearings are restored in a single lot. For £50 OEM
bearings, the $5 per bearing set-up cost may be enough to rerder res-
toration uneconomical, but for a $900 OEM hearing, the charge may
not be significant. At this point an aesumption will be made: it is
assumed that each bearing federxl stock number will constitute one
potential production lot. That is, the geometry and other characteristics
of a bearing are uniquely srzcified by a federal stock aumber. Asa
result, it is not prssible to combine vario:s hearing types to produce
an economic lot size.
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In order to conduct a restoration program, it would be DOCeSSATY
to establlsh several inventory policy changes. Additionally, it would be
necessary to conduct annual analyses and reviews to ensure that bearing
types selected for the program are being used in sufficient quantity to
maintain qualification for the program. Further, consideration should
be continually given to qualify othér bearing types should price or quan-
tity changes warrant their inclusion in the program. The review and
analysis should be conducted by a central authority where complete rec-
ords of bearing consumption are available.

The review and analysis ideally should be & two stage process; the
first stage would consist of & rough screening review and the second, a
detailed cost review.

The rough screening review should consist of two criteria; these
being price and quantity. The.simplest criteriz are: if the bearing cost
exceeds $50 OEM price and annual replacement is greater than 100
bearings, the bearing passes the rough screening to become a candidate
for a detailed analysis. Another useful criterion would be: if the demand-
price product exceeds $5000 per year, the bearing should be a candidate
for a detalled analysis.

For the bearings passing the rough screening, the detailed analysis

would require the following information for each bearing:
Federal Stock Number

Annual requirements for replacement
Technical Data
Bearing Drawing
Use
Restoration tolerances
This information should then be sent to potential vendors with a
request for quotation of prices which should include
Unit price fcr 60 percent return
Unit price for 70 percent return
Unit price for 80 percent return
Unit price for 90 percent return
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The RFQ should stipulate that the quotes include a guarantee that the
manufacturer will restore a specified fraction of the rejected bearings
or incur a penalty. An example of such a penalty where the fraction .
restored is less than the guaranteed return is,

(1.25)x(Guaranteed fraction return minus actual fraction return)x

(number of bearings shipped to vendor)x(Prevailing scrap price)
In this case, the vendor is required to pay scrap value plus 28 percent
for the difference between his guaranteed ratg of restoration and the ven-
dor'a actual performance. Also, the vendor will be required to pay the
prevailing scrap price on (1 - Guaranteed Fraction) of the bearings
shipped to the vendor. Moreover, the unit price per bearing paid by the
government would be equal to the lowest unit price of the quated guaran-
teed returns. After quotations are returned, the optimal replacement
policy can be determined by selecting the minimum cost for each bearing
type using the expresaion

For a given 1
MIN TC(1, J, GFyyp)
such that
TC(, §, GFijk) = Ni[(GFuk X Upijk) -(1- GFijk)(svi)

+(1+ GFuk)(SCu) +(- GFuk)(OEMPi)

+(1- GFuk)(OEMPSCi)]

where

i bearing type

] vendor

k guaranteed {raction index (0.6, 0.7, 0.8, 0.9)

TC{, j, GF“k) total cost of replacement for bearing type 1, using
vendor j with a guaranteed return rate k

n
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Ni number of bearings of type i to be shipped to vendor

GFljk guaranteed fraction return of type 1 from vendor j with
return index k&-Gr“k)

UP“k quoted price of restoring one unit of 1 from vendor j with
guaranteed fraction k

8v, prevailing salvage valus of bearing type i

SC“ one way shipping cost |

OEMPi original equipment vendor unit price for bearing type 1
OEMPS(’:l shipping cost for one new boaring type 1

This optimization procedure will yield the minimum cost policy for
each bearing type. A sensitivity analysis should also be performed by
varying the fraction returned and including the penalty function to deter-
mine the sensitivity of not meeting the vendor expected performance. In
the event that the vendor exceeds promised performance, there should
be no extra incentive because the vendor will be benefiting directly since
the vendor is paid for each unit and the government will benefit from a
lower than expected total cost.

COST EFFECTIVENESS ANALYSIS

A partial listing of annual bearing demand was obtained from the
Army Aviation Systems Command. This listing included current prices
and annual domand for the following

ENGINE TRANSMISSION

T53 UH-1
T8S CH-47
T63 OH-58

Data on certain prices in effect in 1972 were also available. Table I
is a comparison of these costs. Although the sample is very small ard
probably not statistically adequate, the information provided is worthy of
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special note. During the period 1972 to 1976, the U.8. economy was
subjected to a rather severe cace of demand-pull inflation. The results
of such inflation are that general price levels rise because the demand
for goods and services exceeds the supply available at exishing prleel
(ref. 3). Another consequence is that there are long delays for indus-
trial and commercial deliveries and large backlogs in manufacturing
plants. The backlogs may still be present in the bearing industry for
some bearing types, but the large price increases are coaspicuous by
their absence. Reference will be made to this point again.

An analysis was conducted using the annual demand data from
AVSCOM. The data are oaly for the three Army engines and trans-
missions cited above. Tables 2 and 3 show the stock numbers, annual
demand, OEM price and estimated restoration price for all bearings in
the data set which pass the rough screen test criterion of demand - OEM
price product > $5000 per year. Table 4 i8 a comparison of cost dif-
ferences between OEM replacement and a 0. 80 fraction (90 percent)
programs. The total cost savings of the 0. 80 restoration program is
approximately $950, 000 for one year for the three engines and three
transmissions in the data set. If OEM demand cost for bearings is rel-
atively ~:ble despite fluctuations in actual demand for specific types,
then a . - tively constant savings can be accomplished through bearing
restorat; . This value will be approximately one million dollars per
year. The capital value over cn indefinite life of such a program is
approximately ten million dollars for the three engines and three trans-
missions included in this analysis.

A similar analysis was performed using data supplied by the U.S.

Air Force MATP in Oklahoma City. These data appear in tables 5 and 6.

The annual cost savings of bearing restoration for the Air Force engines
would amount to approximately $318, 000.00. The capital value over

an indefinite life of such a program is approximately 3. 1 million dollars.
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RISK AND UNCERTAINTY

In the previoue section, cost quotes by a single bearing manufacturer
were used to compare the cost-effectiveness of restoration with the pur-
chase of new bearings. The prices are sufficisntly conservative whereby
it would not be generally expected that these prices would be exceeded
in a competetive procurement. Therefore, the cou: savings associsted
with the price quotations would generally be more than may be actually
achieved.

The major risk and uncertainty associated with the process is the
reliability of restored bearings and the yield of production runs. It was
assumed that a 90 percent yield could be achieved. Therefore, ‘he cost-
effectiveness analysis was performed using a 0. 90 fractional yield. This
basic assumption is supported by the inspection of 529 beariugs comprising
three bearing types from the UH-1 helicopter (refs. 1and 2). The inspec-
tion results indicated a potential yield rate which exceeded 90 percent
which supports the assumption used herein. Additional inspection data
should be obtained in order to establish the coufidence of the yield rate
for other bearings and bearing applications.

Based upon the endurance testing reported in reference 1 for the
three bearing types discussed above, the reliability of the restored bear-
ings appears to be very similar to that of new bearings. On the basis
of these results the risk and uncertainiy assoclated with the reliability
of restored bearings are no greater than those associated with new bear-
ings. Further testing of restored bearings from other vendors should
be conducted to establish the confidence of this conclusion for other ree-
toration by grindin; methods.

If one examines the failure rate as a function of time, experience
should be similar to the graph in figure 1. The population will initially
exhibit a high failure rate if it contains some proportion of substandard,
weak specimens (ref. 4). As these components fail, the failure rate de-
creases rapidly during the burn-ia or debugging period and stabilizes to

an approximately constant value. During the useful life period, the failure
rate 18 at its lowest level. When the components reach the life T',
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wearout becomes noticeable and from that time, the failure rate in-
creases rapidly. The work of reference 1 indicates that such a ''bathtub
function'' may be applicable to restored bearings.

It is noteworthy that the only two failures which occurred out of the
90 bearings tested were attributed to the new rolling elements. These
would have also failed in new bearings. The reliability of the bedring
itself may be greater than that of new bearinge because of the probable
elimination of infant mortality of the restored bearing raceways. Such
a tentative conclusion should be reinforced with additional testing of other
restored bearings.

MICROECONCMICS OF BEARING INDUSTRY

The effect of implementing a bearing restoration program will
primarily be a doubling of the useful life of approxima.ciy 90 percent of
engine and transmission bearings in the program. An obvious question
is what effect such a program will have upon the bearing industry. To
answer such a question, it is necessary to delve into the microeconomics
of the bearing industry. A key to answering the question lies in the be-
havior of prices over the period of the last severzl years.

From 1972 to 1976, the economics of the west were plagu>d with
double digit demand-pull inflation. Increases in aggregate demand
caused rapid price increases as the industrial sector approached maxi-
mum production levels. However, as noted previously in the smuil
sample comparison, pric<s of bearings increased an average 2 )-~1cent
annually. Several factors could account for such anomolous stabiivy.

If demand for bearings was lower than capacity, this situation might pos-
sibly dampen price increases because of competition and because there
would be little need for capital expansion.

During this period (1972-1976) there was a gradual withdrawal
from Vietnam. Therefore a decreased demand for hearings i8 plausible.
Over a period of a couple of years, if costs were stab'e and demand de-
creased, there would be increased competition and . tendency +7 reduce
profits for the sake of optimizing production costs. Such a cc'-clusion
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results from an examination of total production costs as a function of
production rate. The elements of total cost are the total fixed costs of

a facility and the total variable costs. Fixed costs are incurred from
expenses for depreciation, taxes, utilities, and other indirect expenses.
Variable costs are incurred from labor and materials. Total costs (TC),
total variable costs (TVC) and total fixed costs (TFC) are depicted as a
function of production rate (units per time unit) in figure 2.

In addition to these costs there is average cost (AC) which is total
cost divided by the production rate. Average variable coat (AVC) is the
total variable cost divided by the production rate; average fixed cost (AFC)
is the total fixed cost divided by the production rate. I the rate of pro-
duction is increased and fixed cost i8 a constant, then the AFC will de-
crease. The TVC has a tendency to increase rapidly as production is
started, but will tend to level off to some extent as the optimal plant
capacity is approached. When this point is exceeded, it will be necessary
to add abor in the form of overtime or additional personnel and material
costs will huve a tendency to increase. The net effect 1s that there will
be a point of intiection in the TVC function. Up to this point, AFC and
AVC have been decreasing. Thus, the marginal cost (MC), which is the
incremental cost of increasing the production rate by one unit, has also
been decreasing.

Up to this point, the MC has been deereasing at a more rapid rate
than AC and so it is economical to increase production. However, as
MC begins to increase, theire will be & point at which MC and AC are
equal. It will not be economical to produce beyond this point over a
long period because thie will bave a tendency to raise long run average
costs. Simultaneously, production rates below the MC equal AC point
will have a tendenéy to also increase long run average cosis. Since it
is desirable to operate near this point where ACequal MC, it may often
pay to absorb sowne increased costs rather than to tolerate a decreased
production rate. This is because these increases will have & tendency
to increase the optimal production rate which will further increase the
difference between the market demand rate and the optimal production
rate.
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If there is a marked reduction of demand in an industry, the impli-
cauonaoftbeprecedingdimulonmthatamﬂacturerwmuna
tendency to decrease prices and forgo some profits in order to main-
tain a production rate which minimizes the average unit cost. But, during
the period of hypothesized demand decrease, prices for nearly all other
things were increasing rapidly. During such » period the reduced mar-
ket industries will have to pass through some price increases, but
these increases are most likely to lag the economy as & whole.

The net effect of decreased demand is depicted in figure $ for the
time points Ty, Ty, Tgs and T,. The slope of the price line reflects
a tendency for prices to increase over time. When demand slackens
at Ty, the industry will reduce prices tc some extent uniil démand is
stabilized at T,. If prices were increasing dramatically in the over-
all economy and demand for a particular item slackened, the net effects
would be to damper the rate of price increase for the item in question.
As the industry demand stabilized, there would then be a tendency to
increase prices rapidly until some lost profits were recaptured. But
production rate is still down from previous levels and so the price must
be increased over what would have been if the demand had not slackened
(T5). Gradually prices will stabilize at Tg, which is a level necessary
to maintain previous profits. :

This scenario seems to be what has happened in the bearing industry
with the present time line corresponding to something between T, and
'I‘5 in figure 3 if one deflates bearing prices at the same rate as for
the overall economy from 1972 to 1976. If no other economic changes
occur in the bearings industry economy, there should be a round of price
increases coming for the industry in late 1976 or 1977. These increases
may be mitigated to some extent by the lack of a need for capital expan-
sion. As depreciation costs decrease in a depressed market, profits can
be maintained to some extent.

If a bearing restoration program were implemented, the effects
would be to reduce demand. This reduction could possibly coincide with
the predicted price increases for late 1976 or early 1977. The net effect
will be to dampen the magnitude of the increases. But eventually, the

increases will come.
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The total effect seen by the Army Aviation will be a net reduction

in bearing expenses because of the extended life of the restored bearings.

To predict within an acceptable range of uncertainty, however, would
require an extensive data gathering task and a more comprehensive
analysis than was presented herein,

GENERAL COMMENTS

A process of bearing restoration by grinding has been compared
with new replacement of rejectéd bearings for three engines and three
transmissions used in military helicopters. The cost advantages of
using restored bearings is.very significant compared to use of new
bearings. The risk and uncertainty associated with using restored bear-
ings appear to be no greater than with the use of new bearings.

A cursory analysis of the microeconomics of the bearing industry
established a tentative hypothesis that the industry is being squeezed
because of reduced demand and higher costs. “The implication is that
the industry might well be expected to raise prires in the near future.
The effect of a bearing refurbishment program would be a softening of
the price increases because there is equivalent profit in bearing restora-
tion as in new bearing manufacturing. The advantage to manufacturers
is the recovery of lost profits, which is essential for the maintenance of
2 healthy industry. The advantages of bearing restoration to the govern-
ment ire lower costs and equivalent reliability.

4. Hanau performed an analysis of the raw material savings associ-
ated with bearing restoration (ref. 2), The analysis predicts significant
savings of critical alloying elements. The advantages to the United
States are that less raw material would be used. The savings are genu-
ine because the raw material has intrinsi¢ value. Morvover, there is
an energy utilization associated with the transformation of this raw
material to the finished bearing. The value of the savings is the value
of the material and energy conserved.
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SUMMARY OF RESULTS

A pilot program was undertaken by AVSCOM and NASA in conjunc-
tion with Industrial Tectonics, Inc. to establish the restorable yield of
bearings which would be candidates for restoration by grinding. Assum-
ing a 80 percent bearing recovery rate can be accomplishied, the risks
and costs of such a procedure were analyzed. A microeconomie impact
analysis. of bearing restoration upon the bearing market was performed.
The following results were obtained. ,

1. The annual cost savings to Army Aviation is approximately
$950, 000. 00 for three engines and three transmissions. The capital
value over an indefinite life of such a program is approximately ten
million dollars,

2. Based upon U.S. Air Force logistic data, the annual cost savings
of bearing restoration for Air Force engines would amount to approxi-
mately $318, 000.00. The capital value over an indefinite life of such a
program is approximately 3.1 million dollars.

3. The advantage of bearing restoration to the government are lower
bearing costs at equivalent reliability. The advantage to the bearing

industry is the recovery of lost profits during a period of reduced demand
and higher costs. '
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APPENDIX - TABLE OF SYMBOLS

average cost

average fixed cost

average variable cost

guaranteed fraction restoration of type i from j with
index k .

bearing type

manufacture

guaranteed fraction index

number of bearings of type 1

marginal cost

original equipment manufacture price

shipping cost of a new bearing

one way shipping cost

silvage value

'total cost

total fixed cost
total variable cost
unit price

R)

4




o et o e Dl

, — bl d s o . bl e o

— -

TABLE 1. - COMPARBON OF UH-1 TRANSMISSION BEARING
COSTS DURING 1972 AND EARLY 1976

Federal stock number _ 1972 price, 1976 price, Annual rate of

$ $ price increase,
' %
3110-00-133-3378 56.98 69.07 5
3110-00-133-3379 218.00 233.00 1.8
$110-00-135-2608 334.00 365.00 2.2
3110-00-199-7398 50.88 50. 83 0

TABLE 2, -1975 U.S, ARMY AVIATION ENGINE BEARING

DEMAND AND PRICES
Federal stock number Annual demand OEM price, Restoration price,
$ $

TS53 engine

3110-00-727-3032 516 64.65 38.00

3110-00-995-8007 108 60. 46 35.00

3110-00-071-4568 562 80. 20 43.00

3110-00-421-1814 315 51.18 30.00
T55 engine

3020-00-986-0441 684 53.56 32.00

3020-00-986-0443 972 77.18 41.00

2840-00-986-0444 1416 75.48 40.00

3110-00-116-5534 26 389.00 152.00

3110-00-106-5798 48 136.00 70.00
T63 engine

3110-00-426-1195 840 58.30 35.00

3110-00-199-7398 1488 50.83 30.00

3119-00-133-3379 564 2338.00 100.00

3110-00-135-2603 636 445,00 130.00

3110-00-133-3378 504 89,07 32.00

81




e e bl B P ed -

P

TABLE 3. - 1975 U.8. ARMY AVIATION TRANSMISSION
BEARING DEMAND AND PRICES

Federal stock number Annual demand OEM price, Refurbish price,

OH-58 transmission

3110-00-426-1210
3110-00-400-278¢€
3110-00-179-7297
3110-00-179-7299
3110-00-132-1049

CH-417 transmission

3110-00-060-7965
3110-00-856-6608
3110-00-155-4212
3110-00-051-5627
3110-00-057-8306
3110-00-828-51"74
3110-00-984-0276
3110-00-060-7911
3110-00-913-4203

3110-00-836-0451.

3110-00-833-9982
3110-00-014-2055
3110-00-946-0546
3110-00-946-4876
3110-00-067-8289
3110-00-052-0392
3110-00-066-5286
3110-30-052-0393

UH-1 transmission

3110-00-199-7398
3110-00-133-3379
3110-00-135-2603
3110-00-133-3378

144
264
170

96
336

10

72
144
33
72
86
84
42
64
72
25
24
25
60
20
48
24

1488
564
636
804

82

153.00
359.00
108.00

82.10

61.53.

853.00
660.00
135.00
824.00
337.00
331.00
641.00
101.00
142.00
500.00
105,00
351.00
265.00

" 351,00
84.51

268.00
305.00
255.00

50, 83
233.00
365.00

66.07

77.00
130.00
80.00
42,00
36.00

330.00
260.00

70.00
300.00
132.00
130.00
250.00

§0.00

73.00
305.00

48.00
138.00
104.00
138.00

43.00
115.00
120.00
100,00

30.00
100.00
130.00

32.00
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TABLE 4. - ARMY OEM V8. 90% RESTORATION FOR 1975

TS53 engine
T55 engine
T63 engine

OH-58 transmission

CH-417 transmisgion -

UH-1 transmission
Total

Difference

83

OEM repl. cost, Restoration cost,
$ s
105 801.18 61 543.62
262 405.68 149 045.70
522 970.32 258 650.37
i€3 723.68 79 309.02
361 645.60 165 039.06
473 998,32 227 298.117
1 890 542,78 940 880, 94
949 661,84
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TABLE 5. - ENGINE BEARING DEMAND AND PRICES

FOR 1976 FOR U.S. AIR FORCE

Federal stock aumber

TF33

TF30

Source: Letter dated 3 May 76: E. L. Ansley, Chief of Production Branch
U.S. Air Force MATP, Oklahoma City, Oklahoma.

3110-00-868-2741RU
3110-00-830-1694RU
$110-00-007-6910RV
3110-00-858-2683RV
3110-00-103-7248RV
3110-00-858-2659RV
3110-00-868-2742RV
3110-00-864-9269RY
3110-00-864-9404RV

3110-00-182-8078PQ
3110-00-274-9830PQ
3110-00-412-0498PQ
3110-.00-881-4510PQ
3110-00-412-3449PQ

OEM price, Annual demand .. Restoration price,

$

151,00
444. 20
163.92
394. 50
222,80
660.30
210.90
446. 20
210.30

427.93
493.62
1093.96
258. 20
352. 27

40
24
72
60
68
72
68
64
80

136
176
200
84
64

77.00
173, 00
84.00
154. 00
108. 00
258. 00
97.00
174,00
96. 00

167.00
193.00
4217.00
116.00
137.00
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TABLE 6. - AIR FORCE OEM VS, 90% RESTORATION FOR 1976

OEM replacament cost, ,90 restoration cc.../.10 OEM

$ replacexsent,
$
TF33 engine 174 566.64 88 556. 26
TF30 engine 407 671.68 185 299,97
Total 582 238.32 268 858. 23
Difference $313 382,09
85
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