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PREFACE

This inte1~im report describes the work performed by the Pratt ~
Whitney Aircraft  Group Government Products Division (P~WA/ Florida) of
United Technologies Corporation , West Palm Beach , Florida , under US Air
Force Contract F336 15-78-C-2008. The report material was prepared by
P~WA/Florj da and covers the period from 1 May 1978 to 28 February 1979.

Th is program to study “Improved Capabilities to Detect Incipient
Bearing Failures” in the a i rc ra f t  turbine engine environment is sponsored
by the Air Force Aero Propulsion Laboratory (AFAPL) , Air Force Systems
Command , Wright-Patterson Air Force Base, Ohio under the cognizance of
P. W. Centers , Government Technical Manager , AFAPL . The P~WA/Florjda
Program Manager is J. A. Alcorta . Evaluation of the radioactive methods
was conducted z~t United Technologies Research Center (UTRC) under the
direction of 1. I.. Packer , Chief of the Radioisotope Laboratory .
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SECTION I
INTRODUCTION AND SU*tARY

Current Air Force operational procedures employ analyses of engine

oil to detect abnorma l wear of gas turbine oil wetted parts inc lud ing
mainshaft bearings. The technique employed to conduct these analyses

is the Spectrometric Oil Analyses Program (SOAP). However, since SOAP

does not determine the location at which wear occurs in the turbine

engine , supplemental techn iques such as radioactive tagging of mainshaft

bearings and associated scanning of the wear metal debris are suggested

to pinpoint the location of the distressed bearing. Additionally, the

technique can detect low levels of wear in critical bearings that SOAP

analysts would not disclose.

The objectives of this program, (Improved Capabilities to Detect

Incipient Bearing Failures) are to develop and evaluate techniques for

the detection of initial wear of turbine engine mainshaft bearings, to

provide information as to the location of such distress , and to demon-

strate the method s in a simulated turbine engine environment .

The program consist s of five tasks. Task I comprises an evaluation

of radioactive methods to tag mainshaft bearings and ident ify and count

wear debris. In Task II , the bearing system to be used in the demon-

strat ion will be determined , and the bearings will be procured. Task III

provides for the inspection of the selec t ed bearing before and after ta’..-

ging to assay the effects of the tagging on the metallurgical properties

of the hearing alloys. The procedures to be used in the selected method

will he developed and demonstrated under Task IV , in which the selected

hearing system will be tagged and tested at simulated turbine engine

operating conditions. The safety and hand l ing considerations of the

selected method s will be evaluat ed and the cost/benefit ratios for apply-

ing the selected method will be assessed in Task V.

The principal work undertaken during the first half of the program

consisted of evaluating radioactive methods of tagging mainshaft bearings

and the subsequent identification and counting of the wear metal debris.

Specifically, the initial work determined the radioactive tag , the tagging

method , the nuc l ear counting ,iiethod s and the wear metal debris recovery

technique. Safety and handling consideratiuns resulting from the

1
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radioactive nature of this program have been addressed as part of the

decision process. The bearing system in which the techniques will be

tested has been defined. The conclusions reached after the first half

of the program are:

1) Radioactive Tagging Method

Iron-55 was chosen as the active tag due to the low

radiation levels , long half life , and the homogeneity

of the isotope in the bearing rollers. The neutron

activated bearing material has revealed a linearity

between nuclear counting and the parts per million

concentration of iron debris in the oil. This pro-

vides both a means of recognizing distress in the tag-

ged bearing and of identifying the amount of material

loss from the same bearing. Alternate tagging methods

examined included impregnation by krypton-85. Gaseous

diffusion of krypton-85 was not considered acceptable ,

as the penetration into the bearing surface of this

isotope was not deep enough to permit the detection of

high speed roller bearing wear. However, krypton-85

impregnation might be acceptable for large, shallow

wear measurements or in materials more porous than

bearing steels.

2) Wear Metal Debris Recovery

Due to the low level of radiation in the bearing tagging

technique, separation of wear metal debris from the

lubricating fluid is required . The low level radioac-

tive debris is filtered from the oil using a polycar-

bonate Nuclepore membrane filtration in the 0.5 to 1

micron range. Membrane filtrat~.on is used due to its

high recovery efficiency and its simplici ty of use.

In addition , membrane f i l ters deposit the wear metal
debris on the f i l ter  surface , thereby permitting the
direct incorporation of such debris into a nuclear

2
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count Ing ‘~vstem . to obta in the required wear metal

debris for radioact ire measurements , approx imatelY

130 ml of o t t  wi l l have to he f i l t e r e d .

31 NUI. lear Co .~~~ . t j u g Method s

lit  eraturt’ and instrument surveys showed that a gas

flow proptirt iona l system for beta emissions and x— ray

count i f l~~ cOfl5t I tUtCs th~.’ m o s t  suttahtt~ low — tev t ’l
rad i oac t i VI t y measuring t cc Un i que for bot h neu t ron —

~r r a d i at  ~on and krypton — impregnated hearing material.
Ilighi sop h i s t i c a t e d  systems w i t h  cosmic guard det ec-

tors and back ground shielding to reduce cur i ronmen t a t
radiati on art’ commerc Ia l iv avail abi e . Repea t aui 1 e

measu rements in the  p i cocur it’ range are at t .t inabi e .

4 1 ;ox~ernment Regu tat ions

The amount of rad ioact iv i tv present on the test rollers

w i l l  he l i m i t e d  to a level  tha t  ~loes not impose any

direct contact  hand l ing r e s t r i c t  ion during roller in—

spect ion , assembly ,  and inst a 1 t a t  ion . .•\ ‘‘C -W F ION

Radioa ct  i ve M a t e r i a l ”  tag and inventory cont rol will

be the only Nti c1t~ar Regulatory Commission NRC regula-

t ion app i icahie durin g the test program. Dispos it ion

of used rot lers by a I icensed disposal company wil l he

requ i red . No restrictions on the used oil are expected .

A study of the impact of techn i que in the A ir t~orce

maintenance environment w i ll he made in the second year

of this program .

5) Bearing System Selection

The Fl0O-PW-lO0 No. 4 roller hearing was selected for

radioactive tagging and rig test evaluat ion as a typ i c a l
s ta te-of- the-ar t  h igh  speed roller bearing.

3
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Engine modularization has become an in tegral part of aircraftengine design to help achieve the goals of reduction in maintenanceCosts and engine down time. The radioactive bearing tagging techni queherein described Complements this  nodularizat ion by defin ing an enginediagnostic system that wi l l  identify specific engine bearings experienc-ing above normal wear rates, thereby ~onflning the amount of teardown
to the particular bearing compartment in which the problem is located jif different tags are used. Further, the detection capability of the
system has been enhanced to permit identification of roller bearing weardistress in order to avoid unscheduled engine shutdowns.

I
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SECTION II

RADIOACTIVE TAGG ING METhODS

1 . TAGG IN G FOR AIR CRAFT ENG INE MA iNTEN ANCE

Presently, engine luuricants are routinely analyzed by the Air Force

to detect incipient breakdowns in the oil-wetted sections -of turbine

engines. Evidence from the analyses of the liberated metal wear debris

in the oil permits scheduled removal of the engine before a potential

engine malfunction occurs. The engine condition monitoring method employed

to conduct these analyses, Spectrometric Oil Analysis Program (SOAP), has

provided a valuable means of measuring wear metal concentrations in the

engine ’s lubricating oil. However, SOAP analyses is not totally effec-

tive in that it does not identify the wear location or detect small quan-

tities of wear in the engine. Thus, extensive engine inspection of nearly v
all oil-wetted engine parts is required for identification of the damaged

component. A wear metal identification system that will eliminate or

diminish the extent of teardown and determine low wear levels could result

in reduced maintenance costs and out of service time .

A diagnostic method utilizing radioactive tagging of key engine

mainshaft bearings in conjunction with SOAP analyses could not only

detect high metal wear rates, but could pinpoint the location of problem

bearings. The proposed method consists of radioactive tagging of gas tur-

bine engine mainshaft bearings. H

Radioactive techniques have been previously used to measure wear on

bearings. Engine wear metal debris measurements utilizing radioisotope

• 

- excitation for x-ray fluorescence has been demonstrated by Pratt ~ Whitney

Airc raft (P~WA) Group , Reference 1 , to measure iron concentrations in oil

systems. The system correlated well with SOAP techniques and achieved

a standard deviation accuracy of ±3 parts per million (ppm). However,

the system involves the use of an inflig ht electronic package which re-

qu i res further refinemen t before it will be practical for norma l mainte -

nance procedures. Bearing wear tests were conducted (References 2 and 3)

using reactor i rradiation of rolling elements with radioactive i ron as

the active materia l. Although high measurement accuracies were attained

(SKF Industries attained repeatable wear measurements of 3 x l0~~~ g/l000

5
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revolutions , Reference 2), the radioactivity levels were high , 100 to 200 -

~~~

mil licur ies (mCI), Reference 3. RadiatIon levels of this magnitud e are

unacceptable for engine maintenance procedures. To be practicable , the
use of radioactive Iron isotopes must be conducted at approximately a

thousand times lower radioactivity levels In order to minimize safety
- 

- and handling risks. The use of radioactive silver isotopes to measure

cage wear Is discussed La the “Investigation of Factors Controlling

Engine Scheduled Overhaul” (Reference 4).

The use of kryp tonl loys , soli ds In to wh ich rad ioac ti ve Iso topes of
krypton have been incorporated , for temperature measurement studies has

been extensively pursued by the United Technologies Research Center (IJTRC)

over the last decade. The temperature measuring technique has also been

employed by P6WA and UTRC to investigate metal temperature In variou s
engine turbine vanes and blades , such as TF3O turbine blades after 150-hr

engine endurance testing , as well as the metal surfaces of the .~T9I) No. 3

ball bearing elements , and ATEGG blades.

Wh ile developmental work has been attained with the prev iousl y dis-

cussed radioactive techniques, the tong term field use for specifIc

bearing component oil debris Identification has not been investigated .

This program will use a very low level radioactive technique to detect

bearing wear in a simulated gas turbine engine oil system .

The practical constraints of incorporating radioactive tagging of I
engine mainshaft bearings within the Air )orce operational environment

requires consideration of safety, hand l ing, and maintenance procedures,

as well as consideration of engine oil sample processing logis ti cs. These
constraints establ ished the fo1low~ng cr iteria used In determin in g  the
optimum radioactive levels of the proposed methods.

a. Radioactive Hal f -L i fe

To provide off-the-shelf capabil i t ies , the radioactive half-life of
the i sotope selected for the tagging program should be in excess of
2 years and should be activated to provide failure detect ion and location

info rmation for a pei~iod of no less than S years a f te r  tag incorporation .
These period s are approxima tely the mean t ime between overhauls of opera-
t ional aircraft . At each overhaul interval , the bearings could then he
replaced with reactivated tags for another S-year period .

L 
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• b . R a d i o a c t i v e  Em i s s i o n s / A m o u n t  of R a d i o a c t i v i t y

The amount of r a d i o a c t i v i t y  present must be m i n i m i z e d  to simpl i fy

hand l ing procedure s using the proposed method for turbine engines operated
in the Air Force environment . Due to the low levels of radioactivity

under consideration , the techniques will require only minimal restrictions

on the direct material contact handling when assembling, installing, or

inspecting the bearings. In order for such a situat i on to exist , the

Levels of radioactivity realized in the techn ique must not be considered

environmentally si gnificant under the Nuclear Regulatory Commission Rules

and Regulations (Reference 5) exemption provisions.

c. Bearing Metallurgical Properties

Standard bearing handling, cleaning, and surface protection proce-

dures will be strictly adhered to during the bearing material tagging

process. The tagg ing procedure must not affect the metallurg ical charac-

teristic s of the bearing steel.

d. Tagged Surface Area

The method used to tag the bearing material must be capable of in-

corporating the radioactive tag over the roller surface to a depth

commensurate with that necessary to provide failure detection and loca-

tion information .

Analytical and experimental results obtained in the initial task of

the program are discussed in the following sections as shown below :

1) Bearing tags - neutron irradiation (iron-5S) and

gaseous diffusion (krypton-85)

2) Wear metal debris recovery

3) Low level radioactive detection measurements

4) Government Regulations

5) Bearing selection for rig testing.

I 
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2. NEUTRON IRRADIATION

a. General

Radioactive iron tagging for measuring the wear rates of oil-wetted

components has been used on automotive engines (Reference 6) and on
rolling element bearings (References 2 and 3). Reactor neutron irradia-

tion of the predominantly iron-containing engine components produces both

iron-59 (45-day half-life) and iron-55 (2.6-year half-life). The iron-59

had been selected as the primary radiotracer in previous investigations

because its gamma ray emissions. of 1.1 and 1.29 MeV are easy to detect ,

both during engine operation and in oil samples recovered from the engine.

Iron-55 decays by electron capture and emits low energy 5.9-keV x-rays.

The 2.6-year half-life and the low energy x-ray emissions , make iron-55 a

sensitive long term M50 alloy bearing tag. The use of iron-59, and other

irradiation by-product isotopes such as chromium-Si (28-day hal f-life) as

a bearing wear tag will be feasible only for test programs lasting several

months.

Subjecting premium bearing quality iron-based alloy steels such as
M50, to a neutron flux in a reactor results in the transmutation of van-
ous constituteuts of the material to radioactive isotopes. The composi-
tion of MSO as required by P~WA specification for consumable electrode
vacuum melted bearing steels is shown in Table 1.

Of the elements comprising the M50 composition, only iron , chromium ,

and cobalt convert upon irradiation into radioactive isotopes with a

half-life of sufficient duration to be of interest in this program.

Table 2 shows the technical details regarding the neutron irradiation of

M50 bearing steel.

The half-life of iron-55 is of sufficient duration to permit the de-

cay of the high concentration of iron-59 and chromium-Si isotopes to in-

significant levels within 6 months after removal from the reactor. Table

3 shows the decay factors of the various isotopes both 6-months and 5-years

after removal from the reactor. Figure 1 depicts the decay of the iron-55.

Six months after removal from the reactor, the radioactive atoms are dis-

tributed within the bearing material at a concentration range of approxi-

mately one radioactive atom for every 1010 nonradioactive atoms when the

radioactivity levels to be used in the test program rollers are applied .

8
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TABLE 1. CONSUMABLE ELECTRODE VACUUM MELTED
BEARIN G STEEL COMPOSITI ON M50 PER
PWA SPECIFICATION 725

Mm Max
Constituent Weight Percent Weight Percent

iron 87.92 90.58

Molybdenum 4.00 4.50

Chrom ium 3.75 4.25

Vanad ium 0.90 1.10

Carbon 0.77 0.85

Manganese - 0 . 35

Cobalt - 0 . 25

Silicon - 0.25

Tungsten - 0 . 25

Nickel - 0.15

Copper - 0.10

Phosphorus - 0.015

Sulfur - 0.015

9
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TABLE 3. M50 ISOTOPE DECAY FACTORS

Time After Reactor Removal Year
isotope 0 0.5 5

Iron-55 1.0 0.875 0.264
Iron-59 1.0 0.0623 0.0
Cobalt-60 1.0 0.9362 0.518
Chromium-Si 1.0 0.0116 0.0
Manganese-54 1.0 0.659 0.0154

200 0.2

100 ~~~ç — 
0.1

I

5C 0.05

20 _ _  _ _  _ _  _ _  _ _  _ _

it’ — ______ ______ ______ 0.01
2 4 6

‘Vs.,s from InftIal Neutron Irrad~aUon
FD-162302

Figure 1. Radioactivity Levels for Program Testing.

The mechanical and chemical properties of the radioactively tagged
bearing atoms are identical to those of a nonradioactive bearing; the
wear metal debris also maintains pre-irradiation properties. Exposure
of the bearing to a neutron flux of 1010 neutrons/cm2 -sec is necessary

to induce low-level tagging. The required fluence of io14 neutrons/cm2

is iO~ to 10~ lower than that known to induce changes in the mechanical

properties of steel (Reference 7).

b. Neutron Activation Analytical Calculations

A wide range of iron-55 activity, spanning tenths of microcuries

to aillicuries can be achieved by varying either the neutron flux or the

irradiation time of the material. To provide the initial significant
11
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wear identif icat ion sensitivity, sufficient iron-55 act ivi ty is required
to provide wear metal debris measurement capabilities at the one-half

part per mill ion range in an engine oil system. Measurement sensitivity

parameters are constituted by: (1) the effectiveness of the filtration
method used to remove the wear metal debris, and (2) the lower l imi t of
radiation detection provided by the nuclear instrumentation .

The amount of radioactivity induced in bearing material is a func-

tion of the weight percent of each element comprising the alloy, the iso-

tope percentage of the reacting isotopes, the activation cross-section

and the neutron flux . The specific activity of isotopes produced as a

result of reactor irradiation can be calculated from the equation

A = a $ N (1_0
0.693t/T½)

where

A specific activity (dis/sec-g)

o thermal neutron cross section for the (n,y)
reaction (cm 2)

• = thermal neutron flux (n/cm 2-sec)

N = number of target atoms per gram of iron (g~~)

t = irradiation time (days)

I = half-life of radioisotope (days)

To derive the levels of radioactivity required for the testing por-

tion of the program, a series of calculations were conducted. The

results of the calculation s show the effect of various isotopes in the

M50 materials and their relat ive importance as a function of time elapsed ,

following irradiation. Table I illustrates the results. The neutron

flux and the ratio of thermal to fast neutrons in these calculations are

identical to values previously obtained in the reactor; these values will

also be used for the bearing’s irradiation during the test program.

The fast decay rates of iron-59, and chromium-Si render these isotopes

unimportant 6 months after irradiation. The radiation level of manganese-54

is also insignificant . lron-5S constitutes 85% of the activity for the

typical M5O material subsequent to the 6-month post-irradiation period.

The last column in the table shown indicates the extremely small amounts

of radioactivity present in the oil system as a result of the radioactive

debri s. These minute quantities dispersed in a gas turbine oil system are

12
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severa l orders of magnitude lower than the Nuc l ear Regulatory Commission ’s
exempt concentrat ion values, and whi le  not expected to pose any health
hazards will require sophisticated low-level detection counters to perform
debris measurements.

The following assumptions have been made in the calculations in

order to determine the radioactivity levels after irradiation :

1) Total mass of the irradiated bearing material = 800

grams (g)

2) The mass of each roller = 25g

3) The iron-55 radioactivity 6 months after reactor

removal = 100 microcuries (pCi) per 800g

4) One part per million of debris = 18 mg (5 gal system)

5) Neutron thermal f lux  1.6 x 1010 neutrons/cmtsec

6) Thermal to fast flux ratio = IS

7) 7 hr of neutron irradiation

c Experimental Resu lts

(1) Neutron Irradiation

Roller wear metal debris from a Pratt ~ Whitney Aircraft turbofan

engine roller bearing were irradiated at the Union Carbide swimming pool

reactor in Tuxedo, New York during April 1978. Neutron irradiation of

the bearing material was undertaken to assess the significance of radio-

activity from minor M50 alloy constitutent s , specifically cobalt. The

irradiation was conduc ted on six hearing rollers (16 by 16 mm) encap-

sulated in a 3/4-in, diameter aluminum tube . in addition , fine bearing

material debris abraded from No. 4 rollers with No. 600 silicon carbide

paper was irradiated . This abraded MSO material was sea led in a separate

quartz conta iner .  The irradiation was conducted at a therma l flux of

1.6 x 1010 neutrons/cm i-sec for 157 hr and was completed on 14 April 1978.
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Gamma ray spectroscopic measurements of two neutron-irradiated

rollers were performed on 1’ July 1978, and again 29 September 1978,

93 and 165 days following the removal of the rollers from the reactor.

A lithium-drifted Germanium detector was employed ; seven distinc t ga mma

ray energy peaks from the irradiated material were apparent . Therma l

neutrons produced radioisotopes of i ron-S9 (1098 and 1290-keV gamma
rays) and chrom iun-5l (320-keV gamma ray), as well as the long ha l f-life

cohalt-bO (1170- and 1330-keV gamma rays). ln addition , the fast neu t ron
flux produced an 835-keV gamma ray from manganese-54. This 291-day half-

life manganese-54 orig inates from a fast-neut ron proton reaction with

iron . Figure 2 depicts the spect ra for both set s of measurements. The

short half-life of chrom ium-Si and iron-59 is evident . The fast neu t ron
reaction of stable iron-54 which produces radioactive manganese-54

[~
4Fe(n ,p)

~MnI occurs at neutron energies in excess of 1 NeV . The Union

Carbide swimming poo l reactor used for the neutron i r r ad ia t ion was est i-
9mated to have a fast f lux  of I x 10 neutron/ cm sec tor an est imated

therma l to fast f lux ratio of 15.

The decay of radio act ly e  i ron- S& occurs through the capture ot’ a
K-shell electron with the emission of a 5,9-keV characteristic x-ray t ro m
the decay product , as presented in Figure 3. Althoug h i ron-SS represents

85% of the radioactivity of the neut ron irradiated bearing material (as

j of the 22 November 1978, assay - - months from initial irradiation) ,

98% of the S,9-keV x-ray emissions are absorbed w i t h i n  the roller struc-
ture itself due to the limited range of the emitted x-ray. To obtain the

iron-55 x-ray spectrum milligram quantities of silicon carbide ab raded

bearing material were dispersed over the surface of a 1 - in ,  d iameter

planchet , and were positioned in contact with a beryllium window of a
sealed argon-carbon dioxide gas proport ional detector.

(2) Assay of Neutron Activated Bearing Material

The amounts of radioactive iron-55 and iron-59 per gram of MS0
bearing material produced by the 157-hr irradiation are presented in

Table $ as a function of time after removal from the reactor. The radio-

activity levels from the actual irradiation are 23 t imes greater than

the irradiation projected for the rig tests in the verification task of

the program. The initial irradiation was conducted at a level higher

than the minimum required for detection.

_ _ _ _
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59 ksV (Fs-56)

-_

lot

3 6 12 15
Ensrgy, KSV

FD-157551
Figure 3. Wear Metal Debris Iron-S5 X-ray Spectrum

December 78

TABLE 5. M50 BEARING STEEL RAD IOACTIVITY DUE TO THE
14 APRIL 1978 NEUTRON IRRAD IATION

(157 hr at Thermal Neutron Fluxes of 1.6 x 1010 neutrons/cm2—sec)

M ic rocur ies Per Gram
Time After Exposure 0 1 yr 5 yr

Iron-55 3.30 2.90 2 .500 0.870

Iron-59 1,40 0.09 0.005 0.000
Cobalt-6O~~~ 0.14 0.13 0.120 0.080
Manganese-54 0.19 0.12 0.080 0.002
Chromium-Si • 22.00 0.21 0.070 0.000

Total Activity 27.03 3.45 2. 7 10 0 .950

Uses atomic absorption measurements of 370 ppm cobalt in M5O
steel.
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An estimate of the weight percent of cobalt contaminat ion present

in the irradiated bearing rollers may be achieved through an analysis of

the i ron-59 emission intensities of 1098 keV and 1290 keV gamma-induced
radiation obtained from the germanium spectroscopic measurements. The
iron-59 l ines further provide a means of determining the manganese-54
radioactivity, and of est imating the ratio of thermal to t . .  t neutrons

at the irradiation position used in the Union Carbide swimming pool

reactor. Cobalt contamination , as estimated from the gamma spectrum, is

100 parts per million (ppm). Atomic absorption measurements have

yielded a 370 ppm cobalt concentration . (M50 specifications are 0 to

2500 ppm coba l t .)

The manganese-54 fast neutron reaction can be nearly eliminated

through the use of medi cal reac tor fac i l i t ies at the Georg ia Ins t itu te
of Technology , Massachusetts Institute of Technology , Brookhaven National

Laboratory or the National Bureau of Standards by reducing the amount

of fast neutrons. These facilities offer therma l to fast neutron flux

ra t ios  rang ing from 200 to 10 , 000. Mi n i m i z a t i o n  of the cobalt-60 activa-

tion , however , can only be achieved through the specific selection of

bear ings from master melts containing the lowest level of cobalt conta-

mina t ion .

Simulated M50 bearing materia l wear debri s was obtained by abrad-

ing hearing surfaces with medium grade silicon carbide paper. Ninety

milli grams of this mock wear metal debris were neutron activated with

the bearing rollers. Assaying the neutron activated bearing material

for the principa l i ron-S5 activit y required the counting of milligram

quantities. The low energy x-rays are , however , read i l y absorbed by

the wear material itself; the mock debris was , therefore , d i s t r ibu ted

ove r the surface of 1- in,  d iamete r  a l u m i n u m  p lanche ts .  Model cement

dissolved in acetone was used to hi .’d the debris to the p lanche t surface.

Radiation counting was performed using a windowless gas proportiona l

counter. A chemical analysis of irradiated simulated wear metal debris

revea led about 38.S°~ of the debris to he iron , with about SS°o of the

debris insoluble in hydrochloric acid. The i ron component is equivalent
to 43.8% bearing material. The insoluble material is silicon carbide

abrasive.

18
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The assay results using net count from the tagged material, Figure 4,

show that the specific activity of the M50 material consisted of 3.2 l.ICi/g,

7 months after reactor irradiation . This value was lower than originally

calculated estimates due to the use of a neutron flux of 1.6 x 1010

neutrons/cm~sec rather than the higher prescribed value of 5 x 10
10 n/ cm~sec.

Improved agreement in future neutron irradiations can further be secured

through the employment of pure element standards in measurements of the

neutron flux intensity for the reactor position used in the irradiation

of the bearing . It is estimated that agreement within ±30% is feasible.

The assay value was determined assuming that iron-55 was the only radio-

i sotope present . The effects of the beta and x-ray emissions from the

other radioactive elements were used to correct the counts to the 3.2-jiCi/g

assay value .

1000

800 — 
-

0S.

C

~~600

~ 400 —
0

z
200

0 I
0 1 2 3

Neutron Activated M50 - mg
Fe-55 Proportional Counter 

-

Calibration SensItivity
PCC-1OA Nuclear Measurement

Corp P-b Gas Flow Counter
M50 PartIcle from 14 AprIl 1978

Reactor Activation
FD-157553A

— Figure 4. Tagged Bearing Material Assay Results
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The nonlinear portion of the 2,4 mg sample results from sample self-

absorption incurred by the clustering of the M5O particle~: on the planchet .

Fi gure 5 includes the total mass ot’ debris , i.e., bearing p lus s i l i c o n
carbide. The presence of the silicon carbide simulates extraneous material .

such as metallic debris from other components or nonmeta llics such as sili-

con , which m ay be present in an engine oil system and which can he trapped

on the sampling filter.

Total Mass of Debris on Filter for M50 + SC (mg)
0 1.0 2.0 3.0 4.0

2C 1 I

‘ 1 5  — t~”’ ’ 
— 8”

J10 — - 8 !

2. OIl Temperature - 150°F
— 3. NItrogen Preuure 10 psig

~~~~~~~~~~~~~~~~~~ 1. 0.5Mm Mlllipore FH Filter — 4 -~~~

Z . 4.011 Volume 300 ml — 2
5. Debris ContaIns 45% M-50

PPM lagged Bearing Materia l Filtered from Oil
Fl ) — 157~ S.1

Figure S. Relationship Betwee l Milligrams of Total Debris and
Net Counts in Recovery of Tagged Wea r Metal
Debris

F’

F i gure 5 shows that in the 0.5 to I ppm range , (the level at whi ch

high DN roller bearings produce debris) the radioactivity levels are

l inear  w i t h  wear debr is .  This l inea r i ty  between nuc l ear coun t ing  and

iron part s per million can provide both a means of identifying the pre-

sence of debris from the tagged bearing, and of determining the amount

of mater ial loss from the bearing as well. The correlat ion between parts

per million actual hearing roller mass loss and filtered radioactive

debris  w i l l  be evaluated under the ri g testing portion of the program.

(3) Dose Measurements of the Irradiated Material

20
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To ensure the minima l impact on Air Force maintenance procedures ,

the quantities of bearing roller radioactivity int roduced will be main-

tam ed at a level that does not impose any restrictions in handling

during roller inspection , bearing assembly, or bearing installation .

On 29 September 1978, the dose rate from l2Sg of bearing material

previously irradiated on 14 April 1978, was measured to examine the

I characteristics of the irradiated steel and found to be 2. 7 mIllirems
(mrem) per hour. These data were obtained at a distance of 7.5 cm f rom
the centerline of an air ionizat ion dose rate meter (Victoreen 440) with

the cover off. The 800g of total bearing material to be irradiated for

each bearing under Task IV of this program is projected to have an over-

all dose rate of 0.7 mrems/hr 6 months following removal from the reactor

at a comparable measuring distance. Such a decrease in dose level

follows from a reduction in the activity of the rollers to be tested

when compared to the initial i rradiat ion condition . Table 6 shows the

radiation dose rates from the rollers projected at the initiation of the

demonst ration test , while Table 7 depicts the radiation dose rate from
various public sources. To re-emphasize , no handl ing rest r ict ion s w i l l

• be requ i red for the bearings during the test portion of the program.
TABLE 6

ROLLER BEARING DOSE RATE AT THE IN I T 1AT I ON
OF ThE DEMONSTRATION TESTING

Contact 3 in. 1 ft
(mrem/hr) (mrem/hr) (mrem/hr)

One Roller 0.2 0.023 0.001

Assembled Bearing 4 0.7 0.2

TABLE 7. RADIATION DOSE RATES AND DOSES FROM COMMON SOURCES

Dose Rate Dose
(mrem/hr) mrem

Potassium-40 naturally occurring in the body~~ 0.002 20 per yr

Natural background dose at sea level (average)W 0.011 100 per yr

3-hr jet-plane f1ight~~ 0.67 2 per fli ght

g Chest x-ray — 30 per exposure

Dental x-ray sing le exposure~
2
~ — 250-450 per exposure

(1) See Reference 8
(2) See Reference 9
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3. KRYPT ON-85 l) I FF U SI ON IMPR E GNA TI ON

The impregnat ion of radioactive krypton-85 gas into engine hardware

for the purpose of obtaining postoperative measurement of maximum surface

temperature distribution has been in use by Pratt i~ Whitney Aircraft Group

since 1968 (References 10, 11 , 12, and 13). The majority of the work has

involved first- and second-stage turbine blades and vanes; temperature

data have been recovered from ri g-operated TF3O mainshaft bearings. Maxi-

mum temperature da ta have been recovered from TF3O turbine blades after
150-hr of eng ine endurance testing. Current laboratory work is aimed at

defining the accuracy of the method on JT9D gas turbine mainshaft bearing

test pieces over the 250 to 450°F temperature range. Additional work in

this area has been reported by other investi gators (Reference 14).

The applica tion of krypton-85 to the measurement of wear rates has

been at tempt ed w i t h  the  impregnation of electroplated nickel (Reference 15).

A n icke l  surface was applied in r o t a r y - s l i d i n g  mot ion agains t  a surface

of nickel-free tool steel. The wear process was then carried out under

wa ter in order to prevent the loss of nickel dust . The nickel loss was

determined by wet chemical analysis of both the containing water and the

stee l face. The results revealed an exponential decrease in residual

krypton radioactivity as a function of the nickel mass removed from

the surface. These measurement s demonstrated that the krypton had pene-
• trated to a depth in excess of 3 x 10~ ~ (1.2 x 10~~ in.) and that the

amount of trapped krypton decreased with depth. No attempt was made

to measure the radioactivity of the nickel wear metal debris. Work

was also reported in this reference regarding the depth of krypton-85

penet rat ion in alloy steel rollers. This was determined by a series of

electropolishing and residua l radioactivity measurements. The krypton

depth was determined to be on the order of 2 x l0~ ~ (8 x 10
”
~ in.) and

exhibited an exponential decrease wi th  dept h , as previously found in the

electroplated nicke l results.

The 10.6-year h a l f - l i f e  of krypton-85 and its nearly pure beta emis-

sion of 695-keV energy electron result in a radioactive tag with a minimum

radiation hazard , but with sufficient electron energy to produce a measur-

able wear metal debris tag. The U. S. Nuclear Regulatory Commission (NRC )
regulat ion permits 100 ~iCi of krypton-85 to be exempted from all NRC

22
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regulation . A neoprene sheet 0.032-in, thick will provide about 95%
attenuation of the beta radiation exposure. The 0.4% emission of the

514-keV gamma from krypton-85 is at a low, nonhazardous leve l .

a. Impregna tion Proc edure

Impregnation of fifteen 16 by 16 mm bearing rollers was performed
at the United Technologies Research Center (UTRC) krypton-85 facility

(Figure 6). Introduction of radioactive krypton-85 gas into solids was
accomplished by exposing the solid to a hig h temperature , high pressure
krypton environment . Erypton diffusion into the material increases

exponentially with temperature, but linearly with pressure and with the
square root of time exposure. The thermal diffusion of the krypton was

carried into the M50 rollers at 450°F and 320 psia for 267 hr. The kryp-
ton gas mixture contained 13.4% krypton-85 gas, while the remaining
atmosphere constituted inert nonradioactive krypton gas.

Prior to impregnation , the rollers were solvent cleaned using stand-

ard bearing- cleaning procedures to remove the oil protective coating and

were oxide-passivated by heating in air for 4 hr at 500°F. Seven of the

impregnated rollers were new, while eight rollers were previously run in

a gas turbine engine environment . The used rollers were also treated
electrochemically by following a standard preplating cleaning procedure

(a lka l ine  cyanide solution - ENDOX 214) to remove the residual varnish

coating.

Radioactive assay subsequent to impregnation revealed a level of 0.5

to 0.8 ~Ci per new roller and a range of 1.2 to 1.6 uCi per used roller.
The higher levels for the used rollers can be attributed to the krypton

• retent ion in the residual varnish layer.

When the kryptonated material is reheated to temperatures lower than

its previous maximum temperature,no significant activity losses occur.

The maximum temperature endured by the kryptonated material must be main-
tam ed for a sufficient period to liberate the krypton atoms having

--
~~
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binding eaerg es I e~~~ than , or with in  the r ange  of K int ’t ~‘ ene rg y  d ist i - i —

but ions  at the maximum temperatures. ‘t hus , in order to therma l l y ‘‘ stabiliz e ’’

the krypton impregnated b e a r i n g  m at en a 1 fo I’ t emi~era tu  res in excess 0

those existing for engine oil operating conditions,the rollers were thermally

ressed in  a 450 0
1 oil b a t h  p r i o r  to  d e p t h  m e a s u r e m e n t s .  ‘l’he stabi I i  z a —

t Lon process  c o n s i s t e d  of sub mec t ing the m’o l I ens t o  twent v — f o u r  4 — m m

h eat  tug and ~-ooI jug ~~c les . .-\pp roxima t et~ 1o of the iii it i at kr y p t o n

rad m o a c t  lv i t y was  l o s t  J u t -  m u g  this process. Pr i or work has shown that

operat ing at t e m p e r a t u r e s  lower t i h i l t  •~~~ t1
0 I :  w i l l  r e s u l t  i n  neg l i g i b l e

add it I ona I ga s I o s

~ : ;
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I : i g l i r e ~~~. Rad io.m~ t i v e  krypt On inipregna t ion  i , mc I I t~ m t

h. Depth Measurements

The dept h pe liet i - m t  ion of ’ t h e  gas . •m s well I s  t he c o t t c e l) t  rat io n and

di  st r i but ion o t’ dept 11 into t he parent mat e 1’ i .1 1 a m’e dependent  upon t he

n a t u r e  ot t h e  mat  Ct’ I a I be t rw  im n i - e ~’n a t  ed . the t r~tp ~~t n ~ c I t  C c  tol’ t he
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stable retention of krypton atoms appear to be associ at ed wi th defect
st ructures in the grain boundaries and in tergranular defects of the host
material . Chemica l and physical propert ies of the parent material were
not found to be altered by the impregnation of the krypton gas into the

P sur face (Rsfer ence 14).

The depth of krypton diffusion was measured by sequential abrading
and electropolishing removals. Nuclear counting was performed on

the end surface area of the various rollers. Two rollers were investi-
gated for each material removal technique. A plastic scintillator

coupled to a photomultiplier tube was used to measure the residual

radioactivity. The amount of bearing material removed was determined

by weighing the rollers before and after each material removal.
Figure 7 shows that the fraction of residual (I) activity after material
removal divided by the initial activity 

~~~~ 
reached the 0.01 level

at a depth of about 2 urn (0.08 mils). The abrasive removal depth mea-

surements reached the 0.01 level at a depth of about 1.9 urn. Both the

abrasive removal and electropolishing removal data are presented in

Figure 7. The 0.001 1/10 level was determined to be about 3 urn

(0.118 mils). Krypton activity at less than the 0.001 1/10 level would :

not contribute to bearing tagging detection sensitivity . Measurements

of the abraded material removed from the silicon carbide paper con-

firmed that the krypton was retained in the removed debris.

The electropolishing technique consisted of masking a 0.495 cm2 area
on the roller end and then dipping approximately two-third s of the roller

surface into an insulating lacquer. The roller was then electrically

connected to form the anode, a platinum strip providing the cathode. A

10% solution of perchlorIc acid in methanol constituted the electrolytic

solution . The solution was maintained at -10°F through the use of liquid

nitrogen cooling. Electropolishing was performed with an open circuit

voltage of 25v DC and about 0.3 amps for period s of both 10 and 25 sec.

Krypton-85 diffusion tagging does not penetrate to a sufficient depth
in the MS0 bearing material to be applicable to the identification of

high-speed roller bearings eccentric end wear. The roller eccentric end

wear is restricted to less than 10% of the total surface area of a roller
with the wear In this area attaining several mils in depth. Figure 8
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shows the wear pattern on a t6-~~ roller exhibiting heavy end wear. This

wear pattern represents a mass loss of about 12 mg or 0.67 ppm in a S-ga l

syst em . In addition , due to the exponential depth dis t r ibu t i on of the

krypton gas,a correlation between ac t iv i ty  and wear metal debris (parts per

mill ion ) cannot be accomplished . The krypton tag will solely identify the

wear location.

~The krypton-85 tagging concept would be applicable for larger surface

wear areas in which 0.1 mils of surface depth represents a si gnificant

amount of wear.

4. CONCLUSIONS - RADIOACTIVE TAGGING

a. Neutron Irradiation

The neutron irradiation of bearing material is recommended for

bearing failure detection tagging procedures. Two isotopes were assessed

as possible tags in this program — krypton-8S and iron-55. Of the two ,

iron-55 was selected for use in radioactive tagging for high speed roller

bearings eccentric end wear monItoring. Krypton-85 diffusion tagging was

rejected following both a literature survey and experimental testing due

to its inefficiency in depth penetration in the bearing material.

In contrast , the radioactivity levels in the neutron-activated iron

were uniform throughout the material , and can be established at a

specific value. Moreover , the assay of neutron-activated bearing material
incorporating iron-55 has revealed a linearity between nuclear count ing

and the parts per million concentration of iron debris in a lubricating
fluid. This provides both a means of recognizing the oc currence of distress

in the tagged bearing, and of identifying the amount of material loss

from that bearing. This capability is not possible utilizing a krypton
tag .

The only major uncertainty of the iron-55 tagging procedure is the
by-product generation of cobalt-60 during neutron activation of the

bearing steel. It is, however , possible to analy t ical ly determine the
amoun t of cobalt-60 so generated g iven master-melt information of the
bearing steel , irradiation flux , and exposure t ime . By reducing the
cobalt concentration in the original t450 steel used , it is possible
to reduce the cobalt-60 dose Obtained .
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Therefore, as a result of the advantages of the iron-55 isotope noted

above, and because of its adherence to all tagging criteria as described

in Section I-i iron-55 has been selected as the radioactive tag best suited

for utilization in this program.
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SECTION I I I
DEBRI S RECOVERY

1. GENERAL

The radioactive bearing tagging techn ique requires separat ing the
wear metal debris from the lubricating fluid . The specific amount of
engine oil processed for wear metal debris recovery is dependent upon the

required part per million threshold level for detection , the initial

level of radioactivity concentration on the tagged roller , the nuclear

debris counting system sensitivity, and the radioactive decay time.

Severe roller eccentric end wear from a typical high speed applica-

tion represents a mass loss of 9 to 15 mg. In a 5-gal oil system, typical

of current jet engines, the lower mass loss is equivalent to 0.5 ppm. To

provide detectability at the 9-mg eccentric end wear level , a 0.5 ppm

debris detection threshold level will be used .

Table 8 illustrates the effect of the recovery efficiency and the

amount of oil filtering on the det ection capabilities of the radioactive

tagging system. The table reflects the following constraints:

1) Iron-55 specific activity after a decay time of 5 yr
+ (0.038 pCi/g, Table 4)

2) One part per million of debris in a 5-gal system is
18 mg of wear

3) A nuclear detection system with a low level of

detectability of 2.3 X 10-6 MCi . (See Section IV.)

TABLE 8
WEAR METAL THRE SHOLD LEVEL VERSUS SAMPLE

SIZE AND DEBRIS RECOVERY EFFICIENCY

5 gal 0.26 gal 0.13 gal 0.026 gal
(F100 Oil System)
(18.9 liters) (1.0 liters) (0.2 liters) (0.1 liters)

Recovery (%) (ppm) (ppm ) (ppm ) (ppm )

100 0.003 0.06 0.32 0.64

50 0.07 0.13 0.64 1.29

30



The Table 8 shows that the 0.5-ppm threshold level can be achieved

for 100% recovery of under 130-mi of oil. The threshold level quoted

represents the lowest detectability expected due to the reduced radio-
activity after 2 half-lives decay of Fe-55 (5 yr). Six months a~ter

activation , the 130 ml of oil can detect to a level of 0.15 ppm . The oil

sample volume required to achieve 0.5 ppm threshold detection as a func- 14
tion of radioactive decay is shown in Figure 9. - 

-

a.: ____ _ _ _ _  _ _ _ _  _ _ _ _  _ _ _ _  _ _ _ _  ioo

— 5 0

5 —  ~~~~ . -30~~ p
S gaiOlSystem

• 23 x i0 6 uci Detection Limit
100% Debris Recovery - 

-

10
20 60 100 140

Oil Volume Sample - ml
FD-154 13

Figure 9. Oil Sample Volume to Achieve 0.5 ppm Debris
Measurement Required

2. RADIOACTIVE DEBRIS ANALYSES

An initial evaluation to determine the most practical method of

wear metal debris recovery considered procedures such as filtration ,

centrifuging, and magnetic and solvent extraction . Centrifuging and

solvent extraction were rejected because of the limited quantities- of oil

that could be processed and the complexities involved in processing the

oil. Magnetic separation was found to be applicable to gallon size oil

samples but filtration was determined to offer the most practical method

of debris recovery. Thus, of all the various debris removal techniques
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examined , an optimal design appears to consist of either a vacuum or pres-

sure filtration system incorporating a supported membrane filter (Reference 16).

The method used to obtain an oil samp1~ for subsequen t radioac t ive
debris analysis must ensure that the sample represents the equilibrium

wear metal concentrations existent during the operation of the engine oil

system (Reference 17). Details regarding proper oil sampling methods are

presented in the wear part icles at las (Reference 18) .  For the tagg ing

system discussed in the following paragraphs, the SOAP oil removal tech-

niques used in current engine oil systems are recommended .

a. Types of Fil trat ion

Fil tration media fall into two basic categories: “depth” and “mem—

brane.” Depth filters derive their name from filtration that occurs

within the depth of the filter matrix. Filters of this type consist of

a random matrix of fibers bonded together to form a complex maze of f low

channels. Screen filters retain particles on their surfaces by phys ica l ly
“screening” them from the oil. The screen structure is normally rigid ,

uniform, and continuous; it is referred to as a membrane filter.

For recovery of wear metal debris from an engine oil system , a depth
filter would entrap particles within the filter matrix and permit pro-

cessing of gallon size oil sanples. However, the debris would be difficult

to remove from the filter matrix for subsequent nuclear counting. A mem-

brane filter is limited in the total volume of oil that can be filtered
in a finite period . However, the membrane would position the wear debris

on the filter surface which could then be directly introduced into the

nuclear counting system. Due to its high capture efficiency and simpli-
city of use, membrane filtrat ion has been chosen for wear particle removal.

A description of this filtration method follows.

b. Clean Engine Oil

The field application of the tagged mainshaft bearing approach for

incipient failure detection necessitates utilizat ion of the least compli-

cated method for removal of the wear metal debris from the engine oil.

Membrane filtration using a 47-mm pressure holder (Millipore Corporation

32
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Type XX4O 047 40) was selected for laboratory testing (Figure 10). The
time necessary to filter 200 ml of clean Mobil Jet Oil II (MIL.-23699-B

Specification) was measured for applied nitrogen pressures ranging from

5 to 40 psig, Figure 11. The inverse power law relationship of time (T)

necessary to filter 200 ml of oil as a function of applied pressure (P)
— was observed to be T = aP~

2”3, the value of “a” being a function of the

following:
- 

-

- Pore Size Temperature
Filter Type (jim) (°F) “a”

- 
-~

- Millipore FH 0.5 65 90
Millipore FA 1.0 65 36

From Figure 11 it can be seen that for a 5-mm filtration, 70 psig
is required for 0.5-micron filtration and 20 psig is required for 1-micron
filtration.

Reduction in the amount of time or pressure necessary to filter the
oil can be achieved by increasing the oil temperature. For synthetic
Type II oil the viscosity decreases from 60 centistokes at 65°F to 18
centistokes at 120°F. Filtration of 200 ml of oil using 0.5-micron pore

size membrane filter was performed at 10 psig pressure in about 6 mm at

the higher temperature. MIL-L-7808 oil used in Air Force gas turbine

engines requires shorter filtering times due to its lower viscosity
compared to Type II oils.

C. Used Engine Oil

To determine the effects of used engine oil on filtration time and

pressure, an engine oil sample was obtained from a P~WA FT l2A-3 gas tur-

bine engine used to drive a compressor at the United Technologies Research

Center. Approx imately 15 gal of oil were contained in the FT 12A-3 engine;
the oil log indicated that the oil had not been changed in 5,000 hr. The

oil used in this engine was Exxon Turbo oil 2380. The engine oil system

used only metal screen type filtration. The color of the used oil was

black.

A 200-nil sample of used oil was first filtered through a i-micron

filter (at approximately 150°F and 10 psig) in about 3 m m .  Some carbon

deposits were trapped on the filter but the filtrate remained black.
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The same oil was then filtered through a 0.5-micron filter (at approxi-

mate ly 180°F and 10 pslg) in about 3 m m .  Less black debris was evident

although the oil retained its black coloration . This test demonstrated

that the absence of filter blockage was expected for used gas tur b ine
eng ine fiel d oil.

100 

OIl Sample 200 ml - -
~

50 — 
(PAIL 2369a-e) Oil Temperature 65°F

2 ;:: :::::::::
0 I I i i  I
0 2 3 5 10 20 30 50 100

Differential Pressure - psig
FD-lSl7tO

Figure 11. Oil Filtration Time vs Applied Pressure

d. Radioactive Debris Filtering

In order to evaluate the effectiveness of the membrane filter for

the recovery of radioactive wear metal debris , various milli gram quantites

of debris were introduced into 300 ml of Mobil Jet Oil 11 . A 0.5 pm

Flouropore Millipore filter was positioned within a 47-mm pressure holder.

Oil temperature was set at approximately 150°F and a nitrogen gas

pressure of 10 psig was used . After filtration , the filter was positioned

within a gas proportional counter and measured for 1 m m .  The results ,

previously shown in Figure 4, Section II , demonstrate a linear relation-

ship between milli gram of debris and net counts to about 3 mg or 10 parts

per million. For the nuclear counting conditions used , the linearity can

be further extended to 100 parts per million by reducing the quantity of

oil to 30 ml , thus reducing the amount of wear metal debris in the filter

and the self-absorption of the debris.
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e. Testing Various MIL-L-7808 Formulat ion s

In order to determine the applicability of membrane filtration to

the various manufacturer formulations of M1L-L-7808, l-qt samples of
Humble, Stauffer , Royal and Mobil lubricants were fi l tered . Fif ty-gram
samples were heated to 1500F, poured into a 47-mm stainless steel pres-

sure holder, and pressurized to 10 psi with nitrogen . The t imes required
to perform the filtrat ion using a 0.8-micron polycarbonate Nuc lepore-

type f i l t e r  were then recorded , as shown in Table 9.

TABLE 9. FILTRATION TIMES FOR VARIOUS OIL
FORMU LAT IONS

Manufacturer Formulation Lot Time (sec)

To provide additional information , lO0-g samples of each of the oil

types were also filtered using a 0.8-micron NucI~~ore filter under the

same conditions . The Humble ~nd Mobil lubricant s required 20 and 40 sec,

respectively. The Mobil Jet Oil II and Stauffer lubricants both requ ired

68 sec . Roughly 60% of the Royal lubricant passed through the filter in

about SO sec , after which the flow subsided to a slow dri p.

Further testing using Millipore Fluoropore (polytetrafluoroethy lene

bonded to a polyet hy lene net) 0.5 and 1.0-micron filters showed that for
the Mobil and Humble lubricants filtration required about two to three

times longer than was necessary using the Nuclepore filters. In a 100-g

test, about 60% of the Royal lubricant passed through the filter in 95

sec before the flow stopped . Stauffer lubricant was not filterable using

the Mil lipore type filter.

A Sch leicher and Schuell pressure filtration pneumatic hand pump
with a liquid volum e capacity of 50 ml has been used to f i l te r  Mobil Jet
Oil II. The drawing up of as much as 20 ml of 150°F oil into the cylin-

der and the subsequent discharging of the oil through a 47-mm Nuc lepore

; 
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polycarbonate filter required about 60 sec. These various tests suggest

Polycarbonate Nuclepore type filters to be the practicable scheme for all
formulations of Type I gas turbine engine lubricant .

f. High Gradient Magnetic Separat ion

In order to minimize the initial radioactivity levels of the bearing

mater ial , it is advantageous to process as much of the engine oil as

possible for recovery of the tagged wear metal debris. Magnetic

separation has demonstrated capability “of removing virtually all of the ‘

ferromagnetic wear particles in oil” (Reference 19). The oil is pumped

at a flowrate of 1 to 3 gal/mm through a filter canister contain ing a

stainless steel wool matrix. The canister , about the size of an auto-

mobile oil filter , is enclosed in an electromagnet capable of generating

a magnetic field of two kilogauss. The coarse steel wool matrix induces

large perturbations in the magnetic field intensity , thereby producing

sharp magnetic gradients for trapping the wear debris onto the steel
wool.

Remov al of the debris from the steel wool matrix would be achieved

by circulating an oil solvent through the canister with the power removed

from the electromagnet. A membrane type filter would then be used to

remove the debris from the solvent . Discussions with magnetic separator

manufacturers indicate that laboratory systems would cost upwards of

$8000, depending on the technical sophistication and system size. The

system would , however , be bulky and would not lend itself to flight l ine

usage. Due to the complications that arise from magnetic separation ,

th is  system has been discarded in favor of membrane filtration .

3. CONC LUSION

-The radioact ive bearing tagging technique requires the separation of
the wear metal debris from the lubricating fluid. The low level radio-
active debris is filtered out of the oil using membrane filtration in the
0.5 to 1.0 micron range. Filtering duration of under 3 mm are projected
for samples up to 200 ml of typical Type I MIL-L-7808 gas turbine lubricant.
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A polycarbonate Nuclepore membrane filtration is recommended for
use in this program due to its high recovery efficiency and its simpli-
city of use. In addition , membrane f i l ters have the advantage of deposit-
ing the wear metal debris on the f i l ter  surface , thereby permitting direct
incorporation of such debris into a nuclear counting system.

Calculation s of the required wear metal debris recovery for a field
system using iron-55 as the radioactive tag indicate up to 130 ml of oil
will have to be analyzed in order to obtain reliable measurements. The
specific amount of oil removed is dependent upon initial tracer activity,
debr is recovery , decay time, and requ ired part per million threshold
level for detection.
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SECTION IV
NUCLEAR MEASUREME NTS OF RECOVERED WEAR META L DEBRIS

1. RADIOACTIVE DEBRIS DETECTION

$

• 
The amount of induced bearing roller radioactivity required to pro-

j  vide wear metal debris iden t i f i ca t ion  is directly dependent upon the

lowe r l i m i t  detect ion accuracy of ava i l abLe  nuclear counting inst rumenta- —

tion .

Low level wear debris sample measurements involve the use of techni-
ques that minimize extraneous background . Background counts are princ i-

pally attributed to environmental radioact ivi ty ,  cosmic rays and elec-
tronic “noise.” Surrounding the detector assembly with 4 in. of lead
lined with 0.25 in. of copper w i l l  reduce the effects of environmental
radioactivity. The positioning of a cosmic ray detector around the sample
measuring detector provides a means of ident i fy ing  cosmic ray counts from
radioactive debris counts. The use of anticoincidence circuitry will

temporarily block the instrument from responding to the occurrence of a

cosmic ray event. The instrument will then respond only to the sample

detector counts.

The low-energy 5.9 keV x-ray emissions from i ron-SS and the 695 keV

beta emissions from krypton-85 require the selection of a radiation

detect ion method which wilt provide maximum dett’ct ib i l i ty. Scinti llati on

counting experiences detectihility limitation s for these emissions , whi le

gas proportional counting permits hi gher detection (Reference 20). This

higher detectability is critIcal in obtaining efficient counting sensi-

t ivity and background suppression . cas proport i onal counters are about

30% efficient for the 5.9 keV x-ray and about 40% e f f ic i e n t for the

695 keV beta ray.

The lowest Level of debris detection for this invest i gation will use

the “minimum detectable activity concept” (References 21 and 22), i.e., that

activity of a rad ionuc l ide which 1 in a given counting t ime . increases the

reading of the instrument by an amount equal to three t imes the standard

dev iation of the background recorded in that t ime. The significance of

background on the lowest level of debris detection is shown in Table 10.

The factor Increasing the level of detection between the I and 40 counts
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per minute (cpm) background Is 6.3; it represents the difference between
a gas proportiona l counting system incorporating both lead shielding

and anticojncjdence methods and one which does not . The ~.3 factor also
represent s the decrease In the induced bearing roller radioactivity
levels necessary to achieve the required level of debris detection .

2. GAS FLOW PROPORTIONAL COUNTING

The proportional counter is an ionization chamber type device in

which radiation is detected by the ioni:ation of the contained argon gas

by collision with beta partic les or by reactions with x-rays (Figure 12).

Within the proportiona l counter the original elec trons released by a

nuclear event are multiplied by cascade ionization. This cascade ioniza-

tion results from the electrical field acceleration force produced by a

positively charged anode wire. The negative ions that are formed are

attracted to the anode wire , and the positive ions are attracted to the

cathode housing. The excessive charge on the anode wire is removed by

the high voltage supply, resulting in a fas t pulse  of curren t through the
anode wire . This fast charge pulse is electronically processed to a
proportional voltage pulse. Each processed voltage pulse over a set

voltage range represents a nuclear event or count.

+ High Volta ge

_ _ _ _  _ _ _ _ _ _

NMC Proport ional Counter
I-’, 2 1n. airl

- - (Cross SectIon Through Center of HemIsphe re)
F[)-154709

Figure 12. Proportiona l Counter Ionization Chamber

41

M 1
~~~~~

_ - — 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~
— — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~



__________________________ -~~~~~~ -

The size and shape of the proportional counter determines detector
efficiency for a nuclear event . The S.9-keV x-ray from iron-55 and the
695-key beta from krypton-85 have been determined for the Nuclear Measure-
men t Corporation detector , Fi gure 13, to be 0.3 and 0.4 respectively.
The Canberra detector , Pigure 14, has been assumed to have the same detec-
tor efficiency. Testing confirmation will be performed. It should be
noted that the background sensitivity is proportional to the volume of
the detector , i. e., the smaller the volume the lower the background .
There is, therefore, a trade-off between detector efficiency and background
sensitivity. The current program is directed towards using off-the-shelf
proportional counters. Further work on the optimization of the propor-
tional counter has the potential of improving the detector sensitivity.
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SECTION V
GOVERNME NT REGULATIONS

An important consideration in the evaluation of rad ioactive bearing
tags is the federal regulatory requirements for the handling and disposal

of low level radioactive material. Regulations for the use and possession
of radioactive byproduct materials , (i. e . ,  any radioactive material
yielded in or made radioactive by exposure to the radiation incident to

the process of producing or utilizing special nuclear material , f ission
of uranium) are promulgated by the U. S. Nuclear Regulatory Commission

(Reference 5). Both P~WA and UTRC are licensed in the use of radioactive

mat erials for performing research and development work.

- 

- The Nuclear Regulatory Commission provisions exempting the research

and development user from compliance with the standard regulations in

regard to certain specified quantities of radioactive material exist.

These exempt quantities’ of radioactive material are not considered
environmentally significant .

I

1 Exempt quantities are defined in Chapter 30 Paragraph 18 of

NRC Rules and Regulations, “Any person is exempt from the re-
quirements of a license to the extent that such person

receives , possesses, uses, transfers, owns, or acquires by-

product material in individual quantities each of which does

not exceed the quantity set forth in 30.71 , Schedule B.”

In addition , Section 32.19, states that no more than 10

exempt quantities set forth in 30.71, Schedule B, shall be

sold or transferred in any single transaction . For the pur-

pose of th is requiremen t, an individua l exempt quantity may be

composed of fractions of one or more of the exempt quantities

in 30.71, provided that the sum of such fractions shall not

exceed unity.
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The microcuries of radioactivity and the particular radioisotopes

used for tagg ing the hearing rollers b months after irradiation approach

the exempt category (Table 11), with only cobalt-b0 exceeing the exempt

quantity levels. The presence of 4.5 pCi of cobalt-6(l represents insign i-

ficant hazards; i.e., 1 ~iCi of cohalt-bO is commercially used for spark

gas irradiation in electricall y ignited fuel burners.

Spec if ic exempt ions from the requirement s regulation (Section 30.11

and Parts 31-35) may be granted by the Commission upon application of

any person or upon its own initiative. The exemptions are authorized by

law provided they will not endanger life or property or the common defense

and security and are otherwise in the public interest . Part S of the

regula t ions “Spec ific Domestic Licenses to Manufacture or Transfer

Certain Items Containing By-Product Materials” prescribes requirements

for the issuance of specific licenses to persons who manufacture or

ini t i a l l y transfer by-product material for sale or distribution to

persons exempted from the licensing requirements. The following (Table 12)

lists some of the items being granted exemptions.

In petitioning for an exempt product status , a positive cost benefit

relationship must be demons tra ted. it  must be shown that  the product in
quest ion is required and that the need for this product cannot be satis-

fied throug h the utili zation of nonradioactive product material. In

addition , an environmental report incorporating appropriate safety analyses

and verif ying that the product is safe under all possible condition s of

use must be compiled and submitted . ~‘eference 23, as well as the NRC
rules themselves , details the Environn ental Report Requirements.
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TABLE 12. SLH44ARY OF EXEMPT ITEMS

Per Device Schedule B
Radioisotope Devices Microcuries Microcuries

Krypton-85 Electron tubes 30 100

Promethium-147 Self-luminous timepiece 200 10

llydrogen-3 Marine Compasses 750,000 1 ,000

St rontium-9() Ion detection Devices 50 0.1

Cohalt-bO Spark gap tubes 1 1

It can he noted that levels significantly higher than the exempt quanti-

ties have been exempted .

The only NRC regulation mandated during the installation and reali-

zat i on of the Task IV test program is the affixing of a “CAUTION RADIO-

ACTIVE MATERIAL” tag on the box containing the hearings. During rig

operation , the tag w i l l  be att ached to the ri g itself. The rad i oactivity

of the debris generated and collected during the rig testing is of suffi-

ciently low levels to warrant an exempt status from all regulations (NRC

Section 30.14 Exempt concentrations , “Any person is exempt from the re-

qu i rements of a license for material containing byproduc t ma ter ial in
concentrat ions not in excess of those listed in 30.70 Schedule A.”).

Additionall y , inventory contro l of the radioactively tagged hardware

must he maintained .

Both the exempt concentrations and the debris level concentration

of the tests undertaken are presented in Table 13.
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TABLE 13. EXEMPT CONCENTRATIONS OF RADIOACTIVE MATERIALS~
’
~

TEST PROGRAM
Schedu le A~

2
~ pCi/ppm~~ pCi/ml~

4
~

(~Ci/m 1) of wear of oil per
or (pCi/g) debris ppm 

-

Iron-55 8x10 3 2.24x10 3 1.2x10 7

lron-59 6x10 4 7.20x10 5 3.8x10 9

Cobalt-60~
5
~ 5x10 4 7.2x l0 4/l.03x 10 4 3. 8x1O 8/5.4x l0~

9

Manganese-54 lxlO 3 9.OxlO 5 4.76x10 9

Chromium-Si 2xlO 2 2.l6x10 4 1.l4xlO 8

-~ (I) Refers to wear metal debris removed from the bearing and dis-
tributed in S gal

(2) See Part IV Appendix Exempt Concentrations, NRC Regulations
(30.71)

(3) The radioactivity in the oil system per ppm of bearing wear

(4) The radioactive concentration per ml of oil

(5) Max concentration of cobalt in M50 (2500 ppm)/typicai concen-
tration (370 ppm).
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SECTI ON VI
BEARING SELECTION

1 . SELECTION CRITERIA

Engine modularizution achieves goals of reduced maintenance costs

and engine down t ime . The radioactive bearing tagging techn ique utili zes

this modularizat ion by defining an engine diagnostic system that will

identify engine hearings with above norma l wear rites , thereby reducing
the amount of teardown to the specific hearing compartment in which the

problem bearing is located . A state-of-the-art operationa l bearing

sys tem wh ich has encountered wear in test stands or field service will

be used to evaluate the tagging process.

The FlOO-PW-100 No. 4 bearing is among the hi ghest DN (bore d iameter
x-speed ) hear ing in the Air Force inventory and is inaccessible for inspec-

t ion or removal without core module teardown . The No. 4 bearing is a

lbS mm bore cylindrical roller bearing with an operating DN of 2.2 x

that , in conjunction with a thrust bearing, supports the high shaft of

the Fl00 core module. The basic No. 4 bearing geometry is shown in

Figure iS. Knowledge of the problem hearing location will reduce the

engine operat iona l support costs through a reduction in maintenance

cos t and eng ine down time . Figure lb depicts the location of the No. 4

bearing in the FlOO engine. The No. 4 hearing has been selected for this
study because it experiences roller wear distress common to other high

speed roller bearings. P~WA has amassed extensive know ledge of this

bearing ’s wear characteristics through a comprehensive analytical and
rig evaluation program. The proven ability to induce wear through

various means on this bearing makes it a cost effective method to
evaluate the tagging technique.

2. ROLLER BEARING WEAR

The higher thrust-to-weight ratios required for advanced military

aircraft turbine engine designs demand advanced technology hearings.

These high technology engines require: (1) high shaft speeds to achieve

maximum gas dynamic performance, minimum size , and minimum weight ,

(2) flexible bearing support structures for lightwei ght and minimum flow-

path obstructions, and (3) large shaft diameters for high bending and

80
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torsional stiffnesses. High DN bearings with high bearing misalignment

capabil i ty are necessary to meet these engine goals.

The increased engine rotational speeds and the resultant increase

in DN levels have intensified the influence of geonetric variations on

roller dynamics , causing an increase in roller susceptibility to distress.
Ev idence accumulated in the field and data obtained in development tests
have led to the conclusion that roller dynamic behavior at high DN is not

fu lly understood , although recent investigations are providing insight

to the problem. Roller instabilities occur frequently in high DN .bearings.

The characteristic distress mode which identifies roller instability

and skewing is rapid eccentric wear on the end surfaces of one or more of

the rolling elements of a bearing. Figure 17 shows the eccentric type

wear pattern on one end of various rollers in a variety of high-speed

env ironments, the other end having a similar pattern. This condition can

exist undetected until bearing malfunction occurs. Evidence accumulated

in the field and data obtained in development tests have indicated that

roller bearing distress as shown in Figure 17 is common to all sizes of

hig h speed roller bearings and is caused by roller instabilities.

Roller skidding is related to skewing and is apparently influenced

by many of the same forces which induce it. When rollers skid , the re-

suiting damage is particularly severe on the rolling contact surfaces

and , subsequently, has an adverse effect on bearing durability. Currently,

sk idd ing is con sidered to be of secondary importance , compared to roller
end wear. This conclusion is based upon considerable field service ex-

perience. Data indicate that the roller end wear malfunction predominates.

The characterist ic distress mode which Identifies roller skew is

rapid eccentric end wear on some of the rollers. This condition can
exist undetected until excessive bearing wear occurs.

3. MODIFICATION TO ThE BEARING FOR ACCELERATED WEAR

The FlO0 No. 4 bearing rollers will be modified prior to irradia-

tion to ensure the desired distress mode In the rig. Two different
levels of wear will be Intentionally Introduced . Initially eccentric

end wear from the rollers will be obtained. Studies at P NAfFlorida

have shown that roller unbalance, Increa sed interna l c learance , and
61

— 

- . 
.~ I 

-



- 
__

~~~_ —_ •~~-..a _ 
-
~~~~~~~ - _ a  

-- —_ _. .  a a .  -~~~~~~~~~~~~~~~~ __- - a- _a- -- 1 ~~~~~_ a- - ~~~~~~~~~ WIII~~~~~~-~~ -

geometrical variations such as end clearance, roller-to-guide-rib con-
tact height , and roller dynamics are the most important drivers in high

speed roller bearing eccentric end wear. Rig tests have shown that un-
balance and large internal running clearances increase the incidence of

eccentric end wear.

The eccentric end wear distress progression will be simulated by

end wear leading to cage fracture sequence in the second test bearing.

This distress level has been duplicated in the r ig  by modifying the end

face of the roller to obtain roller-to-guide-rib contact. The modifi-

cations will be made to four rollers in each of the two bearings prior

to radioactive tagging.
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SECTI ON V I I
CONCLUS IONS/RECOI+IENDAT IONS

The radioactive bearing tagging technique developed in the first

half of this program is a diagnostic system to identify and locate en-
gine bearings experiencing above-normal wear rates. This incip ient wear

detection technique complements advanced engine modulari zation by con-

fining engine teardown to the specific bearing compartment experienc ing

the problem .

Analyses of various radioactive tags resulted in selecting the

isotope, iron-55, to best meet all technical requirements. The line-

arity between nuc lear counting and the parts per million concentration

of iron-55 in oil provide an idea l means of recognizing bearing dist ress

and assessing the amount of bearing material loss. In addition , it was

determined that membrane filtration and a gas flow proport iona l counting

system constitute the best technique for wear debris remova l and count i ng.

It is recommended that the radiation tagging techni ques presented

here be subjected to further evaluation in a simulated gas turbine

engine bearing environment . The radioactivity levels at the start of

the rig testing phase should be established according to the neut ron

activation calculations for M5O bearing steel (Table 4), on a set of

FlOO No. 4 bearing rollers. Adherence to these radioactivity values

will limit the dosage to levels that will not impose any handling

limitations on the bearings (Table 6).

In summary, the program results to date indicate that the tagg ing

techniques proposed will permit the detection of incipient bearing

failures, provide information as to the location of such distress, and

quantify the amount of wear generated. Such results will , moreover,

be achieved wi th  safe low-level radioactive methods.
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