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!1 ABSTRACT
i
AV

The CIBLE (Critical Inspection of Bearings for Life Extension)
program concept for quantitative nondestructive evaluation of bearing
components is briefly reviewed and the automatic inspection equipment
used to acquire the data presented in this report is described. Many
examples of significant crack networks detected in the races of vendor
reworked bearings as well as subsurface flaw indications in a new bear-
ing are illustrated. The savings realized by elimination of the poten-
tial for inclusion nucleated failure from the group of CIBLE inspected
bearings is estimated, and the future economic benefits of removing
potential failures from the J57-#2 and J57-#4 engine bearings currently
in the fleet are also projected. The results of endurance testing
bearings with service-induced cracks at low stress levels and flaw
indications at higher levels are presented and discussed. The results
of metallurgical examination of service-induced cracked regions as well
as other flaw regions are illustrated, and the results from 1000 balls
inspected at the Oklahoma City Air Logistics Center (OCALC) are summa-
rized. A preliminary serviceability criteria for races is outlined and
implementation of the criteria is discussed. -
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I. INTRODUCTION

A. Background and Significance

The primary purpose of the CIBLE (Critical Inspection of Bearings
for Life Extension) program is to provide improved nondestructive methods
for inspecting new and used rolling element bearing components to ensure
a high degree of uniformity and reliability and to provide a basis for fore-
casting bearing life based on measured material conditions of individual
bearing components (the reader is referred to Appendix A of this report for
a more detailed description of the CIBLE concept.) Typical bearing com-
ponents are shown in Figure 1. As part of the overall CIBLE program, com-
puter-assisted automated equipment for quantitative nondestructive evaluation »
inspection of ball and roller bearing components was delivered to the Air ]
Force Logistics Center at Tinker AFB in Oklahoma City (OCALC) under Contract
No. F09650-74-C-0200. This bearing inspection equipment was selected as one
of the 100 most significant new technical products in the 1977 IR-100
competition sponsored by Industrial Research magazine in April 1977. A
similar system at Southwest Research Institute was used for the data acquisi-
tion and signature investigations conducted on the CIBLE inspection program
under this Contract No. F09603-74-C-5158.

e i

As a direct result of this CIBLE inspection program, service-induced
cracks* in seven serviceable main shaft vendor reworked bearings were detected
and other significant flaws (undetected by inspection procedures presently
used at the original manufacturer, the overhaul depot, and a rework vendor)
were found in many new and serviceable races. It is emphasized that this

. is the first time quantitative examination with the required resolution
and capability of detecting tiny flaws, including subsurface inclusions
- (0.001 - 0.003 in. dia.), has been completed on a large population of
: bearing components. Furthermore, analysis of results provides, for the
- first time, hard data that inclusions and inclusion nucleated cracks can
occur even in premium quality aircraft gas turbine engine bearings.

- Table I presents a concise statistical summary of flaw printouts
: obtained with one of the magnetic methods. From these data an appraisal
of the potential for inclusion nucleated failures being eliminated and

the associated direct economic significance for the J57 #2 and #4 bearings
inspected is presented in the data of Table I1. It is possible that a

few of the inclusion nucleated potential failures would be discovered by
SOAP, excessive vibration, etc. However, since extensive subsurface crack
networks and material transformations often develop (see Figures 23 &

23A, pp. 41, 42) before any significant material spalls out to cause sur-
face roughness and oil debris, it is more reasonable to assume that most
instances would be "sudden type" failures. Support for this idea that sub-
surface cracking may cause sudden type failures is provided by several

*

See Figure 2, arrows point out crack networks
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Bearing Position, Service Photomicrograph
S/N, and Mfgr, Code Hours of Cracked Region

#2, Outer Race
Y635-2(501682) 1108 A,
Mfgr. (5)

—

#4, Inner Race
685D~1(S11281) 1668 B.
Mfgr. (0)

#2, Inner Race
B1274-2(S00032) 2053 C.
Mfgr. (5)

#2, Inner Race

A984-1(500591) 2752 D.
Mfgr. (5)
~
<«
vy
I
{
§
3
SR
¢ #2, Inner Pace
144D-2 (S00762) 6965 E.
SN MEgr. (0)
b
i\
|

#2, Outer Race
Z916-2(s800722) 7259 F.
Mfgr. (5)

#2, Outer Race
Y704-2RM(S01692) 8296 G.
Mfgr. (5)

FIGURE 2. J57 BEARINGS WITH SERVICE INDUCED CRACKS
o (Vendor Refurbished bearings accepted by
Air Force for reuse in engines)
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TABLE 1

STATISTICAL SUMMARY OF (CH*) FLAW PRINTOUTS

Bearing Bearing Bearings No. with CH % with CH
Type Condition Inspected Printout Printout
J57-#2 New 80 1 1.3
Serviceable 320 57 17.8
J57-#4 New 194 12 6.2
Serviceable 358 : 21 5.9
J85-#2 New 45 4 8.9
Serviceable 95 17 17.9
TOTALS 1092 112 10.3

*CH = magnetic perturbation, circumferential flux, high field inspection
(This inspection mode detects surface and subsurface inclusions,
cracks, and severe mechanical surface damage)
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TABLE II
ESTIMATED SAVINGS BASED ON J57 #2 and #4
BEARINGS INSPECTED
AVERAGE COST/
ASSUMPTION NUMBER FAILURES FAILURE SAVINGS
A 16 (1.68%) $25,000 $ 400,000
16 (1.68%) $50,000 $ 800,000
B 27 (2.84%) $25,000 $ 675,000
27 (2.84%) $50,000 $1,350,000
TOTAL BEARINGS 952
ASSUMPTIONS:
A ALL CRACKED BEARINGS AND 25% OF BEARINGS WITH INCLUSIONS
IN LOADED REGION CAUSE FAILURE
B ALL CRACKED BEARINGS AND 50% OF BEARINGS WITH INCLUSIONS

IN LOADED REGION CAUSE FAILURE
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racent inflight engine bearing failures:

1977-1978 five compressor bearing failures before 500 hours in
large commercial engines - neither SOAP nor vibration
monitors warned of impending failure before extensive
damage;

July 1978 KC 135 in-flight engine failure caused by compressor
bearing failure;

Aug 1978 B52 mission abort because of J57#2 engine bearing
failure - 256.6 hours since overhaul.

The preceding indicates that a significant economic savings has
already been realized from the CIBLE program. In addition, an analysis
based on the data of Figure 2 and Table II, indicates that the approx-
imately 6600 J57 and TF33 engines in B52's, KC135's, and Cl4l's presently
in use potentially have 244 #2 and 36 #4 bearings with cracks. Total ser-
vice hours on the seven (7) cracked bearings (Figure 2) is 28,433 hours or
an average of 4062 hours. Assuming that these average service hours are
accumulated on each engine at the rate of 300 hours/yr. then average ser-
vice time on each cracked bearing is 13.54 years and the 280 potentially
cracked bearings in the total J57 #2 and #4 bearing population (26,000)
can be expected to fail at the rate of approximately 21 bearings/yr.

If all these bearings with cracks, as well as those with potential
crack nucleating inclusions in the loaded regions, could be removed from
service before failure by using the CIBLE inspections, major economic bene-
fits, possible ranging from $11 X 10©® to as great as $37 X 10°, could result.
Such inspections would require several years to process the approximately
26,000 bearings (#2 and #4 are duplex sets) but could easily be accommodated
by the available equipment. In fact three shift operation of the equip-
ment at OCALC and at SwRI could process all 26,000 of these bearings in
approximately one year if the bearings were available in such a short time.

0. adta ot

B B =N =m e s —d el

Highlights of the voluminous data and results obtained are presented
in this report; technical foundations for the inspection methods (1-28)*
and a concise summary of the CIBLE concepts (29-33,36) * have been presented
previously. A cardinal element of the program has been the acquisition
of a comprehensive data base from a large fraction of several in-service
bearing populations (for example, J57 engine main shaft ball bearings No. 2
and No. 4 positions) during service lives. Computer processing the exten-
sive data acquired (from components of individual bearings) will aid in
development of trend analysis based on characteristic signature changes
associated with service-induced bearing deterioration or changes which
ultimately would result in failure of the bearing component. The service
data base accumulated thus far has been augmented by metallurgical investi-
gations and controlled endurance testing investigations of selected service
components. Use of actual engine service instead of the usual laboratory

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




endurance testing ensures realistic conditions and also eliminates the

unacceptable high cost associated with laboratory testing of large H
numbers of main shaft bearings over intervals commensurate with actual j
service times. As will become evident in this report, there are sig- H
nificant differences in failure development between service-induced and
laboratory-induced damage. An initial serviceability criteria has been

developed under the CIBLE program which has been implemented on the CIBLE

System at OCALC recently (October 1979). Ultimately, a refined service-

ability criteria can be evolved using the computer-assisted multiple

parameter analyses already implemented by establishing correlations

between individual bearing data profiles based on trends in bearing

performance with increasing service hours.

For the benefit of the reader, the CIBLE inspection equipment
will be briefly described and highlights of flaw responses will be

presented before presenting more detailed results.

B. Inspection Equipment

The CIBLE equipment provides a completely integrated nondestruc-
tive inspection methodology using non-contacting sensors with precision
tracking of individual probes. Accordingly, it is possible to correlate
results from several sensor channels, thereby providing a basis for more
completely defining and quantifying signature sources. Sensitive gquanti-
tative nondestructive examinations of the active race and ball/roller
surfaces of individual ball and roller bearing components are accomplished
rapidly and automatically under the supervision of a minicomputer. Three
different NDE methods are used; namely, magnetic perturbation, Barkhausen
noise analysis and scattered laser radiation. A photograph of the over-
all system is shown in Figure 3, and a description of the methods is pre-
sented elsewhere (31-34,36)*  gphe computer, data terminal, magnetic re-
corder, power supplies, electronics, etc., are housed in the center consoles;
the inner and outer race inspection module is in the cabinet at the left
and the ball/roller inspection module is in the cabinet at the right for
the Air Force system. A photograph of the race inspection assembly is
shown in Figure 4, and Figure 5 is a view of the ball/roller inspection
assembly.

Precision fixtures and associated software are required for each
different configuration component; change-over from one configuration com-
ponent to another is simple and can be accomplished in approximately 5
minutes. Fixtures essentially consist of precision air-operated chucks
for positioning the bearings during inspection and magnetic pole pieces
to guide the flux to the inspection region. The pole pieces also support
and precisely position the magnetic perturbation and Barkhausen probes
which are air-cushion floated on the race surface. Stepper motors under
supervision of the computer automatically index the probes to inspect the 4
active raceway surfaces during high-speed rotational scans of the bearing ;
component. An optical sensor acquires a permanently engraved reference i
mark on a non-critical surface of the bearing race and this mark is tracked
continuously by the computer to provide precise signature azimuthal infor-
mation. The laser inspection requires no special fixtures and only a soft-
ware change is required to accommodate different components. After the




BEARING INSPECTION SYSTEM

FIGURE 3.
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inspection is completed, the components are automatically demagnetized.
Signature information is stored in the computer memory during inspection
and data processing and output to a digital tape for later transfer to a
data base. The serviceability of the bearing is computed for each com-
ponent immediately after inspéction is completed. A microscope mounting
fixture, azimuthal digital display and adjustment procedures are also
provided which permits precise location positioning of signature regions
in the field of view of a microscope; a camera attachment facilitates
photographing the surface. All inspection parameters, for example, ro-
tational speed, positioning sequences, magnetic field sequences, etc.,
are automatically controlled by the computer during inspection. Figure 6
is a system diagram and the black lines indicate routine functions of the
operator; a terminal/calculator is used for operator-computer communica-
tion. The shaded blocks indicate recently added functions to facilitate
automated signature processing and bearing serviceability computation.

Selected equipment features and a concise summary of the inspec-
tions performed are presented in Table III. One of the magnetic inspection
examinations is capable of resolving minute subsurface inclusions as small
as 0.001 in. (0.025 mm) in diameter which is -far beyond the capabilities
of other nondestructive inspection methods. During the laser scan the
total active surface of the raceway is examined as compared to isolated
tracks normally examined with conventional surface-roughness measuring
devices. The Barkhausen noise analysis method of residual stress mea-
surement is a state-of-the~art development capable of sensing subsurface
stress changes caused by service and associated material transfor-
mations which occur during extended severe loading of ball bearing compo-
nents; this is the only known, completely nondestructive method of sensing
such stresses.

C. Highlights of Flaw Signature Response

1. Typical Signature Responses

Typical signature responses are illustrated in Figure 7;
sources a and c are lapped holes and source b is an indent. The responses
are those from a reference bearing component used to check overall func-
tioning of the equipment; such a reference bearing is provided with each
set of fixtures. The hard copy printout and Polaroid photographs of act-
ual signatures were obtained from test flaws - a lapped hole (a geometric
void simulating an inclusion) and a mechanical indent (this is a very shal-~
low geometric void with pronounced localized surface contour change and
localized stresses and strains). A detailed review of the information in
Figure 7 follows, and although the reader may find this review tedious, it
is essential for a clear understanding of information that follows in sub-
sequent sections.

The characteristic signatures obtained with circumferential
flux orientation are shown in Figure 7A; note the "downward and then up-
ward" sequence and the symmetrical shape of signatures a and c. Such a

signature is characteristic of a symmetrically shaped void or inclusion
and the peak-to-peak separation in the scan direction (which can readily
be measured on an expanded horizontal axis sweep record) indicates the

e e
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TABLE III

CIBLE

(Critical Inspection on Bearings for Lite Extension)

AUTOMATED BEARING INSPECTION SYSTEM

FEATURES

COMPUTER SUPERVISED AND CONTROLLED INSPECTION

RAPID FIXTURING CHANGEOVER FOR DIFFERENT BEARINGS
COMPUTER SETUP OF PARAMETERS FOR DIFFERENT BEARINGS
COMPUTER PRINTOUT OF SIGNAL LOCATIONS

PERMANENT RECORD ON MAGNETIC TAPE

DIAGNOSTIC PRINTOUTS AND SAFETY INTERLOCKS

13

oo e

SPECIFICATIONS

INSPECTION METHODS CONDITIONS DETECTABLE

i MAGNETIC PERTURBATION

RADIAL FLUX
©® HIGH FIELD SURFACE PITS, INCLUSIONS,
©® LOW FIELD SPALLS AND INDENTATIONS

CIRCUMFERENTIAL FLUX

3851

1 N ©® HIGH FIELD SUBSURFACE INCLUSIONS,
o AND SPALLS AND DEEPER
Lo SURFACE ANOMALIES
©® LOW FIELD FATIGUE DAMAGED REGIONS

AND INDENTATIONS

LASER-SCATTERED LIGHT

SURFACE ANOMALY SURFACE SCRATCHES, PITS,
SPALLS, AND INDENTATIONS

RELATIVE SURFACE FINISH

* SURFACE FINISH

BARKHAUSEN NOISE

R RELATIVE SURFACE AND
j NEAR-SURFACE RESIDUAL
“ STRESS CONDITIONS

'f: { SERVICE MODIFICATION OF
l RESIDUAL STRESS

L il Cagr v TP S A e

e e e e ——

SCAN PATTERN

1

0.025-INCH WIDE
CIRCUMFERENTIAL
STRIPS WITH 20% I

OVERLAP

12 T0 60 SCANS PER
INSPECTION METHOD

SYNCHRONIZED SCANS

PROGRAMMED SAMPLING .
0.050 x 0.050-

INCH REGIONS

9 T0 15 LOCATIONS




A - CH Signatures Magnetic Perturbation B - RH Signatures

4331

C - LA Signatures Laser Scattered Light D - LD (Surface Finish)

FLAWS Signature
TY ST BR SR

RH 00p5 0091 ¢p24 a
RH 0¢@5 ¢@¢32 @@55 b B
RH @¢¢5 0059 ¢¢82 c
CH 0¢@g5 9p6d @@83 ¢ A

RL ¢@¢s 00891 0¢24

RL @¢p>5 @832 9855

RL @¢@5 0¢6p 0083

CL @¢@5 0060 0083

LA 0¢¢5 @831 0¢54 b} c
LA 0¢¢5 0059 @¢s82 ¢

Note: Signatures not printed arc below

E - Barkhausen Noise Signature .
threshold scttings.

Legend:
R - radial flux LA - laser, pit imperfection
C - circumferential flux ST - probe location across race groove
H - high flux density BR - azimuthal location of signature from
L - low flux density reference mark on race (1l rev =5000)

FIGURE 7. SIGNATURES AND COMPUTER PRINTOUT FROM A
l REFERENCE COMPONENT




depth from the scan surface to the geometric centroid of the flaw. The
peak-to-peak vertical amplitude of the signature is directly related to
the volume of the flaw and the polarity of the signature also provides
significant information concerning the signature source. A downward

and then upward sequence is classed as void polarity and is associated
with inclusion signatures. An upward and then downward sequence is often
associated with indents and other types of metalluraical anomalies and is
" Classed as opposite polarity, i.e., opposifte to’'a veid. Furthermore, com-
parisons of the signatures obtained at high magnetic field with those ob-
tained at low magnetic field provide additional information. For example,
the signature from a geometric discontinuity such as an inclusion will in-
crease continuously and monotonically with applied magnetic field increases.
In contrast, indents which are usually very shallow have only a small con-
tribution from the geometric void, but usually a large component from the
localized stress and strains and this contribution is most pronounced at
relatively low magnetic field conditions; the signature does not increase
monotonically with increasing magnetic field. Examples in which the CH/CL
signature ratio is used to classify flaws (service-induced cracking) will
be shown later in this report. The flaw location coincides precisely

with the zero crossing point of the circumferential signature and the
symmetry of a flaw volume influences the symmetry of the signature.

The signatures a, b, and c¢ presented in Figure 7B were obtained
with radial flux orientation and the change in localized surface contour
is the primary factor producing these signatures. The characteristic
shape consists of: a relatively slow, downward doing segment followed
by a rapid upward going segment to a prominent peak, then a rapid down-
ward segment to a peak in the opposite direction, and then a relatively
slow return to the baseline. Overall amplitude of the signature is re-
lated to the surface flaw size and the center of the flaw is coincident
with the location of the upward or positive prominent peak. A monotonic
increase of signature amplitude with increasing magnetic field is obtained.

Laser signatures are presented in Figure 7C for the pit or
surface anomaly inspection mode and for the surface finish mode in Fig-
ure 7D. The characteristic spike signatures for the surface anomaly
inspection mode are influenced by several different parameters. In the
surface finish inspection mode the upward departure of the signal trace
from the baseline is associated with increasing surface roughness of the
component.

In the present equipment configuration, the residual stress
measurement is not made in a scanning mode, but at selected locations
including the center of the load track and at locations near the extre-
mities of the load track. Characteristic Barkhausen signatures obtained
from the reference component are shown in Figure 7E. The two signatures
shown were obtained from the same location but on successive cycles of
the magnetic field sweep. This characteristic shape is obtained from
races with high residual compression stresses; low amplitude signatures
are obtained from compression regions and high amplitude signatures are
obtained from tension regions. For material in tension, the signature
consists of a leading edge spike joined to the triangular shaped segment
of the records in Fiqure 7E. Examples have been presented in previous
reports.(24r32'33)
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2. Significant Flaw Responses

For the approximately 1204 bearings inspected (997 new and
serviceable, 145 reject and time limited and 62 PACER RESTORE), about
10% produced magnetic perturbation, circumferential flux, high field sig-
natures which were above the alarm threshold level and produced CH (cir-
cumferential flux, high field) printouts. Such CH signatures have been
confirmed to be associated with significant, critical flaws, prominent
examples of which are shown in Figures 8 and 9. A brief discussion of
each of these figures follows.

Figure 8 dramatically illustrates the capability of CIBLE to
detect the presence of critical fatigue damage in bearing race components.
The large crack network (0.l in. or 2.5 mm, transversely across the race)
detected in the loaded half of an inner race of a J57-#2, vendor reworked
bearing (S/N 144D-2). Typical CH signatures included in Figure 8 corres-
pond with the programmed scan tracks from which the signatures were ob-
tained. The bearing race was subsequently endurance tested for a total
of 3 hours at a maximum Hertz stress of 204 ksi*. These test conditions
were selected to minimize the probability of a failure. Fortunately,
spall-type failure did not result from the 3 hour endurance test; how-
ever, significant, visually evident crack propagation did occur and it
is estimated that the remaining life of this component in an engine would
be only a few hours. Subsequent to the endurance test, metallurgical
investigation of the cracked region illustrated in Figure 8 was completed
and confirmed that inclusions were the nucleating source for the cracks;
detailed results are presented later in this report.

The results in Figure 9 illustrate, equally dramatically, that
significant inclusions are present, occasionally, in new bearings fabricated
from premium quality steel which can lead to the initiation and propagation
of cracks such as previously shown in Figure 8. Again in Figure 9, signifi-
cant CH signatures are presented which correspond to apparently innocuous
surface indications. The surface indications illustrated in the photo-
micrograph A of Figure 9 suggest a long (~ .025 in. or 0.64 mm in length)
stringer type inclusion. If the inclusion were superficial only radial
flux signatures would be generated; however, the significant CH signatures
in Figure 9 confirm that a large inclusion extends beneath the surface.
These CIBLE results were obtained from the inner race half which would be
loaded in engine service of a J57-#4 bearing (S/N 534A-1l). It is antici-
pated that the life of this component in engine service would be severely
limited by the presence of the flaw indicated in Figure 9.

* 204 ksi was the minimum Hertz stress which could be applied without a
high probability of ball skidding.
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3 FIGURE 8. CIBLE RESULTS SHOWING SURFACE PHOTOMICROGRAPH
(*~100X) OF CRACK NETWORK AND ASSOCIATED CIRCUM-
FERENTIAL FLUX SIGNATURES
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FIGURE 9. CIBLE RESULTS ON NEW J57-#4 BEARING (S/N 534A-1)
INNER RACE, LOADED HALF (S12671-2)




II. SUMMARY OF WORK ACCOMPLISHED

This section briefly summarizes the types and extent of efforts
accomplished by Contract Line Item Number (CLTN) and calendar time.

A. CLIN O0O1lAE, June 1974 - June 1975

The program was initiated and assigned to a program manager with
a broad technical background in NDE to direct and coordinate the team.
The project team included personnel: i) for the design, fabrication, and
assembly of inspection fixturing and sensors, ii) competent in the area
of endurance testing, iii) with computer, electronic circuitry, and sig-
nature analysis backgrounds, iv) competent in the acquisition and analysis
of magnetic perturbation, Barkhausen noise, and laser scattered light in-
spection data.

Work space and facilities were allocated for:

i) bearing handling and storage;
ii) Dbearing inspection;

iii) endurance testing;

iv) data storage.

Facilities for bearing inspection consisted of SwRI-furnished bearing race
inspection hardware incorporating magnetic perturbation, Barkhausen noise,
and laser scattered light methods. SwRI also furnished two machines for
endurance testing.

A number of bearing types were considered by cognizant Government
and SwRI technical personnel as candidates for inspection; factors which
influenced selection included: i) bearing availability, ii) rapidity of
expected "turn-around” of bearings in service, and iii) bearing failure
statistics. In subsequent discussions, it became evident that it would
be beneficial to the Government and to the technical effectiveness of the
overall program to use J57-#2, J57-#4, J79-#2 and J85-#2 main shaft bearings
as the items for inspection testing. Accordingly, the design of fixturing
for the J57-#2, J57-#4, J79-#2 and J85-#2 main shaft bearing inner and outer
races was completed and fabrication and assembly of fixturing for these bear-
ing races was undertaken. SwRI-funded inspection equipment and endurance
test machines, as well as bearing processing facilities, were made avail-
able for the inspection and testing of the bearing types selected.

Procedures were established for the cleaning, preservation, storage,
packaging, and shipment of bearings to be inspected. In addition, the for-
mat and procedures for identifying and marking the bearings were formulated
and documented.

Procedures were also established for the acquisition, filing,
easy tracking, and convenient retrieval and filing of inspection data
including the cataloging of bearings (and all significant accompanying
service history information) and the filing of the accompanying inspec-

“tion data.




Long-range data handling, processina and analysis requirements
were outlined, and initial signal analysis considerations and approaches
were established. A signal data storage system was implemented which
permits the future playback and analysis of all bearing data acquired
from the subject program.

B. CLIN OOOlAF (new)*, July 1975 - June 1977

Bearing inspection was conducted on all bearings received during
the subject period which included J57-#2 new and reworked races, J-57#4
new, reworked, and reparable reject races, and J85-#2 new, reworked, and
time-limited races. Detailed documentation and data examination were con-
ducted based on printouts from the initial automated inspections. These
efforts included examination of flaw signatures correlating with printout
locations, surface photomicrography, replication, etc.

Metallurgical investigations were undertaken at selected locations;
evidence of inclusions was found with microcracking and "flaking ocut" of
material.

Endurance testing was also undertaken on selected bearings, and
two failures were obtained which correlated with specific signatures;
one of these failures occurred after only 16 hours endurance testing and
was initiated at a subsurface inclusion.

Reclamation investigations were initiated and coordinated with
metallurgical and endurance test efforts. Such efforts were concentrated
on bearings reworked by a vendor (a presently implemented reclamation
procedure). Reworked bearings dominated the bearing population inspected

.. and results showed that significant and critical flaws can pass
current rework (and inspection) procedures "undetected".

] Construction of a master data base was initiated. A sample data

4 base was constructed and tested to provide a basis for a full-scale data
base system. The initial description and formatting for the full-scale
system was completed. These data base efforts included initial flaw para-
meter identification.

C. CLIN 00OlAH, July 1977 - June 1978

Work efforts during the subject period were scheduled according
to the amended schedule of the subject contract. Bearing inspection was
‘ completed on a total of 766 bearings (2300 race components) including
J57-#2 new and reworked races, J57-#4 new, reworked, and reparable reject
races, and J85-#2 new, reworked, and time-limited races. In addition,

! . * Difficulties in obtaining delivery from the Government of bearing drawings
' and bearings to initiate inspection resulted in a modification of the work
schedule.

U
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inspection was conducted on 1000 each J57-#4 balls at Tinker Air Force
Base in Oklahoma City. Detailed documentation and data examinations
were continued based on printouts from the initial automated inspections
and included the recording of flaw signatures, correlation with print-
out locations, surface photomicrography, replication, SEM micrography,
etc.

Metallurgical investigations were continued on selected surface
flaw locations (pits, dig nicks, and indents). No evidence of either
surface or subsurface cracking was observed; these surface flaws were
located in the loaded region of the raceway in service.

Endurance testing was also continued on bearings selected on
the basis of specific inspection signatures and/or surface flaw condi-
tions. Three additional spall-type failures were obtained and indica-
tions of imminent spall-type failures were obtained on five other bear-
ings.

Reclamation investigations were continued in coordination with
overall inspection, metallurgical, and endurance test activities. Out-
standing and significant results were obtained which confirmed that very
critical flaw conditions can pass, "undetected", current rework and in-
spection procedures performed by an Air Force vendor. These critical flaws

were detected and rejected during routine automatic inspection by the
CIBLE E(uipment.

Construction of a master data base (MDB) was continued. The
tentative description and format of the MDB compatible for interfacing
with automated inspection/signature analysis routines was formulated.

An overall CIBLE integrated inspection input/output data plan was out-
lined which incorporated pre-inspection descriptive and historical data
input, MDB data acquisition, signature characterization, and the appli-
cation of a serviceability criteria. Interfacing circuitry to facili-
tate signature analysis was breadboarded and checked out and preliminary
signature characterization tests were conducted.

D. CLIN 0001AJ, July 1978 - November 1979

Inspection was completed on a total of 1,204 bearings (997 new
and serviceable, 145 reject and time-limited, and 62 PACER RESTORE) which
included J57-#2, J57~#4, and J85-#2 type bearings. Detailed documenta-
tion and data examination for selected bearing races and balls (from
the 1,000 balls inspected during the latter part of 0001AH OCALC) were
also completed. Metallurgical examinations were completed on additional
selected locations for a total of 44 locations. The latter locations
were selected, dominantly on the basis of subsurface flaw indications
and surface fatigue cracks. Significant evidence of subsurface inclu-
sions with material transformation and subsurface cracking was observed.

Endurance testing was completed on a total of 44 bearings (25
each J57-#2, 15 each J57-#4, and 4 each J85-#2); candidates were selected
on the basis of specific inspection signatures and/or surface flaw condi-
tions. Spall-type failures were developed on 11 bearings. Endurance
testing was conducted over periods extending from 1 hour to slightly over
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500 hours and for maximum Hertz stress values extending from 204 ksi to
332 ksi. Figures 10 and 11 illustrate the regions typically loaded on
inner and outer races and the associated scan track inspection region
as well as the track region in which the initiating failure sources
occurred.

Reclamation investigations were completed concurrently with
overall inspection, metallurgical, and endurance test activity. Again,
outstanding and significant results were obtained which further con-
firmed that very critical flaw conditions can pass, undetected, current
rework and inspection procedures performed by an Air Force bearing re-
work vendor. Vendor reworked bearings are being accepted by the Air Force
as serviceable and are restocked in overall depot inventory.

Definition of the Master Data Base (MDB) structure was completed.
Automated signature processing including data input and output and service-
ability computations was integrated with the CIBLE inspection procedures.
Signal analysis hardware and software for supervision of the CIBLE equip-
ment was completed and delivered to OCALC, Tinker Air Force Base (TAFB).
The signal analysis system was installed and operated at TAFB which
included troubleshooting and training.

o amee.
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III. SUMMARY OF RESULTS

inspected, and the significant flaw printout, endurance tests and metal-
lurgical examination results obtained. In addition, a preliminary ser-
viceability criteria related to J57-#2, J57-#4, and J85-#2 bearing races

is outlined. A very preliminary criteria for J57-#4 balls is also included.

A. Bearing Population Inspected

A total of 1,092 new and serviceable (total components) bearings
were inspected; 400 J57-#2 bearings, 552 J57-#4 bearings, and 140 J85-~#2
bearings (50 each J57-#4 reparable rejects and 62 each PACER RESTORE were
also inspected, but are not included in this discussion of new and ser-
viceable bearings). Figures 12, 13, and 14 are bar graphs illustrating

l the service time distribution for the population of each of the three
bearing types. It is noted in the case of J57-#2 and J57-#4 bearings
that service times greater than 13,000 hours have been accumulated. It
is interesting that while J85-#2 bearings are time-limited to 1200 hours
service, there are bearings which have accumulated as high as 3500 hours;
those bearings having service times in excess of 1200 hours, generally,
although not in all cases, were observed to have been vendor reworked at
1199 hours. All serviceable bearings (other than those indicated as new)
inspected included both non-reworked and vendor reworked bearings.

l This section summarizes data acquired from the population of bearings

In addition to the bearing population presented in Figures 12
through 14, 50 each J57-#4 reparable reject bearings and 62 each J57-#4
bearings, which were set aside at OCALC for the PACER RESTORE* program,
were also inspected.

Mo e e

CIBLE inspections were initially conducted in the automated,
threshold~alarm detection mode, and the printouts therefrom retained.
Subsequently, the flaw printout types and locations were reviewed and
bearings were selected on the basis of signature type and location for
detailed data acquisition which included the recording of Polaroid photo-
graphs of the signatures, and visual examination and photomicrographs of
the signature region. In many cases, plastic replicas of the surface
were made for SEM (scanning electron microscopy) examination. Magnetic
perturbation signatures were usually documented for radial as well as
circumferential high and low field magnetization, irrespective of which
of the magnetic perturbation conditions was responsible for the printout.
Bearing races and locations for metallurgical examination were selected i
based on the recorded signature characteristics and the visual surface
indications in the signature region.

The total data acquired under the subject program is too volum-
inous to present in its entirety here; however, selected results are sum-
marized below. For more extensive examples of signatures as well as the

* PACER RESTORE bearings are a group of bearing races set aside at OCALC
to be retrofitted with a new complement of balls.

ey WU e ...
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corresponding surface indications and/or metallurgical examination
results, the reader is referred to Appendix F of this report and prior
reports (31-33) issued under the contract.

B. Significant Flaw Results

A summary of inspection, endurance testing, and metallurgical
results are presented in this section of the report for races and balls.

1. Races

Results obtained on this program and prior programs confirm
that inclusions are a dominant source from which cracks and spalls ini-
tiate. Such inclusions, particularly if they are slightly subsurface,
can only be detected by magnetic perturbation circumferential flux high
field inspection (CH). Accordingly, particular attention was given to
the number of bearings producing CH printouts during the routine, auto-
matic CIBLE inspection. Table IV presents a summary of such printouts
for the bearing populations previously shown in Figures 12 through 14.

Examination of the data presented in Table IV indicates
relatively similar percentages of CH signature printouts on new bearings
for the three bearing types inspected, and in all cases less than 10%.
Significantly higher percentages of CH printouts are obtained for J57-#2
and J85-#2 serviceable bearings, while the percentage for serviceable
J57-#4 bearings is approximately 6% which is one-third of that for J57-#2
and J85-#2. 1In the case of the J57-#2 and J57-#4 bearings, approximately
90% of the serviceable bearing population consisted of vendor reworked
bearings, and less than 50% of the J&5-#2 bearing population consisted
of reworked bearings. While the results in Table IV from an overall
viewpoint of signature printouts indicate the presence of possible cri-
tical flaws for 1% to 18% of the bearings, it should be remembered that
only those flaws in the loaded regions of the races are potential
failure initiation sites. Accordingly, the nonloaded half of the inner
race and almost half of the outer raceway could be eliminated from con-
sideration. Nevertheless, the preliminary results in Table IV indicate
a variation in bearing quality. It is informative to next examine some
of the specific signature characteristics and the related flaws and con-
ditions which produce them.

One of the more significant signature features is the mag-
netic perturbation, circumferential flux, signal response from flaw
regions in which microcracking has initiated as compared to flaw regions
in which cracking is not present. For example, in Figure 15 (upper left),
corresponding CH, RH, and RL printouts at ST 0013 and BR 1760-1761, indi-
cate that the same flaw generates these printouts. The depth of the cen-
troid of the flaw beneath of the surface in this case is estimated to be
0.002 inches (50 um); the fact that the flaw is near the surface is fur-
ther confirmed by the presence of an outstanding radial flux signature.
Note that a comparison of the CH signature amplitude, 480 mV, with the
CL signature amplitude, 120 mV, yields a CH/CL signature amplitude ratio
of 4. It is pointed out there is no evidence of cracking at the surface
in this region (see photomicrograph in Figure 15); also precision location
procedures confirms that the CH signature does not coincide with any of the
surface -anomalies visible in the photomicfograph. While service time on
the bearing is 3761 hours, these signatures were obtained on the nonloaded
half of the inner race and load stresses would be far below the values to
initiate cracking.
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TABLE IV

STATISTICAL SUMMARY OF (CH*) FLAW PRINTOUTS

: Bearing Bearing Bearings No. with CH % with CH

! Type Condition Inspected Printout Printout

3

; JI57~-§2 New 80 1l 1.3

; Serviceable** 320 57 17.8

i

! J57-#4 Rew 194 12 6.2

i Serviceable 358 21 5.9

i J85-#2 New 45 4 8.9 :
Serviceable 95 17 17.9 3
TOTALS 1092 112 10.3

*CH = magnetic perturbation, circumferential flux, high field inspection
(This inspection mode detects surface and subsurface inclusions,
. cracks, and severe mechanical surface damage)

** Allbearings were considered suitable for reuse in engines under
present acceptance criteria.
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FLAMS

TY ST £ RrR &R
RH 80806 1193 1216
RH €¢'13 1761 1779
CH 0C13 1700 1778
RL CQ0C 11ve 1216
RL (€13 170} 1779

Legend:

C - circumferential flux

R - rad:al ilux

H - high flux density

L - low flux density

ST - probe location across race groove

BR - azimuthal location of signature
from reference mark on race
{1 rev - 5000)

Flaw Printout Obtained Magnified -1 X) View of Surface ¢ 0013-1701

During Automatic Inspection

5283

RE S.unature ¢ ST0013- 4 BR17v]

CL Signature @ ST0013+4 BR1760 RL Signature @ STG013 4 BR1701

————

FIGURE 15. CIBLE RESULTS ON J57-#4 BEARING {S/N 219A-2)

‘ INNER RACE, NONLOADED HALF (S12052~1), 3761 HRS.
. o . .. .. .SERVICE, VENDOR REWORKED.
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An analysis similar to the preceeding of data from the J57-#2
bearing shown in Figure 16 with a crack (see photomicrograph) reveals a
significantly different ratio; the ratio of CH/CL signature amplitude for
the crack region in Figure 16 is approximately 520 mV/400 mV, or 1.3. The
graphs in Fiqure 17 relating circumferential signature amplitude from
flaws as a function of magnetization level illustrates the significantly
different signature behavior for a flaw with cracking as compared with
one when cracking is not present. Note the significantly greater signal
amplitude in the case of the crack at lower magnetizing current levels
(in the range between 0 and 2 Amperes (low field) of Figure 17). A
similar behavior is also indicated for radial flux, however, defect
geometry factors can contribute to a similar behavior in the case of
radial signatures.

P

Further, direct confirmation of the behavior of the circum-
ferential signature from cracked versus uncracked regions is demonstraced ‘
by the CIBLE results in Figure 18. A comparison of the CH/CL ratio for -
signature A (see Records C and D in Figure 18) versus a similar ratio
for signature B indicates a crack would be anticipated in the region of
signature A. Photomicrograph E, however, visually shows no evidence of
a crack at regions corresponding to signatures A or B. Since it is pos-
sible to "smear" metal over the top of a tightly closed crack in rework
polishing operations, it was decided to endurance test this bearing
(S/N 144D-~2) for 2 hours at a low stress level (maximum Hertz stress of
204 ksi) to repropagate the crack through the repolished surface, if one
were present. Photomicrograph F in Figure 18 shows the appearance of
the signature region of interest after the endurance test. Importantly,
a tightly closed crack is now visually evident at signature A correspond-
ing with the signature behavior previously described; no crack is evident
at the signature B location. In summary, the ratio of HF to LF signatures
is approximately 4 or more for flaws without associated cracking and this
ratio is approximately 2 or less for flaws with associated cracking. This
circumferential flux high field - low field signature behavior for cracks
is a significant factor in the formulation of a serviceability criteria.

The reader is now referred to the previously presented
rigure 15 in which significant circumferential and radial signatures
were obtained from a region where no visual surface indication was pre-
sent. This bearing, J57-#4 (S/N 219A-2) was endurance tested after the
initial inspection. A spall-type failure was obtained after 30-hours
endurance test time (at a maximum Hertz stress of 332 ksi). The failure
was initiated at a location corresponding with the flaw signature pre-
viously illustrated in Figure 15; precise correspordence of the failure
initiation site and the signature is confirmed in Figure 19. The leading
edge of the spall (upstream side relative to ball movement) is shown
in photomicrograph A of Figure 19 where several "landmarks" are indi-
cated by arrows. Photomicrograph B, Figure 19, was obtained 11 hours
before failure (after 19 hours endurance test time) and arrows point out
the same "landmarks" as those indicated in photomicrograph A; an irregular
line has been superposed on photomicrograph B representing the leading edge
of the spall shown in photomicrograph A for reference purposes. Figures
20 and 21 show an overall view of the race component containing the spall
and a macro-view nf the spall, respectively.
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' RH 9005 | RL ©@22 2¢306 (75

CH 020l C RL CCCS 1¢66 144E

RH €JC92 2 CL C2038 2:50C 245¢

CH 0¢Ce 2 RL @g29 2504 2573

CH CcC1z2 0 CL p@n9 2502 0u93

CL S0i00 2520 Zas

Lepend:

C - circumferential flux
R - radial flux

H - high flux density

L - low flux density

ST - probe location across race groove
BR - siunaturce azimuthal location from

— 0ilin, =
- ST

Lo taated

reference mark on race (1 rev - 5000)

Maunificd (~50X) View of Surface ¢ 0009-2500

Flaw Printout Obtained
During Automatic Inspection

RH Signature (¢ ST0009+2 BR2504 CH Signature ¢ ST0009+2 BR2500

5303

RL Signature (- STN009+2 BR2504 CL Signature & ST0009+2 BR2500
! FIGURE 16. CIBLE RESULTS ON J57-#2 BEARING (S/N Y704-2RM)
“ i OUTER RACE (S01692-5), 8296 HRS. SERVICE, VENDOR
REWORKED
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FIGURE

20.

VERY SMALL SPALI, WHICH DFEVELOFPED AFTER 30 HOURS TOTAL
S/N 219A-2 (S12052-1)
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FIGURE 21. SURFACE PHOTOMICROGRAPH OF SPALL REGION ON
J57-#4 INNER BEARING RACE, S/N 219A-2 (S12052-1).
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) If the failure was a truly randomly origniated event, there

‘ would be approximately 400,000 unit cells (0.003 in. by 0.003 in.) at
the surface within which the failure could have initiated. The fact
that it was possible to forecast the precise initiation location even
though no prominent anomaly was observed on the surface demonstrates the
effectiveness of the CIBLE inspection methodology.

The presence of critical flaws corresponding with signatures g
and/or service-induced cracking have also been confirmed through metallur-
gical examinations. For example, Figure 22 summarizes the results of met-
allurgical investigations in the region of the extensive, service-induced
crack network previously illustrated in Figure 8 of this report. The sec-
tioning planes illustrated in photomicrographs B through F of Figure 22
are referenced to the sectioning plane locations indicated in photomicro-
graph A of the same figure. Even though the sectioning planes illustrated
in Figure 22 are near one edge of the damaged region, note the significant
flaws and subsurface cracking present; material transformation was also
extensive in the region investigated.

Figure 23 summarizes metallurgical results in the regions
of signatures A and B previously presented in Figure 18 from the inner
race, loaded half of J57-#2 bearing, S/N 144D-2. Note the extensive
material transformation present in the flaw region corresponding with
the cracking (signature A, see Figure 18) as shown by photomicrographs
B through E in Figure 23 as well as A and B of Figure 23A. It is pointed
out that such extensive transformation is not evident in the flaw region
corresponding with signature B (see Figure 18) as shown in photomicro-
graphs A through D of Figure 23B.

Many figures depicting other results from race inspection,
endurance testing, and metallurgical examination have been presented in
prior reports 31-33) and are also presented in Appendix F of this report.

2. Balls

The inspection of 1,000 balls from J57-#4 main shaft engine

3 bearings was completed during the latter part of 1978 at OCALC, TAFB,

using the CIBLE Air Force bearing inspection system at TAFB*. Ball inspec-
tion was accomplished by routinely removing the balls from the retainer of
each bearing and storing them as sets for inspection. Table V below
summarizes the ball population inspection and the magnetic perturbation
printouts obtained.

—

* The ball inspection unit was used for ball inspection at OCALC, TAFB
since it is the only such unit available; the CIBLE bearing inspection
facility at SwRI is for races only.
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FIGURE 23A. METALLURGICAL EXAMINATION OF REGIONS CORRESPONDING TO
SIGNATURES A AND B ON J57-#2 BEARING (S/N 144D-2),
INNER RACE LOADED HALF ($00762~3) (continued)
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TABLE V

SUMMARY OF BALLS (J57-#4 BEARING) INSPECTED
AND MAGNETIC PRINTOUTS OBTAINED

Quantity Bearing Ball Percent with Percent with |
of Balls Condition Condition RH* Printouts CH* Printouts ]
200 Serviceable** Serviceable** 89 4 ?

F

800 Vendor Reworked New 33 12 i

* RH - Magnetic Perturbation, radial flux, high field
CH - Magnetic Perturbation, circumferential flux, high field

** The term serviceable refers to a bearing which has been removed from
an engine at overhaul and processed through the OCALC bearing shop
and accepted as serviceable without being vendor reworked. Vendor
reworked bearings are, of course, alsc serviceable but have been pro-
cessed through vendor facilities, and a complement of new balls
installed in each bearing (as determined by visual examination).

The magnetic perturbation radial and circumferential flux
printouts are of special interest since these indicate the probable pre-
sence of surface and near-surface flaws. Note that the service balls
(balls with service time) have almost 3 times the number of radial flux,
high field (i.e., RH) printouts as that for new balls. Conversely, the
new balls have three times the number of circumferential high field print-
outs as the balls with service time. Through computer-assisted, manual
mode operation of the ball inspection system, a number of balls with
printouts were sampled for recording of flaw signatures and marked for
subsequent visual examination. The details of this sampling procedure
and the marking of the balls for subsequent visual examination is pre-
sented in a more detailed discussion of the ball inspection effort pre-
sented in Appendix C of this report.

Figures 24 and 25 show the outstanding radial signatures
obtained from surface damage in OCALGprocessed service balls. Figures
26, 27, and 28 show an inclusion, pitting and cracks and a substantial
crack network with loss of material, respectively, from vendor processed
bearings, apparently new balls. While the data presented above for balls
is not from sampling a large part of the overall ball population, it does i
clearly show the extent of flaw conditions present in balls from service-
able bearings. Many other examples of signatures and corresponding flaws !
are presented in Appendix C. 5

Although the data base available for developing a service-
ability criteria on balls is not adequate, a very preliminary criteria
which may be used as a "starting point" is discussed in the section to
follow on serviceability criteria along with that for the races.
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CIBLE INSPECTION SIGNATURES AND CORRESPONDING SURFACE
PHOTOMICROGRAPH SHOWING INCLUSION ON SURFACE OF NEW
BALL FROM VENDOR REWORKED J57-#4 BEARING S/N 3453-2,
5940 HRS (Ball #12, S11092).
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CIBLE INSPECTION SIGNATURES AND CORRESPONDING SURFACE
PHOTOMICROGRAPHS SHOWING PITS AND CRACKS ON NEW BALL

FROM VENDOR REWORKED J57-#4 BEARING S/N 395-2, 4362 HRS

(Ball #11, S11672).
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C. Preliminary Serviceability Criteria

Based upon the type of results presented above on races, a
serviceability criteria was developed by examining the voluminous Pol-
aroid records of signatures, surface photomicrographs, endurance test
results, and metallurgical results. In addition, 64 bearings released
after inspection were returned to the OCALC bearing inspection shop
with accompanying notes as well as copies of signatures, printouts,
surface photomicrographs, etc. to determine if the bearing race com-
ponents would be accepted under current OCALC bearing inspection pro-
cedures. All but one bearing (S/N 144D-2 with the large crack network
(see Figure 22)) would have been accepted. Importantly, two of the
bearings sent to OCALC contained service-induced cracks which were not
detected by the routine bearing inspection procedures presently used
at TAFB. The bulk of the bearings shipped to OCALC with notes were ones
on which radial signatures were obtained (with no accompanying outstand-
ing circumferential signatures) and a corresponding visual pit was noted;
in some cases, the pits were greater than 0.005 in. (125 um) in diameter.

Figure 29 presents the preliminary serviceability criteria
developed for J57-#2 races (values for other races are shown in Appen-
dix B of this report) and this criteria has been programmed into the
Air Force CIBLE equipment at OCALC. Currently, the serviceability cri-
teria for the rolling elements (balls or rollers) of each of the bearing
types is the same as that for the races since experience to date on
rolling elements is not adequate to develop an independent set of cri-
teria item values.

e
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Item* *CIBLE automatically checks that CH peak-to-peak amplitude
is > 80 mV+ and CL peak-to-peak amplitude is > 40 mv+
before applying criteria.

A Reject all with CL peak-to-peak amplitude > 100 mv+

B Reject all CH with CH/CL ratio < 2.0. >0

C Reject all CH with peak-to-peak amplitude > 200 mV+ and
peak separation < 150 um

D Reject all CH with peak-to-peak amplitude > 200 mV+ and
RH peak amplitude > 600 mv+

E Reject if CH > 200 mv+ for BR XXXX + (0050) for 3 or more ST

F Reject all RH with peak amplitude > 1000 mvV+

G If flaw buffer overloads

H BK reject, if SLP1 LOC < 560 ms, SLP1 > 50 and
EXTRIAMP > 100 mV

b Reject, if laser EXTR1 AMP > 3300 mV+

J LD AVG MEAN > 720 mV

IF REJECTED GIVEN ITEM(S)

Notes:

+ Absolute magnitudes

CH Circumferential flux, high field

CL Circumferential flux, low field

RH Radial flux, high field

BR Bearing reference azimuthal location
ST Scan track

BK Barkhausen noise signature

SLP1 LOC
SLP1

EXTR]1 AMP
LD AVG MEAN

See Appendix B, Figures B-4 through B-7.

FIGURE 29. SERVICEABILITY CRITERIA (PRELIMINARY), RACES AND ROLLING ELEMENTS
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7.

IV. CONCLUSIONS AND RECOMMENDATIONS

A. Conclusions

The following major conclusions are based on the voluminous
data acquired and the wide range of significant results obtained on
this program.

Service-induced cracking occurs in bearings.

A small percentage of in-service bearings with cracks
are missed during depot and rework inspections (under
the current, routinely employed inspection procedures).

Cracks are initiated at inclusion sites in the bearing
material.

Endurance testing and metallurgical examination of service
bearings confirms crack initiation at inclusion sites.

The small percentage of new bearings with subsurface, inci-
pient failure sites (inclusions) are missed by presently
used inspection methods.

CIBLE inspection procedures can identify and eliminate
bearings with service-induced cracks and new bearings with
inclusions. 1In fact, CIBLE employs the only known NDE
method, magnetic perturbation, which is capable of detecting
tiny subsurface inclusions.

CIBLE can directly contribute to the investigation and
explanation of failure mechanisms and processes in bearings.

B. Recommendations

1.

Based on the many important and significant results obtained
under this program, the following major recommendations are made:

Expand the present CIBLE data base and further develop a
serviceability criteria for rolling elements.

Expand the inspection and serviceability criteria to include
other bearing types.

Initiate efforts to integrate the advanced methodology of
CIBLE into the activities of prime bearing manufacturers
and rework vendors.

Finally, but not least to those above, it is strongly recom-
mended that a program be established with a contractor immed-
iately for the CIBLE inspection of all critical main shaft
bearings if the internal organizational structure and pro-

cedures presently employed at the overhaul depot prevent rapid
integration of the CIBLE system with on-going bearing inspection

activities.
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APPENDIX A

“"CIBLE" CONCEPT
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A, Description of Concept

A descriptive title for the overall program is:

CRITICAL INSPECTION OF BEARINGS FOR LIFE EXTENSION
(CIBLE)

The closed loop flow diagram in Figure Al helps to clarify the
program concepts and functional relationships of important elements.

° Starting at the upper left, new bearings from the manufacturer
and bearings from service engines are processed at the overhaul
facility using presently established procedures (no change). A
large fraction of service bearings and all new bearings (of the
specific type) are routed to SwRI for examination and data acqui-
sition.

° Comprehensive magnetic perturbation and Barkhausen stress data
are recorded from races and balls of each bearing; high magni-
fication surface photographs, plastic replicas, ultrasonic,
optical (holographic contouring when developed), and other sup-
plementary data are obtained on selected specimens.

° Data (from SwRI, overhaul facility and other sources) are perma-
nently retained on punched cards, magnetic tape, etc.

® Initially, the serviceability criteria will pass all bearings
which are acceptable under present overhaul criteria, and all
bearings will be returned to the overhaul facility for normal
use (upper right). However, when inspection results indicate
critical flaws, recommendations will be made to postpone in-
stallation. (Transit and turn around time will be minimized
to a few days by air shipment and rapid processing.)

® Gradually, as more definitive information enters the data stor-
age from repeated inspections (first, second, and third service
tours), early indications of impending spalls, rig runs, metal-
lographic examinations, oil analysis, sonic analysis, on-board
condition monitoring systems, failed bearings, etc., computer
assisted analysis will be used to develop individual bearing
data profiles, to disclose important trends, to select speci-
fic precursors of impending failures, etc.

® The data base, analysis, and serviceability criteria (lower
right) will be refined on a continuing basis.

° Correlations of the complete individual bearing data profile
with performance of bearings in actual service will be the
major determinant of serviceability criteria.

Lo
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Bearings rejected on NDE evidence (both current and advanced)
and those reaching the end of service life (lower right) will
be stored for reclamation investigations; many of these bear-
ings may eventually be completely validated for further ser-

vice.

Overhaul facility personnel will be progressively integrated
into the program and trained to routinely accomplish all major
functions including data acquisition, data storage and proces-
sing, computer analysis, etc., by the end of the program. The
complete inspection process would then be routinely accomplished
at the overhaul facilities.

Features of Concept

Features of the concept program are:

Advanced methods of nondestructive characterization and evalua-
tion (NDE) will be applied to a controlled, statistically sig-
nificant population of bearings of selected types (location);
inspections will be performed on new and service bearings at
Southwest Research Institute in coordination with periodic over-
haul procedures.

Advanced state-of-the-art data acquisition, storage, and analysis
procedures will be employved to produce permanent, individualized
NDE profiles for each bearing component inspected.

Automation of inspection hardware and data processing will be
developed.

Rational criteria for acceptance, rejection, or service restric-
tion for individual bearings will be developed and validated.

Performance of bearings in actual service will be the dominant
factor in establishing the criteria.

Individual bearings will be reinspected and reevaluated each
time they are returned to the overhaul facility; deterioration,
changes, and failure trends can therefore be established,

Information from supplementary sources such as spectrometric
oil analysis, sonic engine analyzers, failure reporting sys-
tems, postfailure investigations, etc., will be incorporated
into the data base used for the development of serviceability
criteria.

Close, continuous liaison will be maintained between Southwest
Research Institute and cognizant personnel at overhaul facili-
ties (as well as superior administrative levels) to insure timely
exchange of pertinent information and smooth, effective transfer
of new technology and procedures from the laboratory to the shop.




° As an integral part of the program, selected overhaul facili-
ties will participate by using online inspection and data acqui-
sition hardware fabricated by Southwest Research Institute and
installed at the selected overhaul facilities.

Technical Payoff

Short-Term Payoff:

) A decrease of premature in-service failure rate by immediate
elimination of individual components with critical subsurface
and surface flaws and with detrimental surface tension stresses
(beyond capability of ALL present inspection procedures).

Long-Term Payoff:
e Substantial and continued decrease in service bearing failures.

® Elimination of time-consuming, meticulous, visual examinations
and associated subjective variations.

) Improved procurement specifications and NDE procedures to ensure
conformance of bearing components - this would eliminate varia-
hility presently encountered with similar products procured from
different sources.

o Early alerting to possible detrimental affects on bearings caused
by changes in mission profile and environment.

o Improved reliability of critical bearing components used in
advanced technology development programs.

e Establishment of an extensive, actual-service, data base which
is readily accessible for new design considerations, etc.

° Early appraisal of the affect of engineering and/or product
improvement changes on bearing reliability.

) Provide a basis for improved projections of stocking levels.

°® Provide definitive, valid criteria for reliable "life extensions"
based on measured material characteristics of individual bearings.

-~
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APPENDIX B

IMPLEMENTATION OF "CIBLE"
(Preliminary)




The hardware and software elements required to upgrade the basic
inspection system (developed under specification WRAMA/MME4940-526)
presently at the Oklahoma City Air Logistics Center, TAFB, are shown
in a block diagram of Figure Bl, along with the interrelationships to
the basic system. The basic system is outlined by the dashed-line block;
the hardware elements added primarily consist of a signal conditioner
module and computer interface (indicated within the block entitled,
"Additions to HP 2100 Computer for Signal Analysis/Data Management"),
high speed terminal w/tape cartridge storage (for operator interaction
with the system), and the telephone communication link adapter (MODEM)
to facilitate linkup with an off-site data base management networs’..

The signal conditioner, a block diagram of which is shown in Figure
B2, consists of circuitry to facilitate the sampling or digitization of
the analog inspection signatures (magnetic perturbation, radial and cir-
cumferential channels including background, Barkhausen noise, laser pit
signals, and laser surface finish); digitization of these channels is
accomplished by using a single analog-to-digital converter (Biomation
Model 805) through the use of a multiplexer under computer control. Auto-
scaling of the signatures for conversion is also accomplished under com-
puter control via the programmable amplifier. The location of specific
signatures to be converted is accomplished under computer acquisition
via the shaft encoder (shaft position information heretofore used to pro-
vide the BR bearing reference and SR shaft reference information on the
printouts); synchronization for the Barkhausen is obtained from the Bark-
hausen sync pulse. A different time base for sampling or digitization
operations is required for Barkhausen, magnetic perturbation background,
and laser surface finish sampling and is a function under the command of
the computer or CPU.

Also shown in Figure B2 is a data transfer selector block. This
module has been added to the system to provide 3 different modes of sys-
tem operation. During normal inspection operation, the data transfer
selectcr is placed in the 4051 calculator/terminal-to-CPU position which
permits the operator to communicate with the computer which is supervis-
ing inspection equipment operation. When it is desired to transfer data
or request data from the off-site master data base, the selector is placed
in the 4051-to~MODEM mode. In cases whe.c it is desired to printout re-
sults from a data cartridge on the teleprinter (TTY), this can be accom-
plished by selecting the proper mode. It is also possible to operate the
bearing inspection equipment via operator communications through the TTY,
however, such operation precludes tape cartridge input and output of data
and inspection results.

The overall concept of the manner in which flaw signatures are
selected for digitization, subsequently analyzed, and a serviceability
criteria applied to the processed signature data (accept or reject com-
putations) from a bearing component is presented in the block diagram
of Figure B3. 1In the case of the magnetic perturbation, radial and cir-
cumferential and laser pit signature channels, signatures exceeding the
pre-set threshold level are digitized; in the case of the Barkhausen
and laser surface finish, each signature is digitized or sampled. Pre-
defined signature parameters are developed from the digitized data and
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such parameters are used in all subsequent data analyses and the values
of such parameters are stored in the data base (the parameters by signa-
ture type are defined in Figures B4 through B7). In the case of some
signatures, checks are made of certain parameters (signature validity
check) and parameters for those signatures which pass are stored in mem-~
ory for i) transfer to magnetic tape cartridge on the 4051 terminal/cal-
culator and ii) for use in computations of bearing serviceability. The
serviceability of the bearing component inspected is computed based upon

the values of certain parameters (see the serviceability criteria pre- g
sented in Figure B8 and reference Figure 29 of this report). The criteria q
items under which a bearing component is rejected are displayed on the CRT :
of the 4051 and are also stored on the magnetic tape cartridge for trans-

fer to the Master Data Base (MDB) file. The structure of the files in the

MDB is shown in Figure B9.

The threshold level for the analog signatures shown in Figure B3
used as a basis to select the signatures to be digitized is adjustable
1in the hardware but is not under computer control. The Master Super-
visory Program (MSP) contains the routine for developing the values of
signature parameters defined in Fiqures B4 through B7 and the service-
abilitv criteria item values; accordingly, changes in the software rou-
tines can be made to perform other analyses and the criteria item values
may be changed in the MSP. Currently, the criteria item values programmed
into the MSP for balls and rollers are the same values as those used for
race components; the race values were used for rolling elements since
experience to date in the inspection of rolling elements has not been
adcguate to develop an independent set of values for the criteria items.
For details of actual system operation, the reader is referred to the
Operating Manual .




(Pos. Area)
{Neg. Area)
(Symmetry}
{pk-pk amp. )

Data Base ¥Flaw Parameter Identification

Each Flaw Each Track

No Name Alias No. Name Alias

1 MC CAP, LOC Cco MC U

2 MC REF, FAC Cli MC NDF

3 MC SLPI c2 MC F

4 MC EXTR1 AMP c3 MC In

5 MC EXTR1 LOC C4 MC LN

6 MC SLP2 Cs

7  MC ZERO1 LOC Céb

8 MC EXTR2 AMP c7

9 MC EXTR2 LOC cs8
10 MC SI.P3 C9 Each Component

11 MC SLP3 LOC CA

12 MC EXTR3 AMP CB

13 MC EXTR3 LOC ccC

14 MC EXTR4 AMP CD MC AVG. MEAN cv
15 MC EXTR4 LOC CE MC AVG. STDV cs
16 MC PEAK SEP CF MC RANGE CR
17 MC SHP FACA CG MC CMP. FACA

18 MC SHP FACB CH MC CMP. FACB

19 MC SHP FACC Cl MC CMP, FAC] ‘
20 MC SHP FAC]1 cJ MC CMP, FAC2 ;

MC SHP FAC2
MC SHP FAC3

FIGURE B4. MAGNETIC PERTURBATION CIRCUMFERENTIAL-FLUX-

DETECTED FLAW SIGNATURE PARAMETER DEFINITIONS
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Data Base Flaw Paramecter Identification

Each Flaw Each Track

Name . Narne

z
©

MR CAP, 1.OC MR U
MR RILEF. I'AC MR ND
MR SLP1 MR

MR EXTR! AMP MR

MR EXTR1 LOC MR

MR SL.P2

MR SLP2 1.OC
MR EXTRZ2 AMP
MR EXTR2 LOC
MR SLP3

MR SLP3 LOC
MR EXTR3 AMP Each Component
MR EXTR3 LOC
MR SLP4

MR SL.P4 LOC MR AVG. MEAN
MR EXTR4 AMP MR AVG, STDV
MR EXTR4 LOC MR RANGE

MR EXTR5 AMP MR CMP, FACA
MR EXTRS5 LOC MR CMP, FACB
{Pos. Arca) ]2 MR SHP FACA MR CMP. FAC]
(Neg. Area) MR SHP FACB MR CMP, FAC2
[SY,'nn-;etry) MR SHP FACC
MR SHP FAC1
MR SHP FAC2
MR SHP FAC3

RN, abh WV e

—
(= JNa)

FIGURE B5 MAGNETIC PERTURBATION RADIAL-FLUX-DETECTED
FLAW SIGNATURE PARAMETER




Pit Signaturc (LA)

RANGE
A,_/\va

-+ 1 REV. >
0 LEVEL
Surface Finish (I.LD)
Data Base Flaw Parameter Identification
o
& Each Flaw Each Track
¥ e
No Name Alias No. Name Alias
1 LA CAP. LOC L0 LD UN
2 LA REF. FAC Lt LD Dp
3 LA SLPI L2 LD FI
4 LA EXTR1 AMP L3 LD N
5§ LA EXTRI LOC L4 LD Ep
6 LA SLP2 L5
7 LA SLP2 LOC L6 Each Component
8 LA EXTR2 AMP L7
9 LA EXTR2 LOC L8
10 LA EXTR3 AMP L9 LD AVG, MEAN LV
11 LA EXTR3 LOC LA LD AVG. STDV LS
(Pulse Width)l2 LA SIHHP FACA LB L.LD RANGE LR
LA SHP FACB LD CMP, FACA
LA SHP FACC LD CMP. FACB
LA SHP FAC!I LD CMP. FAC1
LLA SHP FAC2 LD CMP. FAC2
LLA SHP FAC3

FIGURE Bé,

LASER SCATTERED LIGHT SIGNATURE

PARAMETER DEFINITIONS




B-8a
15 \
I l' |
1 — ! ! !
Avcrage Baseline | ! i
(200 mV rominal) ! ;
Rer \ // ' ’ ;
D i e —e—d 4 —d ;
1 4 16 ;
4 6 8 10
Magnet ization 0 Volts DC rceference level
Sync Pulse (timc reference) ]/
8
;
Data Base Signature Parameler Identification
Each Flaw Each Signature
« No. Name Alias No. Name Alias
9
3 1  BX SLPI BO 17 BK SHP FACA BG |(Pos. Area, Int. '
2 DK SLP1LOC Bl 18 BK SHP FACB BH | (Baseline Avg.)
3 BK EXTR1 AMP B2 BK SHP FACC
4 BK EXTR1 L.OC B3 BK SHP FAC1
.- 5 BK EXTR2 AMP B4 BK SHP FAC2
g 6 BK EXTR2 LOC BS BK SHP FAC3
‘- 7 BX EXTR3 AMP Bé6
8 DK EXTR3 LOC B7
¥ 9 PK EXTR4 AMP B8
.. 10 PK EXTR4 1.0C B9
11 BK EXTRS5 AMP BA
12 BK EXTR5 LOC BB
13 BK SLP2 ‘ BC
14 BK SLP2 LOC BD
15 BK EXTR6 AMP BE
16 BK EXTR6 LOC BF

| FIGURE B7. BARKHAUSEN DETECTED NOISE SIGNATURE
i . l PARAMETER DEFINITIONS
¥




B-8b

FIGURE B8. SERVICEABILITY CRITERIA (PRELIMINARY), RACES AND ROLLING ELEMENTS

Item* *Check that CH, variable 20 is > 80mv+ and CL, variable 20
is > 40 mvV+ before applying criteria.

A Reject all with CL peak-to-peak amplitude > 100 mv+
B Reject all CH with CH/CL ratio < 2.0, > O
C Reject all CH with peak-to-peak amplitude > 200 mV+ and

peak separation < 150u

D Reject all CH with peak-to-peak amplitude > 200 mV+ and
RH peak amplitude > 600 mv+

E {ga‘l:es} Reject if CH > 200 mV+ for BR XXXX + (0050) for 3 or more ST

nly - -

F Reject all RH with peak amplitude > 1000 mV+

G 1f flaw buffer overloads

H BK reject, if SLP1 LOC < ms, SLP1 > and
EXTRL > AMP mv
See Listing by bearing type.

I Reject, if laser EXTR1 > 3900 mv+

J 1D If Mean >

See Listing_by bearing type.

! IF REJECTED GIVE ITEM(S)

+ Absolute magnitudes




10

11

12

13

14

15

16

Brg. Code

*Notes:

B-8c

FIGURE B8 (Con't.)

ITEM H LISTING (races)

Brg. Type

J57-4#2

J57-#4

J79-#2

J85-#2

J57-#6

J57-4#4

1/2

J57-#3

S1L =
s1
El

SLP1 LOC
SLP1
EXTR 1 AMP

]

S1L*<

sl >
El >

S1L <
Sl >
El >

S1L <
sl >
El >

S1L <
sl >
El >

S1L <
Sl >
El >

S1L <
Sl >
El >

S1L <
sl >
El >

560 ms
50 (5 mV/ms)
100 mv

560 ms
50 (5 mV/ms)
100 mv

560 ms
50 (5 mV/ms)
100 mv

590 ms Inner 560 ms outer
50 (5 mV/ms)

50 mV Inner 100 mV outer

560 ms
50 (5 mV/ms)
100 mv

560 ms
50 (5 mV/ms)
50 mv

560 ms
50 (5 mV/ms)
100 mv




FIGURE B8 (Con't.)

ITEM J LISTING (races)

Brg. Code Brg. Type
10 JI57-#2
11 J57-#4
12 J79-#2
13 J85-#2
14 J57-#6
15 J57-#4 1/2
16 J57-#3

720
720

720
720

720
720

1000
1000

720
720

720
720

20
720

mv
mV

mvV
mv

mV

mv

mv
mv

mvV
nv

mv
mny

mv

nv

Inner

Outer

Inner

Outer

Inner

Outer

Inner

Outer

Inner

Outer

Inner

Outer

Inner

Quter

Determine level by noting LD levels from several typical bearing components
and doubling the average value if inner and outer races nearly the same. If
inner and outer race average values not similar compute rejection levels
independently. Adjust level as required with experience.

it ey

s
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I INTRODUCTION

Inspection of 1000 balls from J57-#4 main shaft engine bearings
was undertaken and completed over the period 22 May 1978 through
16 August 1978. The balls inspected were supplied by the bearing shop
at OCALC; balls were removed from the retainers of each bearing and
stored as rolling element sets for inspection. The ball inspection was
conducted by Mr. Don Heihn, SwRI, on the Ball/Roller Unit of the Air
Force CIBLE Bearing Inspection System previously delivered under
Contract F09650-74-C-0200.

SRR

A breakdown of the lot of balls inspected according to bearing
condition and ball condition is given in Table I below,

TABLE I
Quantity Bearing Ball
of Balls Condition Condition
200 Serviceable* Serviceable*
800 Vendor Reworked New

#*The term serviceable refers to a bearing which has been
removed from an engine at overhaul and processed through
the OCALC bearing shop and accepted as serviceable without

3 being vendor reworked. Vendor reworked bearings are, of

S course, also serviceable but have been processed through

vendor facilities and a complement of new balls installed in
each bearing.

Further details relating to specific balls will be related in the discussion
of inspection results which follows a brief description of the inspection
procedure,




INSPECTION PROCEDURE

As previously mentioned, balls to be inspected were removed
from their retainers and maintained in sets according to individual
bearing serial number, Sets of balls anticipated to be inspected at
the start of an inspection day were cleaned to remove the protective
oil film. Near the end of the day balls were recoated with a light
film of oil. All balls were initially inspected in the automatic mode;
magnetic perturbation circumferential and radial flux signatures were
monitored on the oscilloscope during this auto-inspection. Those
balls having printouts with outstanding signals were individually noted
with appropriate comments on inspection '"run'' forms and retained
according to an arbitrarily assigned, unique ball number for special
data acquisition. Several balls were also selected at random to
characterize magnetic perturbation background. Special data acqui-
sition on the selected balls was conducted in the computer-assisted
manual mode via an auto mode re-inspection.

In the manual mode, the physical location on the ball of out-
standing signatures of interest was marked using the following
procedure:

1) During re-inspection in the auto mode for a particular
ball orientation, the probe scan track location and azimuthal printout
locations were noted for subsequent evaluation in the manual mode.

2) Subsequently, the laser was indexed to the magnetic
perturbation scan track of interest so that the incident laser beam
projected a spot of light corresponding to the magnetic perturbation
scan track of interest, rotation of the spindle disabled, and the
spindle manually rotated until the shaft reference digital display
readout corresponded with the printed out azimmthal location.

3) The incident laser light spot was then encircled on the
ball using a marking pen, thereby providing an approximate physical
location on the ball corresponding with the magnetic perturbation
signature of interest for later visual examination under optical
magnification,

Subsequent to the completion of ball inspection including special
data acquisition and signature location marking at OCALC, 64 selected
balls were returned to SwRI, 41 of these balls had marked regions for
microscopic examination and surface photomicrography. The following
section summarizes the automatic inspection printout results and typical
inspection signatures including surface photomicrographs of selected
regions of interest.




111, INSPECTION RESULTS
A. General

Table Il below summarizes the printout from the initial
automatic inspection of the 1000 balls according to two categories:
(1) service balls (those balls from bearings with accumulated service
time which have not been vendor reworked) and (2) the new balls from
vendor reworked bearings.

TABLE II
Ball % with MPR* % with MPC*
Condition Printouts Printouts
Serviceable 89 4
New 33 12

*MPR - magnetic perturbation, radial flux
MPC - magnetic perturbation, circumferential flux
Detection threshold is twice average magnetic background

Of special interest are the magnetic perturbation radial and circum-
ferential flux printouts, since these indicate the probable presence

of surface and near-surface flaws of interest. Note that the service
balls (balls with service time) have almost three times the number

of radial flux, high field (RH) printouts as that for new balls, Con-
versely, the new balls have three times the number of circumferential
high field printouts as the balls with service time, The ball sample
selected for a more detailed study is summarized in Table III below.

TABLE 1iI
Data Category Serviceable New
Special data with
‘ photomicrographs 15 26
| Characterization 6 17




Semiquantitative comments on the inspection data sheets
indicate the following results regarding magnetic perturbation signature
response; 43% of the service balls produced fair to large amplitude
signatures while only 9% of the new balls produced similar sized signal
amplitudes. Of the 200 service balls, approximately 85, therefore, had
significant signatures based on these statistics; 15 of these (18% of this
population) were examined. Similarly, 72 of the 800 new ball population
were estimated to have significant signatures; 20 of these (28% of this
population) have been investigated in detail. Approximately 8% »f the
new ball population was estimated to have unusual, ''poor shape"
magnetic perturbation signatures (broad, opposite polarity CH signa-
tures with correspondingly broad RH signatures with essentially no
accompanying RL signatures*) associated with them; 6 of this estimated
population were examined in detail. No ''service'' balls were noted
with such "poor shape'' signatures. Typical results of the detailed
investigation of selected balls including reproductions of signatures
and surface photomicrographs are presented next.

B. Typical Signatures and Corresponding Flaws

Reproductions of signatures and surface photomicrographs
typical of the inspection results obtained are presented in this section.
Figure 1 presents typical magnetic perturbation, radial and circumfer-
ential, high and low field (RH, RL, CH, CL) signatures from a broad,
shallow indent on a service ball (3,230 hours service). The outline
of one edge of the long, broad, shallow indent is pointed out by the
arrow in the surface photomicrograph E at the bottom of Figure 1. It
is also pointed out that the general surface, fine-scale features shown
in the photomicrograph are typical of the surface observed for service
balls. Figure 2 shows an indentation in another service ball from the
same bearing (S/N P9117-1). Note in this case that the radial signatures
are significantly greater in amplitude and the circumferential signatures
slightly greater in amplitude than that for the indent in Ball #3 (see
Figure 1), indicating the indentation in Ball #9 (Figure 2) to be of
greater depth. The radial signatures and corresponding photomicro-
graphs in Figure 3 show typical results from a corrosion region and also
from a large pit; accompanying circumferential signatures are low
amplitude indicating the flaws to be shallow, probably less than 0,001
inch deep. The photomicrograph in Figure 4 illustrates gouges which
may also be introduced as a result of service, In the case of Figure 4,
note that the distance between the two gouges corresponds to the

*Typically, RL signature amplitudes are between 40% and 80%
(approximately) of the RH signature amplitudes.
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separation between the resulting radial signatures. These gouges have
sufficient depth to produce small, circumferential signatures also (see
Records C and D in Figure 4). Figure 5 shows pit and gouge type

defects in two other service balls. Again, note the large radial signatures;
the small circumferential, high field (CH) signature in the case of the
gouge indicates that this flaw does not have significant depth.

Figure 6 illustrates the magnetic response obtained from
a surface inclusion pit (see surface photomicrograph E). The surface
finish surrounding the pit in Figure 6 is typical of that observed for the
new balls examined from reworked bearings. A comparison of the
surface finish in Figure 6 with that for the service ball in Figure 1
indicates that the multitude of fine, short and long scratch lines are
typical of balls with service. The data in Figure 7 shows evidence of
another inclusion pit with significant depth since a relatively large
circumferential high field signature is obtained (see record C). Similarly,
the data in Figure 8 shows a large group of pits from which two out-
standing radial signatures are obtained; the smaller circumferential
signature indicates these pits to be shallower in depth than the one
previously shown in Figure 7. A significant group of pits in still
another new ball is illustrated in Figure 9. Gouges in new balls are
also evident as illustrated in Figures 10 and 11; very large radial
signatures are evident in both cases.

As might be anticipated, essentially no evidence of inden-
tations were observed in the new balls visually examined. Startling
evidence, however, was obtained showing large-scale cracking and
material loss in two new balls from one bearing (S/N395-2) as illustrated
in Figures 12 and 13. The radial and circumferential signatures presented
in Figure 12 are typical of those previously described as unusual, ''poor
shape'' signatures (note the broad, opposite polarity of the CH signature
and the broad, complex-shaped RH signature with a small amplitude
RL signature). Examination of many regions corresponding to ''poor
shape'' signatures did not yield visual evidence at the surface of flaw
conditions similar to that illustrated in the photomicrographs at the
bottom of Figure 12. Note the even more significant material loss and
extensive cracking evident in case of the flaw illustrated in Figure 13
and corresponding magnetic perturbation response (typical of that
obtained from inclusions and gouges); the complex CH signature shape
is attributed to the complex nature of the flaw. It is anticipated that
the flaw illustrated in Figure 13 resulted from the heat treating process,
possibly in combination with an extended inclusion(s), As will be shown
next in this section, the Barkhausen signatures from this ball (Ball #3
in Bearing S/N 395-2) also exhibited unusual Barkhausen signatures,.
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Typical Barkhausen signature shapes obtained from service
and new balls are illustrated in Figure 14. The Barkhausen signatures
illustrated in Records C and D of Figure 14 are typical of those observed
from service balls, The signatures illustrated in Records A and B of
Figure 14 are dominantly typical for new balls, although, signatures
Type C and D were also observed in the case of the new balls. Signifi-
cantly, Figure 15 illustrates the Barkhausen signatures obtained from
four new balls on Bearing S/N 395-2, Note the leading edge signature
feature, as pointed out by the arrc v in each case, which is not evident
in any of the Barkhausen signatures previously illustrated in Figure 14.
Furthermore, the signature shown in Record A of Figure 15 was obtained
from the ball containing the extensive crack network, see Figure 13,
From the data presented in Figures 12, 13, and 15 the entire ball
complement for Bearing S/N 395-2 is questionable (in addition, the
ball complement in the mating duplex Bearing S/N 395-1 is also suspect).
It is possible that many other balls from the same 1.t of balls containing
those in Bearing S/N 395-2 are also suspect, however, SwRI does not
have adequate information for this type of traceability.
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APPENDIX D

TABLE OF ENDURANCE TEST RESULTS
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