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The Program Manager for the Boeing Commercial Airplane Company was C. S. Carter and
the Principal Investigator was W. F. Lynn. Other Boeing personnel who participated in this

iii

3 ‘ program were G. M. Walker, O. G. Wright, and J. W. VanWyk.
1
E" This report covers contract work accomplished from May 1976 through August 1978.
E
b
E ]
3 %
ACCESSION for
NTIS White Section
pDe Buii Section O
UNANNOUICED a

JUSTIFICATION —

BY i e
DISTRIDULIC /o ATLATY CODES

Dist. 1 or SPECIAL

A




HI

IV.

VL

1 O DICChIVe i o B e D e dostarit bttt aha e e e Ta e S RN e
R ADPROACH s il it e s ke e e e o e e e e e e e e A e e
3. GeneraliReSUIS . . e S e e s ) o e s e e e e s e a e
4 3 SpecifICIR eSUIS v X e e o e e e aie
FECHNICA L DISEUSSION - e s e e sl ks o et s et aiialta o5 e
BEST PR OGRIAM o N e e b e e s e b
1. Study, Analysis, and State-of-the-ArtSurvey .........................
2. Phase I — Composite Materials Evaluation. . .. ........................
35 "Phase' Il = Bearingilests . o e e e
P A S D bl i A L e
1. Study, Analysis, and State-of-the-ArtSurvey .........................
2. Materials Evaluation Tests and Specimen Design. . . ....................
a. Ultimate Compression Strength. . . . ... ... ... ... ......
Lo e T e S T Lol Moot i s U St i et G e S R
G B G O e R A I Jere . it b
3. FestResUMS . o o s e e e e e o e e el e el s e s s
a. Ultimate Compressive Strength . . . ......... . ... ..... . ... ....
b, Weatand Briction . . . i oo it ot ie e v on aieiae s e s
(R B0 1 ( S 1017 oo ke st o A RSl S et i e S S i G R
4. Design and Fabricate Bushing Specimen . . . ..........................
5.  Biscussionof Test ResUlTST v v o s it o i thein e o sisin sl sala s e e m o s s o i
R B0 (90 (81 Ui s S vt i 3 e sl s o S R SRR S B € S e
by AStrengthing. o pai v twin ®. o oL e e s L
G WeEARIS o Sl s 2o v WML e e el B e e s S e G o e
- AR EICHONG o o5e. il .o o o i 0 KN BB Y o 0 M el S Y e
6. Conclusions and Recommendations forPhase I1. .. ....................
@, CONMCIUSIONS. v (o v ol oo e ol i e o e ss s e el o el e e e e o
b. RecommendationsforPhase Il ................................
i3 10T | At e e M o i b S e W R s daii £oap AL T E D S
N, FEESE R R e L b it et SR O v e A R o MRS o 5 e
2. Composite Journal Bearing Concepts . .. .......ovviivnrerennnneenns
3. Design of Test Specimens . ......... e T e
4. TestSpecimen Fabrication .. ............ ... ... . ... ..
5. TeSEPIOCRUUIES. . o viv v v iomwnnv o s o v v s w08 b 16 e 4% o 88 e ) £
8 REANStAOICTIOAAL . i o AT v o e b e T e e R e 6 e
b. OscillationUnderRadial Load ............c.coviiiiinininennns
c¢. Environmental Resistance Testing. . ... ...........ciiiinen...




TN T TR B TR YT Y e

TABLE OF CONTENTS (CONCLUDED)

Page

A, High TeMBPEIAtRIe .« v s v wsiancisinis bipiasa s as s aissiasalniess o onesass 38

e. Bearing Retention . .........cuiiiutiinenrenenenneneennennns 43

L T I o, i H e s 3 PSP M s e 43

VL EESTE R E Sl S i et n s aal ahabiahal e Sriak dhe fara e ods! o & Ve Talia Jarce orAl e e . S e bare 46
N Seree N @il estS, i s s e % o el by el ee e leharis b atilashssiote bk e S T e 46
X GrAPNItElCOMPOSILES: /o it et v mors el date aiatshenahadoa, tielaaier oo ata ble [ 46

B G asS I OMNOSITOSN v o v ciis el e erei el s e s ol'e Y balio s N AN RN e o oo 48

G, Keviar CompPoSITeS: .« s o sls » oie e s sale s isls sisieslsokalstore akol e s lo ans oo e 48

d. Miscellaneous Composites. . .. ...ttt nnnnnnns 55

2. Qualification Tests to MIL-B-81934 . .. ... ... ... .. ... i iiiiniinnn. 55
2 e d GlasS B PO ot o v oo e o s e S R Vs 55

b.  Eined KeVIar/EDOXY: i s sis oieisss oiale ayteiiatmtie) ste laalieliate afia e s te el ol ate 57

c.  Integrall Liner'GlasS/EPOXY « . : <vvieie <inlssiaie s siats oo el lshs oiobs dharste 57

3. AdditionalTesting: s s e erha s ot S el ek e o el erie e 5 e 57
2. RelentiON SIS o 0 oo o it ol otihis o habs sl oy s e aliel s k8 ot s il S (shio s 7 A 4 57

b. Composite Journal BearingWeight . ............ ... ... ... ..... 57

ch RS D HericallB e ariTgs v N e e R W e ke P e O 7

VIl EVAEUATION (OF TEST RESULTS s o s o e efaiots) olle iorelstale: s 66
1. Molded Reinforced Plastic Resin Composites . ..............c.cooun... 66
2. Filament Reinforced Plastic Resin Composites . . ..............c........ 67
a. In-House Fabricated CoOmpoSites. .. .. ..ovvvrrerervenennenennnn. 67

b = FSOUTCEI R Lotarnio g bmgb e S LRSS, L Avt b Aol o i £ 0o cb ] 67

G TS OUTCE TR e s R e B L Lo ol e S D Sy 5 S7 68

B T SOIICE L i i e e e Vet e s 1 AT 69

& SO Gl i N N N e R B O 1 e 69

3. General CoNnSIAErations . . . . ..o vvut ettt et ettt 69
a. Installationand Retention. . .. ...........uviuneinernnennennnnn 69
DT A R S 69

AR iy A L R TR SRR« ST el o o W e 69

d. Spherical Bearings.........ov0veveeeeeeereeenrneeeaseonnnnns 70

IX. CONCLUSIONS AND RECOMMENDATIONS. .. ........covuiiinnnnennnn 70
1. CCOHCIBONN o ot et ol S e oo ke 0 0 g % 5 70
A, CRAPIe COMPOTIRY. . v yv v oyt b ¢ Lo B d s h et s s 70

B MOBISd COMIPORIIEE. o« o .o v s i 405 » 55 b 58w e s ¢ b 71

¢. E-Glass/Epoxy COMPOSITES . « .« v o cvcusvonionnasvionansssssensss 71

d. - Kexlar/Bpoxy COMPOSILES. o« vt om i s b i s o v 0w wiie & s sk 71

B, CnEACORCINSIONS . ... o icvinr bosotnssbmssve s s wwsasesms s 72

D R COMMICTIAALIOTISN y vor e b Eoais oo ey Site eNa Pl a1 vk ko v oA 68 o 13
REFERENCES 74
GLOSSARY 7
APPENDIX 81

vi

I




No. Page
L. ONERE OEPRASE L » - vt o ol it ai e ae i o e o 15 s et ] 8 v e ot e e e e 8 e 8
2. Strength Test Specimen and Load Blocks .. .. ..., 11
3. Preliminary Screening Test Specimens. . . .. .......... ottt iiiirieeinn... 13
4. Preliminary Screening Test Apparatus . . . .. ... ..ottt tnnnit e 14
5. Bearing Materials Wear Test Machine. . . ....... ... ..ottt 15
6. Graphite Composite, With and Without Bonded TFE Fabric- - - .................. 20
7. Graphite Composite Strength, With and Without TFE Additive .................. 21
8. Kevlar and Kevlar-Graphite Composites Strength .. ........................... 22
9. Corrosion Specimens After 5% Salt Spray Exposure .. ...............cooiouin... 27

10.. Load/life TeStBUSHINE " 55w nisiai s on e bhiofore o oot o iolnl nel ols s ot oiei ol or o o fo ot 1m e o oo 28

11, Outhine OF PRASE L. ..t n i oo ) e yoai St w1 sics o 5hsalss it o sEari sl oo i ottt e o'senel i1 rm 32

12. = Static Poad TFeSUREIXINNS . il e dia o atuiis ool 4 s vens o e al e s isiostoria msreila s Go sesatoat o3 oo et 36

13. Static Load AUtographiC PIOt .« iii o« i ciiie s o oieiome s s 5o s 5w aisl s sis o mioal s oo s 37

14. Oscillating Reverse Load Bearing Test Machine . . ............................. 39

15. Oscillating Reverse Load Bearing Test Machine Setup . . . ... .......coovinne.. .. 40

16. Seven Station BearingTest Machine . .............. ... ... .0 iiinnneennn. 41

17. Seven Station'Bearing Test SETUP) . . . i cvivio it cninnitio ssnatvssanssssssowsan 42

18. 30,000 Pound Plain Bearing Test . ...............0iuiuiieiimmnnrennnnnnennn 44

19. 30,000 Pound Plain Bearing Tester (Exploded View) .......................... 45

LIST OF TABLES

No. Page
1. Strength TestIata. - - loi oo s ui s o st o 6 abul el atel s sl cis &0 analisssa 3w el ol le suinte o ien 405 18 e 5 e 18
2. Wear and EHction Datal . | o« < s s as = sis siarsin sl s s teess #s % o shoiaie. o mi5s 980e e = ac s oo 23
3. Screening Test Data — Graphite Composites - - . . .........covuuieneerneenann.. 47
4. Screening Test Data — GlassComposites. . .. ...ttt 49
5. Screening Test Data — KevlarComposite. . . .. .........c.coiiuiiiiinnnnennn. 51
6. Screening Test Data — Miscellaneous Composites . ... ...............ccuuiun... 56
7. Static, Oscillating, and Fluid Compatibility Test Data-Source R Glass/Epoxy Composite 58
8. High Temperature Test Data — Source R Glass/Epoxy Composite ................ 60
9. Static,Oscillating, and Fluid Compatibility Test Data — Source R Kevlar/Epoxy Composite 61

10. High Temperature Test Data — Source R Kevlar/Epoxy Composite ............... 62

11. Static, Oscillating, and Fluid Compatibility Test Data — Source G Glass/Epoxy Composite . 63

12. Interference Fit Retention Tests. .. ... ...... ... .. .0ttt tinnnnnnnnnn. 64

13. Shear Ring Retention Tests ... ............ ittt 65

14. Journal Bearing Weight Comparison .. ...............couiitiitiiiinennennnn 65

vii

Lw— . T R N b WL Lt Salkacd T




SECTION 1
INTRODUCTION

The use of composite materials in airframe structures has the potential for more efficient,
improved performance aircraft, due to the high strength-to-weight ratio of the composites.
Investigation and development of the interfacing between the advanced composite structure
and the attaching hardware at highly loaded pinned joints is necessary to fully utilize the
potential of composite structure.

In state-of-the-art design of both metallic and advanced composite material structures,
metallic bearings are used at load-transfer points as replaceable, sacrificial elements with
selected functional characteristics. For composite structure, such bearings add excessive
weight, are conducive to corrosion, and introduce design problems of retention and
replacement.

A promising approach to the solution of these problems is the use of nonmetallic composite
inserts acting as bearings in functional joints between composite structures. Such a system
averts the metallic corrosion problems and minimizes the overall weight and complexity
of the joint.

To define the adequacy of this solution, a program was established to:

e determine optimum materials and fabrication techniques for nonmetallic composite
bearings

®  investigate retention and replacement techniques

®  explore performance characteristics against established requirements.

The performance standards selected for the test phase of the program are essentially the
qualification requirements defined in MIL-B-81934. This specification controls the
procurement of airframe structural journal bearings using TFE liners in metallic backup
sleeves.

An obvious corollary effort to investigate the use of the composite journal bearings in
conventional metallic structures was included in the original program. A later addition was
the adaptation of the composite journal bearing as the outer race of a spherical bearing.

SECTION II
SUMMARY

1. OBJECTIVE

The primary objective of this program was the acquisition of the necessary data to provide
reinforced composite journal bearings for use in lightweight, corrosion-free load and motion
transmitting joints between composite and/or metallic aircraft landing gear structural
components. The general performance of these bearings was to be comparable to the




load/life requirements of bearings specified in MIL-B-8 1820 and MIL-B-81934. In the case
of application to metallic structures, the geometry was established as that defined in
MIL-B-81934/1 so as to permit design improvement by direct retrofit in existing aircraft.
A further objective was the application of the materials data and processing techniques for
the composite journal bearings to outer races of plain spherical bearings capable of
performance to the requirements of MIL-B-8 1820 and meeting the geometry of MS14101.

2. APPROACH

A literature search and material properties evaluation constituted Phase I of this program.
Materials specimens were fabricated in-house or procured from various other sources, in
geometries suitable for strength, friction, wear, and environmental testing. From these
studies and evaluation of test data, promising candidate composite materials were selected
for evaluation in sleeve bearing form in Phase Il of this program.

One-inch-diameter by 1/2-inch-long sleeve bearings were used as test specimens in Phase II.
This specimen geometry permitted realistic installation, retention, and environmental
resistance evaluation, as well as static-load and wear-life-friction testing.

It was observed that spherical bearing outer race geometry rather closely approximates our
sleeve bearing specimen geometry. The original sleeve-bearing-oriented program was
extended to evaluate the use of reinforced composite materials to fabricate outer races for
spherical self-lubricated bearings. Testing was limited to those bearing characteristics that
are significantly affected by the geometry differences between a sleeve bearing and a
spherical bearing outer race.

3. GENERAL RESULTS

The results of this program show that nonmetallic filament-wound epoxy composite journal
bearings are suitable for use in advanced composite airframe structures. They will provide
an advantageous design alternative to the metal-backed, TFE-fabric-lined journal bearings

in current use and procured to MIL-B-81934. Advantages offered include significant weight
reduction, freedom from both chemical and electrolytic corrosion, adaptability to current
sizing and retention techniques, and a probable cost advantage for production quantities.

Filament-reinforced composite journal bearings can be used in conventional state-of-art
metallic airframe structure with little, if any, modification required to provide for the
change from TFE-lined metallic journal bearings. Potential has been demonstrated for

adaptation of the composite bearing concept to fabrication of outer races for TFE-lined

spherical bearings, such as those covered by MIL-B-81820.

A need has been demonstrated for process and material controls to obtain consistency in
the performance characteristics of composite bearings. Present manufacturing techniques
do not permit the manufacture of composite journal bearings with integral flanges.

4. SPECIFIC RESULTS

The following specific results were developed from analysis of the information and data
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1)

3)

4)

5)

6)

7

8)

9)

10)

11)

obtained in the study and test phases of this program.

Filament-reinforced epoxy materials have adequate static strength for airframe journal
design.

Optimum strengths are obtained by winding filamentary yarns, rather than by random
chopped-fiber reinforcement in molded parts or winding of tapes or woven fabrics.

Treatment by antifriction additives to the composite resin does not produce the
desired friction and wear life characteristics and reduces static strength.

Antifriction and wear life characteristics consistent with MIL-B-8 1934 can be obtained
simply by using liners that have been qualified to MIL-B-81934 in metallic journal
bearings.

Excellent performance was demonstrated by both woven TFE-fabric liners and a
proprietary sprayed and cured TFE-enriched resin liner. The sprayed liner has the
additional capability of accepting line-reaming or boring after installation. This
simplifies optimum fitup and alignment with the other joint elements. Note, however,
that fabric liners are currently being successfully used in metallic journal bearings.

Graphite filament-reinforced parts have little tolerance for edge loading. whether duc
to pin misalignment or to pin bending under the required high loading.

Suitable parts can be fabricated by filament winding either glass fiber yarns or Kevlar
fiber yarns. Production facilities originally set up for glass fiber can satisfactorily
handle Kevlar with only minor adjustments.

Parts made with Kevlar fibers have lower specific gravity — and weight — than parts
made with any of the other fibers evaluated. All comparisons used the same epoxy
resin system.

Three bearing manufacturing companies have production facilities for filament winding
glass composite journal bearings. These facilities are capable of handling Kevlar. Several
companies have either molding capabilities for various reinforced plastic formulations
for journal bearings or laboratory filament winding capability.

Two of the three best products evaluated had fabric liners and each were the product
of individual bearing manufacturers. The third product was filament wound by one of
the above two bearing manufacturers and was lined by a third bearing manufacturer.
This last product was the only one that would tolerate any significant degree of
machining after i»stallation.

Adequate journal bearing retention was obtained by use of interference fits of the same
order of magnitude as is used for metal journal bearings. Higher push-out values, if
necessary, can be obtained by use of cast-in-place resin retaining rings. This technique
requires premachined grooves and push-out values can be adjusted by the size and
number of the grooves and by selection of an appropriate casting resin.
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12)  Contaminant toleration of the composite journal bearings is better than that of
MIL-B-81934 metal journal bearings. This is attributed to the relatively high degree of
interaction between liner and backup achieved in the fabrication process, as opposed
to the secondary step of bonding in a fabric liner after machining a metallic ring for
the backup.

13)  Corrosion is not a problem when the composite journal bearings are used in composite
structure. A typical joint would have only the pin and its fastening of metallic
materials. These parts are typically CRES or are protected by plating and would be
electroly tically isolated by the nonmetallic TFE liner.

14)  Corrosion is minimized when composite bearings are used in a metallic structure. In
a typical joint, at least one source of dissimilar metal corrosion is eliminated and
conventional protective treatments, platings, or coatings can be used on the structure.

SECTION I1I
TECHNICAL DISCUSSION

Many of the bearings used in contemporary military aircraft can be classified by application
and function as “structural bearings.” These bearings are used at connection points of the
various structural subsystems of the airframe such as the landing gear, wing flaps, and other
wing control surfaces, and movable empennage control surfaces. Characteristically, loads
are high and motion is oscillatory, usually not exceeding 90 degrees of arc. Much of the
flight life of these bearings is under relatively small loads and vibration plus small angles

of excursion. Such an environment can quickly destroy a typical rolling element bearing

by fretting and breakdown of the essential lubricant film.

Typically, plain bearings — both spherical and journal — have proven to be optimum for
airframe structural bearing applications. Plain bearings are used because of high load
capacity within rather tight geometry constraints and good resistance to both liquid and
solid contaminants normally present in the use and maintenance of the aircraft. Many of
the structural bearings in the present generation of aircraft, such as those used in landing
gear joints, are TFE-fabric-lined to improve friction and wear characteristics. Such journal
bearings are covered by MIL-B-81934, “Bearings, Sleeve, Plain and Flanged, Self-lubricating”.
Plain spherical TFE-fabric-lined bearings are covered by MIL-B-81820 and are used in
applications where a misaligning capability is a design requisite. Advantages of the
TFE-fabric-lined bearings over the grease-film-lubricated bearings include higher operating
load capability, freedom from periodic lubrication maintenance, low friction that minimizes
transmitted moment loading between structures, and good performance within the rather
hostile environment of the aircraft.

Unfortunately, these highly developed and standardized TFE-lined plain bearings are not
suitable for use in the next generation of military aircraft with much of the structure to
be advanced carbon filament-reinforced composite materials. Presently used bearings are
metallic and promise unacceptable corrosion problems in combination with graphite
structures. Titanium may prove to be an exception, although it is not presently covered
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in existing bearing specifications. In addition, the metallic bearings and attaching hardware
weight are inconsistent with the high strength-to-weight ratio attainable with the advanced
composites.

This program was initiated to explore and develop alternative bearing hardware solutions
compatible with the advanced composite structures and with the load capability and
functional characteristics of existing metallic TFE-fabric-lined bearings. It was projected
that a satisfactory bearing solution would have excellent potential for use in the metallic
structure of existing aircraft as a significant weight-reducing measure both for replacement
and retrofit.

Outlining and bringing into focus the overall challenge was in order. Journal bearings were
initially considered because of the simple geometry. Landing gear structural joint
applications were of specific interest, with other similar applications approached more
generally. The MIL-B-81934 performance for load, life, and functional characteristics was
established as a target. A listing of design and operational constraints includes:

1) Geometry per MIL-B-81934
2) Load capability high — consistent with aircraft landing gear applications
3) Minimum weight — consistent with advanced composite structure
4) Friction low and consistent to minimize effect of transmitted torqus on structural
members
5) Service life sufficient to minimize maintenance and downtime for replacements
6) Freedom from frequent periodic service and inspection
7) Freedom from catastrophic failure, i.e., seizure due to galling
8) Elimination of corrosion problem — specifically galvanic corrosion
9) Resistance to aircraft environmental contamination
10) Suitability for use in metallic structure as a weight-saving measure
11) Adaptability to installation and retention using conventional methods and techniques

It is evident that the present MIL-B-81934 journal bearings are not suitable for use in
advanced composite structure because of galvanic corrosion problems and a high weight
penalty. Titanium offers both lower weight and freedom from corrosion problems. With

a bonded-in self-lubricating liner to overcome friction and galling characteristics, titanium
offers an acceptable solution. As with other metal journal bearings with bonded-in
TFE-fabric liners, the titanium journal bearings will require very tight material and
processing controls to resist attack on the sharply defined bondline by aircraft environment
liquid contaminants. Suitable simple seals are not available and would compromise joint
geometry.

The use of regularly replenished lubricants, i.e., oil or grease, was considered undesirable
because of the maintenance time required for the large number of bearings involved and
because of the geometry effect on both the composite structure and on the bearings.
Lubrication fittings and passages in the composite structure introduce design and
manufacturing problems and would highly complicate stress analysis. Load-carrying
capability and fatigue life would be adversely affected to an unknown degree. Long-time
compatibility of the lubricants with composite structure is unknown. Journal bearing
manufacturing would be complicated and costs increased by the addition of a lubricant




1 distribution system of grooves and holes.

It was decided that the approach to the problem with the most potential was the use of a
nonmetallic self-lubricating composite journal bearing. This approach offers minimum
weight and direct solution to the galvanic corrosion problems. This report covers the
investigative, development, and testing effort to demonstrate the feasibility of this approach.

SECTION 1V
TEST PROGRAM

The test program was divided into two separate but interdependent phases, preceded by a
literature study, analysis, and a state-of-the-art survey.

1.  STUDY, ANALYSIS, AND STATE OF THE ART SURVEY

An analysis of the objectives of this program was made to define and contextually place

all necessary work for optimum results. This included an overall plan starting with an
evaluation of existing art, leading into candidate material testing, and finally into journal
bearing configuration hardware testing. Available materials, hardware, and fabrication
techniques were evaluated against the defined program objectives. In addition, bearing
companies were surveyed and provided information that was helpful in avoiding false starts
and repetitive or redundant effort.

This phase included static and dynamic testing of candidate composite materials. The
purpose was to establish which of the available materials were most suitable to meet the
program requirements when used in heavily loaded airframe journal bearings. The specimen
geometry and testing were devised to permit economical evaluation of a large number of
materials under the complex restrictions imposed by the intended end use. Only those
materials were evaluated that could be successfully fabricated into geometry suitable for
Phase II.

2. PHASE 1 — COMPOSITE MATERIALS EVALUATION i
l
4

3. PHASE II — BEARING TESTS

This phase involved static and dynamic testing of 1-inch-bore journal bearings fabricated ]
from candidate materials. Those specimens with the best performance were subjected to 1
all of the tests cited in MIL-B-81934 for service qualification of TFE-fabric-lined journal :
bearings. Molded parts with random orientation of the fiber reinforcement were tested in |
addition to various filament-wound fabrications. Both types were tested with various b
lubricating liners including sprayed liners, molded liners, fabricated-in-place liners, and

fabric sleeve liners. Unlined specimens were also tested to evaluate addition of TFE powder
to the composite in order to achieve a high degree of homogeneity and avoid a well-defined
bondline as a potential failure site. |
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SECTION V
PHASE 1

1. STUDY, ANALYSIS, AND STATE-OF-THE-ART SURVEY

The initial effort was made to define the materials evaluation program in accordance with
the Statement of Work. Figure 1 is an outline of the projected Phase [ effort. A literature
search was undertaken to establish the current state of art on the physical properties,
availability, fabrication experience, cost, and suitability in airframe journal bearings of a
number of fiber-reinforced resin composites.

The properties considered were based on design requirements as defined in current airframe
design as well as in future advanced composite airframe structure. The current military
specification for TFE-lined journal bearings was selected as a guide and goal for strength
and wear performance.! Corrosion resistance was placed high on the requirements list
since presently available metallic journal bearings fall far short in this regard for use in
advanced structural graphite fiber composites. Installation and retention were considered
since, ideally, it was desired to use current techniques for installation, retention, and
replacement of these bearings.

Primary initial emphasis was placed on composites utilizing graphite filament reinforcement
due to the obvious compatibility with graphite-reinforced structure. Some authors state
that “‘graphite reinforced thermoplastics are cost competitive to conventional bearing
materials”’? , while most indicate higher costs for graphite fiber than for other reinforcing
fibers, such as “E”-glass. Based on past experience, however, with a number of composite
programs, it was determined that both material and fabrication costs were sufficiently high
to make graphite composite bearings much more expensive than lubricated or lined journal
bearings. It must be noted, however, that this price trend is downward as manufacturing
expertise is gained and as more material becomes available.

It was found that a number of manufacturers were making reinforced resin journal bearings,
utilizing several techniques. Several molding processes were in use, employing both chopped
fibers and fabrics in various resins including phenolics, nitrile-phenolics, epoxies, and
polyimides. Another process in use involves the winding of glass filament yarns impregnated
with an epoxy resin to form tubular layups that are subsequently cured and machined to
final dimension. Details of these manufacturing techniques are usually of a proprietary
nature.

Since some of the presently available products were in use in aircraft structural applications,
the design risk was minimized. It was also evident that a more general knowledge of the
capabilities and limitations of these products was required before broader use and more
sophisticated application could be made of composite journal bearings. In addition,

Military Specification, “Bearings, Sleeve, Plain and Hinged, Self-Lubricating,” MIL-B-81934,

2Long, W. C., Stafford, D. K., and Long, L. A.: Graphite/Thermoplastic Bearings: State-of-the Art,
Babcock & Wilcox Co.
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evolutionary development was necessary before these bearings could optimally fill design
requirements.

The literature describes two different graphite fibers. Type 1 has the higher modulus than
Type II, while Type II has the higher tensile strength. Type I fibers were selected since they
had more than adequate strength and generally better frictional properties® 3.

It was decided to consider fiber materials, in addition to graphite, for a number of reasons.
Evaluation of previous work indicated that graphite composite was not a good material
choice for journal bearing applications in advanced composite structures — the primary
concern of this program. The reported coefficient of friction for graphite thermoplastic
composites ranges from 0.2 to 0.35%, and is always above that of the TFE-liners available
in currently used military standard bearings’. The graphite composites demonstrated
brittle fracture edge break-down when loaded as with a misaligned or deflecting pin.
Material and processing costs were high with a rather low base of manufacturer experience
and capability in fabricating hardware. A secondary program consideration was the use of
composite journal bearings in conventional metallic aircraft structure. Since previous work
has shown graphite to be more noble than the current structural aircraft metals, a serious
electrolytic corrosion problem was indicated.

Based on the above discussion, glass and Kevlar were additional fiber materials selected for
consideration. Each of these materials, in combination with epoxy resins, showed excellent
promise for journal bearing use under the considerations of both the primary and secondary
objectives of this program. Glass was selected because of a broad base of experience in its
use, existing manufacturing capability, and manufacturers’ data indicating compliance
with most of the requirements of MIL-B-81934. These factors indicated both low cost and
low design risk. Similarly, indications were that Kevlar could be processed on existing
journal bearing manufacturing equipment. In addition, Kevlar is somewhat lighter than glass
and has higher strength potential in a filament wound geometry. Accordingly, it was
determined that glass and Kevlar could be used to meet the primary program objectives.

In addition, journal bearings of these materials did not present an electrolytic corrosion
problem when used with metals and are sufficiently inert to resist attack by the liquid
contaminants associated with the use and maintenance of military aircraft, thus showing
promise to answer the programs secondary objectives.

Since the frictional base for this program is equivalency to the TFE-lined bearings of
MIL-B-81934, it is obvious that the frictional properties of the filament reinforced
composite bearings must be improved. To this end, it was decided to include evaluation of
TFE additives, low friction coatings, bonded and woven-in-place TFE fabric liners, and

3Giltrow, J. P.: A Design Philosophy for Carbon Fibre Reinforced Sliding Components, Tribology,
February 1971.

4Geltrow, J. P., and Lancaster. J. K.: “Carbon-Fibre Reinforced Polymers as Self-Lubricated Materials,”
1968.

SSliney, H. E., and Johnson, R. L.: “Graphite-Fiber Polyimide Composites for Spherical Bearings to 340° C
(650° F),” NASA TN D-7073, November 1972.
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| sprayed liners. Epoxy resins were selected as the basic matrix due to the manufacturing
3 experience of the bearing manufacturers, relatively simple processing and low cost, and
adequate strength characteristics as demonstrated by currently available products.

As adaptation to existing aircraft was a major consideration, it was decided not to depart
from current design practice in selecting materials and geometries for pins mating with the
composite journal bearings. This design practice is detailed in Airframe Manufacturers’
Design Manuals and in the Air Force Design Handbook® 7. Specific pin design practice
consisted of using corrosion-resistant shafts or bolts, when available in the appropriate sizes
and strength ranges and the use of heat-treated aircraft steels, plated with chromium and
ground to appropriate tolerances and surface texture.

; 2. MATERIALS EVALUATION TESTS AND SPECIMEN DESIGN

Having selected candidate materials for this program, our next task was to establish

procedures for preliminary evaluation of material strength characteristics and bearing

properties tests. This effort involved specimen geometry design as well as establishing test
: procedures consistent with available capabilities, experience, and test equipment.

a. Ultimate Compression Strength
(1) Purpose

To investigate the strength characteristics of candidate materials in the geometries and
thicknesses representing use in aircraft sleeve bearings.

(2) Specimen

The geometry of this specimen was intended to be representative of the most highly loaded
element of an aircraft sleeve bearing. This is illustrated in figure 2. All candidate composite
materials were subjected to this test. Specimens were sized by grinding to 1 inch long by
1/2 inch wide. Three thicknesses were tested, approximately 0.060, 0.090, and 0.125 inch.
These thicknesses were selected to cover the range used in aircraft sleeve applications.

(3) Procedure

The specimen is retained in a female compression block and loaded with a male block.
The assembly is placed in a universal testing machine to permit accurate load application
and determination. The heat-treated steel blocks are designed to provide the lateral restraint
and end freedom of the most highly loaded element of a sleeve bearing.

(4) Comments

Previous analogous testing of bronze and corrosion-resistant steel always showed that the

6«“Boeing Design Standards,” D-5000, vol 81B3, sec. 510 and 520.

7 AFSC Design Handbook,” AFSC DH2-1,
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thinner sections could transmit the highest compression loads. This is not true of the
composites tested within the thickness range evaluated.

Results were taken as initial fracture indicated as a significant break in the load-strain curve.

No yield was observed with graphite composite specimens, but failure was brittle and
showed internal shear laterally across the specimen.

b. Wear

(1) Purpose

1) To evaluate the effect of fiber orientation on wear rate of graphite composites
2) To determine relative wear rates of other candidate composites

3) To determine effect on wear of low friction additives to resin or as fibers

(2) Test Conditions

Duration — 1000 minutes
Load — 8 pounds
RPM — 100
Test Shaft —  440C heat treated R 58
Surface Speed — 60 feet/minute
(3) Specimen

Two specimen geometries are used in this test. The decreasing stress specimen and the
constant stress specimen are shown in figure 3.

(4) Setup

The test setup is illustrated in figure 4 and the test machine in figure 5.

(5) Procedure

Specimens were installed in holding arms and loaded against the test shaft. At the conclusion
of the test, the specimen width and wear scar length were measured and the wear volume
was computed. This result was checked against the value obtained as the product of the

specimen density and weight loss.

(6) Comments

The constant stress level tests were abandoned early in the program. They were not found to
produce significant additional data for screening tests. In addition, accurate specimens and
test readings are more difficult to obtain than with the varying stress specimens.
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c. Friction
(I) Purpose

1) To determine frictional characteristics of the basic graphite composite and the effect of
various fiber orientations

2) To determine the relative frictional characteristics of other composites

3) To establish, as a basic goal, the frictional characteristics of the MIL-B-81820
TFE-fabric liners

4) To evaluate the effect of low friction additives to the composites
(2) Specimen

The decreasing stress specimen shown in figure 3 was used for determination of coefficient
of friction at the conclusion of the wear test.

(3) Setup

The apparatus of the wear test shown in figures 4 and 5 was used. The apparatus was simply
modified by uncoupling the test shaft and adding a tension device that applies a measurable
force tangential to the circumference of the test shaft.

(4) Proczdure

Tests were performed on specimens, in situ, at the end of the wear test. The load on the test
apparatus arm was increased to 20 pounds to improve accuracy. The coefficient of friction
for the specimen was simply the ratio of the tension force tangential to the test shaft to the
load on the specimen.

(5) Comments

Several more sophisticated friction determining techniques were available. However, each of
them required either a separate, different geometry specimen or removal of our wear test
specimen to a different test apparatus. The technique used provided a friction measurement
of the specific and precise specimen-to-shaft interface produced in the wear test.

3. TEST RESULTS

a.  Ultimate Compressive Strength

(I) Graphite/Epoxy Composites

Specimens identified as B-14 and B-14T were fabricated by laying up plies of Narmco
T300/5208 tape with Hexcel F-161, a 350° F cure epoxy resin. Alternate plies were rotated
to achieve a 0° to 90° alignment. After layup to the desired thickness and cure, specimens




.‘_Wr_,..,_.

were machined by grinding to the desired dimensions. TFE fabric was bonded to one face of
the B-14T specimens. Results of testing are tabulated in Table 1, and the comparison is
graphically presented in figure 6.

Specimens identified as E-l were fabricated using Hexcel F-161 epoxy resin and Fiberite
W-133 graphite fabric. Specimens identified as E-2 were identical to the E-l specimens except
that one part of TFE powder was added to four parts of resin. Test results are tabulated in
Table 1 and graphically presented in figure 7.

(2) Kevlar/Epoxy Composites

Specimens identified as D-33 were laid up using Fiberite Kevlar fabric Style W-107 and
Hexcel F-161 350°F cure epoxy resin. One part of TFE powder was added to four parts of
resin. Specimens identified as D-34 were laid up using Fiberite W-107 fabric, with 50%
graphite yarns and 50% Kevlar yarns in both warp and fill, and Hexcel F-161 350°F cure
epoxy resin. Results of testing are tabulated in Table 1 and presented graphically in figure 8.

(3) Miscellaneous Composites

These specimens were fabricated in three thicknesses by molding from a proprietary material
consisting of chopped reinforcing fibers and TFE in an epoxy resin. The specimens are
identified as K-19 through K-27. The strength data are tabulated in Table 1 and shown
graphically in figure 8.

b. Wear and Friction
(1) Graphite/Epoxy Composites

Specimens for these tests were fabricated by first making a relatively massive layup of
Narmco T300/5208 graphite fiber tape and Hexcel F-161 350°F cure epoxy resin with all
fibers parallel. After curing, specimens were machined in such a way as to provide six
different angles of fiber orientation to the longitudinal direction of the specimens. Fiber
direction orientation to the specimens is illustrated in Table 2. This figure also tabulates the
test data, which include the incremental weight loss during the test, the computed
coefficient of friction from the torsional resistance, and values of wear volume computed
from both the weight loss and the dimensions of the wear scar. These tests evaluating fiber
orientation are identified as A-l through A-6.

Additional tests, identified as B-1l through B-14, were run to further investigate the effect of
fiber orientation. Specimens for these tests were fabricated of the same Narmco tape and
Hexcel resin, but each ply of the tape was rotated 90° from the preceding ply in the layup.
These tests were run on four different wear path orientation angles, as illustrated and
tabulated in Table 2.

Specimens for test E-1 were fabricated by laying up plies of Fiberite W-133 fabric with
Hexcel F-161 resin. Specimens for test E-2 were similarly fabricated, but one part of TFE
powder to four parts of resin was added. Data on these tests are included in the tabulation
in Table 2.

L.




TABLE 1. — STRENGTH TEST DATA

Specimen Stress (ksi)
Thickness
(in.) At
ident. Number Failure Ave.
B—14 1 0.125 104
2 0.125 88
3 0.125 88 93.0
4 0.090 128
5 0.090 164
6 0.090 118 136.7
7 0.060 188 (not used in average, initial indication missed)
8 0.060 140
B-14 9 0.060 128 1340
B — 14T 10 0.143 96
11 0.138 110
12 0.142 136 1140
13 0.107 150
14 0.106 137
15 0.11 156 147.7
16 0.076 122
17 0.076 133
B — 14T 18 0.077 121 125.3
E-2 39 0.062 376
40 0.062 39.0
41 0.061 358 375
42 0.090 80.0
43 0.091 948
44 0.091 89.6 88.1
45 0.103 87.0
46 0.103 872
E-2 47 0.103 99.0 91.1
D-34 48 0.062 40.0
49 0.061 440
50 0.059 470 440
51 0.091 85.4
52 0.091 824
53 0.092 86.4 84.7
54 0.103 100.8
D-34 55 0.103 76.8




TABLE 1. — (CONCLUDED)

Specimen Stress (ksi)
Thickness
Ident. Number {in.) At Average
Failure
D-34 56 0.103 102.8 935
K-1 K19 (damaged, not used)
K20 0.032 246
K21 0.032 12.8 18.7
K22 0.062 10.0
K23 0.062 148
K24 0.063 19.2 14.7
K25 0.093 16.6
K26 0.093 17.0
K—-1 K27 0.093 16.6 16.7
E-1 28 0.061 45.6
29 0.061 444
30 0.061 40.0 43.4
31 0.090 874
32 0.090 87.7
33 0.090 83.1 86.1
34 0.103 84.2
35 0.103 1011
E-1 36 0.103 85.1 90.1
D-33 37 0.061 248 248
D-33 38 0.091 454 454

19
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J TABLE 2. — WEAR AND FRICTION DATA

A. Layup of parallel lay of unidirectional filament tape (Angle of filaments to shaft rotation indicated)

Weight Loss, Wear Volume, CC., | Wear Volume, CC., Coeff. of
? | GMS From Wear Scar From Weight Loss Friction, “f
E 1. 90° 0.0057 0.00382 0.00368 0.125
y 2 ‘7////¢ 60° 0.0031 0.00275 0.00202 0.120
8 3 "’///////% 45° 0.0037 0.00249 0.00237 0.160
%

a (i - 30° 0.0023 0.00145 0.00148 0.130

5. 0° 0.0030 0.00175 0.00194 0.155
3 o K
r 6. 90 0.0054 0.00357 0.00350 0.165

* Filaments Normal to Shaft Axis

==

B. Layup of alternate lay of unidirectional filament tape

ot aecn S o

45°_45° 0.0020 0.00099 0.00129 0.170

12. 15°-75° 0.0030 0.00123 0.00195 0.140
13. 30°-60° 0.0027 0.00179 0.00176 0.150
14, 0°-90° 0.0056 0.00353 0.00404 0.155 |
e |
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TABLE 2. — (CONCLUDED)

Weight Loss, Wear Volume, CC., | Wear Volume, CC., Coeff. of
GMS From Wear Scar From Weight Loss Friction, My

21. Graphite epoxy 0.0060 0.00323 - 0.100
with vendor “K" liner

22. Graphite epoxy with 0.0025 0.00130 - 0.050
vendor “K” liner

23. Aluminum with 0.0028 - - 0.075
vendor’s liner

24. Molded liner 0.0031 - - 0.065
Vendor ‘K"

Kevlar

31. With epoxy resin 0.0066 0.00170 0.00539 0.100

32. Cloth/epoxy 0.0045 0.00193 0.00563 0.110
boron nitride

33. Cloth/epoxy 0.0092 0.00384 0.01102 0.038
plus TFE

34. Tape plus graphite/ 0.0130 0.00198 0.01642 0.053
Kevlar prepreg. cloth

35. Graphite/Kevlar 0.0231 0.01160 0.02935 0.068
prepreg. cloth

Graphite fabric

1. With epoxy resin 0.0108 0.00759 0.01586 .069
2. With epoxy resin 0.0050 0.00490 0.00635 .056

+ TFE powder




(2) Kevlar/Epoxy Composites

Several approaches were taken to the specimen fabrication for these tests. For test D-31,
Fiberite Kevlar fabric style W-107 was laid up with Hexcel F-161 350°F cure epoxy resin. For
test D-32, fabrication was similar, but one part of boron nitride was added to four parts of
the epoxy resin. One part TFE powder to four parts resin was added to a like fabrication for
test D-33. Specimens for test D-34 were fabricated using alternate plies of Kevlar tape and
Fiberite W-107 Kevlar/graphite cloth with Hexcel F-161 resin. Test D-35 utilized specimens
laid up with prepregged Fiberite W-I07 Kevlar/graphite cloth. Wear and friction data are
tabulated in table 2.

(3) Additional Composites

This series of tests was devised to evaluate the use of various MIL-B-81934 qualified liners as
bore coatings for composite bearings. Graphite/epoxy specimens were fabricated to the
configuration shown in figure 3 for the decreasing stress level test. The liner material was
sprayed and baked onto a set of specimens by a bearing manufacturer. This set of specimens
was designated C-21. Another bearing manufacturer bonded their fabric liner to a set of
specimens which was designated as C-22. As a control, this manufacturer also provided a set
of aluminum specimens with the same fabric liner under designation C-23. In addition, the
first manufacturer provided molded bushings of the same material used in lining
MIL-B-8182082 spherical bearings. Specimens were machined from the molded bushings and
identified as C-24. All wear and friction data obtained in testing the above specimens are
included in the tabulation of table 2.

c. Corrosion

At this point in the program, it was expedient to address the very significant problem of
corrosion resistance of a journal bearing in a structural airframe joint utilizing advanced
composite structural members. The experience and test programs of a number of airframe
manufacturers and the Air Force,” point up the highly noble nature of graphite. The wide
difference in electrolytic potential between graphite and the common airframe structural
metals results in extensive, damaging corrosion to the metal in the presence of any
electrolyte.

The test devised to demonstrate this effect was simply to prepare 3-inch-square by
1/2-inch-thick graphite composite plates and to install various metallic material bushings in
an interference fit hole in the composite test plates. The standard bushings used included
parts made of cadmium-plated aluminum bronze, chromium-plated 4130 steel,
cadmium-plated 174PH CRES, bare aluminum bronze, cadmium-plated 4130 steel, anodized
6061-T6 aluminum, and Ti-6Al14V titanium alloy.

The specimens, consisting of the graphite composite plates with the bushings installed, were

8<«Bearings, Plain, Self-Aligning, Self-Lubricating, Low Speed Oscillation,” MIL-B-81820.

9«“Corrosion Behavior of Metal Fasteners in Graphite-Epoxy Composites,” Air Force Materials Laboratory,
February 1975.




vertically suspended in a salt spray cabinet. Conditions established and maintained in the
cabinet included 5% salt spray solution at 95°F in accordance with Federal Test Method
Standard No. 14la, Method 6061. The specimens were removed for inspection after 48 hours.

- Since results of this test must be evaluated primarily in a subjective way, photographs were
taken. The specimen condition is shown in figure 9.

4. DESIGN AND FABRICATE BUSHING SPECIMEN

] It was decided that specimen design and fabrication should permit economical testing on
) parts representative of a typical airframe journal bearing. Based on this requirement, the
E . following factors were considered essential:

1)  The specimen should be economical to fabricate.

] 2) Size and geometry should be consistent with existing test equipment and resultant data
such as to afford easy comparison with available test data.

3) Specimen size and geometry should be consistent with airframe bearing manufacturers’
capabilities.

4) The specimen should be of standardized geometry and dimensions.

With due consideration to the above factors, a specimen conforming to the M81934-16-16 size
and configuration was selected. This is a standard one-inch bore cylindrical bushing, 1/2-inch
long, and is illustrated in figure 10.

It was decided that specimens should be obtained from bearing manufacturers in an effort
to make test data representative of production, rather than laboratory, parts and to involve
the manufacturers as early as possible in this program. To this end, visits were made to a
number of manufacturers’ facilities to evaluate their capabilities and interest in this
program. Orders were placed with selected manufacturers after evaluation and consideration
3 by the program’s Principal Investigator and the Air Force Project Engineer. It was further
decided that the Phase I Design Verification work could better be conducted with Phase II
type specimens obtained from the bearing manufacturers.

S. DISCUSSION OF TEST RESULTS
a) Corrosion

The corrosion testing was directed mainly to the secondary program objective of using
composite journal bearings in conventional metallic structure. The test results showed severe
electrolytic corrosion problems will occur when graphite composites are used in conjunction
with the common aircraft structural materials such as 4000 series steels, aluminum alloys
and bronze. Such protective treatments as chrome plating of steel and anodizing aluminum
delayed the corrosion process but did not eliminate it. Sacrificial cadmium plating corroded
very rapidly, leaving the substrate unprotected. The two metallic materials which
sufficiently resisted attacks to be considered for use with graphite composites were 17-4PH
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corrosion resistant steel and titanium. Some attack on the 17-4PH was evident while there
wis none obvious on the titanium.

Neither I7-4PH nor titanium offer a promising solution to the primary objectives of this
program. They do not have the friction and wear properties required and they both would
introduce a significant weight penalty over any of the composite materials under
consideration.

b. Strength

The graphite composite using graphite fiber tape had the highest ultimate strength of the
materials tested. However, it showed a very brittle nature, as all failures occurred without
measurable yield. All fractures evidenced internal shear across the specimen and progressed
trom the free ends of the specimen toward the center of the specimen. In a bushing loaded
with a free-fitting pin, we would expect edge loading with resulting high stress and damage.
It would appear that bell-mouthing the bushing or providing end restraint would be required
to utilize the potential strength of graphite composites. The application of a bonded-on TFE
fabric layer to the loaded face of the specimen resulted in even higher test results. This is
apparently due to a cushioning effect that minimized the edge loading.

Somewhat lower test results were obtained from the graphite composites made of woven
graphite fiber cloth. The addition of TFE powder to the resin did not change the
compressive strength. It was concluded that filament wound bearings will produce results
similar to the graphite tape layups, due to similar fiber orientation.

Kevlar was considered as a potential fiber in a composite, due to its light weight, high-fiber
strength, and inert nature. Used as a fabric in a resin layup, it performs similarly to the
graphite fabric composites. In a 50-50 mix with graphite in a fabric, results are almost
identical to the straight graphite fabrics. It was decided that the use of filament winding
techniques would be required to determine whether this material could produce a composite
that would have sufficient strength.

Observations of special interest based on the strength testing follows.

) The addition of friction/wear-enhancing TFE powder had no deleterious effect on
compressive strength of the graphite or Kevlar composites.

2)  Fibers such as graphite and Kevlar can be combined in a composite in such a manner as
tc take advantage of their unique characteristics. As an example, the wear interface can
be of Kevlar in a TFE-enriched resin, the next layer can be of graphite for optimum
strength, and the outer layer can be of Kevlar for compatibility with an aluminum or
steel structure.

3) The significance of the ultimate compressive strengths obtained is the requirement of
the designer to properly size a bearing to take the applied load.
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c. Wear

The wear data are presented in table 2. For each identified test and specimen geometry, six
individual specimens were tested simultaneously to improve accuracy. The literature
covering investigations of graphite composite wear behavior is contradictory. Both
perpendicular and parallel fiber orientations are stated to give minimum wear and friction.
Our tests show lower friction and wear with the fibers angled to the sliding direction of the
interface. The lowest wear was with the fibers 30° to the shaft centerline and the lowest
friction was at 60° to the shaft centerline. Based on the test data, it was decided that angles
between 30° and 60°, as normally achieved by filament winding, would be satisfactory.

Within the Phase I wear studies, difficulties were encountered in obtaining accurate wear
readings with the TFE-lined specimens due to distortion of the wear scar because of the
relatively low modulus of the TFE fabric. However, the relative range of wear values
between TFE fabric, Kevlar composite, and graphite composite did not permit an obvious
choice on the basis of these tests. It was decided that realistic wear rate values could only be
established with bushing-to-shaft specimens representing actual aircraft hardware.

d. Friction

The friction coefficient obtained with the graphite composite specimens ranged between
0.120 and 0.170. Kevlar composite had a value of 0.100 and the combination graphite/Kevlar
composite had values of 0.053 and 0.068. All composites tested benefited by the addition
of TFE powder to the resin. The program goal was to obtain sleeve bearings with a
coefficient of friction close to the 0.050 of the MIL-B-81820 TFE liners, depending on
load. It is obvious that this cannot be done with the graphite composites alone. It can be
done by using low-friction liners in graphite composite bushings or by using a two-stage
composite with the wear portion made of low-friction fibers, reinforced with load-carrying
outer graphite fibers.

6. CONCLUSIONS AND RECOMMENDATIONS FOR PHASE II

a. Conclusions

The testing accomplished under Phase I of this program conclusively showed that graphite
composites are unsuitable for the majority of airframe bearing applications. Primary reasons

for this are as follows:

1) High Friction — Friction values are several times too high to permit substitution for
currently used TFE fabric and lubricated metal-to-metal bearings.

2) Battery Effect — Corrosion problems in metal structure or with steel shafts can only be
avoided by introducing suitable barrier materials at critical interfaces.

3) Brittle Nature — Lack of ductility 2nd probable edge loading or potential overload will
result in fracture with no “forgiveness” as found in more ductile materials.
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4) Abrasion — This can result in shaft wear and fatigue-initiating damage to pins and shafts.
Graphite fibers are harder than the mating metal hardware. They do not have the
lubricating qualities of the carbons and graphites we are more accustomed to.

Graphite fibers have a potential for strengthening composites of other materials, such as
Kevlar. As opposed to graphite composites, composites of Kevlar show a yield before
fracture. A combination of the two fibers in a composite can be optimized to produce the
physical characteristics required in an airframe bearing. In addition, Kevlar alone could be
used as the reinforcing fiber in composite bearings suitable for use in airframe applications.
In such a bearing MIL-B-81820 liners can be used to provide desirable friction and wear
properties, eliminate corrosion problems in both graphite composite structure and metal
structure, and result in sufficient ductility for safe design.

b. Recommendations For Phase I1

Based on evaluation of the test data from Phase I, it was decided that Phase 11 would be
conducted in accordance with the outline presented in figure 11. The two concepts that
were judged most worthy of continuing investigative and development effort were as
follows:

1) A Kevlar/epoxy composite bearing. Such a bearing can be lined with TFE fabric,
sprayed or molded liners, or processed to incorporate a suitable
friction/wear bore.

2) <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>