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Aerospace Bearing Needs:
(Performance and attribute goals)

* Reduced weight propulsion and control systems:
— Lighter weight materials
— Higher power density designs
— Higher transient load capability materials
« Corrosion Proof Components:
— Exposed aircraft control surface hardware and bearings
— Extreme environments (marine operation, search and rescue)
— Long term storable bearings and components
— Elimination of toxic coatings and expensive and complex processes
 Debris Tolerant Contacting Materials:
— Bearings and gears not subject to secondary damage from debris.
— Enable operation without coatings and super-clean oils.



Bearing Material: State-of-Art (SOA

(Current suite of candidates is severely limited)

 Four general types of bearing materials:
— Steels (Corrosion resistant steels, martensitic, austenitic)
— Ceramics (Si;N, balls + steel races, a.k.a., hybrid bearings)
— Superalloys (e.g., jet turbine blade alloys)
— Non-ferrous alloys (bronze, nylon etc.)

 Each of these has inherent shortcomings:
— Hard steels are prone to rusting (even “stainless steels” like 440C)
— Superalloys and austenitic stainless steels (304ss) are soft.
— Ceramics have thermal expansion mismatch and dent steel races
— Non-Ferrous materials are weak and lack temperature capabilities

* No known bearing material blends all the desired attributes:

— High hardness, corrosion immunity, toughness, surface finish, electrical
conductivity, non-magnetic, manufacturability, etc.



* G60NITi Basics: market name NiTiINOL 60

New approach: 60NiTi-Superelastic
(Hard but resilient material based upon shape m

Invented by W.J. Buehler (late 1950’s) at the Naval
Ordnance Laboratory (NiTiNOL stands for Nickel-
Titanium Naval Ordnance Lab).

Casting (mix, melt, pour) was original process.
Contains 60 wt% Nickel and 40 wt% Titanium T euaton "

60NiTi is not a metal or a ceramic: a weakly ordered
inter-metallic compound.

A close cousin to the shape memory alloy, NiTiNOL 55,
but 60NiTi is dimensionally stable.

60NiTi is bearing hard (Rockwell C60) but only half as
stiff as steel.

Buehler found 60NiTi too difficult to manufacture but
modern (ceramic) processing methods enable 60NiTi
bearings with remarkable properties.

60NiTi Spherical Sliding
Bearings Under Assessment:
Present Study



Technical Properties Compari

Property BONITi 440C Si:N, M-50
Density 6.7 g/cc 7.7 glcc 3.2 g/cc 8.0 g/cc
Hardness 56 to 62 HRC 58 to 62 HRC 1300 to 1500 Hv 60 to 65 HRC
Thermal conductivity ~9to 14 24 33 ~36
W/m-°K
Thermal expansion ~11.2x107°/°C 10x107°/°C 2.6x107°/°C ~11x107°/°C
Magnetic Non Magnetic Non Magnetic
Corrosion resistance Excellent Marginal Excellent Poor

(Aqueous and

acidic)

Tensile/(Flexural ~1000(1500) MPa 1900 MPa (600 to 1200) MPa 2500 MPa
strength)
Young’'s Modulus ~95 GPa 200 GPa 310 GPa 210 GPa
Poisson’s ratio ~0.34 0.3 0.27 0.30
Fracture toughness ~20 MPa/Am 22 MPa/Nm 5 to 7 MPa/\m 20 to 23 MPa/\m
Maximum use temp ~400 °C ~400 °C ~1100 °C ~400 °C
Electrical resistivity ~1.04x10"° Q-m | ~0.60x10™° Q-m Insulator ~0.18x10™° Q-m

* Primary Points
— Modulus is 7. that of steel, yet hardness is comparable.
— 15% lighter than steel, corrosion resistance of a ceramic.




@’ 60NiTi: Under Oil Lubrica
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*60NiTi exhibits lower or comparable running friction than 440C stainless steel.
*60NiTi tends to provide longer lubricant life than 440C.
*60NiTi is also corrosion proof, non-magnetic and electrically conductive.



Tribology Evaluation: Dry slid

*Pin-on-disk sliding test designed to mimic gear tooth-tooth contact.

L oad and speed chosen to bracket gear application.

*Survey-type experiments done over range of load-speed combinations to find pair
that produces wear surfaces that match worn Polyimide/SS gear surfaces.

*Data output: friction coefficient, pin wear factor {wear vol./(load x distance)}
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Dry Sliding-Tribology Data Sum
POD-Sliding Wear Results

Table II-Friction and Pin Wear Data Summary
(Test Conditions: 4.9N load, 2.7m/s sliding speed, air at 25°C)

Disk

Pin Material Material /Surface Fric.tif)n Pin Wear Factor, Surface
. Coefficient mm3/N-m Appearance
Coating

SP21 Polyimide 316L SS 0.29 +/- 0.07 1.9+/-0.7x10¢ Smooth
SP21 Polyimide 304 SS 0.34 +/-0.08 0.7 +/-0.2x10¢ Smooth
SP21 Polyimide 60NiTi 0.28 +/- 0.04 2.1+/-1.5x10° Smooth
60NiTi 60NiTi 0.18 +/- 0.03 8.3+/-3.2x10° Rough
60NiTi + SP21 60NiTi 0.15 +/-0.03 3.1+/-1.9x10° Smooth
60NiTi* PTFE DFL 0.15+/-0.02 184-348 km** Smooth
60NiTi* Graphite DFL 0.17 +/-0.02 24-135 km** Smooth

*60NiTi accepts solid lubrication comparable to stainless steel.
*Would 60NiTi serve as a suitable self-aligning sliding bearing?




Spherical Bearing Proje

Inner Race (ball) Drawing
Fuarics emobucrio N_BLUEPRINT Corrosion-Proof
1. MATERIAL: 440C PER AMS S630. Rod bearings

Finished inner races

Status: Drilled 60NiTi balls (inner races) made and incorporated into
bearings for testing.



@/ Simplified Space
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NONREIMBURSABLE SIMPLIFIED TECHNOLOGY
TRANSFER AGREEMENT

SPACE ACT AGREEMENT NUMBER SAA3.

N CY COMMITMEN

The primacy purpose of this agrocracat is 1o condiuct 3 joint soacarch and developmaent projoct Betwoen NASA :d Karation in

which 8 NASA developed comeskon nesistant and shockpoal supeeiasse NIT| bearing alioy will be evaleased In an acrospace

mmcdbanunwbubu 1f sxccomfid, the romdts will be daacrninatod in a NASA xcport and it & cxpoctod St doing so will
I of B tochaclogy for and indhstrial applications.

L BESPONSIBILITIES

A NASA will provide up 4o 28-cooed GONITi balls made using the pascrted NASA-Abbos process (patest #8152741) %
Karnatics for mcorporation o SAE viandasd (AS 31520) spherical bearing sscmblion. The balls have boen peeviously
manefactared © Kamancs @ocfcatons NASA will also provds engineen g &ata and technica) pudance and conuring 1o
Karnatics i coder for thers 10 seccomfally engincer and toat the G0N T balls is their boaring smscmblon. At the conchasion of
Westag, NASA wil conduct forensss analysis of seloctod wom boarng assensblios and combine the resadts of Dt analyws wih
e boanng performance data peosided by Kamatios 0 a co-assthored NASA report

B Kamatios will accapt delivery of e coned GONIT) balls and incorporace Dam into Dawr standand (SAE ASS1I00) test boarings.
Karnatics will conduct a toxt program © cvalesie the performance and seitability of the GONITi ball muterial for we in acsospace
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co-authering the NASA sepert doscribing (e pooject.

L POINTS OF CONTACT

NASA Clicrns Rescarch Comer

Narwe: Dr, Chrissopher DellaCone

Addrew: 21000 Brookpark Road, Cleveland O 84138
Phose: 216-433.6056

Fax 2164305170

Emul: cheitopher dellacorci nasa gov

Kamatics Corpoeation

Name: Dy, Murk S Brodiog

Addsoc: 1330 Hise Hils Ave, Bloceficld, CT 06002
Phooe: §60-2419704

Fax: $60.243.7993

Emucl: mark brodngit kamas com

LM, S N N

This Agrocencnr: bocomacs cffoctive spon the date of the lawt signanuse below and shall remmaia & cffoct ustd B¢ completion of al
obligations of both Partics Sereto, o one year from e date of the lat signatere, whichover comen first. Attachod hessto and
oorporaiod berein are e Terma and Conditons for e subrect Agrecment

The Schedule and Milestones foe this Agreement is as follows

NASA will deliver cored bearing balls to Kamaticos withis two weoeks of the effective date of the agrecment.
Kamatios will masufacture spherical sest bearings within four months of the offective date of this agroement.
Kamathes will tewt the bearing asvemblics within 7 menths of Bhe efective dute of his agreement.

Kamatios will Seliver sost data and worn beariag ascmblios 0o NASA withia 9 menths of thls agrocment.
NASA will prepare o deaft report doseribing Uhe reselts within 12 menths of the date of this agroement.

The uigratorics % this Agrocment covenant and waant that they have ssthonty % cxccets thas Agrocment. By sigring below, the
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edirugned agroes 3 the adene e and conditons

NATIONAL AFRONAUTICS AND
SPACE ADMINISTRATION

Kamatics Corporazon

Name: Chrhsopher DeBad onte
Thie:  Sembor Materiah Nesearch Esglncer

Name: Dr. Mark S Rrediag
Title:  Director, Materials Schonce

Date: Dte:

NONREIMBURSABLE SIMPLITIED TECHNOLOGY TRANSITR AGREEMENT
TERMS AND CONDITIONS

1. Axtherity- In accordance with the Nasonal Acroasstics and Space Act ($1 US.C. § 20113), this Agrocracat & emvicred inte by
De Nutonal Acrosantios and Space Admisearation, Joba H. Glens Rescurch Center, bocunad ot 21000 Broskpark Rosd.
Cleveland, Oftie 44138 (hersinafier referrod 20 as "NASA® or "NASA GRC™) aad Kamatics Corporasion located at 1330 us
Hells Ave., Bloseaficld, CT 06002 (hercimafier referred 10 i “Pantser™). NASA asd Partscr sy be individually referred 1o a0
“Party” sl coliectively referred 10 s e “Partien™
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Iserpresed 10 require obliganon or paymens of funds in violation of the Ancl-Deficloncy At (31 US.C. § 1341)

L Lisbilits aad Rish of Lo

Each Party herely waives any claies agaimt the other Party, eonployoes of the other Pacty, the other Party s Related Estites
(inchading ez not imited 10 contracion and wdCOBITACION & Ay 1Y, ETARLOCK, EVVERLIGEION., CUMOrmeT, waors, and their
conlracton o subcontractor ol avy Serll, of conployoes of the other Party's Related Estities foe any infury 1o, of douth of, the
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damage, o loss armes Drrough noglgence o elherwine, except in Bie case of willfid =

4 Rights is Dete
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NASA provides finished balls and design properties, Kamatics builds and
tests bearings, joint NASA publication of general results (w/o divulging

proprietary details).



Test Bearings: 60NiTi ba
liner, 17-4 SS Outer Race

Stainless
Steel Housing

Molded

Polymer liner
g\@\ 60NITi Inner
% inch thru hole—— +—— Race

« SAE AS81820 test

» +/-25° Oscillation, 17cpm
* 10,400 pound load (dry)
« 7500 pound load (wet)

* 210 in-lb torque limit

« 0.006” radial wear limit




Results: 60NiTi Tribology

Table-II Spherical Bearing Data Summary
{Test Conditions: +/- 25° rotation, 17 cycles per minute, 0.3in% bearing area}
Bearing Environment Load #Total | Avg. Torque Liner Wear
(ksi) Cycles (in-1b) (in)

60NiTi Dry 34 25,000 193+/-11 | 0.0019+/-0.0007
60NiTi | Hydraulic Fluid 26 25,000 192+/-14 | 0.0026+/-0.0010
60NiTi De-Icing Fluid 26 25,000 176+/-11 | 0.0019+/-0.0011

440C Dry 34 25,000 188+/-19 | 0.0021+/-0.0009

Bearings made with 60NiTi balls provide tribological response
that is comparable to standard 440C steel ball bearings.
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Result: 60NiTi Ball Appear-

Siw KC 9337 W S/y KC9338
Pl TD10070698 Fiy TD10070678




& Result: 60NiTi Wear S

[ I R B B 1 ‘ [
KamBase 15.0kV 12.0mm x250 SE(L) KamKC9338 15.0kV 11.9mm x250 SE(L) 200um

Pre-test 60NiTi inner race (ball) Post-test 60NiTi inner race (ball)
surface showing normal surface showing that original
roughness features (250x). machining marks remain (250x).




@/ Result: 60NiTi Ball (Bac_

Kam9338 15.0kV 12.0mm x1.00k GWBSE

« Backscattered electron image of post-test 60NiTi inner
race (ball) surface (1000x).

* Light spots are higher order phases (Ni,Ti).

» Dark Spots are carbide tramp phases.



EDS: X (matrix)
Ni:Ti :: 55:45 (at. %)
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» Backscattered electron image and
corresponding elemental spectra of post-test
60NiTi inner race (ball) surface (1000x).




60NiTi Summary Remarks and En

60NiTi can substitute for 440C steel in spherical bearings:

Friction and wear properties meet SAE requirements.

60NiTi is not adversely affected by common aircraft contaminants (deicing and

hydraulic fluids).

Reduced weight propulsion and control systems:

Lighter weight materials: NiTi alloys weigh 15% less than steel.
High intrinsic transient load capability: reduce design margin

Corrosion Proof Components:

Exposed aircraft control surfaces: NiTi alloys are rust-free
Elimination of toxic coatings and expensive and complex processes
Tests show tribological behavior is similar to stainless steel.
Corrosion performance exceeds steel capabilities.




Metastable Fe-C Phase Diagram
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Fe-C system has yielded literally
thousands of alloys and variants
following centuries of development.

Closing Thoughts: Materials

Temperature °C
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NiTi explorations to date have been limited
to very narrow region.

Though much more R&D remains to commercialize 60NiTi and other
superelastic intermetallic materials for use in bearings, gears and other
mechanical systems, early indications are very promising.
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