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[bookmark: _Toc61371157]Figure 1: CMG produced by ITAHCO containing metallic bearings that demonstrated a correlation in degradation of performance during solar weather events in several spacecraft (NASA Technology Transfer Programme, 1997)
For the purposes of this work the component/mechanism of failure chosen for investigation was the degradation of metallic rolling bearings (particularly radial “ball” or “roller” bearings) in “electrically adverse” environments.
The inspiration for this selection was a particularly interesting paper (Bialke & Hansell, 2017) published on the failure of control momentum gyroscopes (CMGs)(colloquially known as “reaction wheels”) produced by ITHACO.
These “reaction wheels” were used as part of “Reaction Control Systems” (RCS) to provide “3-axis pointing” capabilities in measurement and analysis spacecraft such as NASA’s Far Ultraviolet Spectroscopic Explorer (FUSE), The Hubble Space Telescope, “Hayabusa”, “Dawn” and The Kepler Space Telescope, all of which suffered reduced mission life (or in the case of Hubble required maintenance missions from the Space Shuttle).
The Bialke and Hansell paper, among other studies on similar scenarios and phenomena, surmised that the failure of these components was due to increased friction produced by Electrical Discharge (ED) increasing surface roughness of bearings due to solar weather (Coronal Mass Ejections or CMEs) impacting the craft during operation. This increase in friction lead to an eventual shutdown of the reaction wheel forcing the craft to either lose ability to orient in space rendering the craft useless or garnering a switch in control to chemical thrusters which have finite fuel supply, merely stemming the inevitable mission failure.
While the reaction wheels case study is the primary area of study for the work detailed in this report, there are several other areas of metallic bearing usage in other environments that display similar degradation due to electrical discharge events in the bearing. 
For example, similar failures have been observed in the petrochemical industry in compressors and turboexpanders (Jumonville & Rasmussen, 2001),  AC induction motors in Variable Frequency Drives (TAPPI Task Group, 2006) and this type of damage is a widespread issue in HVAC, mining, food processing, metalworking, plastics production and paper processing industries (Shaft Grounding Systems , 2010).
Despite this seeming like a niche and rather modern mechanism of wear to encounter, literature as far back as the 1930s-40s noted the type of wear exhibited in these spacecraft components. (Smith, et al., circa. 1940)
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[bookmark: _Toc61371158]Figure 2: Drawing of a ball bearing design by Leonardo da Vinci (and modern reproduction of component) for use with his "Air Screw" human-powered helicopter design circa 1498-1500 (acosRoman, 2021)
[bookmark: _Toc61371175]1.2.1 Early Wooden Bearings
Forms of rolling bearing have been in use throughout recorded human history, literature and imagery depicting early civil engineering projects such as Stonehenge and the Pyramids in Egypt and Central/South America show wooden rollers being used to transport building materials. One of the first documented proposals for use of bearings in the aerospace industry was in the 1500s with Leonardo da Vinci’s specification of wooden ball-bearings (Figure 2) for use with his “Air Screw” helicopter design. 
[bookmark: _Toc61371176]1.2.2 Iron Rolling Bearings
The beginnings of the modern metallic caged roller bearing are considered by many to be the works of John Harrison in the mid-1700s (particularly for his “H3” timekeeper which featured a caged roller bearing design) (Harrison, 1745) and the first recorded patent of a ball-race style rolling bearing filed by Phillip Vaughan of Carmarthen in 1794 (Vaughan, 1794). These inventions lead to extensive development of the devices throughout the Industrial Revolution.   
*See Appendix A for images of Harrison and Vaughan’s Devices.
[bookmark: _Toc61371177]1.2.3 Advent of Modern Bearing Manufacture and Design
The modern landscape of rolling bearings can be attributed to several advancements  through the late Industrial Revolution and into the 20th Century.
Notably the work carried out and patents filed by Friedrich Fischer of Fischers Aktien-Gesellschaft (FAG) in 1883 (development of the ball grinding mill) (Schaeffler, 2014) and Richard Stribeck’s work on the development of steels for use in ball bearing applications, most notably “100Cr6 (SUJ2). (Stribeck, 1901)[footnoteRef:1] [1:  Stribeck (along with Mayo Hersey) also developed tribology methods of quantifying friction in relation to loading and lubricant parameters. (Stribeck, 1902) 
] 

[bookmark: _Toc61371178]1.2.4 Modern Bearing Materials
Typically rolling bearings are constructed of steels, and dependant on application, have differing ranges of carbon content.
For instance, a bearing for use in a high temperature environment would be constructed using high-carbon chrome alloys with a carbon content ranging from 0.78% to 1.1% (JIS SUJ2 or BS535A99, JIS SKH4,AISI M50 or JIS SUS 440C). Whereas a bearing that is to go through a hardening process would use steels with much lower carbon contents of around 0.17-0.23% (JIS SCr420H or ASTM 5120H) to allow controlled addition of carbon (carburizing) to garner specific qualities for purpose.
Along with modern steel alloys, an increasingly prevalent area of modern bearing materials technology has been the use of ceramics and polymers to allow for development of bearing for extreme temperature or corrosive applications.
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[bookmark: _Toc61371159]Figure 3: Mechanism of Electric Discharge material damage and increased bearing friction through increased bearing ball and race surface roughness (Bialke & Hansell, 2017)
The primary mechanism of friction increases in rolling ball/roller bearings in environments where ED is seen, is through the tendency to see an increase in asperities due to the process seen above in Figure 2.
The initiation of this process shows a great deal of similarity with Electrical Discharge Texturing and Machining (EDT and “Sinker” EDM) processes used for either surface finishing or machining metallic components. When the bearing is subject to an electric field of sufficient voltage (around 10VAC) an electric potential is generated between the bearing ball and the race. Due to the dielectric nature of most lubricating oils, a plasma channel forms between the ball/roller and race allowing a spark to jump between the component parts of the bearing. Upon impact, this spark erodes the material leaving a crater with a surface layer of un-tempered martensitic steel that is immediately quenched by the surrounding lubricant oil/grease leaving it extremely brittle. 
The asperities at the rims of the “craters” left by these erosion events can then fuse to the bearing ball/roller though a wear process known as “adhesive wear”. Whereby the material of the freshly created asperities friction-weld themselves onto the bearing ball/roller,  these “welded asperities” then tear at the crystal structure level (due to the brittle un-tempered martensitic structure), transferring some material onto the ball/roller and leaving a rough surface at the race (commonly referred to as “galling), thus increasing the overall coefficient of friction of the bearing component as a whole. 
This increase in friction coefficient of the bearing due to these events over time leads to an increase in energy losses seen in the bearing which, in the case of the reaction wheels, leads to an eventual tipping point where the system can no longer function within a reasonable realm of efficiency and must be taken offline.  It may seem odd to be delving into the discussion of sliding, adhesive wear with a rolling contact bearing component but with any rolling contact there is inherent “slip” seen between the surfaces. It is this slip that induces the “galling” between the freshly created asperities from the ED process and the bearing ball/roller itself. 
As the bearings in this particular case study are in systems in space and are shielded from exposure to light corrosion, hygroscopic damage and UV degradation can be ruled out.
[bookmark: _Toc61371181]2.2 Damage and Wear Patterns
“Fluting” damage is the result of dynamic resonance created by the localised frictional wear generated by the ED process previously described, as the rolling elements of the bearing move over the ED damage site a mechanical resonance is generated by the rolling element-race contact events. Thus, overall increasing the surface roughness as each ED site then adds to the instigation of vibrations. 
This “Fluting” is often mistaken for  several forms of vibrationally induced damage such as:
“False Brinelling”, whereby small oscillatory vibrations displace lubricant in the bearing leading to a localised wear mechanism brought on by similar means to ED induced damage. The point of contact is forced out of its hydrodynamic regime of lubrication into a regime of boundary lubrication meaning any asperities in the surfaces can fuse between the race and rolling elements. This can cause corrugations in the bearing race similar to those seen during ED mechanism wear.
Fluting is also commonly confused with stationary vibrational damage seen when the bearing has been at a state of rest in the vicinity or vibrational inputs from an exterior source. Such scenarios are applications where the bearing is fitted to a redundancy system not in use while other systems are in operation, or more commonly though improper handling during transport and installation. ED related damage does not generally effect the rolling elements, whereas vibration damage of this kind will commonly effect both the rolling elements and the races.  
Along with “fluting”, ED bearing damage can present as micro-cratering, larger pitting and invariably breakdown (burning) of the lubricant, particularly in the case of grease-lubricated cases.  
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[bookmark: _Toc61371160]Figure 4: Example of ED “fluting” seen in a DC motor ball-bearing (Shaft Grounding Systems , 2010) 
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[bookmark: _Toc61371161]Figure 5: High Amperage ED damage seen in a bearing when stationary and not in operation (Rail industry). (SKF, 1994)
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[bookmark: _Toc61371162]Figure 6: Example of burnt lubricating grease from ED events. (TAPPI Task Group, 2006)
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[bookmark: _Toc61371163]Figure 7: Pitting or "micro-cratering" seen through low level ED discharge in an operating bearing, this manifests itself as a greyish line(TOP) along the rolling elements wear path which under a microscope is observed as a series of small pits (BOTTOM AND INSET TOP) (TAPPI Task Group, 2006) (Motion Industries , n.d.)
[bookmark: _Toc61371182]3. Experimental Testing and Analysis
Aside from visual inspections of the bearings as stated in the previous section experimental procedure can be applied to gauge the likelihood of ED damage occurring or to test preventative measures for effectiveness in reduction of electrical flow seen in the bearings. As this style of wear/failure mechanism is commonly observed in AC motors, experimental method surrounding the testing of such ED case is commonly tied to work in this area. A key area of study in this sector is the grounding of AC motor shafts to negate the effects of ED damage seen in the supporting bearings. 
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[bookmark: _Toc61371164]Figure 8: Equivalent bearing circuit showing lubrication between elements as capacitors due to the dielectric nature of greases and oils used for bearing lubrication. (Motion Industries , n.d.)
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[bookmark: _Toc61371165]Figure 9: Example of a current flow path in an AC motor through the shaft bearings due to axial asymmetry of charge along the shaft (Motion Industries , n.d.)
Typically to analyse the electrical flow seen in bearings in these motor applications a simple experiment with a series of oscilloscopes and probes can be utilised as seen in Figure 10. This particular experimental setup shows insulated bearings with a brushed shaft probe attachment.
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[bookmark: _Toc61371166]Figure 10: Layout of Scopes and Probes to allow analysis of currents seen through bearings in an AC motor arrangement. (Shaft Grounding Systems , 2010)
In the particular test displayed in Figure 10 a multitude of methods were used to determine specific parameters of bearing degradation due to ED. One such parameter that was identified was the DC “break-over voltage” that was required to allow overcome the dielectric nature of the lubricant and allow current to flow from the shaft through the bearing through the lubricant and thus cause ED damage in the component by creating the “bearing equivalent circuit” displayed in Figure 8.
The work surmised that this “break-over voltage” is dependant on the lubrication film thickness, the motor temperature, and a multitude of operating conditions, therefore meaning that it would be impossible to determine definitively without empirical testing of each bearing-ED scenario what the relations ships or values of voltage would cause ED events. (Shaft Grounding Systems , 2010)  
[bookmark: _Toc61371183]4. Production and Manufacture of Bearings
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[bookmark: _Toc61371167]Figure 11: Basic overview of production processes of manufacturing a ball bearing. (Engineering360, 2021)
Typically, rolling bearings are manufactured in several concurrent processes. The races, rolling elements and accessory elements (seals, cages, shields etc) are all manufactured alongside one another and assembled at the end of the production line. 
[bookmark: _Toc61371184]4.1 Production of Races
[bookmark: _Toc61371185]4.1.1 Initial Machining
Material is cut from stock, machined, heat treated and then a final grinding process takes place after the final material properties have been achieved to provide optimal surface attributes for application.
[bookmark: _Toc61371186]4.1.2 Heat Treatment
Typically, the races are produced from the grades of steel alloy noted in 1.2.4 and must undergo a heat treatment process to gain the required hardness value for use. For example, in the case of AISI 440C (JIS SUS440C) a through hardness of Rockwell C 58-62 (Brinell 601-658) would be acceptable for bearing races in general use operations. (Bureau of Industry and Security , 2001) (Oberg & Jones, 1942)
As heat treatment process timings are specific for individual alloys  the following methodology are generalisations for heat treating steel alloys for bearing use as a whole rather than pertaining to specific grade.
The process is extremely time sensitive to provide the correct changes at a crystalline level, firstly the component is heated to specified temperature, the part is allowed to “heat soak” at this temperature, then finally the part is allowed to cool at a prescribed rate.
The reason for this specific process is to ensure the growth/change in the crystalline structure to provide hardness. 
Initially the machined component is heated to form an “austenitic” crystalline structure, then to ensure uniformity of this crystalline structure across the part it is heat soaked for a given time.
Once the part has a uniform austenitic crystalline structure it is then cooled to room temperature (typically in the case shown here this is done in air or through quenching in warm oil), during this phase the crystal structure of the steel changes from an austenitic to martensitic  crystal structure which provides the steel alloy its hardwearing properties .
The reason for this increase in the hardwearing properties of a martensitic crystal structure are that when the face-centre-cubic austenite transforms to martensite there is not time for carbon atoms to diffuse out of their interstitial positions in the crystal structure to form cementite in great quantities.
 The result is a body-centred-tetragonal lattice structure with a great deal of latent strain energy that is saturated with carbon atoms.  
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[bookmark: _Toc61371168]Figure 12: Body-centred tetragonal lattice structure (Croatian-English Chemistry Dictionary & Glossary, 2018)
This transformation is not uniform across the entire component (all austenite is not universally transformed to martensite across the part) and therefore the concentration of martensite must be controlled further to produce the desired properties, this is done through a process called tempering.
Tempering is the process of re-heating the part to a lower temperature, this allows some of the saturated carbon to diffuse back out of the martensite structure effectively undoing the work done by the initial heat treatment. To this end it is common practice to aim for an overabundance of martensite in the components crystal structure and then through controlled tempering this level of martensite is reduced back to a level that will provide the desired properties from the alloy. (University of Cambridge, 2004)
[bookmark: _Toc61371187]4.1.3 Final Grinding
Finally, once the races have undergone heat treatment, the races are ground to their final dimensional accuracy. This is done by moving rotating abrasive wheels over the part in various directions to ensure the component is accurately dimensioned, has the correct degree of concentricity/circularity and has the correct surface finish. 
[bookmark: _Toc61371188]4.2 Production of Rolling Elements
For the purposes of this brief manufacturing methodology the production of bearing balls will be discussed.
[bookmark: _Toc61371189]4.2.1 Pressing and Flashing
Initial stock comes in in the form of wire or “slugs” which are pressed between cup like depressions in dies in a forging press. Once the rough spherical shape has been attained any excess material or “flash” left by the former is then removed.
[bookmark: _Toc61371190]4.2.2 Grinding
Once the rough balls have been produced, they are put through several abrasive grinding processes to make the parts spherically accurate, each process adding a level of dimensional accuracy until the balls are within tolerance. 
[bookmark: _Toc61371191]4.2.3 Heat Treatment
Much the same as the heat treatment process detailed in 4.1.2 for the races the balls are heated, soaked, and then tempered to provide the desired properties through manipulation of the levels of different crystal structure lattices.
[bookmark: _Toc61371192]4.2.4 Final Grinding, Lapping and Gauging
Once the balls have been heat-treated, they are then ground to their tolerance of sphericity. And finally, the balls are lapped by running them between plates or rollers bathed in a lapping compound that provides their final tolerance. Once finalised the parts are then gauged for quality and sizing before being sorted and allocated to bearing assembly lines with varying grades for mating with races and accessories.
[bookmark: _Toc61371193]4.3 Production of Accessories
Cages, Retainers and other metallic accessories for bearings such a shields are typically manufactured through a stamping or punching methods for budget or general-purpose bearings.
For more specialised bearing applications cages and retainers can be machined or cast and then burnished to an acceptable finish.
Shields and seals used to retain lubricant or prevent the ingress of debris are typically made of either a variety or rubbers in the case of seals or, in the case of shields, are stamped from low carbon or stainless steels dependant on application.
[bookmark: _Toc61371194]4.4 Assembly
Finally, all bearing components are “matched” to ensure that the radii of the races, rolling elements and retaining mechanisms are compatible to the highest possible degree and meet all the specified tolerances.
[bookmark: _Toc61371195]5.Conclusions and Solutions
[bookmark: _Toc61371196]5.1 Solutions
In regard to the initial case study on the metallic bearings found in ITHACOs CMG systems and the ED damage and subsequent  shutdown of the system due to increased friction several avenues would have been available to the teams working on the problem at NASA and the like. 
Firstly, as seen in the electrical motor industry, the bearing could be “grounded” in such a way that the path of electrical flow avoids the bearing entirely as seen below in Figure 13. 
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[bookmark: _Toc61371169]Figure 13: Example of motor shaft grounding in an AC motor application using brushes to rout shaft voltage past bearings to the motor frame. (Motion Industries , n.d.)
Secondly, and the method actually put into practice on future CMG components in craft launched following the discovery of the ED issue seen in the ITHACO systems is the use of ceramic rolling element/ceramic coated insulated bearings. This ensure the circuit that allows ED damage to occur cannot develop as there is no longer a conductive relationship between the race and the rolling element. 
One such offering of these types of bearing are the FAG J-series Insulated bearings that can withstand up to 1000VDC of disruptive charge before seeing a current across the bearing of around 1mA, far below the amperage required to see ED events occur. (FAG, 2007)
[bookmark: _Toc61371197]5.2 Conclusions
· While a seemingly niche and novel problem this materials issue and its solutions/mechanisms was found to be applicable to wider engineering industry outside of spacecraft applications (Motors in factory equipment, the current trend towards electrification of transport etc).
· The use of modern material techniques or simple grounding pathways has managed to abate a materials failure problem with documented history dating back almost a century.
· Subsequent mission critical components of the same type have rectified the issue through the previously stated methods.
·  Several avenues of materials technology contributed to the problem both through the conductive nature of metallics and the nature of different crystalline lattice structures found in bearing steel alloys.
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Figure 1.15. - Philip Vaughan's (1794) ball bearing for "'certain axle-trees, axle-
arms, and boxes for light and heavy wheel carriages. "
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