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Abstract

The Dirill for Acquisition of Complex Organics (DrACO) for the NASA Dragonfly program, developed at
Honeybee Robotics in Altadena CA, is a rotary percussive drill designed for the collection of material from
the surface of Titan. Various challenges relating to the development of the drill in an environment where
heating can prove impractical are discussed. This paper presents challenges and recommendations
relating to the design of dry lubed mechanism elements, particularly where conventional approaches to the
use of dry lube are not feasible due to project constraints. Additionally, a novel design using thin film
polymerics for a dust protection bellows is presented.

Introduction

The Dragonfly rotorcraft lander vehicle is a spacecraft designed to traverse the surface of Titan by powered
flight, landing at different sites to collect and analyze local surface material. The vehicle consists of the
primary spacecraft elements provided by Johns Hopkins APL, the DrACO sampling system provided by
Honeybee Robotics, and various other systems and payloads. The Drill portion of DrACO sits on the exterior
of the vehicle, exposed to the cold Titan atmosphere of ~94 K (-180°C). The DrACO drill consists of the
Feed stage to provide axial motion of the drill head, the Spindle mechanism to rotate the drill bit, the
Percussion mechanism to apply impact force to the back of the drill bit, and a flexible hose to connect the
drill bit to the vehicle pneumatic suction system. Challenges in supplying and retaining the necessary
amount of heat to support the use of wet lubricated motion elements drove the selection of dry film lubricant
(DFL) for nearly all aspects of the mechanism that would normally use grease, with the exception of the
drive actuators.

Figure 1. DrACO Dirill shown on the side of the Dragonfly lander, external to the vehicle.

* Honeybee Robotics, Altadena, CA
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While there are many moving parts within this system, the key challenges faced were with the Feed drive
lead screw, Feed carriage rollers, Percussion support bearings, and Percussion helical cam and follower.

Feed Stage Mechanism

The Feed stage is a linear one degree of freedom (DOF) stage that moves the drill up and down, providing
positioning and motive force for weight on bit (WOB) and retraction during drilling operations. The Feed is
required to provide 150-N WOB (+Z) and 350-N (-Z) retraction force over a 160 mm stroke while subject to
Titan conditions, most importantly a temperature of -180°C. Qualification life for the mechanism is defined
as 200 bidirectional translations of the full stroke.

The Engineering Test Unit (ETU), similar to brassboard hardware, and Engineering Model 1 (EM1) were
both built to these specifications. The ETU successfully completed life testing, while multiple problems were
uncovered with EM1. An Engineering Model 2 (EM2), with a stroke of 300 mm for an alternate vehicle
configuration, incorporates several lessons learned from the ETU and EM1 and is being built at the time of
publishing this paper.

The ETU, EM1, and EM2 all have the same base design, consisting of a crossed roller carriage riding along
a guide rail that constrains the carriage in 5 DOF. The carriage is driven by a kinematically constrained
ACME leadscrew. The leadscrew is protected from dust with a pair of polymeric bellows and is connected
through a gear pair to the drive actuator. All components, excluding the drive actuator, operate at -180°C
and use DFL.

Figure 2. EM1 Feed stage mechanism.
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Leadscrew Design

The leadscrew on the Feed stage uses a bonded DFL on the ACME threads of both the leadscrew and
leadnut. A variety of different thread sizes, thread tolerance classes, part materials, and DFLs were tested
between the ETU, EM1, and EM2 (Table 1).

Table 1. Leadscrew parameters for each build.

Parameter ETU EM1 EM2

Screw thread 1/4-16 ACME-2G 1/4-16 ACME-4C 5/16-14 ACME-4C
Nut thread 1/4-16 ACME-2G 1/4-16 ACME-4C 5/16-14 ACME-2G
Dry film lubricant AS5272 Type ll iKote AS5272 Type |
Screw Material Nitronic 60 Level 3 Nitronic 60 Level 4 Nitronic 60 Level 4
Nut Material C17200 THO4 C17200 THO4 Toughmet3 TXTS

The leadscrew is kinematically constrained to prevent excessive wear of the DFL and current increases at
the ends of stroke caused by tolerance stackup in the mechanism. This is accomplished by connecting the
output shaft to the top of the leadscrew with a universal joint (two rotational DOF) and constraining the nut
with another two rotational DOF joint (spherical ball joint for ETU and EM1, universal joint style mount for
EM2). The end of the leadscrew is left free.

EML1 testing showed that departures from a fully kinematic constraint condition of the leadscrew and leadnut
may lead to extreme wear and premature failure when using DFL. Misalignment of the leadscrew and
leadnut thread axes will cause the parts to settle into two or three edge contacts under load (Figure 4).
These small contact patches quickly exceed the allowable stress of the DFL, causing it to fail in very few
cycles. Once the DFL has failed, metal to metal contact at these small patches leads to rapid wear and
potentially galling even with dissimilar metals, increasing drive torque.

Figure 3 shows the current telemetry for the first eight cycles of the EM1. Figure 5 shows the same screw
after 15 bidirectional cycles at room temperature and -180°C at various operating/proof loads.

Figure 3. Current trace of first 8 cycles on EM1 leadscrew.
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Figure 4. Cross sections of misaligned general-class ACME threads. In most cases, 2 edge contacts exist
(left); at maximum misalignment, three edge contacts exist (center). Forces applied to the leadnut by a
misaligned lead screw and their moment arm are the basis for determining gimballing torque (right).

Figure 5. EM1 leadscrew after 15 cycles.

It was found that the cause of the misalignment between the EM1 leadscrew and nut was insufficient motion
of the nut pivot due to high sensitivity to friction. This prevented the nut from gimballing to self-align to the
leadscrew as intended with the kinematic constraint. The EM1 leadnut is a relatively large spherical ball
coated with DFL that sits in a PTFE-impregnated anodized aluminum pocket (Figure 6). After the failure,
this joint was analyzed to compare the gimballing moment provided by the pressure of the leadscrew on
the leadnut threads to the resistive torque due to friction of the ball in its pocket. It was found that to gimbal
the leadnut, a coefficient of friction (CoF) lower than 0.05 is required.

The ETU has a similar leadnut pivot, which requires a CoF lower than 0.06, but it did not experience the
same failure as EM1 during testing to 2x life. This success is not fully understood currently. The
specifications and suppliers for both the DFL and PTFE anodize were changed from ETU to EM1, and the
ETU was not cleaned as thoroughly as the EM1, making it possible there was a large enough difference in
tribological behavior to account for the success despite their similar geometry and fits.
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Figure 6. Comparison between ETU/EM1 style spherical joint (left) and EM2 style universal joint (right).
ETU leadnut is shown before DFL in half of its mating pocket.

The EM2 was designed with small diameter pivots to decrease the resistive torque due to friction and the
leadnut was lengthened to increase the provided gimballing moment. By analysis, this joint requires a CoF
lower than 1.04 to allow the leadnut to gimbal. While performing a run-in of the EM2 leadscrew and leadnut,
no signs of wear or galling were observed where they were observed on EM1.

The analysis to determine whether a leadnut will gimbal can be summarized by a relationship: the gimballing
torque provided by the pressure of the leadscrew threads on the leadnut threads must be greater

than the resistive moment due to friction of the pivot. While the resistive moment due to friction depends on
the specific pivot design, the provided gimballing torque can be calculated with the following technique. As
shown in Figure 4 (left), when misaligned, the leadscrew typically contacts the leadnut in two places. The
forces the leadscrew applies to the leadnut at these two locations can be seen on the right. These forces,
acting through moment arms to the center of rotation of the leadnut, provide the gimballing torque:

P
2cos®

Tgimpar = FiR1 — FoR, = (R1 —Ry) 1)
Where P is the axial load through the leadscrew and @ is the flank angle of the thread. Moment arms R;
and R; can be calculated using the thread pitch, flank angle, and overall length of threads after accounting
for manufacturing tolerances. Note that this calculation assumes the threads of both parts are rigid;
deflection under load should be considered in borderline cases. For the Feed, the resistive torque due to
friction is proportional to the leadscrew axial load P for both the spherical ball and universal joint style pivots,
so gimballing success is independent of the load applied.

Two types of error can cause misalignment between the leadscrew and leadnut threads. In the first type,
the leadnut must progressively gimbal through a small angle over the entire stroke of the screw. This is
caused by mismatched CTEs and tolerance stackup in the loop from the leadscrew through the mechanism
and back to the leadnut. The second type of error is called “whirl,” where the leadnut must gimbal through
a repeating motion for each revolution of the leadscrew. A line extending along the thread axis of a whirling
leadnut would trace a cone. Whirl can be measured as runout of the leadscrew. Its sources in the Feed
mechanism are parallel misalignment between the input and output of the u-joint and straightness of the
leadscrew. In the EM1 and EM2, the u-joint is shimmed to center to minimize whirl. Both types of error
should be minimized to limit the amount of gimballing the leadnut must do to maintain thread alignment.
Special attention should be given to whirl as it increases the number of cycles on the pivot. As previously
discussed, failure to gimbal with low friction leads to rapid lead screw failure.
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Before applying DFL, the leadscrew and leadnut should be run in with each other. This process matches
the flank angles of both parts, ensuring area contact of the threads. Run in should be performed with the
same constraint scheme and operational loads as in the final mechanism to ensure parts wear into each
other in the manner they will eventually be loaded. A leadscrew-leadnut pair that has not been run in prior
to DFL application, even mounted on successfully gimballing pivots, can result in edge contacts and rapid
wear out due to mismatched thread geometry.

A different problem was encountered while running in the EM2 leadscrew and leadnut. While loading the
leadnut in the same direction that it was travelling, the leadnut would chatter and the free end of the
leadscrew would vibrate. It is expected that this is caused by stick-slip occurring between the leadscrew
and leadnut threads. This was solved for the run-in by using oil to reduce the difference between the static
and kinetic CoFs and by installing a snubber on the free end of the leadscrew to damp any vibrations. While
the snubber does over-constrain the leadscrew, in this application it was found this did not have a noticeable
effect. The snubber is relatively far below the useable stroke of the leadscrew, allowing the long slender
leadscrew to bend to accommodate the over-constraint. Araghi in “Friction-Induced Vibration in Lead Screw
Systems” [1] provides techniques for predicting chatter by analysis and methods for eliminating chatter,
including increasing damping of the leadscrew supports and using alternate control schemes.

Key conclusions from the ETU, EM1, and EM2 leadscrews include:

- Full area contact of threads is critical for leadscrew systems using DFL. Edge contacts will result
in rapid failure of the DFL, extreme wear of the base materials, and infant mortality of the
mechanism. Steps should be taken to ensure the thread flanks are well matched during fabrication
by running-in the screw and nut together. Deflection under load, or use of elastic matching, should
be considered.

- Misalignment of leadscrew and leadnut threads should be eliminated with low-friction pivots that
kinematically constrain the system when using DFL and when oversizing of components is
precluded by system requirements. The length of the leadnut should consider, among other factors
like load distribution and wear rate, the gimballing torque required to overcome pivot friction.
Sources of misalignment should be minimized, with emphasis on sources that cause whirl.

- Use of dissimilar metals, including ferrous and non-ferrous pairs, may not prevent galling if
lubrication fails under high contact stresses caused by edge loading.

- Chatter can occur with poorly lubricated and lightly damped leadscrews that have large length to
diameter ratios; small changes to the system stiffness, damping, or constraints may be enough to
eliminate the chatter.

Polymeric Bellows

A polymeric bellows was developed to protect the Feed stage leadscrew from dust ingress. Polymers offer
mass savings over metals for bellows construction but their use in compliant mechanisms for spaceflight
and/or cryogenic applications has been limited due to embrittlement at temperatures below their glass
transition temperatures. Crumpling has been demonstrated to be a viable method of compliant actuation
for thin film polymers at cryogenic temperatures in compressible bladders for liquid hydrogen dispensation
made from PET [3][4] and retractable contamination covers for spacecraft made from PVDF [5], but the
non-deterministic nature of random crumpling limits cycle life.

A folding origami architecture was developed such that the film would undergo predictable and elastic
deformation during repeated deployment and retraction. The fold pattern, known as an accordion fold, was
selected over patterns that offer higher degrees of compressibility due its accommodation of independently
varied inner and outer clearance diameters and ease of manufacturing at the scale of the application.
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Figure 7. Accordion flat fold pattern (left) and folded cross section (right).

Three 4.5-cm tall, 4-cm OD sections of bellows were folded from 0.127 mm (5 mil) PET and cycled 1500
times (1 cycle = full compression followed by extension) while submerged in liquid nitrogen. No cracks were
observed at folds or vertices, and no mass loss due to shedding was measured. Due to the bellows’ line-
of-sight directly over the sample site, a material change to a fluoropolymer was preferred. An identical
bellows was folded from PVDF, but it exhibited high stiffness and fractured early during cycling. Tefzel
(ETFE) was ultimately identified as having the most desirable combination of fluoridation, strength, and
crease-ability.

The bellows is constructed from a flat sheet of 0.127 mm (5 mil) Tefzel ETFE film. The layout of the
accordion fold pattern is creased into the sheet with a desktop CNC plotter and folded by hand. The seam
is closed with ultrasonic spot welds along the length and secured with clamps at either end of the covered
sections of lead screw.

Figure 8. Folding (left) and ultrasonically welding (right) of ETFE bellows.

Two articles participated in the successful life testing at -180°C of the ETU feed stage to 200x cycles.
Cryogenic fatigue life testing was also performed on an EM test article submerged in liquid nitrogen to
2000x cycles. In both tests, isolated pinholes and/or small cracks appeared on some folds, but integrity and
function of the bellows were maintained.
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Figure 9. Cryogenic fatigue life test rig (left) and vertex fold crack (right). Cracks are isolated perforations
that do not propagate or threaten integrity and function of bellows.

Key conclusions from development of the dust protection bellows include:

- Hermeticity is difficult to achieve with high aspect ratios. Thermo-vacuum-forming the bellows
over a mandrel provides a method of forming the 3-dimensional shape with no seam to seal, but
above a 3-4x L/D ratio, the method becomes non-viable due to thinning of the drawn film.

- The impact of scale on manufacturability should be considered during pattern selection. More
compressible fold patterns had feature densities beyond what could be reasonably folded by
hand at the scale of this application.

- Ultrasonic welding is effective for joining ETFE films when a hermetic joint is not required.

- Precision and consistency in forming are key to avoid pinhole cracks at vertices where stress can
be concentrated.

Cam Rollers

The crossed roller carriage uses a set of studded crowned cam rollers coated with a sputtered DFL. The
rollers feature a full complement of needle rollers; cross sections of the ETU and EM1/EM2 rollers can be
seen in Figure 10. The ETU and EM1 each use 6 rollers while the EM2 uses 8 rollers for improved stiffness
under vibration. These rollers ride in a crossed configuration in the V-groove shaped rail (Figure 11). The
EM1 and EM2 use 3 and 5 eccentric rollers respectively to close clearances to the rail and account for
manufacturing tolerances.

Figure 10. ETU roller (left) and EM1/EM2 roller (right).
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Figure 11. Cam rollers in crossed configuration on EM1 rail shown.

ETU testing of the Feed consisted of 1x life at -180°C under various loading conditions, then 1x life at
ambient under various loading conditions with 60 minutes of cumulative dust exposure to wheat flour and
silica dust. After 1x life at cold the rollers had low running torques, but after the dusty test, the rollers had
running torques up to four times the initial running torque. Disassembly of the rollers revealed larger
particulate than expected with normal DFL debris adhered to the rolling elements. SEM/EDS analysis
showed that these debris had compositions consistent with a mixture of DFL debris, wheat flour, and silica
dust, indicating dust had entered the rollers. The ETU roller nylon seals were slit to allow for thermal
expansion, but this allowed dust incursion, resulting in dust combining with normal DFL debris and creating
high shear strength particulate. The seals on the EM1 and EM2 rollers have a different design that does
not require a slit, though dust exposure testing has not yet been performed.

The EML1 rollers experienced a second issue. After running for several cycles (~0.25x life), the rollers were
showing very high running torques, with some even locking up completely. Further investigation showed
that this condition could be induced by rotating the roller while applying a cross-axis moment. The running
torque increases until it reaches a plateau. Reversing the direction of motion instantly reduces the running
torque back to its original value, after which it increases until it reaches another plateau.

It is believed that this behavior is due to the needles migrating through their axial clearance under a cross-
axis moment load, caused by an axial load on the outer race. As the needles reach the end of their axial
clearance, the tips of the needles contact and load against the flat perpendicular to the stud. As more
needles load against the flat, the running torque of the bearing increases until all needles have contacted
the flat. When reversing direction of motion, the needles migrate in the other direction until they all contact
the opposite flat. Poor surface finish and high contact pressures between the needle tips and the flat cause
the DFL to rapidly wear away, making this problem worse as the bearing ages. In this application, the use
of a small rolling element maintains an overall advantage in reducing linear drag of the system compared
to bushings. The system features large torque margins to compensate for this significant drag source.

Key conclusions from the ETU and EM1 cam rollers include:

- Dust entering rolling element bearings with sputtered DFLs can combine with DFL debris, creating
a new debris mixture that is stronger in shear, posing a risk of increased running torques.

- Full complement needle cam rollers risk increased running torques mid-life due to migration of
needles sliding on the end surfaces. This is particularly severe when DFL is used. Mechanism
trades should account for either an increase in mass and volume to use a more robust rolling
element, or an increase in force or torque margins required and a potential reduction in rolling
element life.
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Percussion Mechanism

The Percussion mechanism delivers a shock load to the rear of the floating drill bit to enable drilling of
substrates with an unconfined compressive strength of at least 80 MPa while only requiring a nominal WOB
under 100 N. The ETU, EM1, and EM2 percussion mechanism share the same basic mechanism
architecture featured on the Apollo Lunar Surface Drill and by Honeybee Robotics for The Regolith and Ice
Drill for Exploring New Terrain (TRIDENT). The system uses an actuator to rotate a helical cam which lifts
a hammer against a coil spring before dropping it off the end of the ramp.

The follower rotation axis is roughly parallel to the cam axis, tilted by approximately four degrees to match
the cam helix angle) and tracks via sliding rather than rolling contact with the cam. The DrACO cam spins
at 810 rpm, lifting and dropping the follower and hammer once per revolution to deliver a percussion energy
of 1.0 J at a frequency of 13.5 Hz. All mechanism components except for the actuator are dry film lubricated
and operate at 94 K. Early development efforts sought to demonstrate functionality of DFL mechanism
elements and identify cam and follower materials and geometries that would balance low friction torque
throughout life with preservation of maximum spring deflection at end of life. Later development efforts
focused on troubleshooting the three-bearing system that supports the cam.

Figure 12. ETU Percuss Mechanism Cross Section.

Cam and Follower

Previous programs at HBR, including ICEBREAKER, THUPER, TRIDENT [6], and RANCOR, demonstrated
good wear properties with ultra-high hardness steels — self-mated A2 tool steel at ambient conditions
(ICEBREAKER, THUMPER), and Vascomax C350 (cam) and C250 (follower) at -70°C (TRIDENT).
TRIDENT achieved a life of 2.4M cycles under ambient conditions with grease lubrication. RANCOR
achieved a life of 50k cycles without grease before testing was suspended, but components showed very
few signs of wear. For DrACO, a corrosion resistant steel with good ductility down to cryogenic temperatures
and hardness approaching that of tool steels was sought. Coatings were initially avoided as TRIDENT
testing showed that without grease, they would wear through in about 50k cycles. A series of tests was
commissioned to identify a material pair and lubrication scheme capable of achieving 400k cycles (2x
mission life) at -180°C with no heated elements beyond the motor.

V1.0 used Custom 465 for both the cam and follower, with an ion nitride case hardening to HRC 70 applied
to the cam and a very thin layer of Braycote 600EF. This failed early at approximately 0.15x mission life.
The mechanism failed by seizing after reaching actuator stall torque in 34k cycles. Severe galling of the
cam and follower surfaces was observed. V1.1 and V1.2 testing used similar amounts of wet lubrication as
TRIDENT on the cam and follower ramp surfaces. Braycote 602EF was used for V1.1 and Calcium
Sulfonate with Teflon was used for V1.2. These reached 120k and 140k cycles, respectively, before
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mechanism failure. Upon disassembly, observation indicated that the grease had frozen and subsequently
shattered or sheared under load from the follower leaving bare wear surfaces. While not directly observed,
it is thought that small amounts of grease remained on the follower which allowed operating to continue
beyond where V1.0 failed.

Figure 13. Grease from the V1.2 test, before and after operating at cryogenic temperature.

The lubricant failure in V1 demonstrated the ineffectiveness of grease as boundary-layer lubrication at
-180°C and the incompatibility of self-mated Custom 465 H1000 in dry wear with ion-nitriding. For the V2
follower, Vascomax C250 was selected for its heritage on TRIDENT. Several materials known for their
performance in relative sliding applications were tested for the cam against the Vascomax C250 follower at
ambient temperatures in a dry nitrogen environment at the beginning of the V2 campaign. Beryllium copper
showed high wear rates but no galling or unsteady operation at ambient temperature, quantified by a stable
mean motor current draw through the test. However, at -180°C, the BeCu began to gall badly, leaving a
very rough post-test finish, while still wearing at high rates. CPM 3V tool steel demonstrated the most
favorable overall wear conditions and galling resistance at all temperatures.

Figure 14. Condition of cams of various materials at top of ramp (top) after 80k cycles against a
Vascomax C250 follower (bottom).

The V2 mechanism ran to 400k cycles (2x mission life) at —180°C without stalling but failed to meet the
mean current margin requirement. Disassembly and inspection of the mechanism revealed that the cam
and follower duplex bearings exhibited very high intermittent friction torque consistent with raceway or
rolling element damage.
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Given the excellent wear performance of the CPM 3V cam and self-mated A2 from ICEBREAKER and
THUMPER, a CPM 3V follower was used for the V3 testing. The follower geometry was revised to create
a crowned contact patch on both the cam and follower, and the drop-off at the top of the V2 cam ramp was
scalloped to match the radius of the follower. Improved FOD shielding was also incorporated into the
bearing housings. The mechanism stalled after 176k cycles, and inspection revealed poor condition of the
mated cam and follower wear surfaces.

Figure 15. Galled surfaces seen after testing self-mated CPM 3V tool steel.

The final round of ETU testing (V4) used the V2 materials, V3 geometries and mechanism improvements,
and iKote solid film lubrication. The V4 cam and follower were successfully tested to 400k cycles (2x life)
twice. Early life behavior of the cam and follower is characterized by a period of low friction torque followed
by a sharp rise as the solid film lubricant is worn away at approximately 50k cycles. After 100k cycles, it is
assumed that the cam and follower wear surfaces are stripped of all coatings and are wearing bare-metal
against bare-metal. The CPM 3V cam and Vascomax C250 follower do not develop the runaway friction
torque of self-mated CPM 3V or the excessive removal of material and resultant strike energy loss of the
beryllium copper or Nitronic 60 cams.

Figure 16. Telemetry from V3 life test, showing mean and max current over the course of the test.
Key conclusions from the cam and follower testing include:
- Tool steels, while not commonly used for spaceflight, should be considered for harsh sliding

conditions. They were successfully demonstrated at cryogenic temperatures with high shock loads
and no signs of brittle failure were observed, despite generally poor ductility at low temperatures.
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- Testing the dry wear and galling conditions in a dry nitrogen environment at room temperature can
lead to significantly different results than at cryogenic temperatures. Specifically, beryllium copper
may perform poorly at cryogenic temperatures where it performs well at ambient temperatures.

- Where there is potential for dry lubrication failure, materials should be tested under unlubricated
conditions to identify options that wear gracefully to prolong life. Testing under the planned flight
conditions is critical as temperature, geometry, cleanliness, and many other factors may lead to
unexpected results that cannot be extrapolated to other conditions.

Bearings
Rotating and translating components in the ETU Percuss Mechanism were supported by high precision

COTS bearings. Modifications were made to the COTS bearings to adapt them for use in the mechanism
at -180°C, with mixed results. A summary of the different bearing test configurations is shown in Table 2.

Hard-preloaded angular contact bearings were purchased at stock preloads or re-ground to custom
preloads in a DF orientation for the cam duplex bearings and DB orientation for the follower bearings. High
preloads were selected to increase bearing pair stiffness and ensure a mean Hertzian contact stress of at
least 414 MPa (60 ksi) per ball at all times to prevent ball unloading and subsequent skidding. An upper
bound on mean Hertzian contact stress of 1240 MPa (180 ksi) was also established for future design during
V1 testing. The COTS linear bearing supporting the follower was not preloaded, while the trailer bearing
used soft preload up to 180 ksi mean Hertzian stress. Steel balls in the linear bearing and the cam trailer
bearing were substituted with silicon nitride balls. The bearings saw no signs of performance degradation
over more than one million cycles. The hard preload of the cam and follower duplex pairs precluded the
use of ceramic rolling elements due to the wide operating temperature and mismatched CTEs.

Factory wet lubricants were removed and replaced with HPS-2832 DFL (M0S2-Sb203-Au) from Hohman
Plating and iKote (graphite-doped MoS2-Sb203-C) from AIM-MRO, formerly Tribologix. The iKote lubricant
required burnishing with a formed Maple wooden dowel to prevent shedding large amounts of debris during
the first few revolutions. Within the DF duplex set of bearings, debris generated in the upper bearing settled
in the lower bearing, causing friction torque increases and additional heat generation during some tests.
The iKote lubricant was also significantly thicker than the sputtered HPS-2832, increasing the unmounted
bearing preload which was set in the unlubricated condition. Factory phenolic cages were replaced with
cages manufactured from Durafilm TCGF-116 (Armalon), PGM-HT, and Vespel SP-3. Armalon and PGM-
HT were desired for their ability to transfer unbonded PTFE lubricant to the raceways after solid film
lubrication was worn away. The demonstrated outperformance of PTFE by MoS: as a lubricant in high-
contact-stress applications [2] led to the initial selection of Armalon and PGM-HT, but Vespel SP-3 was later
used due to PGM-HT material availability issues and its increased rate of lubricant transfer to the raceways.

Bearing Failure and Investigation

Varying degrees of success were achieved with all the described solid film lubricants, cage materials and
preloads during the V1-4 ETU test campaigns. Chemistry and structure of solid film coatings used to
lubricate rolling and sliding elements were not found to have an outsized impact on mechanism life when
compared to one-another in all tests run, both successful and unsuccessful.

The custom bearings that were procured for the EM drill incorporated most of the design parameters that
led to success in the ETU mechanism, except for raceway curvature. Several spare sets of EM cam and
follower duplex bearings were installed into the ETU percussive mechanism and tested at -180°C. The cam
bearings all failed early in life, and the mechanism and bearings were disassembled and inspected. Results
from one of these tests are shown in Figure 17 and Figure 18. Follower bearings showed no signs of
degradation or damage.
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Figure 17. No-load testing after early failed V4.0 testing shows initially good performance, followed by
bearing heating and motor drive current increases.

Figure 18. Upper duplex bearing (left) and lower bearing (right) visual inspection after no-load testing to
failure.

Figure 19. SEM analysis of raceways to determine presence, or lack, of remaining DFL.
Backscattered electron imaging was performed to assess the health of the raceways. A baseline survey of

the fresh iKote coating adjacent to the raceways showed expected peaks of Mo and Sb, while the raceways
had heavy carbon deposits and were almost entirely devoid of the Mo and Sb lubricating compounds.
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Additional pairs of EM bearings were tested under the same conditions with HPS-2832 solid lubrication
instead of the iKote, and Vespel SP-3 cages instead of the PGM-HT cages. Both subsequent tests failed at
approximately the same point (12k-16k cycles) and exhibited the same visual condition of the raceways
upon disassembly.

The high-heat-generation during operation, absence of any lubricative film within the ball tracks after failure,
and the damage to the metallic raceway substrate consistent with galling/adhesive wear suggest a lubricant
failure was responsible for the rise in friction torque and ultimate bearing failure. Both lubricants had seen
significant testing during the ETU V1-4 tests in identical environments and similar or higher loading to the
tests of the EM bearings in the ETU mechanism. Upon reexamination of design parameters of successful
bearings against those of the failed EM bearings, raceway conformity was the only unquantified COTS
bearing parameter of import. While it was expected that a tighter raceway conformity on both races rather
than just one would reduce the operating stress and prolong the life, discussions with SMEs revealed that
52% curvature often leads to earlier bearing failure even with grease lubricant.

The root cause theory for the failed EM bearings is that tight raceway curvature applied to both races
caused an unacceptable amount of friction and sliding within the bearing, destroying the DFL and heating
the bearing quickly.

Table 2. ETU Percuss Cam Bearing Loading, Specification, and Configuration.

Requirement ETU V1, V2 ETU V3 ETU V4 EM
Spring Energy 1.5 1.5 1 1
Unmounted preload ?735%_1%%5&'?) ?735%_1%%5&'?) 252 N (56 Ib) | 445 N (100 Ib)
Inner raceway conformity (measured) 53.79% 53.79% 52.04% 52.17%
Outer raceway conformity (measured) 52.65% 52.65% 54.22% 52.35%
Bearing (race and ball) material 52100 52100 52100 440C
Cage material Armalon Vespel SP-3 | Vespel SP-3 Vgs(i)l\éll-g-lg-s
Lubrication HPS-2832 | HPS-2832 iKote iKote,
HPS-2832
Operating Cycles Demonstrated >400k >400k >400k <16k

Key conclusions from the rolling element testing include:

- Reducing operating stress by specifying tighter raceway curvature may reduce life in hard
preloaded, dry lubricated, duplex bearings. Testing must be conducted to find an appropriate
preload and raceway curvature. COTS bearing curvature may not be suitable for use with DFL even
if all other properties besides curvature are the same between designs or manufacturers.

- Burnishing of dry lubricant may be required to reduce the total debris volume and minimize potential
of debris embedding in the raceway and increasing running torque. Sputtered DFLs with co-
sputtered additives do not usually require burnishing, have smaller impact on bearing hard preload,
and offer promise even in applications with operating stresses approaching 200 ksi.

- Hybrid bearings with steel races and Si3N4 balls, operating under soft preload, fared significantly
better than hard preloaded all-steel bearings with DFL.

- Matching cage material wear rates to bearing lubrication consumption rates is nearly impossible to
predict and may involve trial and error in cage design and material selection with limited analytical
approaches to cage design available.
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Overall Conclusions

Many lessons were learned during the development of the DrACO drill when adapting previously successful
wet lubricated designs to dry lubricated designs. Many aspects of the design that are inconsequential when
using grease become critical with dry lubrication. Specific lessons learned are documented at the
conclusion of each element section.

DFL elements must be tested under the exact planned flight conditions, including temperature,
loading, geometry, processing, and all interacting materials. Materials that are generally known to
be better for the task could prove inappropriate if used differently from previously qualified efforts.
Small changes to geometry can have an outsized impact on mechanism success when DFL is
used, where they otherwise would be inconsequential in an oil or grease lubricated system. A
thorough understanding of the contact and loading is required, and early testing of every
configuration is highly recommended.

Materials that will degrade gracefully when DFL wears out should be used to prevent catastrophic
failure, due to the sensitivity of DFL to small geometry errors leading to edge loading.

ETFE-film folded with origami techniques is a mass-effective solution for preventing bulk dust
intrusion into mechanisms at cryogenic temperatures where hermetic sealing is not required.
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