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Abstract

A recent technology development effort at Honeybee Robotics aimed to achieve a successful dry-film
lubricated (DFL) bearing configuration for a high-speed, moderate-to-long life, cryogenic application. The
bearing test articles utilized a pair of soft-preloaded 7201-size (32-mm/12-mm OD/ID) angular-contact ball
bearings and spun up to 14000 rpm in a 94 K (-179°C), GN2z environment. Honeybee Robotics experimented
with several different configurations of dry-film bearing cage materials, cage geometries, and raceway
coatings.

One test configuration, which utilized a PGM-HT (PTFE glass-filled molybdenum disulfide, high-temp) cage
material, survived to 60 hr and 38,000,000 revolutions® without experiencing any adverse performance
trends or instances of dry cage instability — the primary failure mode for all other test units. This success
seems to represent a novel data point in DFL bearing technology by sustaining higher speeds (10-14 krpm,
or 120000-168000 dN, where dN = Bore ID [mm] x [rpm]) for cycles exceeding 10M.

However, four subsequent attempts failed to replicate this successful test and all exhibited similar patterns
of bearing health degradation and early cage instability (~2M to 7M cycles). This paper discusses lessons
learned from this effort and evidence for causes of successful and unsuccessful tests.

Figure 1: (Left) Barber Nichols BNHP-35G Prototype Blower, SN2;
(Right) Bearing Test Articles SN1A and SN2A after assembly

*Honeybee Robotics, Altadena, CA

T Note — Honeybee’s main success criteria was reaching a cycle count that was driven by the project’s mission
requirements. This means, unfortunately, successful bearings were not tested to failure, but it is reasonable to assume
that the eventual failure mode for this test would be related to excessive wear of the PGM-HT cage.
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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 DrAMS instrument provided by NASA
GSFC, and the DrACO sampling system provided by Honeybee Robotics, as well as additional payloads.

The Pneumatic Transport System, one of four DrACO subsystems, relies on a blower mounted externally
on the Dragonfly lander to provide pneumatic suction for material sampling on Titan. Operating in Titan’'s
1.45-atm, ~94K (-180°C) ambient environment presented an opportunity to explore development of dry-film
lubricated (DFL) bearings, since DFL bearings are capable of withstanding cryogenic temperatures without
the need for heaters or insulation.

Honeybee has few endeavors into the field of DFL bearings. Notable examples include the 460°C Venus
motor and DrACQ’s Sample Acquisition Drill that sits adjacent to the blower on the outside of the Dragonfly
Lander. However, the blower bearings life and speed requirements (24M revolutions, 14 krpm) present a
unique challenge.

For blower bearing testing, four functionally identical test articles that approximated the notional blower’'s
geometry were assembled. They underwent run-in and vibration testing before experimentation focused on
different cage materials, geometries, and DFL raceway coatings. In total, eight DFL bearing configurations
were tested, with only one, labeled "SN2A," proving successful.

Subsequent attempts to replicate SN2A's success failed due to dry-cage instability, suggesting sensitivity
to design or environmental factors. Despite failures implicating bearing misalignment or cage design,
successful testing exonerated potential causes like thermal gradients or raceway coating depletion.

These findings underscore the complexities of DFL bearing technology, with both successful and
unsuccessful tests providing valuable insights for future developments.

Design — Description of Test Articles and Test Rig

Figure 2: (Left) Labeled cross-section of the bearing test article, with common components labeled blue,
and (Right) Photo of assembled bearing test article

Various bearing configurations were tested using a standardized test article design. Key components
common to all configurations included a titanium housing, 15-5PH CRES rotor, aluminum flywheel, and a
17-4 CRES “Sliding Bearing Carriage” with an L/D ratio facilitating axial translation. The aft bearing
remained fixed within the sliding carriage, while the forward bearing’s outer race was clamped with an
aluminum plate.
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The assembled rotor shaft, flywheel, and fasteners were balanced to 25 krpm and balance grade 3.5 per
ISO 1940-1 standards. Bearings, arranged face-to-face on the rotor shaft, were soft preloaded to 89+10 N
(~20 Ibf) using a wave spring, with preload verification conducted through force-displacement
measurements. This soft-preloaded design was favored for its lighter preloads, lower contact stresses, and
reduced sensitivity to thermal gradients and differential thermal expansion across operating temperatures
(AT’s > 200).

Operating primarily under axial spring preload, the bearings experienced a maximum mean hertzian contact
stress (mmhcs) of 758 MPa (110 ksi) and a peak stress of 1141 MPa (165 ksi). In recent tests, a lower
preload of 67 N (15 Ibf) was used, resulting in 648 MPa (~94 ksi) mmhcs. Highest non-operating loads are
driven by the 14.1 Gms random vibration environment, where a snubber was used to protect the bearings
from excessive displacement.

Table 1: Ball bearing design stresses common to both test articles

Nominal = Max LA Mean
: - . Hertzian
Operating Condition Spring External Notes
Preload @ Load Contact
Stress
. (From Test 1310 MPa All balls unloaded. No
ggpéoﬁfiﬁtgxgkﬁwc' Launch, Data) (190 ksi) ellipse truncation.
’ 613 N (138 Ibf)
. (From 1241 MPa 5 of 9 balls unloaded. No
gg{‘éoggg’i‘gf’ Bﬁté\ggﬂnc‘ Launch, Analysis) 236 (180 ksi) ellipse truncation.
’ 89 N N (53 Ibf)
(20 Ibf) (From Gas 696 MPa
Operational, MMC (20°C) Flow) (101 ksi)
4.5 N (1 Ibf)
(From Gas 758 MPa
Operational, MMC (-190°C) Flow) (110 ksi)
4.5 N (1 Ibf)

Table 2: (Reference) Ball bearing parameters common to both test articles

Bearing Parameter

Characteristic

Original Stock P/N

GRW SV7201CEP4TAXULLO01/CP1P2

Bearing Type

25-degree Angular Contact, outer race relieved

Static Capacity

balls)

3571 N (803 Ibf) (catalog value based on metal

Dynamic Capacity

7318 (1645 Ibf) (catalog value based on metal balls)

Speed Limit

grease)

66000 RPM (catalog value based on metal balls,

Material — Races

Cronidur 30 (X30CrMoN15-1)

Material — Ball

SisN4 (Replacing original X65Cr13 balls)

Outer Diameter

32 mm, +0, -6 um

Inner Diameter

12 mm, +0, -4 pm

Width

10 mm, +0, -40 pum

Ball Size

5.953 mm £0.025 pm (15/64” +1 pin)

Balls per Bearing

9

Raceway Curvature

52% to 52.5% (As inspected)

Radial Play 0.045 mm (0.0018")
Axial Play 0.201 mm (0.0079")
Tolerance P4 (ABEC-7)

Ball Grade Grade 5

*All values nominal or catalog values unless otherwise noted
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The bearings are made from COTS GRW 7201-size, 25-degree angular contact bearings and subsequently
re-balled, re-caged, and re-lubricated based on the desired test configuration. A summary of the tested
bearing configurations is shown in Table 3. A total of four bearing test articles were machined, labeled SN1
through SN4, with different serial number suffixes indicating distinct bearing configurations.

Table 3: Table of test article configurations & overall outcome in chronological order from left to right

Design Test Article Configuration Serial Numbers
Parameter SN1 SN2 SN1A SN2A SN4A SN2B SN3C SN1B
Cage iaArmalon | TArmalon SVespel 4IPM 4JPM 4IPM 4IPM 4JPM
Material SP-3 PGM-HT PGM-HT PGM-HT PGM-HT PGM-HT
’Microseal | 2Microseal
. 200-1 200-1
2 3 3
E‘j‘gﬁ‘é"gzt Mggg_sfa' SHPS 2832| (Brgl) (Brgl) |3HPS 2832 | 3HPS 2832 2';';? 2%22
SHPS 2832 | 3HPS 2832
(Brg2) (Brg2)
HBR ooR
Cage NES Cage | NES Cage | NES Cage | NES Cage | NES Cage | NES Cage Cage 32023543
Ge?)metr PN 7201- | PN 7201- | PN 7201- | PN 7201- | PN 7201- | PN 7201- | 32027998 “GRW
y 3001 3001 3001 3001 3001 3001 “Hole- COTS
slot-hole” "
Geometry
Spring
Preload 20 20 20 20 20 20 15 15
[1bf]
Cage Cage Cage Successful Cage Cage Cage Cage
Overall instability, | instability, | instability, |testto 38M | instability, | instability, | instability, | instability,
Outcome cage cage test cycles. No test test test test
fracture fracture aborted |indications.| aborted aborted aborted aborted

1. American Durafilm TCGF-116 Teflon-Coated Glass Fiber, a.k.a. “Armalon”
2. E/M Coatings Microseal 200-1 (Impingement-applied MoS2 DFL, 1.3 - 2 um)
3. Hohman Plating HPS 2832 (Sputtered MoS2 + Sb203 + Au, 0.2 - 1 ym)

4. PTFE Glass-filled Molybdenum Disulfide, High-Temperature made by JPM of Mississippi
5. DuPont Vespel Polyimide SP-3, 15% MoS2 Filled

Bearing fits and tolerances conformed to design guidelines per NASA-SP-8048, Liquid Rocket Engine
Turbopump Bearings, with exception of misalignment angle, which was not achieved in these bearing test

articles.

The test rig refers to the assembly which houses and spins the bearing test articles while measuring their
drag torque. The rig consists of a torque sensor attached to the test article’s housing, a drive motor that
spins the test article’s rotor through a shaft coupler, and a structural housing. Speed, temperature, and
torque telemetry were recorded for each test.
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Figure 3: Bearing Test Rig with (left) labeled external components, (Center) labeled cross-section with the
test article mounted inside, and (Right) a photo of the test rig in testing configuration

Figure 4: Post-Life testing images for SN2A of (Left) aft bearing thermocouple mounted to structure;
(Right) forward bearing thermocouple bolted housing cap

Test Operating Specifications

The bearings’ operating environment is driven by Titan’s 1.45-atm, -180°C, and 95% GN2 atmosphere. Due
to feasibility constraints, tests were conducted at ambient pressure in a 100% GN: environment.

The required bearing cycles, speeds, and start/stops were defined by DrACO operating’s requirements.
These evolved slightly over the course of testing to observe test-as-you-fly principles, but overall, the target
number of bearing revolutions representing 2x mission life was ~24M cycles. The primary operating speed
was 10000 rpm, with 5-10% of cycles spent at 14000 rpm. Run-ins were performed at both room-temp and
in cryogenic operating conditions, depending on whether the cage geometry enabled safe room-
temperature operation. Exposure to a 14.1 Grms random vibration environment for two minutes per axis was
performed on a schedule-permitting basis, but this pre-conditioning step did not seem to affect test
outcomes.
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Table 4: (Reference) High-level list of bearing life testing parameters

Test Parameter

Room Temp. Cycles

Low-Temp. Cycles

Atmosphere

>99% N2 (RH < 5%), ambient pressure (14.2 - 14.7 psia)

Test Temperature 25 £5°C -180 +5°C

Start Stops - 100

Operating Point 1 *incl. run-in 10000 35 280000 10000 2200 min 21.6M

<10 krpm rpm min revs* rpm (36.7 hr) revs*

Operating Point 2 N/A 14000 108 min 1.51M
rpm revs

Figure 5: Example of a bearing speed/duration/start-stop schedule depicting a room temp. and low temp
run-in, and low temp operation

Figure 6: (Left) Bearing test articles mounted to vibration fixture;
(right) bearing test rig in N2-purged box for room-temperature run-in
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Test Results - Summary

A high-level summary of tested bearing configurations and respective outcomes is shown in Table 5. The
“performance” rows are intended to provide qualitative insight for when bearings began to exhibit off-
nominal behavior, based on personal observation. More emphasis will be placed on the PGH-HT cage
configurations — the other cage materials seemed inappropriate for this application.

Table 5: Table of test article initial serial number configurations.

Design Test Article Configuration Serial Numbers
Parameter SN1 SN2 SN1A SN2A SN4A SN2B SN3C SN1B
Cage Armalon | Armalon Vespel | JPM PGM- JPM JPM JPM JPM
Material SP-3 HT PGM-HT | PGM-HT | PGM-HT PGM-HT
Microseal | Microseal
Raceway Microseal 200-1 200-1 HPS
Lubricant 200-1 HPS 2832 (Brgl) (Brgl) HPS 2832 | HPS 2832 2832 HPS 2832
HPS 2832 | HPS 2832
(Brg2) (Brg2)
o | R
Cage NES Cage | NES Cage | NES Cage | NES Cage | NES Cage | NES Cage Cage 32023543
Gegmetr PN 7201- | PN 7201- | PN 7201- | PN 7201- | PN 7201- | PN 7201- | 32027998 “GRW
y 3001 3001 3001 3001 3001 3001 “Hole- COTS
slot-hole” N
Geometry
Spring
Preload [Ibf] 20 20 20 20 20 20 15 15
Pre-Conditioning
RT Run-in yes yes yes yes yes no no no
LT Run-in no no yes yes yes yes yes yes
Random Vibe yes yes yes yes yes no no no
Performance
First
indication of 1.4M revs 24Mrevs | 2.0Mrevs | 1.8Mrevs | 1.6M revs
raceway
lubricant loss
First high-
drag upset 2.1M revs 4.4M revs | 1.3M revs 5.8M revs
event
Onset of
persistent 2.3M revs 4.6Mrevs | 2.4Mrevs | 2.5Mrevs | 6.4M revs
instability
Test abort
(arbitrary 28M revs 28M VS | 3.4M revs 38M 'CVS | 46Mrevs | 25Mrevs | 4.2M revs | 6.9M revs
g ) (2x life) (2x life) (3x life)
etermination)
Cage Cage Cage Successful Cage Cage Cage Cage
Overall instability, | instability, | instability, N " | instability, | instability, | instability, | instability,
o adverse
Outcome cage cage test indications test test test test
fracture fracture aborted "| aborted aborted aborted aborted
Fwd Cage High Wear Excessive
Health Fractured | Fractured Debris No Issue Debris - - -
Aft Cage Wear No Issue | Semewear | \ o ) ) )
Health Debris debris
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Test Results — SN1, SN2: Armalon Cages

The first two bearings with Armalon cages both experienced cage instability almost immediately, exhibiting
high drag torques (>50 mN-m (7 in-ozf) at 10 krpm) and bearing AT’s >50°C. Despite this, the bearings
were operated for 28M cycles and revealed significant wear debris and cage fractures upon disassembly
and inspection (an expected outcome of running unstably for prolonged periods of time).

For both test articles, the forward bearing cage was in much better condition than that of the aft bearing.
This pattern reappears in subsequent tests with different bearing cages, indicating a potential design issue.
A low temperature run-in was not performed for these bearings, and very high initial operating temperatures
were observed. After these tests, a run-in was always performed in the target operating environment.

Figure 7: Armalon retainer damage after extended unstable operation

Test Results — SN1A (Vespel SP-3) & SN2A (PGM-HT)

Armalon proved ineffective in maintaining adequate lubrication for our application. Subsequent cages were
machined from sacrificially-wearing, self-lubricating composite materials designed to replenish lubricant via
wear particles containing dry-film lubricant generated during ball-to-retainer contact. Candidate materials
included Salox M, Rulon E, and Rulon AMR, with the final choices of PGM-HT and Vespel SP-3 based on
recommendations from Michael Dube of NASA NESC and research by Michael Buttery from ESTLM, which
also endorsed PGM-HT.

Test article SN1A utilized Vespel SP-3 cages, a polyimide material containing 15% fill of molybdenum
disulfide. Vespel SP-3 is used in spacecraft bearing cages for its dimensional stability across a wide
temperature range and vacuum lubricity. However, this cage material exhibited instability within 10% of the
target mission life, prompting a test abort. Inspection afterwards revealed excessive particulate debris
generation.

Test article SN2A used a retainer made from PGM-HT, a randomly oriented, glass-fiber reinforced, PTFE
sheet containing molybdenum disulfide and manufactured by JPM in Mississippi. SN2A exhibited highly
consistent behavior and low drag torques (<1 in-ozf) throughout its life test and beyond, over 3x the required
mission life, or 38M revolutions.
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Figure 8: (Left) Microscope image of PGM-HT cage; (Center) Bearing with PGM-HT cage (grey-blue);
(Right) Bearing with Vespel SP-3 cage (brown)

Figure 9: SN1A -180°C Life Testing, Block 1 of 10. (Top half) Note how motor power, tracked with the
dark blue line, gradually-increases. Torque (orange line) increases as well in the negative direction.
(Lower half) Bearing temperatures, shown in blue and green, spike after SN1A’s transition to persistent
instability
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Figure 10: SN2A -180°C Life Testing, Zoom-in on Blocks 10.8 Through 10.10 (Final hours before
achieving 2x Life). Note the consistency of the telemetry.

Figure 11: Photographs of Test Article SN2A’s disassembled DFL bearings with PGM-HT cages after a
successful life test

Test Results —Attempts to Replicate Successful PGM-HT Test;
New Cage Designs for Improved Stability

Immediately following the successful test of SN2A, the same test configuration was re-tested twice.

However, both tests were aborted due to presence of cage instability within the first 20% of target life. This
implies sensitivity to some aspect of the design which was not understood.
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A fault tree conditionally implicated several items, among which included improper cage design. Up to this
point, all the bearings featured a ball-piloted cage design, but a land-guided cage design, among other
suggestions, was recommended for improving cage stability. Two new bearing cages were tested, that
satisfied additional criteria based on recommended dry-film bearing cage clearances:

e (M. Balzer, P. Ward) Ball pocket clearance should be 20-30% larger than guiding land clearance

to ensure cage is land-piloted
e (Gibson, NASA/TP-2019-220549) Ball pocket clearance should be 2.5-3.5% of the ball diameter
e (NASA-SP-8048) Guiding land clearance should be at least 0.3% of the guiding land diameter

Figure 12: Comparison of new cage geometries vs original cage geometry (NES 7201-3001) taking into
account CTE and -180°C operating temperatures.

Figure 13: Images showing new bearings with HPS-2832 coating on raceways, and a custom PGM-HT
cage with a hole-slot-hole ball pocket configuration prior to assembly

These new cages were tested in test articles designated SN3C and SN1B. As before, both test articles also

encountered instability and aborted within the first ~25% of life, which does not represent a significant
improvement.
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Analysis — Patterns of Degradation

In the dry-film bearing tests, a consistent

failure pattern emerged, typlca”y Test Rig 1 Speed, Torque, and Temperatures
beginning with gradual degradation in 16000 - 2024.03.17_1733 - SN18 Block 2.2

torque and current telemetry. This was 150001
followed by intermittent "high-drag" 13000 —
upsets or torque anomalies that increased -
in frequency. Eventually, the bearings < 10000 -
experienced persistent, irrecoverable
cage instability. The initial degradation in
performance may stem from raceway
lubricant depletion, as bearings tend to
run smoothly for the first ~1.5 million
revolutions regardless of cage design or
material. Subsequently, there may be a 1000
period Of Steady state Operation before 1600 1620 1640 1660 T.1680 1700\720 1740 1760
sudden torque anomalies occur. et mefeed

Current

= = =~ Torquet (Avg) Rapid increase in (>0.5 in-ozf)
Torque1 (Bounds)

SN2A's successful test did not exhibit Rapid drop in speed (>1000 rpm)

Speed [RPM
Torque [in-ozf] / Current [A]

increases in torque after initial run-in or
sudden torque anomalies. However, the Figure 14: Example of a torque anomaly for Test Article SN1B. Note the

appearance Of high-torque anoma”es énCI’EtCISE/IIn ::rqbue, (.16(,‘[’80..5”6 n speted, anc.7/ ;ncr;ase;;'cotr;,')'penst'ztory.a;r're;it;j
. . . . ventua e pearings will operate persisten witnin this regime, indicate
typically indicates that persistent, 4 g p p y gime,

irrecoverable instability will arise within generally by high current, speed v
the next 1 million cycles (<2 hr)

Figure 15: Telemetry for Test Article SN3C comparing (Left) flat, steady torques, currents, and speed at
the beginning of life, vs (Right) doubling of current, drag torque, and speed variations around +1000 rpm
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Figure 16: Torque, Speed, and Current telemetry for Test Article SN4A, showing progressive degradation
from (Top) the first 10% of the life test, to (Bottom) the second 10% of the life test, which was aborted
prior to completion.

Conclusions and Future Work

Common issues for bearing cages in unidirectional motion include cage hang-up and cage instability!!.
Hang-ups are characterized by high torque throughout bearing rotation, rough running, excessive
temperature rise, and rapid cage failure. Hang-ups can occur due to ball speed variation*, which is caused
by misalignment, ball size variation, and forces that keep balls in contact with the raceway, preventing them
from moving freely such as thrust loads or high-speed centrifugal loads.

Cage instability, on the other hand, involves excessive motion of the cage leading to damaging collisions
with other components in the bearing system*. Symptoms include increased friction torque, temperature,
and noise from high frequency excitation of the cage. However, unlike cage windup, instability usually gets
worse as the cage wears.

While the design contains risk factors for both issues, the bearings seem to exhibit symptoms of instability,
because the bearings become progressively worse over time, accelerometer measurements indicate high
frequency content at frequencies >2000 Hz and audible noises consistent with instability have been
observed.

The failures from testing previously successful bearing configurations suggests sensitivity to the design of
the test article. Cage designs with near zero stability margin will be highly sensitive to any change.
Furthermore, the similarity of the failure patterns between different cage designs and configurations may
indicate a common flaw between test articles, agnostic of the bearings being tested. Prior to additional
testing, two possible areas to address are identified:

* Balzer, Mark, Mar 2024
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Cage guidance: All cages were outer race guided, which had a relieved land, instead of guided
using a non-relieved land. Per Munro[1], “the ultimate decision on the running land is based on
which race is relieved,” and it would make sense to test inner-race guidance, which provides a
symmetric piloting surface for the cage.

Cage clearances: the DFL bearing’s lubricant consumption at the ball-pocket interface must be
equal to the consumption at the ball-to-race interface, and this double-transfer equilibrium is difficult
to predict and balance$. The successful cage design could have been borderline sufficient, but
subsequent cage designs, which all had larger ball pocket clearances, could have been inadequate.

Future iterations could also consider other potential changes:

Lower raceway conformity (e.g., 57% instead of 52%), which generates a smaller contact patch,
less sliding friction, and a decrease in overall drag and rate of lubricant consumption!?

0 Lower conformity may also improve tolerance to dry-lubricant debris buildup
The test article’s “aft” bearing interface, which was not clamped inside the “sliding carriage”,
seemed to degrade more quickly than the forward bearing and may be worth revisiting.

Lessons Learned

1. Dry-lubricated bearings can be highly sensitive to tolerances, as evidenced by the fact that only one of
three “identical” test configurations successfully passed.

2. The ball retainer in a DFL bearing is critical, and because dry cage instability is difficult to predict
analytically or root cause, determining optimal cage design can be iterative. Be prepared with several
different cage designs and/or materials, which enable quick iteration.

3. Raceway coating is not as important as cage geometry/material.

a. Thin MoS: coatings applied to bearing races and/or balls wear away quickly and are not
necessary for DFL bearings using a self-lubricating cage, but coatings can provide lower run-in
friction while ball pocket contact patches wear-in on the cagel“.
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