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Chapter 1. Introduction

The general problem for the lubrication of space systems is the lack of oxygen. The space vacuum
environment challenges the lubrication of frictional contacts in low speed space mechanisms like solar
array drives, slip ring units, payload steering mechanisms for long duration of 30 years, whereas the
rocket-engine cryogenic turbopumps challenge the operation of bearings at high-speeds and in direct
contact with cryogenic fluids (like liquid oxygen and liguid hydrogen).

Mechanism anomalies continue to occur and to be a cause of catastrophic mission failures. Several
factors cause problems for space system mechanisms. The space environment produces wide
temperature ranges, thermal gradients, and rapid changes in temperature, which can bind the moving
parts of mechanisms. The need to improve space mechanism reliability is underscored by a long history
of flight failures and anomalies caused by malfunctioning mechanisms on spacecraft and launch
vehicles.

The lubrication options for space applications are very much limited mainly due to hard vacuum and
extreme temperature conditions of inherent space environment. Different methods are adopted
appropriately to lubricate the moving parts (rolling-element bearings, gears, seals, latches, bushings)
either with liquid, grease or solid. For example, the high-speed turbopumps like those used in the Space
Shuttle Main Engine (SSME) operate with the cryogen passing directly through the bearings. Oils and
greases solidify at this temperature; therefore the only viable alternative is solid lubrication. Currently
the low-speed spacecraft mechanisms successfully use ion plated Pb as the solid lubricant coating for
the bearings and gears. It is noticed that different kinds of solid lubricant coatings are prevailing in
various rocket engines of international space programs. The challenges for future space systems seems
to be very high since missions are being planned that will require mechanisms to last for longer periods
of time. For example, the design life of the International Space Station (ISS) is 30 years. In addition to
Earth-orbiting spacecraft, lunar and planetary missions are being planned that will require systems
capable of operating over wide temperature ranges, in a low-Oxygen atmosphere and in a dusty,

corrosive environment on the planet Mars.



For meeting the above challenging tribological requirements a new high-current ion plated Pb
coating has been developed. In order to improve the friction and wear properties of the conventional ion
plated Pb coating on steel; the coating interlayer thickness has been improved, by processing the ion
plating deposition at higher substrate voltage and current conditions. The effect of interlayer thickness
on the endurance life, the friction and wear of ion plated Pb coatings were studied. For the experimental
evaluation of friction and wear of the coatings at high speeds in liquid nitrogen, a ball-on-disk
cryo-tribometer has been developed. The tribological evaluation of the new high-current ion plated Pb
coating has been carried out with (1) the low-speed sliding test in ultra high vacuum ball-on-disk
tribometer, (2) the low-speed rolling-sliding test in gaseous nitrogen, (3) the high-speed sliding test as
well as (4) the rolling-sliding tests in liquid nitrogen. The lubrication and wear mechanism of the

high-current ion plated Pb coating has also been studied.

Chapter 2. Development of high-speed ball-on-disk cryo-tribometer

A high-speed ball-on-disk type cryotribometer has been designed to study friction and wear
characteristics in sliding contacts under cryogenic fluid conditions at very high sliding speeds (0.50 to
45m/s). Also provision has been made for the rolling-sliding testing of a ball bearing under cryo-fluid
immersed condition at a maximum speed of 36000 rpm. The cryogenic media used is liquid nitrogen.
The unique feature of this tribometer is in regard to the flexible drive shaft arrangement, which enables
to eliminate the vibration and shock from the drive motor transmitted to the friction force

measurement.

Chapter 3. Friction and wear of solid lubricant coatings on steel at high-speed in liquid nitrogen.

In order to evaluate and compare the friction and wear properties of the five different solid
lubricant coating on SUS440C steel (high-current ion plated Pb, ion plated Au, Ion plated Ag,
RF-Sputtered PTFE and sputter ion plated MoS2Ti coatings on SUS440C steel against SUS440C steel
ball in liquid nitrogen immersed conditions, number of tests at high sliding speeds and normal load
conditions were conducted. The friction coefficient versus number of cycles of the above five different
solid lubricant coatings on SUS440C steel disk against SUS440C steel balls in liquid nitrogen immersed
condition shows that the friction coefficient of high-current ion plated Pb coating is comparable with
that of ion plated gold and ion plated silver coatings. Also it was understood that there was no
significant variation of friction coefficient of these solid lubricants with respect to different sliding
speeds of V=0.67 to V=1.67m/s.

Chapter 4. Friction and wear of ion plated Pb coatings on steels at low speed in ultra high vacuum
The friction, wear and endurance life properties of both types of (Type-1 =conventional and Type-2

=high-current) ion plated Pb coatings on SUS440C and SUS17-4Ph steels are studied for the low-speed
sliding test in ultra high vacuum ball-on-disk tribometer. As per Fig.1 of the accelerated life test of ion
plated Pb coatings in ultra high vacuum, the high-current ion plated Pb coating on SUS440C steel has

shown a increase in coating life of 240% of that of the conventional.
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Fig. 1 Accelerated life test of ion plated Pb coatings on SUS440C steel in UHY

The comparison of interlayer thickness, friction coefficient, wear and endurance life of ion plated Pb
coatings on SUS440C and SUS17-4PH steels in ultra high vacuum shows that due to thicker interlayer
thickness of the high-current ion plated Pb coating its friction, wear and endurance life have improved

in comparison with that of the conventional ion plated Pb coating.

Chapter 5. Tribological performance of ion plated Pb coating on steel ball bearing at high-speed in
liquid nitrogen

In order to assess the suitability of the high-current ion plated Pb coating for cryogenic applications
in particular to cryo-turbopumps of liquid rocket engines, the performance evaluation of the typical
rocket engine bearings (coated with the high-current ion plated Pb coating) in liquid nitrogen at 36,000
rpm has been carried out. It is observed that as in Fig.2, the friction coefficient of rolling sliding of

high-current ion plated Pb coating is 50% less than that of the self-mated condition.

Chapter 6. Tribological performance of ion plated Pb coatings on steel ball bearing at low-speed in

gaseous nitrogen
In order to assess the suitability of the high-current ion plated Pb coating for long duration

applications in particular to low-speed mechanisms (like solar array drives) for 30 years of operation in
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space station, the performance evaluation of the typical bearings (of SUS440C steel) with ion plated Pb
coatings in gaseous nitrogen at 1 rpm has been carried out. It is observed that as in Fig.3, the friction
coefficient of rolling sliding of high-current ion plated Pb coating is 40% less than that of the

conventional ion plated Pb coating with low value of poning=0.0015 at the end of life test.
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Fig. 2 Tribologicagl performance of STUSH40C steel ball bearing without any coating at 36,000 rpm in liquid nitrogen

Chapter 7. Lubrication and wear mechanism of ion plated Pb coating

The improvement of friction, wear and endurance life properties of high-current ion plated Pb
coating on steel is found to be due to the thicker interlayer thickness formation compared to that of the
conventional ion plated Pb coating on steel. The wear scar of the high-current ion plated Pb coating on

SUS440C and SUS17-4PH steels subjected to accelerated life-tests in ultra high vacuum showed the

presence of Pb particles even after the end of life cycles.
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Fig 3 Accelerated life test of SUSI40C ball bearing with ion plated coatings in nitrogen gas

The wear of high-current ion plated Pb coating on SUS440C steel at high rolling sliding speed in
liquid nitrogen showed absence of severe wear marks in comparison with the bearing without any
coating. The micrographs of worn tracks of inner ring of bearing with high-current ion plated Pb coating
- (after 6.6x105cycles) showed presence of Pb coating with uniform mild wear.

The ball wear scar with the high-current ion plated Pb coating on steel at high sliding speed in
liquid nitrogen showed particles of Pb adhered to it. This confirms the presence of transfer film

lubrication mechanism with this new high-current ion plated Pb coating.

Chapter 8. Conclusion
The above experimental results confirms that the newly developed high-current ion plated Pb coating

on steel is a promising candidate for use in low-speed space mechanisms and rocket engine

cryo-turbopumps.
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