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Resolution for Fretting Wear Contamination on Cryogenic Mechanism 
 

Charles S. Clark*   
 

Abstract 
 
The Near infrared camera (NIRCam) instrument for NASA is one of four science instruments to be 
installed into the Integrated Science Instrument Module of the James Webb Space Telescope (JWST) 
which is intended to conduct scientific observations over a five year mission. The NIRCam instrument 
incorporates multiple mechanisms that perform specific tasks as part of the observatory ground testing, 
instrument commissioning, and on-orbit science and diagnostics—all of which must operate between 293 
and 37 K and be tested to typical launch and space environment standards. 
 
Two of these mechanisms, the pupil imaging lens assembly (PIL) and filter wheel assembly (FWA), use 
common bearing mounts designed for operation at ambient and cryo temperatures. Modifications to the 
existing bearing mounts were developed to address fretting damage and associated contamination 
between the bearing race inner diameter and fixed shaft interface. Comparative proto-flight level vibration 
testing of four (4) new design configurations was performed alongside a control configuration similar to 
the original design. To ensure the trial tests simulate worst case environments, the setup went through 
the equivalent of five 3-axis vibration tests, one single cryo cycle, and a post cryo-cycle vibe test. The 
final vibe test was run in a 5% relative humidity environment as requested by the customer to reflect latest 
thinking of the actual JWST launch environment. This paper presents details of the investigation, re-
design trades, and trial testing that demonstrated that a titanium shaft with a diamond-like-coating along 
with a Nitronic-60 sleeve was the preferred configuration of the bearing mount design for both the FWA 
and PIL units. 
 

Introduction 
 

The near infrared camera (NIRCam) is one of five instruments aboard the James Webb Space Telescope 
(JWST) observatory which will be conducting deep space scientific observations from the second 
Lagrangian point of the Sun-Earth orbit at a passively cooled temperature of 37 K. The NIRCam 
instrument will process the light from the JWST 6.5-meter primary mirror at wavelengths of 0.6 to 5.0 
microns. The NIRCam instrument is designed with two optical benches constructed of beryllium that are 
mirror copies of each other as shown in Figure 1. Each of the two NIRCam optical benches is configured 
with optical elements that divide the science beam into a shortwave and longwave path. The filter wheel 
assembly (FWA) and the pupil imaging lens assembly (PIL) are two different types of mechanisms being 
developed for the NIRCam instrument to support on-orbit calibration of the JWST observatory as well as 
conduct mission scientific observations. There are four FWA assemblies and two PIL assemblies installed 
on the NIRCam instrument, with two FWAs and one PIL located on each optical bench. As shown in 
Figure 1, one FWA is installed on the longwave path, and one FWA and one PIL are on the shortwave 
path. 
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Figure 1.  The locations of two filter wheel assemblies and the one pupil imaging lens assembly 

are shown on the module A (top) beryllium optical bench. Stray light shrouds appear transparent 
in the figure to show the PIL located within. 

 
The FWA is designed to insert specific optical elements into the NIRCam optical beam. Each FWA unit 
consists of two independently driven wheels that each hold 12 optical elements and is required to insert 
each optic element into a target position with a repeatability of ±75 microns. Each FWA unit is configured 
with primary mirror wave-front sensing elements, optical calibration sources, and numerous optical filters 
dependent upon which longwave or shortwave path the FWA resides.  An illustration of the FWA is shown 
in Figure 2. The primary function of the PIL assembly is to deploy a set of optics into the beam path. Once 
inserted, the NIRCam instrument focus is changed to image the 18-segment, 6.5-meter diameter, primary 
mirror instead of deep space. To achieve this function, the PIL must deploy its optics into the specified 
point in the beam path with a repeatability of 0.016 degree. The PIL assembly is shown in ).  Figure 3. 
 

        
Figure 2. The filter wheel assembly (FWA).  Figure 3. The pupil imaging lens assembly (PIL). 
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The FWA and PIL, along with all NIRCam components, are designed to support many demanding 
requirements. The units must operate after being subjected to the stresses of launch loads and in the 
vacuum of space. These units are also required to have a minimum first mode frequency of 100 Hz, 
operate with a maximum power input of 0.6 mW, and all actuators must have appropriate torque margins. 
While these requirements are not unusual for space flight mechanisms, both the FWA and PIL 
mechanisms are required to operate at 37 K to allow imaging at the near infrared spectrum. Furthermore, 
the FWA and PIL are not allowed to generate debris larger than 300 microns over their lifespan to ensure 
minimal image degradation through contamination. The PIL was given a unique requirement that 
specified the mechanism shall include a fail-safe system that, given a set of reasonable failure conditions 
while in the deployed state, the PIL optic would be able remove itself from blocking the science beam. 
Previous papers [1], [2], and [3], are available for more information about the FWA and PIL mechanism 
mission requirements and original design. 
 
The FWA and PIL are both rotating mechanisms that share common motor and bearing mount designs. 
The bearing and related bearing mount design ensures low friction rotation at ambient and cryogenic 
temperatures. The original designs for both mechanisms integrated a fixed titanium shaft, 440C cryo and 
space-rated bearings, and 455 CRES rotors. Due to different materials and the large operational 
temperature excursion, a flex bearing mount was chosen as illustrated in Figure 4. For operation at 
cryogenic temperatures, a Teflon film bearing lubrication is employed through a transfer process from a 
Teflon and fiberglass composite ball-bearing cage to the balls and races of the bearing. With the back-to-
back bearing configuration, the bearing preload is set by clamping the inner race of the bearing. This 
bearing preload is critical to ensuring smooth running, low-friction rotation. Selecting a spring with a 
spring-force just higher than the bearing pre-load, and applying the spring force through a close tolerance 
slip-fit bearing sleeve, one ensures the bearings have constant pre-load but allows for slight changes 
from differential coefficients of thermal expansion and possible Teflon lubrication buildup. 
 
While this design works well in quiescent environments, the forces induced during launch would exceed 
the capability of the spring system alone. Two features were added to the flex mount design to achieve 
the needed stiffness through launch. First, a hard-stop was added to the sleeve that only allows  
75 microns of slip. The second feature is a cryo-release tube that effectively locks out the spring during 
the ambient launch temperatures but shrinks away at cryo temperatures, allowing the spring to pre-load 
the bearing. Through prototype and qualification testing, this design was proven to meet two-time-life 
testing with the required low friction rotation. 

 

 
Figure 4.  The spring clamped bearing mount design for the pupil imaging lens assembly (PIL). 
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Finding the Problem 
 
Testing of the FWA prototype, and the FWA and PIL qualification units successfully demonstrated all 
performance requirements, but a planned disassembly of the PIL revealed an unforeseen problem in the 
bearing mount. The PIL qualification unit was fully assembled and performance tested at ambient 
temperatures and then subsequently subjected to proto-flight random and sinusoidal vibration testing. 
Because of the unique optic configuration of the PIL, the first vibration test of the system was performed 
with a surrogate PIL optic installed. After successfully completing this initial vibration test, the PIL was 
partially disassembled to swap out the surrogate optic with the actual optic. At this point, contamination 
was found at the base of the PIL shaft as shown in Figure 5. 
 

    
Figure 5.  Contamination found in the PIL qualification unit after vibration testing, and a diagram 

of the PIL bearing mount illustrating the suspected contamination path. 
 

Investigation into the powdery contamination found in the PIL qualification unit initially focused on the 
bearing sleeve which showed evidence that the some of the anodic coating was worn away, but the 
investigation was quickly expanded to look at the entire bearing assembly. Magnified optical inspection 
and scanning electron microscope (SEM) analysis of the sleeve showed evidence of wear with debris in 
the form of conglomerate particles. This type of conglomerate particle debris which is made up of many 
sub-micron sized particles is characteristic of fretting wear1. The wear debris found on the sleeve 
contained mostly titanium from the shaft and sleeve base material as well as silicon and oxygen from the 
anodic coating. However, it seemed unlikely that all the debris could come from the wear areas between 
the sleeve and shaft. Analysis of debris from other areas at the base of the PIL shaft showed the same 
conglomerate particles, but these particles consisted of titanium and iron, but did not contain silicon and 
oxygen. The iron was most likely from wear of the bearing. Titanium is a fretting-wear sensitive material, 
and it became clear that the microscopic motion of the flexure bearing mount during vibration testing 
resulted in the wear-generated particulate contamination seen on the PIL qualification unit. Since a similar 
bearing mount was used in the FWA design, the FWA qualification unit was disassembled to inspect for 
possible fretting wear. 
 
After disassembling the FWA qualification unit, it became evident that the assembly suffered from the 
same fretting wear issue. Much of the bearing-to-shaft interface surfaces were covered with similar wear 

                                                 
1 Fretting wear is a type of adhesive wear that will occur when contacting surfaces are undergoing small, oscillatory, 
tangential displacements.  The relative sliding motion causes localized adhesion and disruption of the surface 
generating fine particulates which then oxide and become imbedded back into the surface causing further abrasion 
damage. 
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particulates as seen on the PIL design. However, nodular buildup of fretting wear particles had collected 
in relief areas of the design as shown in Figure 6. These 0.127-mm (0.005-inch) diameter nodules had 
the consistency of dry powder but would easily smear when touched or dissolve into a paste with 
isopropyl alcohol. The material composition, as determined from a scanning electron microscope 
analysis, was the same as what was seen in the PIL. Due to the stringent cleanliness requirement for 
these mechanisms and the optics that surrounded them on the NIRCam bench, this contamination from 
fretting wear of the flexure bearing mount was unacceptable. The next step was to resolve the issue.  
 

 
Figure 6.  Similar fretting wear found in FWA qualification unit bearing shaft. The 0.127-mm  

(0.005-inch) nodules collected from the bearing relief consisted of nanometer-sized particles of 
titanium from the shaft and iron from the bearing and had the consistency of dry powder that 

smeared when touched. 
 

 

Fretting Wear Resolution Trade Studies 
 

The fretting wear contamination was clearly unacceptable, but what course of action could be taken that 
would ensure no contamination of the nearby optics, no performance degradation of the different 
functionalities of the FWA and PIL mechanisms, and not result in significant delays to the program? The 
team considered a number of possible solutions including using a conventional hard-clamp bearing 
mount, trying to contain the contamination, fabricating the shaft from a less fret-wear sensitive material, 
adding different wear resistant coatings to the shaft, as well as combinations of these ideas. The team 
was uncomfortable with a hard-clamped bearing design for two main reasons. First, the team was already 
considering changing the material of the bearing flexure clamp. Secondly, the test history of the current 
design had met all other performance requirements, and a hard-clamped bearing mount design would 
likely require a new set of qualification testing. Therefore, the design team focused on changes to 
materials and coatings and possible containment. 
 
There is a wealth of knowledge related to wear-resistance coatings and materials for many industrial 
applications as well as many aerospace applications. However, the knowledge base dwindles significantly 
for wear-resistant materials and coatings for applications at cryogenic temperatures that must operate in 
a vacuum and also survive launch vibrations in a dry air environment. By investigating known heritage 
materials and coatings used for near-ambient temperature space applications and more recent coating 
technology innovations that show promise, a selection of four candidate solutions where chosen. It was 
clear that test data at cryogenic temperatures for the selection was all but non-existent, and even the 
ambient test data did not provide wear performance related to the FWA and PIL fretting wear issue. The 
team quickly determined that a test was the best method to discern the best solution for the problem. 
 

  



404 

Down Selection Testing for Best Fretting Wear Performance 
 

The team devised a test for the worst case design configuration; the design that induced the most stress 
on the bearings. The FWA bearing design supported the higher mass spread out over large wheels and 
required the most stiffness to keep the dynamic deflections to a minimum. It was impractical, however, to 
build four filter wheel assemblies. Therefore, the team developed a surrogate design that would replicate 
the FWA bearing mount design to the exact dimensions and tolerances. The FWA design consisted of 
two independently driven optic wheel assemblies mounted on a common fixed shaft. Each optic wheel 
assembly was configured with the same flexible bearing mount and incorporated the same duplex bearing 
pair as used on the PIL, but with a thicker set of bearing spacers as seen in Figure 7. 

 
Figure 7.  FWA dual wheel bearing and motor mount configuration on solid titanium shaft. 

 

The test configuration replicated only half of the FWA design and included a surrogate wheel of the same 
mass that induced the same bearing forces and moment of inertia. The test configuration also replicated 
many of the other parts to exact dimensions and tolerances. The difference of each of the four test 
configurations was the unique change that presented possible solution to the fretting wear issue. Because 
the hardened 440C steel of the bearing was already very resistant to fretting, no changes to the bearings 
were incorporated. The test configurations focused only on changes to the titanium shaft and anodic 
coated titanium bearing sleeve. Three coatings and two material changes were chosen as candidate 
solutions for the test. 
 
The coatings were chosen for their wear resistance and adherence properties on titanium down to 
cryogenic temperatures. The coatings selected were titanium-nitride (TiN), ion-plated gold (Au), and an 
amorphous carbon-based tungsten-carbon/carbide (WCC). The Au and TiN coatings have been used 
successfully as wear-resistance coatings at near ambient aerospace applications and have demonstrated 
good adherence to titanium. Despite having no direct aerospace heritage, the excellent wear and 
adherence data demonstrated by the WCC coating warranted a spot on the candidate list. 
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The design team was very hesitant to change materials due to the differential CTE issues, but the wear 
resistant properties of Nitronic-602 and MP35N3 were hard to ignore. A previous aerospace application 
demonstrated the wear characteristics of an MP35N shaft and a Nitronic-60 sleeve, and the FWA solid 
shaft design could benefit from the higher strength of the MP35N. So for the fret wear test configuration, 
all sleeves were to be made of Nitronic-60, and one shaft was to be made from MP35N. However, 
because of the differential CTE issue, and the lack of direct CTE measurements of this material down to 
35 K, samples of each of these materials were tested with the results shown in Figure 8.   

 
Figure 8.  Measurements of thermal expansion down to 35 K for both Nitronic-60 and MP35N.  The 

dL/L of Nitronic-60 at 35 K is 0.28% and 0.21% for MP35N. 
 

Although each unique candidate solution was representative of the original design, the team judged that 
there were enough differences in the test that a control configuration was needed. Therefore, a fifth 
configuration was added to include the original, un-coated titanium shaft and anodic coated sleeve. After 
completing the assembly of each of the configurations, each was mounted onto a common vibration block 
that was to be used to subject all units to the required three-axis vibration test. A thorough analysis of the 
five-wheel test block, as shown in Figure 9, was performed to confirm block input values would induce 
representative loads into the system. 

 

  
Figure 9.  Diagram of test configuration and picture of the five test configurations mounted to a 

vibration block and sealed for contamination prevention. 
 

                                                 
2 Nitronic-60 is an austenitic stainless steel alloy known for its wear and galling resistance and is used in many high 
temperature and corrosion resistant applications. 
3 MP35N is a nickel, cobalt, chromium, and molybdenum, allow which has a inherent high strength, 
outstanding corrosion resistance, and excellent cryogenic properties. 
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In preparation for testing the candidate solutions, the team recognized that the fret wear contamination 
was observed after only one 3-axis vibration test, but the FWA and PIL flight units will undergo four 
vibration tests during ground preparations and then launch. Additionally, the flight units will be subjected 
to a number of cryogenic test cycles in between the various vibration tests. Furthermore, the JWST 
review team volunteered that the launch capsule may be purged with dry nitrogen through ascent, and it 
is documented that WCC coating friction levels increase and TiN coatings friction levels decreases in low 
humidity environments. With all these factors in mind, the team developed a test plan that would subject 
the candidate solutions to all representative atmospheric and vibration conditions and be subsequently 
dis-assembled to determine which configuration produced minimum fretting wear contamination. 
 

Test Results 
 
The test configuration was subjected to the equivalent of five 3-axis vibration tests, a cryo test, and one 
final vibration test with all units purged to less than 5% relative humidity. The data review from the set of 
five 3-axis vibration tests yielded no anomalies with first mode frequencies at 200 Hz, maximums of a little 
over 30 Gs rms, and only small variations from predictions. Additionally, signature run comparisons 
throughout the test showed modest variations in amplitude and no changes in frequency. The tests were 
deemed successful, and before progressing to the cryo testing, the assemblies were disassembled for 
inspection of the bearing mounts. 
 
The control configuration with a titanium shaft and anodic coated titanium sleeve showed similar fretting 
wear debris as before, shown in Figure 10. The ion-gold coated titanium shaft with Nitronic-60 sleeve also 
fared poorly due to apparent coating failure and fretting wear debris as shown in Figure 11. The TiN 
coated titanium shaft showed improved fret wear performance, but a nominal amount of fret wear debris 
was still found on this configuration as shown in Figure 12. The WCC-coated titanium shaft, however, 
showed no indication of coating wear, and very little fret wear debris as shown in Figure 13. Finally, the 
MP35N shaft showed very small amounts of wear and little wear debris. After initial inspection, the WCC-
coated titanium shaft showed the best performance. 

 

  
Figure 10. Scanning electron microscope (SEM) analysis of the titanium shaft and anodic-coated 

titanium sleeve.  Titanium and iron debris (1 & 2), and conglomeration of fine particles are 
characteristic of the fret wear seen before on original design. 
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Figure 11. SEM analysis of ion-plated gold titanium shaft and Nitronic-60 sleeve.  The photo 

shows the titanium shaft with gold coating failure.  The SEM micrographs showing bare Ti surface 
(1), iron debris (2), and ion gold plating and Ti debris (3). 

 
 

 

 
Figure 12.  Photo and SEM analysis of TiN-coated titanium shaft and Nitronic-60 sleeve.  The TiN-
coated titanium shaft showed only small amounts of wear.  The SEM analysis indicates iron, Ti, 

and TiN debris (1 & 2), and TiN plating on the shaft bearing seat (3).  The small particulates 
observed on the shaft consisted of conglomerates of sub-micron sized iron and TiN particles 

typical of fret wear.  The last micrograph shows an example of the numerous voids and 
protrusions prevalent in TiN coatings. 
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Figure 13. SEM analysis of the WCC-coated shaft and Nitronic-60 sleeve.  The WCC-coated 

titanium shaft showed no wear marks on the shaft surface.  Only small amounts of tungsten and 
iron debris were found on the shaft bearing seat. 

 

  
Figure 14. SEM analysis of the MP35N shaft and Nitronic-60 sleeve.  The MP35N shaft surface 
showed wear only at the microscopic level, and very little wear debris.  The debris consisted 

predominately of iron with some cobalt alloy constituents. 
 
The next test was to subject the different shafts to cryogenic temperatures. Of the four initial candidate 
shafts, only three were placed in a cryogenic chamber and brought down to 35 K at a maximum of 40 K 
per hour as shown in Figure 15. The ion-plated gold shaft was not advanced due to poor performance. 
After returning them to ambient conditions, the shafts were reviewed under visual magnification as well as 
SEM analysis. The results of the inspection after cryo yielded no adhesion anomalies, and the shafts 
were re-installed into their respective surrogate FWA configuration for the last vibration test. 
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Figure 15. Cryogenic test fixture with candidate shafts mounted to cold head (shrouds removed).  

The gold shaft was replaced with a spare titanium shaft for temperature instrumentation. 
 
The last test for the candidate configurations was a shortened version of the previous three-axis vibration 
test but in dry air. During this vibration test, the assemblies were only subjected to one random and one 
sine vibration test per axis. However, these vibration tests required that each configuration be plumbed to 
dry air to ensure the tests were conducted in less than 5% RH dry air. This was stipulated by the 
customer to address the possibility that the JWST observatory would be launched in dry air conditions 
combined with the fact that the friction coefficient of WCC coatings increases in dry environments. As 
shown in Figure 16, each configuration was plumbed with independently controlled dry air input and 
monitored with independent humidity meters. As a side note, the MP35N configuration was eliminated 
from the test due to the higher density (i.e., weight) of this material. After this vibration test was 
completed, the units were disassembled and inspected. 
 

 
Figure 16.  Second vibration test of the TiN-coated, WCC-coated, and bare (control) titanium shaft 

configurations.  Note the dry air input as well as the humidity meters for each configuration. 
 
 

Conclusion 
 
After finding contamination in the bearing mounts of the FWA and PIL assemblies through testing, the 
team was able to identify the root cause and modify the design to resolve the issue. Fretting wear 
between the titanium shaft and bearings and sleeve was found to be the source of the contamination. The 
team selected a set of candidate designs that could be implemented to minimize the fretting issue after 
conducting a study of possible remedies. Due to limited cryogenic data on the candidate solutions, a 
series of random vibration tests on a simulated wheel assembly were run to verify the improved fretting 
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wear performance at 35 K. The original configuration was included in the tests for a control comparison. A 
clear winner was found in the WCC-coated titanium shaft with Nitronic-60 sleeve and original 440C 
bearings, as shown in Figure 17. The cobalt alloy (MP35N) configuration also showed little wear and only 
small amounts of debris, but it did not perform as well as the WCC-coated shaft. It also had the 
disadvantage of a differential CTE and higher density. The titanium-nitride coated titanium shaft showed 
more wear than the WCC-coated shaft and more debris was observed with this configuration. The micro-
pits and protrusions were also a detractor for this configuration. Lastly, the ion-plated gold configuration 
showed the poorest performance with significant adhesion problems and large amounts of wear debris. 
The hard WCC-coating proved to be the best solution to minimize the risk of wear contamination for this 
application. 
 

 
Figure 17.  Four candidate configurations showing relative fret wear performance.  The WCC-

coated titanium shaft demonstrated the least susceptibility to fretting wear. 
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