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Abstract

Microscope inspections are a very valuable tool for identifying features of a mechanism component that do
not meet drawing specifications or have damage due to rough handling, high intensity ultrasonic cleaning
and a host of other damaging actions. Many examples of the benefits of microscope inspections will be
provided in this paper.

Introduction

The world would be a far better place if each mechanism component manufactured conformed to all drawing
specifications. Common drawing notes such as “remove burrs and sharp edges” are frequently overlooked
and can cause a host of issues in mechanism assembly, testing and operation. All too often mechanism
components that have passed either a vendor or onsite machine shop Quality Assurance (QA) and a
mechanical inspection dimensional characterization, are found to have burrs and other defects visible to
the naked eye and clearly visible under magnification. JPL's Laboratory for Applied Tribology (LAT)
processes many mechanical components that are slated for wet and dry film lubricant application alike.
Common process techniques include inspection under magnification, degaussing, cleaning, lubricant
application, and a final inspection prior to releasing the component for use. Throughout the years, it has
become clear that one of the most powerful tools at our disposal is the visual inspection under magnification.
In this paper, common mechanism components will be viewed under magnification to highlight some of the
most prevalent issues found. Each example will give an overview of the component and its function and
stress the benefits of visual inspection under magnification.

Threads

Roughly 80% of the parts that come through the LAT have at least 1 burr on them. It became so prevalent
that a deburring vendor was vetted and brought online to help with a series of mechanism components.
Figure 1 shows the backside of a set of threads where it appears that the machinist tried to debur the holes
but managed to leave large hanging burrs anyway. Proper deburring was performed, and the part was
released for use.

Figure 1 — Burrs on the backside of a threaded feature

* Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA

Proceedings of the 47" Aerospace Mechanisms Symposium, NASA Langley Research Center, May 15-17, 2024

121



Threads come in all shapes and sizes but can have similar problems in their fabrication. Figure 2 highlights
this by showing the first partial thread on an ACME lead screw. This thin, ribbon-like, partial thread has
been damaged and needs to be removed and blended prior to assembly. If a technician tried to assemble
the lead nut onto this lead screw without realizing that the resistance in the threading operation was due to
a damaged thread the lead nut could have been damaged during assembly and tested in a damaged state.

Figure 2 — Damaged thread on ACME lead screw.

Another ACME thread example is shown in Figure 3 where handling issues were observed on a significant
number of threads on the major diameter of a lead screw. Constant volume deformation caused dents in
the major diameter to become raised surfaces on the flanks of the threads. The raised surface areas
increase stress of the contacting surfaces, increase the wear rate, and shed debris into the system starving
the grease of its oil.

Figure 3 - Major diameter dents and dings

The raised surfaces were filed down with a combination of ruby rods, whet stones and fine sandpaper until
the raised areas were not proud of the thread flank. A thorough microscope inspection allowed this issue to
be found and handling constraints were introduced throughout the fabrication and shipping process to help
alleviate this type of damage.

122



Internal threads are highly susceptible to fabrication issues and benefit greatly from visual inspection under
magnification. Internal threads should be examined visually along with using standard thread gauges and/or
other techniques to ensure a thread is formed that meets the referenced specification on the drawing. Figure
4 highlights an internal thread that has two sets of threads formed in a single hole. Using magnification, you
can plainly see there is one set of threads on the left of the image and another on the right. This thread was
hand-tapped and is most likely the result of shifting the axis of the tap slightly from entry to egress causing
the two-thread pattern.

Figure 4 — Dual thread pattern observed under magnification.

This hole passed a QA inspection using standard methods and was only caught as the component
progressed through the LAT, for wet lubricant application, using standard microscope inspection
procedures. This component was repaired using Heli-Coils and slated for limited-use. Internal thread issues
became so common at JPL that a training course was implemented to help Mechanical Inspection
personnel perform a visual inspection of threaded holes under magnification prior to characterizing the
thread itself using go/no-go gages.

Thread inspections can extend to the tap or tool that will form them as well. In the case of an ACME internal
thread a tap was purchased to generate the threads in an aluminum bronze nut. The tap was delivered to
the machinist who eventually tapped the threads into the nut. When the nut was assembled onto the lead
screw and tested, the wear rate was found to be significantly higher than expected and the system did not
reach its life expectancy. The lead nut and screw were brought to the LAT where a visual microscope
inspection was performed along with dimensional characterizations. During the inspection, lab personnel
asked to see the tap that cut the threads into the nut. Figure 5 left shows the tap as someone might look at
it with the naked eye while Figure 5 right is a magnified view of the trailing edges of the tap. It becomes
clear that burrs were formed on the trailing edges of the tap and never removed by the manufacturer. One
of these burrs came loose while tapping the nut and embedded itself into one of the thread flanks of the
lead nut.

When assembled onto the screw and tested, the embedded tap material scratched the lead screw over the
axial motion of the system as observed in Figure 6 left. The result was a specific wear rate in the abrasive
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regime, which significantly shortened life, caused adhesion of the nut material onto the screw, and
generated significant wear debris which starved the lubricant of oil as shown in Figure 6 right.

Figure 5 Left — ACME thread tap. Right — Red arrows pointing to burrs on trailing side of tap teeth.

Figure 6 Left — scratch in lead screw. Right — transferred nut materal.

Gears

Another class of components that benefit greatly from visual inspection are gears. Even though gears are
supposed to pass vendor visual inspections and a check against a master gear it should never be taken for
granted that a good gear has arrived at your facility. Figure 7 shows one tooth of a planetary gear that
arrived at the LAT for wet lubricant application. Following standard LAT procedures, every gear in the
gearbox underwent a visual microscope inspection prior to degaussing, cleaning, and lubrication. It was
apparent that all the gears in the assembly exhibited radial lines on the tooth faces and striations across
the tooth face as observed in Figure 7. Potential causes include hob radial and axial feed rates along with
issues like index, rake, flute lead, surface finish and edge preparation (a class AA finisher can end up a
class D rougher by utilizing poor sharpening practices).

When the face of the gear was characterized using the LAT’s Mitutoyo AVANT Formtracer it was found that
the maximum heights of the radial peaks were greater than 2.5 um as shown in Figure 8. The gears were
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in a very low life mechanism and were accepted “as is” but in a longer-life mechanism the gears could have
been life limiting.

Figure 7 — Radial lines observed on tooth face

Figure 8 — Dimensional characterization of radial lines observed on tooth face.
Planetary roller screws (PRS) have gears and threads and so fall into both thread and gear classes but are

highlighted here because the threads were formed very well while the gears were not. Figure 9 left shows
one roller from a planetary roller screw assembly where you can plainly see the large axial burrs running
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the length of the geared section of the shaft and ending with large burrs on the ends of the rollers as
observed in Figure 9 right.

Figure 9: Left — planetary roller screw roller with burrs. Right — assembled PRS showing burrs
on roller ends.

The PRS had burrs on the ring gears and every roller along with other issues not shown here. The problems
with the PRS were only caught because they were brought to the LAT for wet lubricant application and
could have been quite problematic if not caught by visual microscope inspection. This PRS passed the
vendor QA and would have been used “as-is” if a microscope inspection was not performed and the issues
not caught.

One last gear example is shown in Figure 10. Harmonic drive flex splines, manufactured from a bulk metallic
glass (BMG) and intended to be used in very cold temperatures, were brought to the LAT for inspection and
Dry Film Lube (DFL) application. Under magnification, it was immediately apparent that the BMG flex spline
tooth profiles were not manufactured with tooth profiles that represented the commercial-off-the-shelf
(COTS) flex spline. These simple magnified images were enough to show that the tooth profiles were not
a close match to the COTS tooth profile. Using the LAT’'s Mitutoyo AVANT Formtracer, the COTS tooth
profile was characterized, and the data was used to correct errors in the drawing of the BMG flex spline.

Figure 10 - Comparison between a COTS flex spline and a BMG v2.5 flex spline.
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Bushings (Plain Bearings)

Plain bearings come in many flavors ranging from metal-polymer, bi-metallic composite, bronze wrapped,
self-lubricating, injection molded, hydrodynamic and babbitted, spherical, and more. Figure 11 is an image
of a bronze-backed bushing that has a bonded porous sintered bronze interlayer impregnated with
Polytetrafluoroethylene (PTFE) containing a mixture of inorganic fillers and polymer fibers.

Figure 11: Left — bushing image prior to loose sinter removal. Right - loose sinter moved
upwards with pick.

During a microscope inspection, loose sintered material was observed along the split of the bushing with a
concentration of loose sintered material on the chamfers on either side of the bushing. This material was
easily liberated and has the potential to dislodge during assembly, testing or launch and end up causing
problems for the local operation of the shaft/bushing assembly or fall into other sensitive areas of the
mechanism. Microscope inspection, once again, caught problems with a component prior to assembly.

Spherical plain bearings (SPB) also benefit from a microscope inspection. Figure 12 shows a spherical
plain bearing that had a DFL outer ring and ball. During microscope inspection large metal burrs were
observed near the swage that retains the ball. The burrs had been coated with DFL suggesting that the
issue was not caught by the manufacturer prior to DFL application. This also suggests that the DFL vendor
did not inspect the SPBs prior to DFL application. The burrs were easily liberated using only a stainless-
steel pick with minimal force.

Figure 12: left — SPB as received. Center — magnified image of left. Right — burr easily liberated with
pick.

During the inspection of this lot of SPBs it was also found that several balls did not have the required DFL
applied. This could pose risk to mechanism function if not found during microscope inspection and removed
from use.

Rolling Element Bearings

Bearings come in all shapes and sizes but nonetheless need a microscope inspection to ensure they're
ready for mechanism integration. Figure 13 contains images of a harmonic drive (HD) wave generator
bearing. When looked at using the naked eye (top left and top center) the bearings look very good and no
one would question using one in their mechanism. When viewed under magnification (top right, and bottom
left and center), brinelling and corrosion (bottom right) of the balls and raceway grooves was observed.
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Figure 13: From top row from left to right — various stages of magnification. Bottom row from left to right —
different balls under various stages of magnification showing brinelling and corrosion.

Upon further investigation it was found that 60% of the balls had varying degrees of brinelling and corrosion
as shown in the bottom images of Figure 13. The balls had brinelling at 180-deg spacing while the race way
grooves exhibited brinelling on the order of ball spacing (every 15.7 deg) suggesting that the brinelling
occurred in one event, possibly during cleaning or handling of the bearing.

Figure 14 highlights a common issue found in an Oldham connector groove of a wave generator plug that
is easily observable under magnification.

Figure 14 — Burrs on the intersection of wave generator plug and inner ring of bearing.

The wave generator plug seems to have had a burr left on it prior to pressing the plug into the wave
generator bearing. When the plug was pressed into the bearing, this burr rolled over the edge of the plug
and remained in the Oldham connection groove. This was easily removed, and processing of the harmonic
drive assembly continued.

Figure 15 shows PTFE ball spacers that were damaged by the manufacturer during installation. Roughly
30% of the ball spacers were damaged during assembly and needed replacement. There were ball spacers
that would fall from their position in the bearing when the axis of the bearing was vertical and even slight
hand vibrations were induced. These defects were not visible to the naked eye and were only caught during
microscope inspection of the bearings. Ground support equipment was fabricated to facilitate installation of
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new spacers and the damaged spacers were replaced allowing the bearings to be used in a Flight
application.

Figure 15 — Damaged PTFE ball spacers in a rolling element bearing.

Ball Lock Mechanism

Ball lock mechanisms are quite common for quick disconnect couplers and a host of other uses. Figure 16
highlights two ball lock cavities that have burrs on the retaining end of the pocket. The ball locks have very
tight tolerances and burrs of this size can inhibit function. The surface the burr was generated from, and
the burr itself, were both nitrided in the state they’re currently in. This suggests that several inspections
were performed that missed the burrs entirely including the manufacturer and the mechanical inspection
department of the receiving institution. This once again highlights the advantages of diligent microscope
inspections.

Figure 16 — Ball lock pockets plagued by burrs.

Springs
Figure 17 has 4 images of a wave spring. Wave springs typically have sheared ends and have been formed

by imparting the wave profile to the spring material and forcing the material into the required diameter. The
sheared ends and the length of one side of the spring are known to shed burrs and should always be
checked under magnification prior to use. The LAT specifically degausses ferromagnetic materials prior to
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cleaning to ensure metallic particles are removed. Wave springs typically undergo a deburring step using
deburring tools, Scotch-Brite, and fine sandpaper to ensure the spring won'’t shed burrs into the mechanism.

Figure 17 — Wave spring with burrs on the sheared end and along the length of the spring.

Conclusions

Hopefully the advantages of microscope inspections are evident from the examples in this paper but there
are a few points that should be mentioned. Generally, a magnification level of 10x to 20x is sufficient to
bring to light potential issues a part might have. Magnification levels greater than this tend to highlight more
detail than necessary on any given component. The object of the microscope inspection is not to capture
every minute detail that might be wrong with a component. Instead, one would like to capture relevant
information that would affect mechanism functionality and correct it prior to integration.

The next caveat is that the person using the microscope needs to have enough experience to understand
what a part should look like and differentiate between what is acceptable and what isn’t. This means the
user should understand what the mechanism is tasked with as well as what other mechanisms are nearby.
The microscope should have a good camera system coupled with it to allow the user to image potential
issues for documentation and presentation to affected parties. It is important to have a trinocular microscope
that allows for both binocular viewing and monocular imaging which is very useful. The microscope should
allow for a wide range of parts to be held under the objective. This has limited the LAT to using only light
microscopes mounted on an adjustable boom that can swing off the table for viewing a wide range of sizes.
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There should be a computer and monitor near the microscope to quickly record images and share them in
real time with anyone interested in the part.

The system should have multiple light sources such as LED and incandescent. The LED light source should
have the ability to turn off sections of the light ring to minimize reflections when needed. A light box is
particularly useful to eliminate shadows during viewing and imaging (note the sealed border cleanroom
white wipers that are being used for this in Figure 18). An accessible PanaVise and V-blocks will facilitate
holding components for imaging. A Z-stacking feature embedded in the software allows for capturing
features at different heights in the same image while in focus. These are just some of the considerations
when purchasing a microscope for inspection purposes. Figure 18 shows one of the microscopes used in
the LAT for part inspections.

Figure 18 — One of the microscopes used in the LAT for component inspections.
This microscope assembly has served the LAT well for over 5 years and has reduced the risk of mechanism
anomalous performance and failures by identifying and correcting component issues before integration.
Take the time to set one up in your lab and then find someone who knows what to look for. The savings in
time and money from forming Tiger Teams alone will be worth it.
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