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ABSTRACT

striation marks (viewed at x10,000 magnification)
indicated a fatigue failure (Fig. 2). The small width of

This paper summarizes the investigation into a failed
wave spring washer, the resulting lessons learned, the
design trade-off studies and the resulting design
modifications, qualification and life test.
After a partial disassembly of a Moog antenna pointing
mechanism, a bearing preload wave spring washer was
found broken into three equal segments. A complete
failure investigation prompted an independent
laboratory investigation, finite element analysis, root
cause analysis and design of experiments. Results of
multiple tests concluded that said washers have a
limited life and would fail when exposed to longer than
one acceptance level vibration duration. Trade studies
concluded that a design retrofit using a compression
helical spring is the most optimum solution.

Figure 2, SEM photo 10,000 magnification

In conclusion the paper summarizes the results of the
full qualification and life testing of the modified design.

the marks suggested fatigue at relatively high
frequency. This would indicate failure during vibration.

1.

The wave washer spring was used to pre-load a small
ball bearing axially to 12N, in order to eliminate any
radial play. The bearing outer race is nested in the
motor rotor and the inner race is mounted on the output
shaft of the actuator by a beryllium copper sleeve.

INTRODUCTION

After a partial disassembly of a Moog antenna pointing
mechanism, a bearing preload wave spring washer was
found broken into three equal segments (Fig.1).

The wave springs from this lot have three sharp bends,
instead of a smooth wave (Fig. 3). The wave spring was
broken at these three locations (120 degrees apart).
Subsequent to the failure, a wave spring from this lot
was pressed with steel plates on an arbor press in an
attempt to recreate the failure.

Figure 1, Washer broken in three pieces
The actuator had seen acceptance level thermal vacuum
and random vibration exposures. Inspection of the
broken wave washer spring and the entire lot of washers
indicated creases at the wave crests on one side, rather
than smooth contours. The broken washer was sent to
an independent laboratory for investigation. Super fine

Figure 3, Wave spring washers with sharp bends

_____________________________________________________
Proc. ‘12th Euro. Space Mechanisms & Tribology Symp. (ESMATS)’, Liverpool, UK,
19–21 September 2007 (ESA SP-653, August 2007)

The wave spring washers were also cycled
approximately 200 times from free to pressed flat state.
The results indicated no failure at the end of these initial
tests. It was therefore concluded that the failure may
have been caused in high cyclic rather than a low cyclic
fatigue.
The wave spring washer vendor was contacted and
queried about the sharp bends. Samples of the wave
springs with sharp creases were sent for their
evaluation. The samples were compared with other lots
and new samples were sent for comparison (Fig. 4).
Visually those samples had less sharp bends than the lot
used in the actuator.

Figure 4, New Samples with smoother bends
The entire stock was inspected at random by the
materials and processes expert engineer under
magnification. No visible cracks were found. Thermal
cycling was performed on 8 samples per actuator
temperature profile. The wave spring samples were
loaded to nominal install height. The failure was not
duplicated.
Additional thermal cycling was performed with the
samples compressed to almost flat. The failure was not
duplicated.
2. SEM ANALYSIS
SEM analysis of two fracture surfaces revealed fatigue
striations indicating fatigue fracture. The fractures
originated at the ID in the sharp bend areas. The EDX
spectrum obtained from the fractured surface verified
that the chemical composition was similar to that
specified in AMS 5906A. A section of the fractured
sample and an unused spring were cross-sectioned and
prepared metallographically. The structure was what
would be expected from a cold rolled, fully hard
material. The grains were fully deformed and pancakelike.
Knoop micro-hardness tests were performed near the
fracture surface of the fractured part. The average
micro-harness number was determined to be about 540
KHN, which is about 49/50 HRC. Knoop microhardness tests were performed at the crimped area of the

unused sample. The average micro-harness number was
determined to be about 430 KHN, which is about 42/43
HRC. It was concluded that the sharp bends in the fully
hard spring acted as stress risers, which initiated the
fatigue cracks under cyclic loading during vibration.
3. FE ANALYSIS
A complete failure investigation prompted finite
element analysis. The wave spring was inspected with a
coordinate measuring machine. A solid model was
constructed using the actual measurements taken from
the sample spring. The model was then used to
construct the finite element model.

Figure 5, Finite Element Model
The FE model used 1975 nodes and 1779 SHELL63 3D
plate elements (Fig. 5). The spring undergoes a
displacement range from 225 – 350 microns (0.009 to
0.014 inches). The material of the spring is full-hard
302 CRES. The properties of a similar material over
130 micron in thickness is as follows:
Tensile strength:
185 ksi(1276 MPa)
Yield strength @ 0.2% offset
140 ksi (965 MPa)
Elongation in 50 mm or 4D
2%
The endurance limit for CRES 302 in the full hard
condition is 70-80 ksi per [1]. The stress analysis in the
region of the spring bend shows a mean stress 127.4 ksi
(Fig. 6) with an alternating stress of 27.7 ksi (Fig. 7).

Figure 6, Mean stress distribution

The Goodman diagram shows that the alternating stress
of 27.7 ksi (Case 1) is outside the acceptable range for
the 127.4 ksi mean stress. An alternating stress of 12
ksi (Case 2) is right on the Goodman curve (Fig. 8).

Frequency
(Hz)
20 – 50
50 – 600
600 – 2000
Global

Acceptance
Input Acceleration
(0-Peak)
+6 dB/Octave
0.25 g2/Hz
-4.5 dB/Octave
16.7 Grms.

Table 1, Random vibration input spectrum

49 simulated
rotor masses

1 washer on top, limited to
.007 inch travel

Figure 7, Alternating Stress Distribution
Finite element analysis results indicated relatively high
average and alternating stresses due to the
displacements exercised by the wave washer spring.
The S-N curve from the Aerospace Structural Metals
Handbook [2] for a full hard type 304 bar with fully
reversed cycles for a maximum stress of 155.1 ksi
(127.4 + 27.7 ksi) is approximately 4000 cycles.
Goodman Diagram
200000

1 washer on bottom,
allowed to flatten

Figure 9, Design of Experiments 49 masses
However, full level was not achieved because the
vibration system was not able to control this
configuration due to excessive noise. Therefore, some
simulated rotor masses were removed. Only those near
the fixture mounting bolts were maintained (24 total).
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Also, an examination of the bottom washers (which
were allowed to flatten) showed that they were all
broken. These washers were replaced with 0.005 thick
flat washers (Fig. 10).
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Figure 8, Modified Goodman Diagram
4. DESIGN OF EXPERIMENTS
A design of experiments was conducted to evaluate the
behavior of the wave spring washers. In the first
experiment an array of 49 simulated rotor masses (7
rows by 7 columns) were suspended with one spring
wave washer on top, limited to 175 micron travel, and
one spring wave washer in the bottom allowed to be
flattened (Fig. 9). An attempt was made to expose the
array of washers to the following random vibration
levels, per Table 1.

Figure 10, Design of Experiments 24 masses
Only 24 wave washers were tested. Random vibration
was performed for one (1) minute. The 24 washers were
examined and they showed no fracture. Random
vibration was performed for 5 additional minutes. One
of the 24 washers was found to be broken.

A new wave washer was installed in an Engineering
Model Moog Type 3 Actuator. The unit was exposed to
random vibration for one (1) minute. The unit was
disassembled and examination of the wave washer
showed no fracture.
The unit was reassembled with the same wave washer
and exposed to the same random vibration levels for 5
minutes. After the 5 minutes of vibration, the unit was
disassembled and examination of the wave washer
showed breakage. Also, a piece of the broken wave
washer migrated out to the potentiometer cavity.

•
•Cons
•
•
•
•

Would not require
modifications

additional

parts

or

Stresses too high (Fig. 11)
Limited fatigue life
Debris generation
Requires qualification

The unit was reassembled with a new wave washer and
it was exposed to the same random vibration levels for
3 minutes. After the 3 minutes of vibration, the unit was
disassembled and examination of the wave washer
showed breakage. Again, the pieces of the broken wave
washer migrated out.
Results of multiple tests concluded that said washers
have a limited life and would fail when exposed to
longer than one acceptance level vibration duration.
Root cause analysis concluded that the wave spring
washer was not suitable for the application because of
high alternating stresses caused by dynamic loading.
The fatigue failure was accelerated due to undesirable
stress risers of bad geometry.
5. DESIGN TRADE STUDIES
Multiple design trade-off studies were conducted; these
included completely eliminating the wave spring
washer, changing the spring material, replacing it with a
different type of wave spring and replacing it with a
helical compression spring. The challenge was to
modify the design such that retrofit of existing hardware
would not require full disassembly of the mechanism.
5.1 Eliminate Wave Spring Washer
•Pros
• Simplifies assembly
• Eliminates wave spring failure
•Cons
• Lack of preload would allow the shaft to move
radially
• May impact linearity of coarse potentiometer
• May cause undesired cross-axis vibration
• Debris generation
• Requires qualification

Figure 11, Stress distribution in curved washer
5.3 Discontinuous Wave Spring
•Pros
• Simple replacement
• Would not require additional
modifications
•Cons
• Stresses too high
• Limited fatigue life
• Debris generation
• Requires qualification

Wave-spring washer is replaced by a helical spring.
The helical spring provides the same 2-4 lbs. preload
and is fully enclosed inside the rotor shaft.
Only the pot cover and coarse pot need to be removed
in order to install the new mechanism.
•Pros
•
•
•
•
•
•
•Cons
•

Simple replacement

or

5.4 Helical Compression Spring

5.2 Curved Wave Spring
•Pros
•

parts

Simple retrofit
Compression spring not as sensitive to axial
movement
Spring captured
Low stress levels; very low alternating
component
Material in wire form has higher tensile
strength
Design completely decouples the output and
rotor movements
Requires delta-qualification

Trade studies concluded that a design retrofit using a
compression helical spring is the most optimum
solution, because the compression spring is not as
sensitive to axial movement, has low stress levels with
very low alternating component, spring material in wire
form has higher tensile strength and the design
completely decouples the output and rotor movements.

qualification-level random vibration test in all three
axes.
A 5-kg mass was attached to the output flange (Fig. 13)
for the z-axis, but was replaced with a 3-kg mass for the
remaining two axes after it was determined that the 5-kg
load created unacceptable stress levels during exposure.
No wear or damage to any component was found after
exposure.

The helical spring was sized and analyzed using the
Method of A. M. Wahl [3]. For a given material and
wire diameter, a basic stress value is given, for a life of
50,000 cycles with a ratio of minimum stress to
maximum stress of 0.5. That stress value is then
modified based on the actual stress range and the cycle
life desired. A lower allowable mean stress results.
For the preloading spring, first-order analysis shows a
nominal stress of 117214 psi, for a mean load of 2.942
lbf and an operating range of 0.01 lbf. Therefore, the
ratio of the range to maximum is
0.010/2.942 = 0.00629, which is extremely small. The
Table 7-3 in [3] is entered from the stress ratio, and a
correction factor read out based on a desired cycle life.
The infinite life values are:
Ratio 0.25
0.771
Ratio 0.50
0.634
Ratio 0.75
0.514
Ratio 1.00
0.413
For the ratio of 0 a value of 1 was added. The sequence
was then graphed using a fifth order polynomial
(Fig. 12). This equation was then used to calculate the
allowable stress level for the load ratios. The allowable
stress for the selected spring in 302 stainless steel
material is 137866 psi. This is greater than the
calculated maximum stress of 119582 psi. Stress
analysis and fatigue life calculations projected an
infinite life for the spring.

Figure 13, Development Test setup
Post-exposure inspection revealed no signs of
mechanical distress, contamination, or wear (Fig. 14).
The helical spring bearing preload mechanism appears
to be the ideal solution.

Correction Factor
Correction Factor for Basic Stress Value

1.2

1

Series1
Poly. (Series1)

0.8

Figure 14, Post-Vibration Inspection
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7. QUALIFICATION and LIFE TEST
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Figure 12, Correction Factor Curve

7.1 Test Objective
The purpose of the test program was to verify by
evaluation that Moog Type 3 Actuator Assembly (Fig.
15) using helical compression spring design is indeed
successfully qualified.
7.2 Summary of Test Results

6. DEVELOPMENT TEST
An engineering model was retrofitted with the helical
spring design, and was subjected to a 3-minute

Moog Type 3 actuator assembly successfully completed
the Qualification Test Procedure.

Qualification Testing exposed the test unit to various
predetermined environments and measured the
performance results.
These environments included variations in:
• Temperature (-60 to 115°C non-operating and - 50
to 105°C operating) during thermally controlled
space vacuum simulation
• Pressure ambient pressure to 1x105Torr. vacuum
• Sine vibration,
• Random vibration in three axes (23.6 GRMS),
• Shock

The results of the life test will be presented at the
symposium.

Figure 16, Threshold Current Measurements
8. LESSONS LEARNED
1.

Wave-spring washers, including belleville washers,
discontinuous wave springs and curved washers are
to be used static preloading applications only.

2.

Use helical compression springs for cases when the
springs are allowed to fluctuate dynamically. Size
the springs for infinite fatigue life.

Figure 15, Moog Type 3 Rotary Actuator
7.3 Conclusions
9. REFERENCES
During qualification testing, a few potentiometer
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documented. Moog Type 3 Rotary Actuator
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Table 2, Threshold Voltage Variations

The qualification unit has accumulated 19,125
revolutions on the motor input. The consistency of
measured threshold voltage throughout the qualification
program (Tab. 2) at hot, cold and ambient conditions,
especially the consistency of the initial functional and
final functional is indicative of the fact that the helical
spring design is indeed successfully passed qualification
and the abbreviated life testing (Fig. 16).
Currently the unit is being subjected to a more extended
life testing, during which the motor input shaft will
accumulate 121,191 revolutions.
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