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JINTRODUCTION

The primary objective of the investigation described in this report was
to determine the feasibility of developing reliable accelerated life test-
ing methods for aircraft hardwarc based on currently documented failure
case Listories. An important part oi the investigation was a study of the
documented effectiveness of corrective actions proposed and used to reduce
or eliminate failures in U.S. Army helicopter subsystems and components.
Approximately 24{0 failure case history packets, together with supplemental
drawings and reports, were supplied by Eustis Directorate early in the
investigation, All of this information was carefully studied and cate-
gorized with respect to failure mode, elemental mechanical function, and
corrective action employed for each of the more than 500 individual parts
involved in the 2{0 failure case history packets. This categorization
process was carried forth in a completely general way by avoiding the
restrictions commonly imposed when failure data are grouped according to
specific aircraft model, particular subsystem or individual part.

To implement and systematize the data with respect to failure mode,
elemental mechanical function, and corrective action, a three-dimensional
cell matrix was (eveloped, as illustrated in Figure 1, with a failure-mode
axis, an elemental-mechanical-function axis, and a corrective-action axis.
The study identified approximastely 40 failure modes, 105 elemental mechan-
ical functions, and 35 correctire actions, eo the cell matrix contained a
total of approximately 147,000 c:118. However, for the failure cases
studied the matrix was sparsely populated, with over 90% of the cells
empty. Nevertheless, there were upproximately 7,500 populated cells and
the management and analysis of these data were major tasks.

At the outset of the study, 1t was hoped that a quantitative figure of
merit could be established for many of the corrective actions, if not
most of them, to systematically judge the effectiveness of the various
solutions contained in a given cell-column of the matrix. The hope for
this possibility rested upon the storage of documented field failure
information and engineering corrective action effectiveness in computeriz-
ed central data storage banxs., From the outset it was also known that
such information might not be plentiful. As the study progressed, it
became clear that quantitative information included in the case history
packets was extremely sparse; in fact, even qualitative information was
often unavailable. Attempts made to procure additional supporting docu-
ments met with mixed results. While Eustis Directorate was able to
supply many requested documents, a large number were unavailable, To
help evaluate the failure problems, a shipment of failed parts from the
USAARAIMAC Depot in Corpus (hristi, Texas, was supplied for inspection.
Following this, a visit was made to the USAARAIMAC facility for further
discussions and information-gathering.

In spite of all efforts to gather data for quantitative evaluation of the
effectiveness of corrective actions, it was not possible to obtain enough
informetion to develop a quantitative figure of merit evaluation system,
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As may be observed in the results presented, it was necessary to settle
for a qualitative evaluation of corrective action effectiveness, and in
many cases the effectiveness was unknown, Nevertneless, the vesults pro-
vide some extremely useful insights and form the basis and direction for
improving failure prevention effectiveness in the long term. For example,
the most frequently occurring failure modes were identified, the most
widely used corrective actions for each important failur: mode were
established, and the effectiveness of these correative actions was tabu-
lated wherever the information was available. The large category of
"unknown" corrective action effectiveness would seem to indicate a need
for better documentaiion of mecii mical failure histori:s, including
identification of the basic failure mode, engineering evaliation of the
problem, and corrective action proposed, when and how the corrective
actions were implemented, and, especially, quantitative results of the
corrective action in terms of fajlure statistics following implementation
of the action,

From the survey of failure mode frequency it was determined that wear and
wear-related failures, such as fretting-wear, constitute nearly half of
all failures among the more than 500 individual failed parts included in
this study. Thus, wear was selected as the failure mode for which an
accelerated life testing technique would be developed. In spite of the
first rank importance of wear as a failure mode, a study of the literature
indicated that very little published engineering effort has been directed
toward the study of accelerated wear or fretting-wear testing. It was
reasoned, therefore, that the development of an accelerated wear testing
techuique as a tool for wear prediction might provide the highest proba-
bility for a significant advance in the state of the art of failure
prevention. To this end, several concepts from the research literature
were combined to propose an accelerated testing technique for the predic-
tion of long-term wear in a test of short duration. Experimental
verification of the proposed accelerated wear life testing technique
remains to be accomplished in a future program.
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DEVELOPMENT OF A FAILURE-EXPERIENCE
MATRIX FOR ORGANZZATION OF FAILURE DAIA

To facilitate the organization, management and analysis of the voluminous
data aud information associated with over 500 individual failed parts, a
three-dimensional cell matrix was devised. As depicted in Figure 1,
failure modes w.re plotted along one axis, elemental mechanic=l functions
were located along a second axis, and corrective actions represented by
the third axis. Thus a spatial cell was formed at the intersection of
any given combination of failure mode, elemental mechanical function and
corrective action., Each failed part was clasesified by failure mode,
elemental function and corrective action, and placed into the appropriate
cell, When the classifications were complete, it was noted that some
cells were heavily populated and many cells were completely empty.
Approximetely 5 percent of the 147,000 cells contained one or more
entries, and the most heavily populated cells contained approximately

37 entries.

Analyses of the data were greatly facilitated by the failure-experience
cell matrix approach., For example, it was easily possible to examine
frequency of usage of all corrective actions addressed to any given
failure mode, frequency of occurrence of impaired mechanical functions to
which any given corrective action was applied, or frequency of occurrence
of failure modes asgsociated with each corrective action. In addition, the
matrix compilation made it possible to aggregate all functions impaired by
a given failure mode which were corrected by the same corrective action.
All of these correlations and analyses are described in more detail in a
later section of this report.

Perhaps the greatest importance of the failure-experience matrix developed
here is its potential use as an engineering design and development tool.
An engineer facad with the design of a critical component would only need
to classify the intended function of his component, enter the matrix with
the function, and note the failure modes most likely to occur and correc-
tive actions most likely to avert the failure. Likewise, a development
engineer faced with a field failure would only need to identify the active
failure mode and classify the function of the part to enter the matrix and
read out the corrective action most likely to solve the problem.

By 10 means does the failure-experience matrix defined by this study
couatain enough information to solve all design problems. The experience
cells are sparsely populated, and quantitative data on effectiveness of
corrective actions is incomplete. However, the matrix, as presented, does
form a sound basis for cataloging failure experience, not only from heli-
copters but from throughout all industry, in a way that it would be of
direct use to a designer in solving a particular failure analysis problem
in a specific part or component. The ultimate usefulness of the failure-
experience matrix will depend on the success of future efforts to expand
its population and better define the corrective action effectiveness in
each cell by a quantitative figure of merit.
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The 40 failure modes, 105 elemental mechanical functions, and 35 correc-
tive actions used in the fallure-experience matrix are described below.
While it is possible that certain isolated mechanical failure problems
might require additions to the matrix presen.:d, it is thought that most
problems, now and in the future, can be successfully housed in the
failure-experience matrix as it stands.

FAILURE MODES

Based on a study of classical mechanical failure modes and close scrutiny
of the more than 500 individual part failures associated with the current
investigation, Table I has been compiled to show the 40 fallure modes
used in the fallure-experience matrix. The fallure modes are listed in
order of frequency of occurrence in the current study.

TABLE I, FAILURE MODES INCLUDED IN
THE FAILURE-EXPERIENCE MATRIX
Rank Failure Mode No. of Occurrences
1 Wear 176
2 Ductile Rupture 160
3 Fatigue 139
4 Leakage 101
5 Yielding 73
6 Impact 68
7 Corrosion 56
8 Bonding Failure 39
9 Seizure 28
10 Surface Fatigue 22
11 Galling 21
12 Scoring 19
13 Change in Material Property 14
14 Erosion 12




TABLE I - Continued

Rank Fallure Mc.de No, of Occurrences

15 Fretting -Fatigue 9
Elastic Deformation 9

16 Imbalance 8

~

17 Fretting~Corrosion

18 Stress Rupture

Brittle Fracture
Fretting-Wear

[eaNe N}

19 [Lubricat ion Failure
Improper Dimension

W\

20 Delamination

uckling
Impact-Fatigu.
Clogged Filter
Flectrical

21

N W A0 W W -

22 Creep

Brinelling
23 Corrosion-Fatigue
| Electrcchemical Overheating

e

Radiation Demage

Thermal Relaxation

Thermal Shock

24 Combined Creep and Fatigue
Stress Corrosion

Corrosion Wear

Spalling

Creep Buckling

leNololoNoNeoNoNo]

It may be noted ttat 32 of the 40 failure modes were observed at least
once in this investigation, and wear was observed as a failure mode in
176 cases. A glos.iary of failure modes is included as Appendix I of
this report.

ZLEMENTAL MECHANICAL TUNCTIONS
Simple, complete, concise definition of the elemental mechanical function

5

-l Y



of each part and component considered in this investigation presented
a major challenge. Several different classification procedures were
formulated and applied to the failure case histories available, Based
on this experience, the method finally selected to define the elementul
mechanical function embodied a 1list of 46 key words and an auxiliary
list of 40 antecedent adjectives. In many cases the elemental mechanical
function can be described by the selection of a single key word. In
other cases an appropriate antecedent adjective must be coupled with a
key word to provide an acceptable description of the function. The key
word 1list is given in Taeble II, and the antecedent adjective list is
given in Table III, '

Using appropriate combinations of antecedent adjectives and key words, it
was possible to categorize the elemental mechanical functions of each of
the individual parts studied in this failure history investigation. It
is believed that most machine parts used throughout industry could be
classified using proper combinations from Tables II and III, although
certain cases may exist for which an additional key word or antecedent
adjective might be required.

TABLE II. LIST OF KEY WORDS USED IN DEFINING
ELEMENTAL MECHANICAL 1'UNCTIONS

Absorbing Guiding Rolling
Amplifying Increasing Sealing
Attaching Indicating Sensing
Balancing Insulating Shieldinge
Clutching Latching Sliding
Conduct ing Lighting Spacing
Constraining Limiting Stabilizing
Coupling Linking Storing
Covering Maintaining Streamlining
Damping Partitioning Supporting
Deflecting Pivoting Switching
Disconnecting Pumping Transferring
Digsipating Reducing Transforming
Distributing Reinforcing Transmitting
Fastening Restoriig Viewing
Filtering




TABLE III. AUXILIARY LIST OF ANTECEDENT ADJECTIVES USED
IN DEFINING ELEMENTAL MECHANICAL FUNCTIONS

Acceleration Informat ion Power
Adjustable Light Pressure
Aerodynamic Liquid Protective
Contaminant Lubricant Removable
Cont inuous Mass Rigid
Displacement Moment um Shape
Etectrical Motion Signal
Energy Movable Sound
Flexible Oscillatory Temporary
Force Particulate Torque
Friction Permanent Variable
Gas Pneumatic Velocity
Heat Position Viscous
Hydraulic

The approximately 105 elemental functions used in the failure-experience
matrix associated with this investigation are shown in Table IV. The
elemental mechanical functions are listed in order of their frequency of
occurrence in this study.

TABLE IV, ELFMENTAL MECHANICAL FUNCTIONS INCLUDED
IN THE FAILURE-EXPERIENCE MATRIX

Rank Elemental Mechanical Function No. of Occurrences
1 Supporting 206
2 Attaching 108
3 Motion Constraining 98
A Force Transmitting 93
5 Sealing 78
6 Friction Reducing 71
7 Protective Covering 55
8 Liquid Constraining 54
9 Pivoting 53




TABLE IV - Continued

Rank Elemental Mechanical Function No. of Occuxrences
10 Torque Transmitting 40
11 Pressure Supporting 38
12 Oscillatory Sliding 37

[Shielding 26
13 Sliding 26
| Energy Transrorming 26
14 [Removable Fastening 20
| Limiting 20
15 Electrical Conducting 18
Contaminant Constraining 17
16 Linking 17
Continuous Rolling 17
Liquid Transferring 17
17 Force Amplifying 16
Power Tranamitting 16
18 [Covering 13
|Oscillatory Rolling 13
[Energy Absorbing 12
19 Light Transmitting 12
| Viewing 12
[Energy Dissipating 10
Guiding 10
20 Latching 10
Electrical Switching 10
Liquid Switching 10
| Stabilizing 10
[Gas Constraining 9
21 Permanent Fastening 9
Pressure Increasing 9
| St reamlining 9
22 Motion Reducing 8




TABLE IV - Continued

Rank

Elemental Mechanical Function

No. of Occurrences

23

24

29

26

27

Filtering

Lighting

Pumping

Gas Transferring

serodynamic Force Transmitting
Motion Transmitting

Signal Transmitting

[Mot ion Demping

Force Distributing
Reinforcing

Pressure Sensing
Inform.rion Transmitting
LUnlmown

[Coupling
| Displacement Indicating

Clutching
Fastening
Information Indicating
Position Indicating
Movable Lighting
Partitioning
Position Restoring
Flexible Spacing

[Flectrical Amplifying
Adjustable Attaching
Shape Constraining
Detlecting
Disconnecting
Electrical Limiting
Motion Limiting
Pressure Limiting
Sensing

Force Sensing
Spacing

Tempcrary Supporting
Gas Switching
Flectrical Transforming

Power Absorbing
Sound Absorbing
Information Attaching
Constraining

a0V
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TABLE IV - Continued

Rank Elemental Mechanical Function No, of Occurrences

Flexible Coupling

Removable Covering

Damping

Electrical Distributing
Ioad Distributing

Gas Guiding

Pressure Indicating
Electrical Insulating

Sound Insulating

Temporary Lat~hing

Force Limiting

Force Maintainiog

28 Variable Position Maintaining
Liquid Pumping

Electrical Reducing

Rolling

Position Sensing

Energy Storing

Liquid Storing

Flexible Supporting
Switching
Pressure-to-Torque Transforming
Electrical Transmitting
Flexible Motion Transmitting
Flexible Torque Transmitting
Torque Limiting

e e e e R e i I e e e e e e e S S Sy S U

It may be noted that a large number of the elemental mechanical
functions were only found once in all of the cases studled, but for the
"gupporting" function 206 occurrences were observed. To help understand
the use and meaning of these elemental mechanical functions, a glogsary
of key words is included as Appendix II of this report.

CORRECTIVE ACTIONS

In this investigation it was possible to classify all of the corrective
actions into approximately 35 broad categories. In other investigations
it would probably be necessary to add other corrective action categories.
For larger failure-experience populations it might be advantageous to
utilize more specific corrective action categories which would result in
more categories with smaller populations in most cells of the failure
experience matrix. Based on a careful consideration of these factors,
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the 35 generalized corrective actions deemed appropriate for the present

study are shown below in Table V. The corrective actions are listed in
order of their frequency of occurrence in this study.

TABIE V., CORRECTIVE ACTIONS INCLUDED IN
THE FAILURE-EXPERIENCE MATRIX

Rank Corrective Action No. of Occurrences
1 Improved Part 173
2 Direct Replacement 153
3 Change of Material 73
4 Supplemental Part 71
5 Improved Instructions to Field Personnel 68
6 Changed Dimensions 59
7 Changed loading on Part 31
8 [Applied Surface Coating 30

Changed Mechanism of Operation 30
) Relocated or Repositioned Part 25
10 Repaired 22
11 Changed Method of Attachment 20
12 Changed Manufacturing Procedure 19
13 Reinforced Part 16
1 Eliminatcd Part 15
15 Strengthened Part 13
16 Changed Method or Frequency of Lubrication 11
17 Changed Vendor 10
18 fAdded Adhesive or Changed Adhesive Material 9

I_Improved Quality Control 9

11
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TABLE V - Continued

Rank Corrective Action No. of Occurrences
19 Changed Lubricant Type or Added Lubricant 7
20 Improved Run-In Procedure 6
21 .Applied Surface Treatment 5

Added Sealant 5
[Added or Changed Locking Feature 3
Adjusted Part 3
22 Provided Drain 3
More Easily Replaceable 3
 Changed to Correct Part 3
23 [ Improved Lubrication 2
| Made Parts Interchangeable for Inventory 2
Relaxed Replacement Criteria 1
2 Revised Procurement Specifications 1
Provided Means for Proper Inspection 1
| Changed Electrical Characteristics 1

It may be observed that four of the corrective actions were used only
once among the more than 500 parts studied in this investigation. The
most often used corrective action, "improved part", was employed 175
times, but in most cases the engineering details of how the part was
improved were unavallable. The second ranked category, "direct replace-
ment", might be questioned as to whether it is truly a corrective action
to replace a failed part with another just like the one that failed,
since such a corrective action must be viewed as temporary. Thus the
third ranked category, "change of material", with 73 occurrences, is the
most frequently used corrective action which is clearly a knmown design
alteration intended to solve a failure problem, To help understand the
use and meaning of each of these actions, a glossary of corrective actions
is inecluded as Appendix III of this report.

12
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REVIEW AND ORGANIZATION OF FAILURE CASE HISTORY
DATA_FOR INSERTION INTO FAILURE-EXPERIENCE MATRIX

The 240 failure case histories supplied for this investigation by the
Eustis Directorate were selected to iInclude failures from utility, cargo,
attack, observation, and training helicopters produced by four different
manufacturers. The problems were chosen from many different regions of
the helicopters to insure that a large variety of failure modes and
functions would be included. The only parts deliberately excluded from
this study were the intcrnal engine components.

The majority of the failure case histories were documented in three
reports[1,2,3] 'concerning reliability and maintainability, and the re-
mainder were extracted from engineering chsnge proposals (ECP's), task
reports, and product improvement reports. Most of the failure cases
were supplemented by drawings and other documents including ECP's,
modification work orders (MWO's), engineering orders (EO's), specifica-
tions, teardown analysis reports, disassembly inspection reports,
testing reports, and letter communications. In addition, Parts Manuals
(TM 55-1520-XXX-34P) were supplied for assistance in locating and
identifying parts from manufacturers' numbers or from federal stock
numbers.

EAILURE MODE ASSESSMENT

To assemble information for insertion into the failure-experience matriy,
the failure description contained in each case history packet had to be
examined to determine what parts failed and how the failures occurred.
It should be emphasized that the accounts of the failures were generally
not restricted to a single failure or to a single component. In many
cases, the histories contained a summary of failures that occurred in a
general system or a summary of failures for a component that had been
used in a variety of different locations and applications. This was
typical for fasteners, bearings, door hardware, hydraulic compunents,
and corrosion problems. The initial failure and the resulting secondary
failures were often described together, and often it was not possible to
deduce the order in which failures occurred.

The initial attempt to associate a failure mode with each broad case
history had to be abandoned because the various parts included in a
given case history often failed by widely different failure modes. Thus,
each individual part which failed or malfunctioned was separately listed
and identified by a number indicating the case history and an accompany-
ing letter to distinguish it from other parts in the same case history.

Based upon the documented account and the application involved, the most

! Numbers in brackets designate references at end of report.
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probable failure mode(s) were deduced for each part. The key words in
the failure description frequently required translation into more speci-
fic failure mode nom~n-lature, For example, descriptiorswith such key
words as broken, loose, missing, cracked, .-heared, dented, punctured,
leaking, separated, frozen, scratched, gouged, pitted, rough, grooved,
deteriorating, torn,swollen, frayed, scuffed, clogged, damaged, inoper-
able, malfunctional, internal failure, excessive vibration, discolored,
crazed, out of tolerance, contaminated, etc., are not directly correlated
on a one-to-one basis with the categories in general usage for the more
familiar failure modes. A few failures were listed as unknown or
undetermined. Such listings were required for 37 items and portions of
seven cther items. The failure mode categories are listed in Table I.

ELEMENTAL MECHANICAL
TION TICN

From the name of the part, its proximity to other parts and, in some
cases, a description of its operation, the functions performed by the
parts were deduced. Independent evaluations were made by several
different individuals, each of whom classified the function of all parts
included in this study. These independent classifications were then
compared and discussed at length to select the best description for the
functions of each component. By studying the 1list of functions, a set
of key words and descriptive modifiers were chosen. The key words were
present participles, i.e., "ing" verb forms used as adjectives. The
functions of all the components were then reclassified using thege
selected terms. In those cases where the key word formed a group that
was clearly too broad in scope, one or more descriptive words were
combined with the key word to form sucgroups which, in effect, were
treated as distinct and separate functions. For example, windshields,
shafts, bolts, and radios could all be classed as transmitting members,
but they transmit significantly different quantities, i.e., light, power,
force, and information, respectively. Thus, in order to distinguish more
specific functions, antecedent adjectives were used with the key word to
form separate function categories, such as light transmitting, power
transmitting, force transmitting, etec,

Any attempt to classify components by their elemental mechanicd functions
in a given application may be subject to debate. It becomes necessary to
decide whether to include only one or two main functions or every con-
ceivable function that a part might perform, either intentionally or
unintentionally. The problem of redundancy in terminology is also
difficult to avoid. In this investigation, it was decided to include
all of the more important functions and not to be greatly concerned with
redundancy. This approach has provided categories that are suitable for
vgage in the failure experience matrix, but these categories are by mo
means unique, Other classification systems, using both smaller and
larger numbers of categories, were tried but none appeared to have any
advantage over the selected classification. The key words and antecedent
adjectives are presented in Tables II and ITI, respectively. The
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specific elemental mechanical functions used in the matrix are given in
Table IV.

CORRECT IVE ACTION DETERMINATION

The actions taken to correct l[sziiures or deficiencies were usually
indicated in the contents of the case history packets, The documentation
generally indicated the technical procedure to incorporate the corrective
action and a summary of what the proposed action involved. Some case
histories were accompanied by other documents that provided more detailed
descriptions of the corrective actions. These supporting documents were
primarily engineering change proposals, engineering orders and drawings,
with some test reports, memos and letters. In the case histories which
dated back into the middle to late 1960's, where the elapsed time had
provided a period of evaluation for the corrective action, the effec-
tive or low-performance improvements were usually noted, often
accompanied by the necessity for reopening the case to subsequent
corrective actions, The effectiveness was not general'y indicated for
the successful or the more recent actions. Some corrective actions were
rejected, and for others approval was still pending at the last account.
For these cases,the corrective action effectiveness could not be indicat-
ed. The reasons for rejection were often economic, but frequently they
were not specified.

A preliminary review suggested a number of obvious corrective action
categories, These were used as a base upon which additions and changes
were incorporated as necessary. Many case histories were not specific
on detalls of the corrective changes. Attempts to procure additional
informstion were not always successful, since some documents were out
of date and could not be obtained. The cases for which corrective
actions were indicated by an ECP, EO, or other approved procedure, but
for which details were not available, were classed as "improved part".

A complication was encountered in those cases where the corrective action
did not directly involve a change to the failed part but involved changes
to surrounding or adjacent parts. For those cases, the corrective action
descriptions were amended by adding "associated part" to the appropriate
regular categories. These were arbitrarily treated the same as a direct
action when ingerted into the matrix, but with a larger failure data base
they could be treated as separate categori:s, Thus it is Important to
note that the part that fails is not always the part requiring the
remedial action,

After the corrective actions were sorted into the initially chosen
categories, it was observed that several categories were relatively close
in meaning and might be combined, especially if one or both categories
contained only a small number of occurrences. For example, the final
categories "Relocated or Repositioned Part" and "Changed Method or
Frequency of Lubrication" resulted from such combinations. The main
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features of the corrective actions are preserved in all of these
combinations. The final 1ist of 35 corrective actions is given in
Table V.

The mere fact that a corrective action was proposed, or even used, for
remedying a failure condition does not provide all the essential
information. It is important to know which actions produce a demonstrat-
ed improvement in performance. Unfortunately, such information was
available for a relatively small number of falled parts in this study.
The basis and effectiveness of the corrective actions were noted where
the information was available by using a sequence of letters following
the corrective action listing. The basis is divided into four
categories: wused, tested, not used, and rejected. The effectiveness

is qualitatively designated as: improvement, no improvement, or unknown.
While the effectiveness is the primary interest, it is also useful to
know the basis for determining the effectiveness.

COMPIIATION OF DATA

The failure modes, elemental mechanical functions, and corrective
actions that have been attributed to each of the more than five hundred
par:s have been assembled and are displayed in Table XIV in Apprndix IV,
This table contains all the essential information for the failure
experience matrix, plus the basis/effectiveness classificatior of the
corrective actions and some descriptive details for many of the actions.

The whole failure-experience matrix is difficult to present effectively,
but 1t can be displayed piecewise by taking slices through the matrix
parallel to two coordinate axes which intersect the third coordinate
axis at selected locations. Since the matrix is composed of numerous
information cells, a slice through a layer of cells in the matrix would
reveal the contents of all cells within that layer. Thus, by taking
slices parallel to the Failure Mode and Elemental Mechanical Function
axes and Intersecting the Corrective Action axls at each of its discrete
values, in turn, it is possible to display the contents of the entire
cell-matrix in a series of two-dimensional plots. In these two-
dimensional information cells, representing all combinations of Failure
Modes and Functions for each corrective action, it only remains to list
the specific parts appropriate to each cell., This was done by recording
the identifying number-letter combination for each part in the appro-
priate block. A sample of one of these slices through the failure-
experience matrix for a plane cutting all the "change of material®
corrective action cells is given in Table XV of Appendix IV. This, com-
bined with a similar table for each of the other 34 corrective actions,
repr=sents the entire matrix,
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ANALYSIS OF FAILURE-EXPERIINCE MATRIX

Siiiahcalie

Having completed the task of reviewing, sorting, organizing and 4
partitioning the information available, and inserting it into the
failure-experience matrix with the aid of a digital computer, it re-
mained to anaulyze the results of this effort. The magnitude of the
task may be illustrated by recalling that the failuv—--experience
matrix contained approximately 147,000 information cells, of which
approximately 5 percent were populated. The data processing was
accomplished through a combination of computer-augmented storage-and-
retrieval together with manual efforts to compile and plot selected
information. Since it is impractical to sttempt a display of the
entire failure-experience matrix, only the most pertinent and inter-
esting aspects of these results are presented here.

QOVERALL ANALYSIS OF RESULTS

Three series of graphical results are depicted in Figures 2 through 101.
In Series I, which includes Figures 2 ‘through 33, the frequency of usage
of all corrective actions is plotted for each failure mode obgerved in
the study. Series II plots, given in Figures 34 through 67, show the
frequency of occurrence of all impaired elemental mechanical functions
associated with each of the imposed corrective actions. The plots of
Series III, included in Figures 68 through 101, illustrate the frequency
of occurrence of failure modes associated with each corrective action
ugsed. For all three series the bars used in displaying the results have
been partitioned into three regions to qualitatively show the effective-
ness of corrective actions. These regions are: (1) corrective actions
for which an improvement in failure prevention wgs noted, (2) corrective
actions for which it was noted that po improvement in failure prevention
ensyed, and (3) corrective actions for which no information mas available
about the result of the action in terms of failure prevention, Unfortu-
nately, the documentation available did not provide information which
would allow a more quantitative assessment of the corrective action
effectiveness. Further subdivision of the three qualitatively partition-
ed regions noted above was experimented with in the process of analyzing
the results, but no additional useful observations could be drawn from
this effort. The substantial percentage of all corrective actions for
which no information was available about the failure prevention
consequences of the action indicatee a strong need for improved reporting
and two-way failure accounting trails. Such information can only be
obtained by better documentation of the basic fallure mode, engineering
evaluation of the problem, corrective action proposed, when and how the
corrective actions were implemented and, especially, quantitative results
of the corrective action in terms of failure statistics following
implementation of the action,

L

From the Series I plots shown in Figures 2 through 33, it may be observed
that the corrective actions, "improved part" and "direct replacement",
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congtituted much of the activity associated with the occurrence of a
given failure mode. The category, "improved part", includes all of the
fallure cases for which no detailed information was avallable about the
nature of the corrective action taken. The docum2ntation simply declared
that the part was modified or improved. The "direct replacement" cate-
gory indicates that a failed part was replaced with another identical
part with the same probability of failure. These two categories are of
little direct use in this study except to note that with better docu-
mentation the "improved part" category would be eliminated from the
failure-experience matrix because its population would be dispersed to
more specific corrective action categories. Unfortunately, information
of significance may remain hidden in the "improved part" category until
more specific data can be obtained.

In studying the results of the Series I plots, shown in Figures 2 through
33, it is of interest to note the more frequently used correction actions
associated with each failure mode observed in this investigation. Table
VI 1lists the corrective actions employed at least ten times for a given
failure mode. It should be observed that insight can be gained from
Table VI with respect to which corrective actions are more frequently
used, but the effectiveness of each corrective action is more elusive.

TABLE VI. CORRECTIVE ACTIONS WHICH WERE USED AT LEAST
TEN TIMES FOR A SPECIFIED FAILURE MODE

No. of Occurrences of
Corrective Action

+ ] =
§ & g
Failure Mode 8 B« S,
(Listed in order —~ § 38 E
of frequency of S § A 'Ei.g o,
occurrence) Corrective Action e 28 | 28

l. Wear 1, Improved Part 80 2 67 11

2. Direct Replacement 51 0 0 51

3. Charge of Materiel 35 3 28 4

4. Supplemental Part 32 1 27 4

5, Improved Instructions to

Field Personnel 27 0 25 2

6. Changed Dimensions 22 1 20 1

7. Applied Surface Coating 10 2 8 0

2. Ductile 1. Improved Part 73 9 58 6

Rupture 2. Direct Replacement 41 0 0 41

3. Supplemental Part 29 2 27 0]

4. Changed Dimensions 29 1 27 1

5. Change of Material 26 2 21 3
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TABLE VI - Continued

No. of Occurrences of]
Corrective Action

FURPY )
§ & g
Failure Mode § 8 =] 5
(Listed in order . ~ § 55 2
of frequency of 3 fa Q, ’dg ;‘i.
occurrence) Corrective Action S =8 8 2 .EL
2. Ductile 6. Improved Instructions to
Rupture Field Personnel 21 0 21 0
(cont'd) 7. Changed Mechanism of
Operation 14 2 12 0]
8. Changed Loading on Part 11 1 10 0
9. Changed Method of
Attachment 10 0 10 0
3. Fatigue 1, Improved Part 57 6 47 4
2. Direct Replacement 30 0 0 30
3. Changed Dimensions 30 0 10 0
4. Supplemental Part 29 3 26 0
5. Change of Material 26 0 25 1
6. Improved Instructions to
Field Personnel 25 0 23 2
7. Changed Loading on Part 15 2 13 0
8. Changed Mechanism of
Operation 14 2 11 1
9, Reinforced Part 14 0 14 0
10. Repaired 11 0 0 11
11, Changed Method of
Attachment 10 0 10 0
4. Leakage 1, Improved Part 57 12 37 8
2. Direct Replacement 43 0 0 43
3. Change of Material 18 1 11 6
4. Supplemental Part 16 4 10 2
5. Improved Instructions to
Field Personnel 15 0 15 0
5. Yielding 1. Improved Part 27 0 22 5
2. Changed Dimensions 21 0 20 1
3. Direct Replacement 20 0 0] 20
4. Improved Instructions to
Fileld Personnel 17 0 17 0
5. Supplemental Part 16 0 16 0
6. Changed loading on Part 11 0 11 0
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TABLE VI - Continued

No. of Occurrences of]
Corrective Action

E E B
Q Q ()}
Failure Mode § 8¢ 8
(Listed in order - o Sk §
of frequency of 2 8 B, Eé ="
occurrence) Corrective Action & 28 A 25
6. Impact 1, Improved Part 32 1 28 3
2. Direct Replacement 23 0 0 23
3. Changed Dimensions 18 0 17 a
4. Supplemental Part 11 1 10 v
7. Corrosion 1. Improved Part 25 0 22 3
2. Improved Instructions to
Field Personnel 16 0 16 0
3. Direct Replacement 15 0 0 15
4. Applied Surface Coating 14 3 11 0
8. Bonding 1, Improved Part 17 0] 17 0
Failure 2. Supplemental Part 12 1 7 4
3. Improved Instructions to
Field Personnel 12 0 12 0
4. Direct Replacement 11 0 0 11
9. Seizure 1. Improved Part 11 0 10 1
10, Surface
Fatigue 1. Improved Part 11 0 7 4
11. Galling 1., Change of Material 12 0 12 0
12, Scoring 1. Improved Part 13 0] 12 1l
13. Change in
Material None
Property
1. Erosion None

Each of the remaining 26 failure modes occurred fewer than 10 times in
the investigation reported here.

The Series II plots, shown in Figures 34 through 67, may be studied to
determine the more frequently failing elemental mechanical functions to
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which specified actions were applied in the investigation. Table VII
ligts under each corrective action all of the elemental mechanical
functions for which the corrective action was employed in a- least ten
different cases.

TABLE VII. ELEMENTAL MECHANICAL FUNCTIONS FOR WHICH
FAILURE WAS ADDRESSED AT LEAST TEN TIMES
BY USE OF A SPECIFIED CORRECTIVE ACTION

No. of Cases of Given
Elemental Mechanical
Function
E E E
Q Q Q
Corrective Action § 8§« g
(Listed in order - E E & §
of frequency of Elemental L) gé 8
occurrence) Mechanical Function S £8 8§ 28
1. Improved Part Support ing 73 4 6l 8
Sealing 44 10 30 4
Attaching 40 4 33 3
Motion Constraining 38 1 23 4
Force Transmitting 35 2 31 .
Pressure Supporting 32 11 16 5
Liquid Constraining 29 9 15 5
Friction Reducing 24 0 22 2
Pivoting 19 0 19 0
Torque Transmitting 16 0 12 4
Energy Transforming 15 2 11 2
Cont inuous Rolling 1 0 11 3
Protective Covering 13 0 12 1
Oscillatory Sliding 12 0 12 0
Force Amplifying 11 2 7 2
Liquid Switching 11 4 7 0
Energy Absorbing 10 0 10 0
Electrical Conducting 10 0 10 0
Limiting 10 2 7 1
2. Direct Replace™ent Supporting 50 C 0 50
Attaching 33 0 o 33
Sealing 29 0 0 29
Motion Constraining 24 0 0 24
Force Transmitting 22 0 0 22
Liquid Constraining 20 0 0 2"
Pressure Supporting 16 0 0 16
Pivoting 15 0] 0 15
Frietion Reducing 1% 0 0 1
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TABLE VII - Continued

No. of Cases of Given
Elemental Mechanical

Function
£ B &
Q Q O
Corrective Action E §& g
(Listed in order - § :é E 5
of frequency of Elemental g & B p..g &
occurrence) Mechanical Function S =8 § 2 5
2. Direct Replacement Protective Covering 12 0 0 12

(coni'd) Contaminant Constrain-
ing 10 0 0 10
3. Change of Material Support ing 37 1 34 2
Oscillatory Sliding 18 1 16 1
Motion Constraining 16 1 15 0
Protective Covering 15 4 11 0
Attaching 1 0 12 2
Friction Reducing 10 0 10 0
4. Supplemental Part Supporting 21 0 17 4
Attaching 18 0 17 1
Protective Covering 16 2 1 0
Force Transmitting 16 0 16 0
Sealing 15 3 10 2
Motion Constraining 13 1 9 3
Friction Reducing 10 0 6 4
Sliding 10 3 7 0
5. Improved Supporting 31 0 31 0
Instructions to Attaching 15 0 15 0
Field Personnel Sealing 12 0 12 0
Protective Covering 11 0 11 0
Motion Constraining 10 0 10 0
Force Transmitting 10 0 10 0
6. Changed Supporting 29 0 29 0
Dimensions Attaching 24 0 24 0
Protective Covering 10 0 9 1
7. Applied Surface Supporting 15 1 14 0
Coating Attaching 10 0 10 0
8, Changed Loading on Attaching 18 1 17 0
Part Supporting 13 5 8 0
9. Changed Mechanism

of Operation None - T - .
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TABLE VII - Continued

No. of Cases of Given
Elemental Mechanical
Function
E B
g QL
Corrective Action o § = §
(Listed in order 4.0 0 & o
of frequency of Elemental 2 B i a.g a,
occurrence) Mechanical Function e =25 4§ 28
10. Relocated or Supporting 10 0 9 1
Repositioned Part  Force Transmitting 10 0 10 0
11. Repaired Supporting 16 0 0 16
12. Changed Method of
Attachment Attaching 10 0 10 0
13, Changed Manufactur-
ing Procedure Supporting 10 0 10 0
14. Reinforced Part Supporting 13 0 13 0

Each of the remaining 21 co1r -~ctive actions occurred fewer than 10
times in the investigation reported here.

The results presented in the Series III plots of Figures 68 through 101
represent a useful cross-plotting of the Series I results. In the
Series III results, all of the failure modes for which a given correc-
tive action was employed are shown for each corrective action.

Table VIII lists under each corrective action all of the failure modes
for which the corrective action was employed in at least ten different
cases,

23



TABLE VIII,

FAILURE MODES WHICH WERE ALDRESSED
AT LEAST TEN TIMES BY USE OF A
SPECIFIED CORRECTIVE ACTION

No. of Cases of Given
Failure Mode

) 2

5 & g

Corrective Action 8§ 8 =) g
(Listed in order 4 E E & §
of frequency of T 5 2
cceurrence) Failure Mode e E E E 2 8
1, TImproved Part Wear 80 2 67 11
Ductile Rupture 73 9 58 6

Leakage 57 12 37 8

Fatigue 55 6 46 3

Impact 32 1 28 3

Yielding 27 0 22 5

Corrosion 25 0 22 3

Unknown 19 4 1 1

Bonding Failure 17 0 17 0

Scoring 13 0 12 1

Surface Fatigue 11 0 7 4

Seizure 11 0 10 1l

2. Direct Replacement Wear 51 0 0 51
Leakage 43 0 0 43

Ductile Rupture 41 0 0 41

Fatigue 30 0 0 30

Impact 23 0 0 23

Yielding 20 0 0 20

Unknown 16 0 0 16

Corrosion 15 0 0 15

Bonding Failure 11 0 0 11

3. Change of Material Wear 35 3 28 A
Ductile Rupture 26 2 21 3

Fatigue 20 0 25 1

Leskage 18 Ji 11 6

Galling 12 0 12 0

4. Supplemental Part Wear 32 1 27 4
Ductile Rupture 29 2 27 0]

Fatigue 29 3 26 0]

Yielding 16 0 16 0

Leakage 16 4 10 2

Bonding Failure 12 1 7 JA

Impact 11 1l 10 0
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TABLE VIII - Continued

No. of Cases of Given}
Failure Mode

E E B
Q Q [
[Corrective Action 8§ Be g
(Listed in order — 3 § 2 §
of frequency of 2 ﬁg, p.g a
occurrence) Failure Mode e = 8 25
5. Improved Wear 27 0] 25 2
Instructions to Fatigue 25 0] 23 2
Field Personnel Ductile Rupture 21 0 21 0
Yielding 17 0 17 0]
Corrosion 16 0 16 0
Leakage 15 0 15 0]
Bonding Failure 12 0 12 0
6. Changed Dimensions Fatigue 30 0 30 0
Ductile Rupture 29 2 26 1
Wear 22 1 20 1l
Yielding 21 0 20 1
Impact 18 0 17 1
7. Applied Surface Corrosion 14 3 11 0
Coating Wear 10 2 8 0
8. Changed Loading Fatigue 15 2 13 0
on Part Yielding 11 0] 11 0
Ductile Rupture 11 1 10 0
9. Changed Mechanism Ductile Rupture 14 2 11 1
of Operation Fatigue 10 1 8 1
10. Relocated or
Repositioned Part  None
11, Repaired Fatigue 11 0] 0 11
12, Changed Method of Ductile Rupture 10 0 10 0
Attachment Fatigue 10 0 10 0
13, Changed Manufactur-
ing Procedure None
1,. HReinforced Part Fatigue 14 0 1 0

Ductile Rupture

13 0 13 0

Each of the remaining 21 corrective actions occurred fewer than 10 times
in the investigation reported here.
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While the information presented above is useful, it includes a large
amount of data for which the effectiveness of the corrective action is
unknown., It might be reasoned that, if ten or more cases exist in which
a certain corrective action was applied to solve a given failure mode or
tc mitigate the impairment of a particular function, there must have been
Justification for using the corrective action even if nothing was docu-
mented to indicate effectiveness. It might be further hypothesized that,
if no improvement had been observed, this fact probably would have been
documented. Thus, the results given in Tables VI, VII, and VIII may be
used on this rather subjective basis to draw general qualitative observa-
tions if it is kept firmly in mind that such observations are speculative
and subject to change.

Following the same line of reasoning, the entire failure-experience

matrix was searched for information cells which contained eight or more

cases.

This information, shown below in Teble IX, gives a good indica-

tion of which problems have received the most concentrated attention,
together with a qualitative assessment of the effectiveness of the
corrective actions employed.

TABLE IX, INFORMATION CELLS IN THE FAILURE-EXPERIENCE
MATRIX WHICH CONTAIN EIGHT OR MORE CASES
| ——
No. of Cases
i i 1
Elemental i o p 09 0
Corrective Failure Mechanical B e a, n.g o
Action Mode Function e =8 A& 25
1. Improved Part Wear Supporting 38 0 32 6
Wear Mot ion
Constraining 35 0 31 4
Fatigue Supporting 32 4 27 1
Ductile
Rupture Supporting 30 2 26 2
Leakage Sealing 28 8 16 4
Leakage Pressure
Supporting 27 9 13 5
Ductile
Rupture Attaching 25 2 20 3
Fatigue Attaching 25 3 20 2
Leakage Liquid
Constraining 24 8 12 4
Wear Friction
Reducing 23 0 21 2
Wear Force
Transmitting 19 0 19 0
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TABLE IX - Continued
No. of Cases
o 2
& 8 %
8§ 8¢ g
> > & >
Elemental = T ) 0
Corrective Failure Mechanical - R g o B
Action Mode Function e ¥8 A& 28
Improved Part Corrosion Supporting 16 0 13 3
(Cont 'd) Wear Cont inuous
Rolling 16 0] 11 5
Yielding Attaching 1 0] 12 2
Wear Pivoting 13 0 13 0
Wear Sealing 13 1 12 0
Wear Attaching 12 0 11 1
Impact Attaching 11 1 9 1
Wear Oscillatory
Sliding 11 0 11 0
Impact Supporting 11 0 10 1
Wear Liquid
Constraining 10 2 6 2
Ductile
Rupture Sealing 10 4 5 1
Leakage Liquid
Switching 10 4 6 0
Leakage Force
Transmitting 10 2 6 2
Yielding Supporting 10 0 8 2
Leakage Force
Amplifying 9 2 5 2
Surface Mot ion
Fatigue Constraining 9 0 6 3
Corrosion Mot ion
Constraining 9 0 6 3
Surface Supporting 9 0 6 3
Fatigue
Wear Pregsure
Supporting 9 1 6 2
Wear Energy
Absorbing 8 0] 0] 8
Ductile Liquid
Rupture Constraining 8 3 3 2
Surface Cont inuous
Fatigue Rolling 8 0 5 3
Corrosion Continuocus
Rolling 8 0 5 3
Bonding
Failure Support ing 8 0 8 0
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TABLE IX - Continued

No. of Cages
" B <
§ ¢ §
Elemental - ! § 3
Corrective Failure Mechanical 288 g B
Action Mode Function S 28 E 2 8
2. Direct
Replacement Wear Supporting 24 0 0 24
Wear Motion
Constraining 23 0 0 23
Ductile
Rupture Attaching 18 0 0 18
Leakage Sealing 17 0 0 17
Leakage Liquid
Constraining 16 0 0 16
Fatigue Attaching 15 0 0 15
Wear Friction
Reducing 15 0 0 15
Yielding Attaching 14 0 0 1
Ductile
Rupture Supporting 13 0 0 13
Leakage Pressure
Supporting 13 0 0 13
Wear Attaching 11 0 0 11
Bonding
Failure Supporting 10 0 0 10
Impact Supporting 10 0 0 10
Wear Pivoting 10 0 0 10
Wear Oscillatory
Sliding 9 0 0 9
Wear Force
Tranamitting 9 0 0 9
Fatigue Supporting 8 0 0 8
Impact Attaching 8 0 0 8
3. Change of
Material Wear Supporting 26 1 25 0
Wear Oscillatory
Sliding 18 1 16 1
Wear Motion
Constraining 16 1 15 0
Fatigue Supporting 13 0] 12 1
Wear Friction
Reducing 10 0 10 0
Galling Supporting 9 0 9 0
Leakage Supporting 9 0 8 1
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45
TABLE IX ~ Continued
No. of Cases
E B 1
5 @ g
§ 8¢ 8
Elemental o 5 G §
Corrective Failure Mechanical 2 A E. 5
Action Mode Function S 28 8 E
3. Change of Galling Oscillatory
Material Sliding 8 0 8 0
(cont 'd) Leakage Oscillatory
Sliding 8 0 8 0
Ductile
Rupture Support ing 8 0 7 1
Seizure Oscillatory
Sliding 8 0 8 0
Seizure Suppoiting 8 0 8 0
4. Supplemental
Part Fatigue Attaching 13 0 13 0
Wear Motion
Constraining 13 1 9 3
Wear Supporting 12 0] 8 4
Ductile
Rupture Attaching 11 0 10 1
Wear Friction
Reducing 10 0 6 4
Fatigue Protective
Covering 8 1 i 0
Vear Sliding 8 1 74 0]
5. Improved
Instructions
to Field Fatigue Supporting 18 0 18 0
Personnel Ductile
Rupture Supporting 13 0 13 0
Yielding Support ing 10 0] 10 0
Corrosion Supporting 10 0 10 0
Fatigue Attaching 9 0 9 0
Wear Motion
Consgtraining 9 0 9 0
Bonding
Failure Support ing 9 0 9 0
6. Changed
Dimensions Fatigue Attaching 16 0 16 0
Fatigue Supporting 16 0] 16 0
Ductile
Rupture Support ing 11 0 11 0

29

‘;
i
Shu Tt



TABLE IX - Continued
No. of Cases
E & B
Q Q [+})
§ 5 g
Elemental = 2 =2 &
Oorrective Failure Mechanical 2 £5 &g 5
Action Mode Function S 28 & 25
6. Changed Ductile
Dimensions Rupture Attaching 10 0] 10 0
(cont 'd) Wear Support ing 9 0 9 0
7. Applied
Surface Corrosion Supporting 10 1 9 0
Coating Corrosion Attaching 8 0 8 0
8. Changed
Ioading on Fatigue Attaching 13 1 12 0
Part Ductile
Rupture Attaching 9 i 8 0
Yielding Attaching 8 0 8 0
9. Repaired Fatigue Supporting 9 0 0 9
Bonding
Failure Support ing 9 0 0 9
10. Reinforced
Part Fatigue Supporting 9 0 9 0
Ductile
Rupture Supporting 8 0 8 0
Cells for all other corrective actions have fewer thar. 8 occurrences.

ANALYSIS OF DATA FOR WHICH THE CORRECTIVE
ACTIONS RESULTED IN AN IMPROVEMENT

While the overall results discussed above contain many unknown factors,
there 18 included in the overall data a significant subpopulation of
failure cases for which the corrective actions employed resulted in a
definite improvement in failure prevention response. This subpopulation
is of greater interest than the overall population because no speculation
is necessary to associate improved performance with the corrective action
employed. Unfortunately, however, even with this selected subpopulation
it is not possible to define a quantitative figure of merit by which
corrective action effectiveness can be graded.
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Table X records all of the cases investigated for which an improvement
in failure prevention response was observed as a result of applying a
specified corrective action. One of the objectives of the analysis was
to aggregate the most successful solutions to common failure modes at
their highest level of applicability. This objective is accomplished in
Table X by aggregating all of the elemental mechanical functions associ-
ated with a corrective action addressed to each of the pertinent fullure
modes. It may be noted, also, that one or more failure case reference
numbers are shown with each entry in this table. These reference numbers
are keyed to Table XIVin Appendix IV where each of the failure cases is
briefly described. These same reference numbers are also keyed to the
failure case history packets, 3o that all available information about
any of the entries in Table X can be quickly retrieved.

TABLE X, CORRECTIVE ACTIONS WHICH IMPROVED FAILURE
RESISTANCE OF CERTAIN ELEMENTAL MECHANICAL
FUNCTIONS FOR EACH OBSERVED FAILURE MODE

Failure Mode Failure
(in order of Aggregation of Case
frequency of Elemental Mech. Referencew
occurrence) Corrective Action Functions Numbers
1. Wear A. Improved Part a) Liquid Constraining 13a,38a
b) Sealing 13a

¢) Liquid Transferring 38

B. Change of Material a) Contaminant

Constraining 60b

b) Motion Constraining 124a
c) Coupling 124a
d) Sealing 60b
e) Sliding 124a
f) Oscillatory Sliding 9lc
) Supporting Olec

h) Motion Transmitting 124a
i) Torque Transmitting 124a

C. Supplemental Part a) Motion Constraining 124a
b) Coupling 124a
¢) Sliding 124a
d) Motion Tranamitting 124a
e) Torque Transmitting 124a

D. Changed Dimensions a) Contaminant 60b
Constraining (2 uses)

b) Sealing 60b
(2 uses)
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TABLE X - Continued
Failure Mode Failure
(in order of Aggregation of Case
frequency of Elemental Mech. Referencej
occurrence) Corrective Action Functions Numbers
1. Wear E. Applied Surface a) Linking 104
(Cont 'd) Coating b) Sealing 8a
c) Shielding 8a
d) Sliding 8a
e) Force Transmitting 104
f) Motion Transmitting 104
F. Changed Loading on a) Motion Constraining 29a,29b
Part b) Pivoting 29
c) Friction Reducing 292,29
d) Oscillatory Rolling 29a
e) Sliding 29e,29f
f) Oscillatory Sliding 2%
g) Supporting 29a,29D,
29e
h) Force Transmitting 29b,29e
i) Torque Transmitting 29e,29f
G. Changed Mechanism a) Attaching 3c
of Operation b) Motion Constraining 3ec
¢) Friction Reducing 3c
d; Rolling 3c
e) Supporting 3c
H. Changed Lubricant a) Motion Constraining 124a
Type or Added (2 uses)
Lubricant b) Coupling 124a
(2 uses)
¢) Sliding 124a
(2 uses)
d) Motion Transmitting 124a
(2 uses)
e) Torque Transmitting 124a
(2 uses)
I. Changed to Correct a) Spacing 14a
Part
2. Ductile  A. Improved Part a) Attaching 38b,77]
Rupture b) Contaminant
Constraining 136
¢) Liquid Constraining 13a,38a,
T
d) Covering 136
¢) Limiting 9
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TABLE X - Continued

Failure Mode Failure
(in order of Aggregation of Case
frequency of Elemental Mech, Reference
occurrence) Corrective Action Functions Numbers

2. Ductile A. Improved Part f) Pumping 77c

Rupture (cont 'd) (2 uses)
(cont 'd) g) Sealing 13a,77)
136
h) Support ing 9b, 38b,
773
i) Pressure Supporting 38a
Tle
(2 uses)
Tg
J) Liquid Trensferrin; 38a,77c,
g
B. Change of Material a) Sound Absorbing 108
b) Contaminant
Constraining é0b
c) Protective Covering 108
d) Sound Insulating 108
e) Sealing 60b
C. Supplemental Part a) Contaminant
Constraining 124b
b) Liquid Constraining 77g
c) Sealing 124b
d) Pressure Supporting 77g
e) Liquid Trensferring 77
D. Changed Dimensions a) Contaminant
Constraining 60b
(2 uses)
b) Sealing 60b
(2 uses)
E. Applied Surface
Coating :a) Torque Transmitting 92a
F. Changed Loading a) Attaching 29¢
on Part b) Supporting 29¢
G. Changed Mechanism a) Attaching 3c
of Operation b) Motion Constraining 3c
¢) Limiting 9b
d) Friction Reducing 3c
e) Rolling 3c
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TABLE X - Continued

Failure Mode Failure
(in order of Aggregation of Case
frequency of Elemental Mech. Referencs
occurrence) Corrective Action Functions Numbers
2. Ductile G. Changed Mechanism
Rupture of Operation
(cont 'd) (cont'd) £) Supporting 3¢,9b
H. Relocated or a) Liquid Constraining 77g
Repositioned Part b) Pressure Supporting 77g
c) Liquid Transferring 177g
I. Changed Manufactur- a) Power Transmitting 52d
ing Procedure b) Torque Tranamitting 52d
J. Changed Method or
Frequency of a) Torque Transmitting 92e
Lubrication
K. Changed Vendor a) Power Transmitting 524
b) Torque Transmitting 524
L. Improved Quality a) Power Transmitting 52d
Control b) Torque Transmitting 524
3. Fatigue A. Improved Part a) Attaching 38b
b) Liquid Constraining 38a,77g
¢) Limiting %b
d) Sealing 38b
e) Supporting 9b, 38b,
773,182
f) Pressure Supporting 77g
g) Liquid Transferring 38a,77¢
B. Supplemental Part a) Liquid Constraining 77
b) Protective Covering 1l3a
¢) Filtering 113a
d) Lighting 18
e) Pressure Supporting 77g
f) Liquid Transferring 77g
g) BEnergy Transforming 18
C. Applied Surface a) Linking 104,261
Coating b) Stabilizing 9a
¢) Supporting 261
d) Force Transmitting  9a,104,
261
e) Motion Transmitting 104
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TABLE X - Continued

AT

SRR St D

Failure Mode Failure
(in order of Aggregation of Case
frequency of Elemental Mech. Reference
oceurrence ) Corrective Action Funct ions Numbera
3. Fatigue D. Changed Loading on a) Attaching 29¢
(cont 'd) Part b) Lighting 18
¢) Supporting 29¢
d) Energy Transforming 18
E. Changed Mechanism a) Limiting 9b
b) Supporting 9%
F. Relocated or a) Liquid Constraining 77
Repositioned Part b) Pressure Supporting 77g
c) Liquid Transferring 77
G. Changed Manufactur- a) Power Transmitting 524
ing Procedure b) Torque Transmitting 524
H. Changed Vendor a) Power Transmitting 52d
b) Torque Transmitting 52d
. Improved Quality a) Power Transmitting 52d
Control b) Torque Tranamitting 524
Changed to a) Attaching 814
Correct Part b) Supporting 81d
4. Leakage Improved Part a) Force Amplifying 38c
b) Attaching 773
¢) Liquid Constraining 38e,33g,
3éh,
77e
(3 uses)
e
d) Pumping 77c
(2 uses)
e) Sealing 38e, 38g,
38h,
TT7e
(3 uses)
773
f) Supporting 77J
g) Pressure Supporting 38c,38d
38e,77c -
(2 -1ses)
77e
(3 uses)
77g
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TABLE X -~ Continued

Failure Mode Failure
(in order of Aggregation of Case
frequency of Elemental Mech. Reference
occurrence) Corrective Action Functions Numbers
4. Leakage A. Improved Part h) Liquid Switching 38e
(cont 'd) (cont 'd) 77e
(3 uses)
i) Liquid Transferring 77c
(2 uses)),
g
J) Force Transmitting 38¢, 384
B. Change of Material a) Motion Constraining 124a
b) Coupling 124a
¢) Sliding 124a
d) Motion Transmitting 124a
e) Torque Transmitting 124a
C. Supplemental Part a) Contaminant
Congtraining 124b
b) Liquid Constraining 77e,77g
¢) Motion Constraining 124a
d) Coupling 124a
e) Sealing 77e,124b
£) Sliding 1248
g) Preassure Supporting 77e,77g
h) Liquid Switching 77e
i) Liquid Transferring 77g
j) Motion Transmitting 124a
k) Torque Transmitting 124a
D. Changed Dimensions a) Protective Covering 99NA
b) Sealing 99NA
E. Relocated or a) Liquid Constraining 77
Repositioned Part b) Pressure Supporting 77g
c) Liquid Transferring 77g
F. Changed Lubricant a) Motion Constraining 124a
Type or Added (2 uses)
Lubricant b) Coupling 124a
(2 uses)
c) Sliding 124a
(2 uses)
d) Motion Transmitting 124a
(2 uses)
e) Torque Transmitting 124a
(2 uses)
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TABLE X - Continued

Failure Mode Failure
(in order of Aggregation of Case
frequency of Elemental Mech, Reference
occurrence) Corrective Action Funct ions Numbers
5. Impact A. Improved Part a) Attaching 109a
b) Motion Constraining 109a
¢) Latching 109a
d) Limiting 109a
B. Supplemental Part a) Lighting 18
b) Energy Transforming 18
C. Changed Loading a) Lighting 18
on Part b) Erergy Transforming 18
6. Corrosion A. Change of Material a) Protective Covering 12la,121b
b) Shieldizg 121a,121b
B. Applied Surface a) Protective Covering 121a,121b
Coating b) Shielding 121a,121b
¢) Stabilizing 9a
d) Supporting 9a
e) Force Transmitting Oa
7. Bonding A. Supplemental Part a) Protective Covering 13c
Failure b) Sealing 13¢
B. Changed Dimensions a) Protective Covering 99NA
b) Sealing 99NA
8. Seizure A. Changed Loading on a) Sliding 2%
Part b) Supporting 2%
¢) Force Transmitting 29
d) Torque Transmitting 29e
9. Surface A. Change of Material a) Motion Corstraining 124a
Fatigue b) Coupling 124e
c) Sliding 124a
d) Motion Transmitting 124a
e) Torque Transmitting 124a
B. Supplemental Part a) Motion Constraining 124a
b) Coupling 124a
c) Sliding 1248
d) Motion Transmitting 124a
e) Torque Transmitting 124a

37



TABLE X -~ Continued

Failure Mode Failure
(in order of Aggregation of Case
frequency of Elemental Mech. Reference
oceurrence) Corrective Action Functions Numbers
9. Surface C. Applied Surface
Fatigue Coating a) Supporting 9a
(Cont 'd)
D. Changed Mechanism a) Attaching 3c
of Operation b) Motion Constraining 3c
¢) Friction Reducing 3¢
d) Rolling 3c
e) Supporting 3c
E. Changed Lubrication a) Motion Constraining 124a
Type or Added (2 uses)
Lubricant b) Coupling 124a
(2 uses)
¢) Sliding 124a
(2 uses)
d) Motion Transmitting 124a
(2 uses)
e) Torque Transmitting 124s
(2 uses)
10, Galling A. Supplemental Part a) Limiting 177a,177
b) Sliding 177a,177b
¢) Torque Transmitting 177a,177
11, Scoring A. Change of Material a) Protective Covering 2a
b) Shielding 2a
c) Light Transmitting 28
d) Viewing 2a
B. Applied Surface a) Protective Covering 2a
Coating b) Shielding 2a,8a
¢) Sliding 8a
d) Light Transmitting 2a
e) Viewing 2a
12, Change in A. Change of Material a) Contaminant
Material Constraining 60b
Properties b) Sealing 60b
13. Erosion  A. Change of Material a) Protective Covering 121a,121b
b) Shielding 121a,121b
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TABLE X - Continued

Failure Mode Failure
(in order of Aggregation of Case
frequency of Elemental Mech. Reference
occurrence) Corrective Action Functions Numbers
13, Erosion . Applied Surface a) Protective Covering 121a,121b
(cont 'd) Coating b) Shielding 1215,121b
14, Fretting- A. Applied Surface a) Linking 261
Fatigue Coating b) Supporting 261
c) Force Transmitting 261
15, Imbalance A. Changed to a) Guiding 51f
Correct Part b) Stabilizing 51f
16, Stress A. Change of Material a) Protective Action 2a
Rupture b) Shielding 28
c) Light Transmitting 2a
d) Viewing 2a

17. Improper A. Adjusted Part a) Force Maintaining 95b

Dimension b) Position Restoring 95b

c) Stabilizing 95b
18, Buckling A. Change of Material a) Protective Covering 12la
b) Shielding 1214

19. Corrosion- A. Applied Surface a) Stabilizing 9a

Fatigue Coating b) Supporting 9a

c) Force Transmitting Oa

20. Unknown A. Improved Part a) Contaminant

Constraining 774

b) Filtering 774

c) Pressure Increasing 38f
d) Movable Lighting 132,154
e) Pumping 38f
f) Pressure Supporting 38f
g) Liquid Transferring 38f

h) Energy Transforming 132,15
B. Supplemental Part a) Contaminant
Constraining 774
b) Filtering 774
C. Changed Mechanism  a) Attaching 259b
of Operation b) Liquid Conetraining 259
c) Disconnecting 259D
d) Sealing 259b
e) Switching 259b
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TABLE X - Continued
Failure Mode Failure
(in order of Aggregation of Case
freqencv of Elemental Mech. Reference)
occurrence) Corrective Action Functions Numbers
20, Unknown D. Eliminated Part a) Contaminant
(Cont 'd) Constraining 774
b) Filtering 77d

Of the 40 failure modes associated with the failure-experience matrix, a
total of 32 were observed nt least once among the failure case histories
examined. Table X indicates that of the 32 observed failure modes only
19 were addressed by a corrective action which resulted in a documented
improvement in failure resistance. The observation that 13 of the active
failure modes were rever addressed by a corrective action with documented
improvement indicates both a need for better documentation and a need to
reevaluate the consequences of these failure modes, The 13 failure
modes requiring further attention include elastic deformation, yielding,
brittle fracture, brinelling, creep, fretting-wear, impact-fatigue,
delamination, lubrication failire, imbalance, electrochemical overheat-
ing, clogged filter, and elecirical failures.

In studying the results of Table X, it appears that the three most
frequently used corrective actions with documented improvement in failure
resistance are (1) change of material, (2) surface coatings, and (3) use
of a supplemental part. These three corrective actions were successfully
used for a rather broad class of failure modes. Of the three, the uce of
surface coatings probably has the greatest potential for broad applica-
tion to a variety of different failure modes including wear, fatigue,
corrosion, surface fatigue, scoring, erosion, fretting-fatigue, corrosion-
fatigue, and perhaps others. To reinforce this observation, which is
based on the failure case histories examined, it was noted in talking
with AVSCOM personnel at the USAARAIMAC facility near Corpus Christi,
Texas, that the use of surface coatings is also frequently employed in
repair or product improvement procedures at that installation, often with
good success. It is interesting to note, however, that there are only
two information cells in Table IX which involve surface coating as s
corrective action., This probably indicates that there are many cases in
which surface coatings could have been effectively used as a corrective
action but, for some reason, were not utilized.

ANALYSIS OF DATA FOR WHICH THE CORRECTIVE
ACTIONS RESULTED IN NO IMPROVEMENT

It is often possible to find useful information in results which appear
to be negative. For this reason, all of the data for corrective actions
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which resulted in no improvement in failure resistance were carefully

examined, This effort is summarized in Taole XI.

TABLE XI.

CORRECT IVE ACTIONS WHICH RESULTED IN AT LEAST TWO
CASES WITH NO IMPROVEMENT IN FAILURE RESISTANCE

ASSOCIATED WITH SPECIFIED FAILURE MODE

Failure Mode Corrective Action No. of Cases
1. Wear A. Improved Part 11
B. Direct Replacement 51
C. Change of Material 4
D. Improved Instructions to Field
Personnel 2
E. Made Parts Interchangeable 2
2. Ductile A. Improved Part 6
Rupture B. Direct Replacement 41
C. Change of Material 3
D. Repaired 6
3., Fatigue A. Improved Part 3
B. Direct Replacement 30
C. Repaired 11
D. Improved Instructions to Field
Fersonnel 2
4. Leakage A. Improved Part 8
B. Direct Heplacement 43
C. Change of Material 6
D. Supplemental rart 2
E. Changed Dimensions 2
F. Repaired 3
5. Yielding A. Improved Fart 5
B. Direct Replacement 20
C. Repaired 8
6. Impact A. Improved Part 3
B. Direct Feplacement 23
C. Repaired 5
7. Corrosion A. Improved Fart 3
B. Direct Heplacement 15
C. Repaired 5
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TABLE XI - Continued

Failure Mode Corrective Action No. of Cases
8. Bonding Failure A. Direct Replacement 11
B. Supplemental Part 4
C. Repaired 9
9, Seizure A. Direct Replacement 9
B. Supplemental Part 4
10. Surface A. Improved Part 4
Fatigue B. Direct Repiacement 7
11, Galling A. Direct Replacement 4
12. Scoring A. Direct Replacement 4
13, Change in
Material 4. Direct Replacement 8
Properties
14. Erosion A. Direct Replacement 3
15, Elastic
Deformation A. Direct Replacement 3
16. Fretting-
Corrosion A. Direct Replacement 3
17, Brittle
Fracture A. Direct Replacement 4
18. Stress
Rupture A. Direct Replacement 3
19. Fretting-Wear A. Direct Replacement 2
20, Delamination A. Direct Replacement 3
21, Clogged Filter A. Direct Replacement 2
22, Unknown A. Direct Replacement 16

It may be observed that "direct replacement'" and "improved part" ‘are the

more frequent unsuccessful corrective actions employed.

Direct replace-

ment involves installation of a new part with the same probability of
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failure, so that no improvement would be expected. Lack of success in
improving failure resistance by using the "improved part" corrective
action may be related to the fact that virtually no documentation was
available on the details of improvement for parts in this category. The
lack of documentation may indicate that the "improvement" was poorly de-
fined or speculative, and therefore the chances of success were poor from
the start. It may also be observed from Table XI that "Repalr" as a
corrective action frequently results in no improvement. Unfortunately,
the documentation needed to more completely analyze these unsuccessful
corrective actions was not available for this study.
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DEVELOPMENT OF ACCELERATED
T IING PROCEDURE FOR

PREDICTION OF FAILURE BY WEAR

Based on the results of Table I, wear is the most frequently occurring
failure mode observed in this study of over 500 documented helicopter
component failures. Wear may be defined as the undesired cumulative
change in dimensions brought about by the gradual removal of discrete
particles from a surface due to mechanical action. Cormsion often
interacts with the wear process to change the character of the surfaces
or wear particles through reaction with the enviromment. It is only in
the past decade that the state-of-the-art knowledge in wear research has
progressed to the point that some success has been achieved in making
quantitative predictions of wear. Such predictions are complicated by
the fact that there are at least four major subcategories of wear:

(1) adhesive wear, (2) abrasive wear, (3) corrosive wear, and

(4) surface-fatigue wear [4]!. In addition to these, fretting-wear is
also an important wear process. Each type of wear proceeds by a
distinctly different physical process and must be considered separately.
However, the various subcategories may combine their influence either
by shifting from one type of wear to another or by the simultaneous
action of two or more different types of wear.

While progress has been made in recent years in developing quantitaetive
wear models, very little effort has been directed tcward the study of
accelerated wear or fretting wear testing. Wear testing of components
designed for long life is both expensive and time-consuming. The devel-
opment of a relisble accelerated wear testing technique would represent
a significant advancement in wear life prediction. Since very little
effort has been directed toward the study of accelerated wear testing
(in spite of the first rank importance of wear as a failure mode), major
advances in predictive techniques might reasonably be expected from a
well-planned accelerated-wear testing program.

Three methods of accelerated testing have been employed with some success
in other fields and for other tailure modes. The first method is appli-
cable to components which operate cyclically. If the number of cycles to
failure is not affected by cycling rate within a cert~in frequency range,
then the cycling rate can be successfully increased tu produce failure in
a shorter time without changing the failure characteristics of the com-

ponent. This technique is sometimes used in accelerated fatigue testing.

The second method may be used when a good mathematical model of the
physical phenomenon is known in terms of its significant parameters and
constants that may be evaluated experimentally. This method is sometimes
used in accelerated creep or stress rupture testing.

! Numbers in brackets designate references at end of report.
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The third method involves the use of a linear cumulative damage model,
similar to the widely used Palmgren-Miner cumulative fatigue damage
model 4], which allows life prediction based on accelerated testing,
without a detailed knowledge of the governing physical phenomenon and
without an explicit mathematical model. This method has been used with
some success [5] in accelerated life testing of several common items,
including 1ight bulbs, electric hand drills, electric motors, and bear-
ing balls,

The accelerated wear testing procedure proposed here would capitalize
upon all three accelerated testing methods. The procedure, described in
detail in the following paragraphs, must ultimately involve: (1) perform-
ing statistically significant accelerated life tests, (2) making life
predictions by the three methods described above, (35 performing statis-
tically significant normal life tests, (4) correlation of results, and
(5) evaluation of models and methods.

YEAR MODELS AND TESTING METHOLG

Extensive review of the wear literature indicates that the most useful
wear models are probably the following three. For adhesive wear [6]

dy = kyply  for By <y

unstable galling and seizure for Pp > ayp

(1)

where d! is mean depth of the wear, p, is mean nominal contact pressure,
Lg is distance of sliding, Syp is the yield point strength of the
material and k., is an adhesive wear constant to bz experimentally evalu-
ated.

For abrasive wear [7]

dabr = XabrPmls (2)
where the terms are the same as above except kabr is an abrasive wear
constant.

For "zero" wear, defined to be wear of such small magnitude that the
wear depth is the order of one-half the peak-to-peak surface finish
dimension [8],

T
max

Y, 7, 7"
e e 10’[_“.22] (3)

where N is the maximumn number of passes for zero wear, T, is the shear
yield point of the material at the surface, Tp,, is the %gximum shearing
stress in the vicinity of the surface due to both normal and friction
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forces, and v, is an experimental constant.

These three models will be useful in evaluating the first and second
rccelerated testing methods described above.

To examine the use of the third testing method it is necessary to

develop the concept of generalized cumulative dsmage. The coined word
"stressor" will be used to refer to any generalized stress-like quantity
that may be varied to accelerate a life test. For example, temperature,
load and environment are all stressors. The generalized linear cumula-
tive damage relationship then states that, for a specified failure mode,
if the component life is L, at stressor level S;, and the life is L, at
stressor level S, then if the component is subjected to operation at
stressor level S for a time dL , it will have a remaining life at stress-
or S, of AL, , where

o+ B=1 (4)

The validity of this relationship for the wear mode of failure remains
to be established. Experimental verification will be indicated if two
groups of specimens are tested as follows: Group I specimens are tested
at stressor level S for a time t followed by testing at stressor level
S,y with failure observed after time t, at level S,. Group II specimens
then are first tested at stressor level S, for a time t , followed by
testing at stressor level S , with fallure observed after time t, at
level S Ift =t , the hypothesis is verified for this combination
of condftions. 3Testing over a suitable range of stressor levels in
various combinations would verify the model. It has been shown that for
many types of failure this linear model seems to hold with reasonable
accuracy [4].

If the model is verified, then accelerated life testing consists of
running specimens first at a high stressor level, 5,4, until failure
occurs., Such a failure point is shown as "A" in Figure 102. Next, speci-
mens are run at normal operating stressor level So for a fraction & of
the operating life time and then tested to failuré’at S ;. This failure
point is shown as "C" in Figure 102, Connecting the two points A and C
with a straight line, and extrapolating the line to the horizontal axis,
gives the life prediction for full operation at S,, only. This predicted
life is indicated as point "B" in Figure 102, Sincg most of the testing
time is at the accelerated stressor level, the total test time is reduced
significantly.

For example, if life L ; at the higher stressor level is 10 per cent of

life L,, at the operat stressor level, and test time for point C at

the operating stressor level is arbitrarily selected as 10 per cent of

Lopr the total testing time to produce both of the data points A and C

is 0.29 L, This includes 0,10 for point A plus 0.10 at
7110383 by 0.90(0.10 Lop) 8t 5;1 forBotnt G, Thus, the test tihe

hag been accelerated by apprﬂximate y a factor of four, and since the

46



tests at point A could probably be run simultaneously with the tests at
point C, the effective test-time acceleration factor would exceed five.

SPECIMEN SELECT ION

The criteria for selection of a suitable test specimen include the

need for simplicity, compactness, economy, ease of controlling and
measuring forces and motions, potential for application of coatings and
platings to the wearing surface, and a desire to use a currently trouble-
some helicoptei component so that laboratory results might be directly
applicable to a specific problem area, as well as providing data for
developing generalized predictive methods and accelerated testing tech-
niques. The cyclic servo support bearing seems to meet all of these
criteria relatively well.

The cyclic servo support bearing consists of a double-truncated sphere
supported by two rings with spherical mating surfaces, as shown in
Figure 103, The spherical element has a cylindrical hole through it for
securing it to the servo actuator rod.

In actual helicopter operation the input load is cyclic, has a maximum
amplitude of about 1800 pounds, and is applied along the axis of the
bearing ball. The frequency of this loading is about 650 cycles per
minute. The input motion consists of movement of the bearing ball axis
through an arc of approximately 7%0, esgsentially in one plane. The
servo and attached bearing ball are not constrained from small rotation-
al motion about the bearing ball axis, In addition to the external
loads on the bearing, there is a preload pressing the bearing rings
against the ball,

Four loading and motion parameters could reasonably be varied in testing
this bearing: load amplitude, load frequency, motion amplitude, and
motion frequency. It is judged that changing the motion amplitude signi-
ficar*tly might change the mechanism of failure, particularly if fretting
is involved. The load frequency would be expected to have less effect
than the load amplitude. Therefore, two series of tests would provide
the desired information, one series using load amplitude as the variable
stressor, and the other series using motion frequency as the variable
stressor. In each series, all other parameters would be held constant

at values consistent with actual "normal'" operation.

SELECTION OF ACCELERATED
SIRESSOR RANGES

Values must be selected for load amplitude and motion frequency .o pro-
vide a useful degree of acceleration without changing the faillure
mechanism, A reduction in life by a factor of approximately five is
thought to be the minimum that would yleld a significant savings in time.
Larger acceleration factors would increase the chance of changing the
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failure mechanism, Therefore, the initial stressor values should be
selected to produce component lives of about one-fifth or less of their
normal operating lifetimes. While such values cannot be accurately
estimated for the cyclic servo support bearing to be tested, equations
(1), (2) and (3) may be used to estimate initial values for the acceler-
ated stressor levels.

For equations (1) and (2), the damage rate is directly proportional to
load for fixed sliding velocity and constant material properties. This
suggests that one accelerated test value for the load stressor should be
about five times the normal load. The damage rate is also directly
proportional to the frequency of wotion for a fixed sliding distance per
cycle. Thus the frequency stressor should also be about five times the
normal operating frequency fo: sccelerated testing.

In equation (3),the life for "zero wear" is inversely proportional to

the ninth power of the maximum shearing stress at the wearing interface.
If the bearing rings and bearing ball are closely matched, the stresses
are approximately proportional to the load. Thus, to accelerate the test
By a factor of five, the load stressor must be increased by a factor of
95, or about 1,2. If the motion frequency is unchanged, this change in
load should reduce the "zero wear" life by a factor of about five., If
the load is maintained at the normal operating value, the life is
inversely proportional to the frequency of motion, so the frequency
stressor should be increased to five times the norual frequency to obtain
the desired test acceleration. Based on the above estimates, it would be
proposed to use load stressor magnitudes of about 1.2 and about 5 times
the normal load with an intermediate magnitude arbitrarily selected be-
tween these two values. Thus, factors at 1.2, 2.5, and 5 times the
normal load would be proposed for the three accelerated load stressor
values.

For all wear models discugsed, a factor of 5 seems appropriate for
accelerated frequency testing. Arbitrarily selecting additional factors
larger and smaller than 5, it would be proposed to use frequency acceler-
ating factors of 2.5, 5.0, and 10.0,

DEFINITION OF FAILURE
BY WEAR IN THE CYCLIC

SERVO SUPPORT BFARING

For many failure modes, such as ductile rupture or fatigue, failure is
well defined., For wear, however, the definition of exactly when failure
occurs is more difficult. Bearings used in Army helicopters have speci-
fied limits for looseness (play) and roughness, but the cyclic servo
support bearing can be adjusted to eliminate looseness, so a specified
amount of play would not be sufficient to define failure.

One method of determining failure would be to periodically disassemble
and inspect the bearing, using some measure of surface damage to the
bearing ball and rings as the criteria for failure.
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An alternat ve to complete disassembly would be to measure the force
required to move the ball through a specified arc., Failure might then be
defined by a specified combination of force and motion under an accurate-
ly controlled preload. This force might conceivably be measured without
interrupting the testing of the bearing, and controls might be used that
would automatically terminate the test when failure is reached. Selec-
tion of suitable criteria for fallure would require examination of failed
bearings and measurement of the friction force and motion characteristics
for failed bearings.

JESTING MACHINE REQUIRFMENIS

To perform the wear testing program, it would be necessary to design and
construct suitable wear testing machines, since no "standard" machines
exist. These devices should be versatile enough to provide all of the
types of loadings and motions associated with the cyclic servo support
bearing tests described above, and, where possible, additional features
to accommodate other wear tests thut might be of interest in the future.
Ranges of loads and motions should exceed the requirements for testing
the cyclic servo support bearings. Both unidirectional motion and os-
cillatory motion should be provided in the design if possible. Fixtures
for mounting the specimens and maintaining proper preloads would be re-
quired, as would instrumentation and controls to measure and maintain
proper loads and motions. Failure detection would be a necessary feature.
Further, it would probably be necessary to construct multiple units to
obtain statistically significant data in a reasonable period of time.

DEFINITION OF AN
ACCEI “RATED WEAR

IESTING PROGRAM

To investigate the validity and potential of the models and methods
defined by equations (1) through (4), the following series of wear tests
could be utilized. 1In each test it would be necessary to control, calcu-
late, or measure each of the following parameters:

(1) Amplitude of normal static or cyclic force betwe:n
contacting surfaces.

(2) Frequency of normal static or cyclic force.
(3) Amplitude of relative cyclic motion.

(4) Frequency of relative cyclic motion,

(5) Sliding distance and velocity.

(6) Coefficient of friction.
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(7) Maximum shearing stress in vicinity of surface,
including frictional influence.

(8) Mean depth and volume of wear track.
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