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ABSTRACT

This study addresses itself to the problern of the development of acceler-
ated reiiability test methods for mechanical and electromechanical parta, The
expected life span of these classes of parts is extremely lony when they are
used under manufacturers' rated conditions, Therefors accelerated test
methods are required to reduce the time period required for the verification
of the reliability characteristics of these part types and to reduce the expenses
associated with these tasts,

The specific parts selected for study were:

1. Snap Action Switches - MS 25085-1, 5 ampere, 250 volt AC, single
pole, double throw, subminiature

2. Crystal Can Relays- 3 ampere, 28 volt dc contacts; double pole,
double throw; 675 ohm, 26.5 volt coil

3. Mechanical Seals (O-rings) - AN 6227B-11; OD - 3/4", ID-9/16",
cross sectional width 3/32"; materiul; Buna-N rubber

4. Timing Belts - 1/5 pitch, 12 inch pitch length, 60 teeth, .037" width,

The parts selected were chosen because they represented large generic
families of high usage rate,

The search for an accelerated reliability test method for each of the four
parts included in the study were conducted by selecting a combination of
operating and environmental stresses and by applying them at higher than
manufacturer's rated level of suggested operation. Parts were also tested
at manufacturer's rated conditions tc create datx for coraparison on parts
from the same manufacturing lot.

The physical test methods used were developed during the study and were
designed to control the accelerating stresses being applied. The statistical
test method employed was a full factorial experiment with replicafions. It
was selected in orde:r to be able to evaluate main effects and interactions in
searching for the most etficient accelerated test method.

The mean life of snap action switches was affected by the application of
various levels of contact load, actuation rate, and contact overtravel, and by
the interactions between contact load and 2ctuation rate and contact load and
contact overtravel. The failure times of these parts fit Weibull distributions.
The fits were made by calculating a linear regres®.un line oy the method of
least squares. Tests for goodness of fit were peric *med to verify the
Weibul!l fits., The cumulative failure distributions anu hazard rates were
calculated for the parts operated at manufacturer's rated conditions (Test
Run 1) and for the parts operated at each of 26 combinations of accelerated

conditions,

An analysis of the failed switches indicated that most of the parts failed by
burning of the contacts. As contact load increased there was a tendency to
experience a failvre mode change in the form of welding of the contacts.
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Based on the above mentioned analyses performed on switches, the most
favorable stresses to te applied as an accelerated test method were: contact
load-10 amps; contact overtravel-. 010 inches, actuation rate-150 to 300
cycles/minute.

The mean life of crystal can relays is affected by contact load, ambient
temperature, and by the interactions of contact load and temperature., The
failure times of these paris are in most cases distributed according to the
Weibull distribution. Cumulative failure distributions and hazard rates were
calculuted for each set of stresses applied in combination. The predominant
failure mode in the relays was erosion and material transfer between the
normally open contacts and blade. At Ligher contact loads contact welding
occurred frequently,

From the analyses performed, desirable accelerated reliability test
methods for crystal can relays were specified, They call for 6 amps contact
load, 1509C ambient temperature, and 10 cycles per second actuation rate
or 6 amps contact load, 25°C ambient temperature and 30 cycles per second
actuation rate.

The life of O-rings was affected by both temperature, ultraviolet exposure
and by the interactions of these two stresses, Tamperature contributed most
heavily to reducing part life. The temperature range studied was 200° to
2750F. The failure times were according to the Weibull distribution, The
predominant failure mode observed was radial cracking with a lesser amount
of circumferential cracking. Inthe case of O-rings it was not possible to
run a test at normal operating conditions and observe any failures during the
one year study period. Therefore it can only be said that the life of O-rings
decreases over the stress ranges studied but with no reference to normal
stress levels,

Timing belts were studied at norma) and severe levels of load and pulley
diameter in combination. Not enough failures were observed to arrive at
any conclusions,

The test of whether o: 10t the accelerated reliability test methods specified
for switches and relays are truly valid depends on whether the results
¢>tained from them can be translated to parts operated at nornial conditions.
In order to make this translation, five mathematical models are presented
as possible representations of the failure laws operating when parts are
operated at different levels of combined stresses. The five models are
variaiions of time traneformations on: the cumulative failure distribution,
the hazard rate, and the ratio of the hazard rates. The validation as to
which of these models best represents what happens in an accelerated test
must await further study.
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Bwlmation

The over-all objective of the program, of vhich this effort was a part,

is to develop optimum techniques for the demonstratlon of the reliability
of nonelectronic parts and components. This effort bad as objectives the

development of accelerated test methods vhich would reduce the time and cost

associated with the testing of four specific components and the development
of mathematical models to relate the reliability under accelerated stress
conditions to the reliability under normal stress conditions. The com-
ponents investigated wvere a sutainiature smep-action svitch, crysal can
relay, "0" ring mechanical seal and a rubber timing belt. Enpbasis vas
Placed on the first two components.

A full 3x3x3 factorial experiment was porformed on both swvitches and

relays so that both the main effects and the interactions could be measured.

Analysis of the results showved that the data for both componsnts fits the

Weibull distridbution. A failure acceleration factor on the mean life of the
switches of 75 and on the mean life of the relays of 25 wvas realized. Since

the lives follow the Weidbull cumulative distribution. the time transfer
function cannot talie the form of y e cx. Not only i{s there a com-
pression of time, but the parameters of the Weibull distributions (pormsl
vs accelerated) are not equal. The transfer functions developel taks the
preceding into consideration. The failure times of the O-rings under
accelerated conditions were according to the Weibull distridbution. No
failures were developed under rormal conditions and thus it can only be
said that the lives decrease as the utresses increase. The on
the tining belts was intended only es & probing test. PFev fai

occurred and there appeared to be little decrease in life vith increases
in ths stresses atudied.

The results of this contract serve to orient the second phase of
progran vhich vill deternine the validity of these results as they pertain
to functionally similar svitches and relays manufactured and supplied by
other companies.

Qe ) Tl

DONALD W, PULTON
RADC Project Enginser
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SECTION 1.0 INTRODUCTION
{.1 STATEMENT CF THE RELIABILITY TESTING PROBLEM.

in general, statistical theory shows quite clearly thit the precision of the
estimates of the parameters of life distributions depends on the degrees of
ir2edom available to estimate them. Degrees of freedom, for all intents

and purpos.:s translates into sample size. It is here that problems peculiar
tu life testing occur:

l. Sample size for life testing is not the number of items tested neces -
sarily but is the observed number of failures.

2. The observed number of failures usually depends on the reliability
of the device in question.

Since the reliability of mechanical and electromechanical parts is often
very high it requires a good deal of time/parts to obtain worthwhile reliability
estimates.” There are a number of approaches to overcome this objection.
One of them consists of reducing the confidenrce level. This amounts to
decreasing the precision required and is really begging the question. Sequen-
tial testing may afford an optimal approach in many cases but large test
times/parts still result. Another apprcach which appears satisfactory but
is in the too distant futuze is the use of prior information in the test. This
is often referred to as Bayes sampling. 1If done carefully, one of the most 1
useful approaches is that of accelerated testing. For particular parts this
method is studied in some dctail in this report.

Briefly, accelerated testing consista of actually changing the parameters
of the failure distribution so the failures occur earlier and the required
sample sizes become available much earlier and hence testing costs are
lower. In using accelerated testing ore must be careful that the mathemat-
ical model used to relate the normal and acceierated environments is indeed '
representative of the physical laws operating. This report presents some

intuitively appealing mathematical models which will be validated aaving
future study.

e

1.2 OBJECTIVES OF THE STUDY

e

The objectives of this study are:

1. To determine the effectz un the lifetimes cf relays, snap action
switches, mechanical seals {O-rings) ana timing belts of various
combinations of operating and environmental stresses.

2. To determine the relative contributions of these factors and their
interactions to part lifutime variability.

3. To determine the failure modes and mechanisms operating at each
selected combination of operating and environmental stresscs.
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4. To develop an acceleratec test method for each part under study
which reduces test time ind test expunse and which, except for an
acceleration factor, represents life under normal conditions.

5. To present methods that will allow normal lifetimes to be estimated
from accelerated lifetimes,

1.3 DEFINITION OF ACCELERATED TESTING.

The definition of accelerated tests used in thir report diffu:s in several
important respects from the common definition. The prevailing definition of
accelerated tests can be grouped roughly into two classes.

1. A test is accelerated if the operating and/or environmental patameters
exceed normal use conditions.

2. A test is accelerated if the cumulative distribution function {cdf) urder
normal conditions, FN(x), and the cdf under accelerated conditions,
FA(x), are such that:

a) Falx) 2 FN(x) for all x
b) Fa(x) > FN(x) for at least one .

Obviously definition 1 above may be necessary, but not sufficient, i.e., rapid
failures always occur in both extreme operating and environmental stresses.
Accelerated conditions do not necessarily mean rapid failures. Definition 2
is too restrictive in one sense and too loose in another. It is too restrictive
bacause it may be unrealistic to require Fa(x) 2 FN(x) for all x, In fact it
may be sufficient to require FA(x) 2 Fpn(x) for x < x*, x* large.

It is too loose because if FAo(x) = FN(x) for all x and FA(x) > FNix) for a
set of x on which it is large, then definition 2 is satisfied but the acceleration
is certainly not rapid. These ideas are shown in Figure 1-1, Figure 1.2
shows a situation where definition 2 is not satisfied but yet it may well be
satisfactory as an accelerated tes\ if x* is large eniough. Of course, Figure
1-3 represents the most desirable relationship between FA and F.

Also the present definitions fail to account for the importance of the
hazard rate and mean life, It is aftar all, mean life that reflects the expected
length of test and hazard rate reflects the ''kill rate" as a function. For this
report then an accelerated test will be defined as: A test conducted at some
combination of operating and/or environmental loads which:

1. Preserves the modes of failure experienced at normal conditions.

2, Results in significantly lower (than normal) mean lives so that
expccted test times are lower.

3. Has the property that Fa(x) > ©N(x) for all x < x*, x* large,

4. Has the property that the hazard rate hN(x) and ha(x) are such that
ha(x) > hy(x) for all x < x*, x* large.

3
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Once such a cefinition has beern sclected, it is then possible to «ccomplish
the following tasks:

1. Select an accelerated test.

2. Develop mathematicul models to reflect the physical laws operating
between accelerated and normal conditions so that ncrmal testing
can be eliminatec,

3. Validate Models.

The remainder of this report is concerned primarily with | and 2 above.
Step 3 will be studied in future efforts,

1.4 CRITERIA FOR SELECTION OF AN ACCELERATED RELIABILITY
TEST METHOD

The factors to be ..nsidered in the specification of an accelerated
reliability test method are that it must:

® result in a shorter mean life than that of parts operated at normai
stress levels.

® require the use of accelerating stresses that are easily applied,
controlled, and measured. They should be stresses that have been
Proven in their ability to reducc the life of the part of interest.

® not result in a failure mode difierent from that observed in parts
operated at norinal conditions.

e® impart to the devices tested, a cumulative failure distribution that
results in failure more quickly over a given range of test time than
other potential accelcrated test methods.

e produce a hazird rate in the parts tested that is higher at all points
over a given range of interest than that of parts operated at normal
conditions.

® be adaptable to the simultaneous application of more than one accel-
erating stress,

® be described by the same general failure distribution function as parts
tested at normal conditions. The requirement is not that the param-
eters be the same but that its life characteristics must be expressable
in the same mathematical terms as those of parts operated at normal
strecs levels.

@ result in the shortest possible test in terms of calendar time.

® result in an economical test method with regard to test equipment
required, monitoring procedures needed, and the data collection and
analysis system.




e produce test results from the accelerated test that are translatable
back to how the parts would have performed had they been operated at
normal stress levels.

The matrix shown in Table 1 -1 is a checklist to be applied to accelerated
reliability test methods that are developed in this study in order to select
those that appear to have the most merit.

TABLE 1-1. FACTORS FOR SELECTING DESIRABLE ACCELERATED
RELIABILITY TEST METHODS

Factor Test Run {1 {213 [4]516]7 -<vcv---.27

Short Mcan lafe

Controliabl» Accelerating Stresses
Constan? Fa:lure Mode
Cumulative Farlure Distribution
Hacard Rate

Sane Failure Distribution

.ohort Calendar Time

. onomic al

There i no attempt to weight the factors for purposes of tradeoff rtudies,
but it is expected that a specified accelerated rrliability test metkod in order
te e worsidered, should possess positive attributes in each of the above
factors.

1.5 STUDY APPROACH

1.5.1 SELECTION OF STUDY METHOD

In deciding the methodology to follow in searching for accelerated relia-
Lility test methods it was apparent that there was a need for *the generation
of data on the life of parts when operated at several different operating and/
or environmental stress levels. In addition to requiring knowiedge of relia-
bility characteristics at different levels, information was needed regarding
the interactions taking place when two or more accelerating stresses were
operating on a given part, in order to take advantage of auy synergistic
effects which inight result in reduced test times. This requirement dictated
the use of a factorial experimental design which aliows the evaluation of each
main effect and all interactions.

Another requirement of the study was to make observations that would
lead to an estimation of the life distribution functicns. Hence a number of
replications in each test cell of the matrix \vas specified.

1.5.2 SELECTION OF PARTS FOR STUDY
One of the stated objectives of the study is to develop accelerated relia-
bility test methods for mechanic2l and electromechanical parts. There are

thousands of parts and hundreds of thousands of applications to which the
study could therefore apply. Ir order to direct the study into specutic
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channels, two electromechanical and twvo mechanical parts were sclected.
The prris selected were ones that are widely used and are representative
of lurge generic parts groups to which the study results might possibly

asply.

The specific parts selected for inclusion in the study program were as
follows:

1. Snap Action Switches MS25085-1

Contact rating is 5 amps and up to 250 volts AC; single pole double
throw, subminiatare type. Actuation is by means of a roller leaf
spring.

2. Crystal Can Relays

The relays are double pole, double throw, with a contact rating of
3 amps, 28 volts DC. The temperature range is -65°C to +1259C.
The coil is rated at 675 ohms, 26.5 volts.

3. O-Rings AN6227-B-11

The parts are of Buna N type rubber, with an OD of 3/4" and an ID of
9/16". The cross-sectional width is 3/32".

4. Timing Belts

These parts are 1/5 pitch, 12 inch pitch length, 60 teeth, .037 inch
width. The teeth are of neoprene with nylon facing. The tension
member is steel cable with neoprene backing.

1.5.3 ENVIRONMENTS APPLIED IN COMBINATION AND SEQUENTIALLY.

The factorial experimental design used in th!s study piovides for environ-
ments applied in combination. In order that the selection of a factorial
design will not appear arbitrary and because of the "apparent'’ popularity of
sequentially applied environments sume remarks comparing the two methods
of testing will be made.

It would appear that the submission of units to a sequentially appl.d
ewircnmeut say first shock, then vibration, then temperature, etc., is hard
to justify on any except economic grounds. Certainly enviroaments are not
80 "nice" that they occur sequentially during actual use. In fact it is to be
expected that environmenta occur in combination under normal use conditions.
Moreover the synergistic (interaction) effects which may be caused by
environments acting together are immeasurable by sequentially applied tests.
A great rumber of these effects were observed in this study. As part quali-
fication tests then, the sequential tests fail to measure up UNLESS IT HAS
BEEN PREVIOUSLY DEMONSTPATED THAT THE PARTICULAR TEST
CYCLE USED WELL REPRESENTS HOW THE DEVICES BEHAVE UNDER
USE CONDITIONS. Actually this is, theoretically, not an insurmountable
objection. However, the sequentially applied envizonments test as an
accelerated test suffers from more serious objections. First it may be
inefficient from inec standpoint of requir.ng too much time because the
environments are applied sequentially and because any additional "killing"

6
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cffects due to interactions are lost. Secondly, and very importantly, it is
oiten very difficuit to interpret physically (i.e., in terms of physical laws)
what is happening tv a device when subjected to sequential environments.
Since normal use conditions cannot be described in terms of a sequentially
applicd environmenr it is difficult to relate normal and accelerated conditions.

1.6 OUTLINE OF REPORT

The remainder of this report is a presentation of the data genecrated
during this study together with the conclusions and results based on the
analysis of the data. The results pertaining to snap action switches are
presented in Section 2, to crystal can relays in Section 3, to O-rings in
Sect.on 5 and timing belts in Section 6. Each section begins with a summary
of the findings. This is followed by a tatle of times %o failure for each part.
An analysis of variance was then performed to identify the stresses and
interactions of stresses which had a significant effect on the mean lives of
parts tested under each of 27 combinations of different stress levelas.

The timcs to failure of all groups of parts tested were analyzed to esti-
mate their underlying life distribution functions. The life Jistributions
were plotted on Weibull probability paper arnd goodness of fit tests were
performed. Cumulative failure distributions and hazard rates were cal-
culated for the parts tested at normal stress levels and for each of the
other groups of parts tested at combinations of accelerated stresses.
Included in each section is an analysis of the failure modes and mechanisms
acting on parts operatcd at normal stress levels as compared to those found
on parts operated at the varivus combinations of severe stresses. The final
paragraph of each of the sections relating to the specific parts studied is a
selection of the set of combined stress levels from among those studied
which yields the most promise for use as an accelerated reliability test
method.

Section 4 is devoted to a presentation of the mathematical models studied
as possible representations of the Plysical effects caused by the application
of combined accelerated stresses. Tais relationship between the mean life
of a part operated at normal stresses and one operated at accelerated condi-
tions must be established before an accelerated test method has rheaningful
value.

Section 6 contains Conclusions and Sectiun 7 is titled Recommendations.
The appendix contains a description of the test methods used, details of the
failure analyses, and graphs relating to the life distributions of the parts
included in the study program.




SECTION 2.0 SNAP ACTION SWITCHES
2.1 SUMMARY

There were 270 snap action switche« subjected to life tests, Ten parts
were tested at normal operating and environmental conditions (Test Run
1:5 amps contact load, 70 cycles/minvte actuation rate, ana 005 inches
contact overtravel). Ten parts werc also tested at each of 26 other combin-
ations of stresses which were evaulated for utility as accelerated reliability
test methods., The number of cycles to failure was recorded for each part
at both first miss and at total failure.

An analysis of variance was performed on each set of data in order to
determine those stresses and combinations of stresses that contributed
significantly in reducing switch life,

The following stresses were found to affect switch life at their respective
failure definitions:

1st Miss Total Failure

Contact Load X X
Actuation Rate X X
Contact Overtravel X X
Interactions (Contact L.oad & Overtravel) X X
Interactions (Contact Load & Actuation Rate) X

The next step in the analysis was to estimate the magnitude of the contri-
bution to variance of each of the significant effects, By far the greatest
effect on switch life was exerted by contact load. With fzilure defined as
first miss, contact load produced 74. 6% of the total variance. Using the
total failure definition it accounted for 67, 4% of total variation. The otlier
significant main effects and interactions were each responsible for from
1.1 to 7. 0% of the total variation. Residual or unexplained variance was
13, 3% for first miss and 17, 1% for total failure,

Student's t test wzs used to group the test runs trat could have come
from populations sith the same mean, The reason for this was to compare
the mean life of the parts tested at normal conditions (Test Run 1) with
those operated at accelerated stress levels. In general, all Test Runs which
utilized a contact load of 5 amps, exhibited no differences in mean life from
Test Run 1. Hence this level of contact load was not feasible for use as an
accelerated test. The parts operated at 15 amps displayed a change in
failure mode in the form of welding of the contacts, Also the test runs at
10 amps and . 005 inches overtravel exhibited failure modes that changed to
welded contacts from the burned and eroded contacts of Test Run 1. Hence
none of these neet the criteria for accelerated test methods set down in
Section 1,




The failure times of the switches tested at normal stress levels (Test
Run 1) and thos . tested at combined accelerated stress levels were plotted
on Weibull probability paper to ascertain if this was the life distribution
function which best described the reliability characteristics of these parts.
Several goodness of fit tests were used to verify that switches operated in
this manner failed according to the Weibull distribution,

The Weibull shape parameter (B) and scale parameter {a) for each test
run were calculated as well as the cumulative failure distributions and
hazard rates for each set of stress levels included in the test, The Weibull

location parameter (¥) was assumed tc be zero.

In summary it is noted that the results obtained regarding significant
stresses and interactions which affect the mean number of cycles to failure
of snap action switches where failure is defined as first misas are quite
similar to those found when the tests were continued until total failure of
the parts. This fact is in itself a form of desirable accelerated test since
test time can be reduced with high assurance of obtaining similar results,

A further measure of the agreement between the results of the analysis
of life test data with the tvio different failure definitions was obtained by
calculating the correlation coefficient, The ,972 obtained shows that there
is a high degree of agrcement between the two sets of test results,

After evaluating all the data generated there were two test runs which
exhibited desirable characteristics for use as an accelerated reliability test
method, These were:

Test Run #14 {10 amps contact load, .010 inches contact overtravel,
and 150 cycles/minute)

Test Run #15 (10 ampo contact load, . 010 inches contact overtravel
and 300 cycles/minute )

2.2 DETAILS OF THE INVESTIGATION ,
2.2.1 STRESS SELECTION !

The manufacturer's data and discussions with-the manufacturer's repre- :
sentative indicated the following "'normal" operating conditions for the sing'e ;
pole, double throw snap action, switch (MS 25085-1) selected for study: ;

Contact Load =-ecccccccca-n «eee= 5amps

Temperature range ~~-----<-----« 100°F to +180°F

Mechanical life ~«++c-=vcccacac-- 50,000 operations minimum

Operating force (at plunger) ----- 3to 5 oz. (85 to 142 grams)

Release force ---c-vcccucecccace 1 0z min. (28,4 grams)

PR AL n *

i3 ey — oy > T "
FIVPL P e e o w o e A—— e g -



' Overtravel -ececccccccccaccacan- . 005 inches minimum
Actuation rate-----ccccccccaccc.n up to 300 cycles/minute
Vibration «--cccccceccccacnna-- 5-2000 cps, .03 double amplitude

with no contact bounce
Shock -ceccccccecnncanecconcann 50g, 11 sec. with no contact bounce
Not designed for application in humid, corrosive, or dust atmosphers,

The following test conditions were considered for inclusion as stress
varialiles to be applied to the switches:

Actuation rate

Vibration

Temperature

Atmosphere (Oxygen rich, corrosive, other)
Overtravel

Contact load

Contamination

Criteria for selecting the stresses to be applied included:
1. probable effect of stress on life and/or test time
2. probable effect on failure mode

3. uniformity of application at various stress levels
4, test setup complexity

5, ease of control of stresses

6, accuracy of measurement of stresses

This resulted in the selection of:

Actuation rate

Overtravel

Contact load

as the variable stresses to be applied to the tests,
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Experimental tests at actuation rates above 325 cpm resulted in a random
early miss pattern resulting from actuator miss rather than switch malfunc-
tion, Therefore an upper limit of 300 cpm was established, The lower or
"normal"” limit was based Primarily on the project calendar time available
divided by the forcecast of switch life, times the number of switches, This
resulted in a lower limit of 70 cpm. An intermediate value of 150 cpm was
selected as one half the maximum and double the minimum actuation rate.
The initial lot of svitches was checked for maximum overtravel and was
found to range from . 014 to . 025 inches, Based on these studies .015 and
-010 inches overtravel were selected for comparison with a defined "'normal"
overtravel of . 005 inches.

Exploratory tests were performed on switches under the following com-
binations of stresses:

No load, .007 inches overtravel, 160 cycles/minute
No load, .010 inches overtravel, 160 cycles/minute
5 amp load, . 004 inches overtravel, 160 cycles/minute
28 amp load, .005 inches overtravel, 70 cycles/minute

At the no load conditions, not enough failures would have been observed
during the study period. At 28 volts, failure occurred in from 10 to 144
cy.les. This was extremely severe and failure mode changes were obviously
occurring.

The rated load of ¢ amps was chosen as the lowest value since it does
represent ""normal .onditions, " Screening tests at 10 and 15 amps yielded
neither extremely short life nor strong indications of failure mode changes,

A summary of the overall stress selection is:

Appliea Stress Normal Intermediate Maximum
Actuation Rate 70 cpm 150 cpm 300 cpm
Overtravel . 005" . 010" . 015"

Current 5 amps 10 amps 15 arhps

A complete description of the test method and test equipment used is
detailed in Appendix V-1,

2.2.2 STATISTICAL EXPERIMENTAL DESIGN

The study to develop accelerated reliability test methods for snap action
switches continued with thé formulation of a 3° full factorial 3xperiment with
ten replications in each of the 27 test cells comprising the combined environ-
ments, Table 2-1 shows *he operating and environmental stresses and stress
levels used to study the life characteristics of these parts,
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Foi convenience in the discussion of resnlts throughout this report, each
cell reproscnting 10 switches tested at a combination of environmental and/
or operating stresses has been numbered as shown in the Table,

Test Run Number | was selected as a condition (hat represented manu-
facturer's rated operating conditions, The other test runs comprise dif-
lerent combinations of the stress levels being studied and they were sclected
for the purpose of measuring both the effects on switch life of each main
effect and of all their interactions,

2.2.3 DEFINITION OF FAILURE

One of the objectives of the study was to determine whether the same
information could be obtained by: (1) testing until the first signs of inter-
mittent operation occurred and (2) by testing until the part was completely
inoperable. This resulted in two separate definitions of what constituted
failure. A record was maintained of the number of cycles at first miss for
each switch, After first miss, the tests were continued unti! total failure.
Total failure was defined as 100 consecutive misses, Two separate analyses
of the data gathered during the tests are analyzed in the next section to
determine if these two failure definitions result in similar conc'usionas.

2.3 PRESENTATION OF TEST KESULTS

The factorial experiment on switches consisted of 27 Test Runs each con-
taining 10 parts. Test Run 1 {5 amps contact load, .005 inches contact over-
travel, and 70 cycles/minute actuation rate) was defined as normal operation,
The other 26 test runs consisted of combined stresses of 5, 10, and 15 amps
contact load, .035, ,010 and .015 inches overtravel, and 70, 150, and 300
cycles per minute actuation rate, The combined stresses were utilized to
tvaluate the effects on mean cycles to first miss of the main effect of the
three stresses employed (i.e., contact load, overtravel, and actuation rate)
anu. to investigate the significance of their interactions, The results of these
tests are shown in Table 2-2, The mean life of each test run is designated
as x and is located below the individual readings for each of the 10 switches
in a test run. The test run numbers are in the upper right hand corner of
each cell in the matrix.

The 270 switches tested and reported on for first miss data in the previous
paragraph were continued on life test until total failure. This was defined
as 100 consecutive misses. The cycles to_total failure of each switch are
presented in Table 2-3, The mean value (x) of the 10 switches in each test
run is included with the data,

2.3,1 ANALYSIS OF VARIANCE

The statistical method used for discovering the stresses or combinations
of stresses which affect switch life was an analysis of variance, It is based
on the assumption that there is equal variance in each cell of the factorial
experiment and that the values in each cell are distributed approximately
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normally. An inspection of the test data on cycles to first miss of switches
indicated that this was not the case. However a method of dealing with this
problem is suggested by Davies (Reference 14). It involves the use of a log-
arithmic transformation when the variance is proportional to the magnitude
of the mean, The transformation was used prior to the performance of the
analysis of variance,

The results of the analysis of variance on first miss are shown in
Table 2-4. The same information based on total failure is in Table 2-5,

The asterisked numbers in the "F Ratio" column of these tables denote
the sources of variance that significantly affect the lives of the switches
included in this series of tests, The contact load, actuation rate, and
contact overtravel main effects and the interactions between contact loads
and overtravels are significant at the F 05 level vhere the failure definition
is first miss. Where 1t is total failure, the same effects are significant
plus the interactions between contact load and actuation rate. The indication
of significance of the interactions is a signal that a synergistic effect is
taking place. In other words some phenoinenon takes place when the two
stresses are applied in combination that could not have been detected if the
stresses had been applied individually or sequentially,

Knowledge of the significant effects and interactions affecting the mean
number of cycles to first miss is important. However it is equally important
to measure the magnitude of the contribution of each significant factor or
interaction to the total variance observed. This was accomplished by calcu-
lating the Components of Variance. The results of these calculations are
shown for the first miss as the % Contribution to Total Variance column in
Table 2-4. It indicates that contact load is responsible for 74. 6% of the
observed variance., The interaction between Contact Load and Overtravel
contributed 7. 0%, Overtravel 4, 0%, and Actuation Rate 1.1%. The residual
amounted 13, 3%,

The Components cf Variance analysis for total failure is shown as the
right hand column in the Analysis of Variance Table 2-5. The results
obtained here are in basic agreement with the first miss data in that contact
load is by far the largest contributor to variance (67.4%). The contact load
and actuation rate interaction is 6. 0%, while the contact load and overtravel
interaction represents 2, 2% of the variation. The residual term is 17, 1%.

2.3.1.1 t TEST

The analysis of variance highlighted the main effects and the interactions
that affect the life of switches., The components of variance indicated which
of the significant effects and interactions exerted the greatest effect, The
t test was used to indicate whether the stress caused the mean life to in-
crease or to decrease,
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Since the interacticn of contact loads and overtravel was significant on
the furst miss data, it is vahid to combine data across actuation rates in

order to obtain a better estimate of the effects of the interaction.
2-6 1s a matrix of the )zgzarithinic meanvalues of contact load and overtravel.

Table

Each value in the matrix 1s the mean of the cycles to first miss of 30

switches,
TABLE 2-6. INTERACTIONS BETWEEN CONTACT LOAD AND OVER-
TRAVEL (FIRST MISS-SWITCHES)
Contact Contact Load
Overtravel
(Inches) 5 amps 10 amps 15 amps
. 005 5. 10 3,62 3.
.010 512 4. 01 5.53
.015 t. 06 l 4,55 3.65

The t test is used to evalua‘ec the differences b tween means,

Using the

residual error of . 11255 from the analvsis ot variance and 243 degrees of

freedom it is calculated that a difference of greater than . 144 between means

is required to denote significance at the t gg level,

Therefore it can be seea that the switches fall roughly into four groups
based on their mean lives.

These are:
Load Overtravel
5 amps, 010" = 5,12
S amps, . 005" = Z,10 Group 1
5 amps, .015" = 5,06
10 amps, .015" = 4,58 Group 2
10 amps, .Gl10" = 4,01 Group 3
15 amps, .015'" = 3,65
10 amps, . 005" = 3,62
Group 4
15 amps, .010" = 3,53
15 amps, . 005" = 3,42
19
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These groupings may be interpreted as follows, Group 1 consisting of
Test Runs | through 9 all exhibited mean cycles to first miss which were
not significantly different. Since Test Run | was defined as normal operating
conditions and Test Runs 2 through 9 did not reduce the mean time to failure,
it is obvious that none of thesc test runs qualify for use as accelerated
reliability test methcds.

Group 4 result:d in mean lives which were shorier than Test Pun ] (5
amps, .010 inches overtravel, and 70 actuations /minute), but they also
iniroduced a changed failure mode in the form of welded contacts (See Table

2-9). Hence these test runs are deemed unsatisfactory for use as accelerated

reliability test methods,

Groups 2 and 3 both exhibit shorter mean lives than Test Run | (normal
conditions) and do not result in a change in failure mode. Hence from the
standpoint of these two criteria the test runs included in these two groups
(i.e,, Test Runs 13 through 18) are candidates for consideration for use as
accelerated test methods.

The analysis of the differences between the means of test runs where the
failure definition was total failure was more complex since two first order
interactions were significant in the analysis of variance.

The logarithmic observations were first summed over actuation rates to
evaluate the contact load and overtravel interaction. This resulted in the
mattix in Table 2-7.

TABLE 2-7, CONTACT LOAD AND OVERTRAVEL INTERACTIONS
(TOTAL FAILURE-SWITCHES)

Contact Load
Overtravel > amps 10 amps I5 amps
. 005 5.23 4. 40 3,72
.010 5.23 4.79 4.10
.015 5.27 4.80 4.15

The interval between the means required for significance at the t g5 level
was calculated as follows:

A 6_2
o
X -X, =t L £ where: X, and X, = any two means
i 2 .05 fi n 1 S e
1 2 from the matrix
20
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Xl - X’z = 1,645 V‘-;—g—o + -——l;%q t 05 = Student t statistic for
243 degrees of freedom
Xl - xz = ,19 3'5 = the residual term from the

analysis of variance
n, = number of observations in

each mean being compared

This interval when applied to the mean values in Table 2-7 separates the
test runs into the following groups:

Load Overtravel
5 amps, .015 = 5,27
5 amps, . 005 = 5,23 Group 1
5 amps, .010 = 5,23
1) amps, .015 - 4,80

Group 2
i0 airps, .010 = 4,79
10 amps, . 005 = 4,40 Group 3
I5 amps, .015 = 4,15

Group 4
15 amps, .010 = 4.10
15 amps, .005 = 3,72 Group 5

test runs included in tais group are not suitable for accelerated test methods
since they do not significantly reduce part life. Ag with the firrt miss data
Groups 3, 4, and 5 while they reduce part life, also change the failure mode,
As before the most Promising accelerated test methods from the point of
view of both mean life and fajlure mode are the test runs in Group 2 which

is made up of Test Runs 13 through 18, Consequently the t tests on both
first miss and total failyre data result in exactly the same conclusions,

It is still important to evaluate the contact load and actuation rate inter-
actions, The logarithmic means calculated when summing across all levels
of overtravel produces the results shown in Table 2-8. The same X, - XZ
of . 19 holds for evaluation of this matrix. The interactions of contact load
and actuation rate form into § groups as follows:

2l
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TABLE 2-8, CONTACT LOAD AND ACTUATION RATE INTERACTIONS
(TOTAL FAILURE-3WITCHES)

Actuation Rate

Contact Load

(c.p.m.) 5 amps 10 amps 15 amps
70 5. 33 4.68 "4.03

150 5, 22 4.69 4.33
300 5.18 4,63 3.61

5 amps, 70 cpm = 5, 33

5 amps, 150 cpm = 5,22 3 Group 1

5 amps, 300 cpm = 5.18 J

10 amps, 150 cpm = 4, 69 ‘

10 amps, 70 cpm = 4,68 } Group 2

10 amps, 300 cpm = 4,63 J

15 amps, 150 cpm = 4,33 Group 3

15 ampas, 70 cpm = 4,03 Group 4

15 amps, 300 cpm = 3,61 Group 5

These groupings

applied to the contacts,

indicate

that actuation rates over the range of 70 to 300
cycles per minute do not result in different mean lives for switches at
contact loads of either 5 amps or 10 amps. However when 15 ampr are

contact load interacts with actuation rate. At 300

cycles per minute the life is shortest; probably due to severe heat build up
and then welding. On the other hand, 70 cycles als. suffers from the same

problem, It appears that 150 ¢

ycles per minute offers a compromise at

15 amps between heat buildup due to fast cycling and heat buildup due to long

closure time of the contacts.

formed at 10 amps,

of t tests performed on total

In summary then it appears that from both sets
failure data, and from the analysis of first miss
results, the most logical candidate for an accelerated test is in the test runs
at 10 amps and ,010 inches overtravel,
affect mean life but obviously 300 cycles psr minute results in a test that
can be performed in the shortest calendar time. Test Run #15 was per-
010 inches overtravel and 300 cycles/minute.

22
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2.3.1.2 COMPARISON OF FIRST MISS AND TOTAL FAILURE RESULTS

The purpose of this section is to compare the results obtained Ly testing
with the failure definition of snap action switches described as first miss
and again as total failure (100 consecutive riisses). The analyses of variance
that were performed on both sets oi datz resulted in the selection of nearly
similar sets of stresses as significant contributors to different mean lives
of switches, The only exception was that total failure picked up the inter-
action of actuation rate and contact load which becomes a factor at 15 amps,
The residual term of the analysis of variance of first miss data was . 113,
and it was , 100 for the total failure resuits, Both analyses pointed to Test
Run #15, (10 amps, .010 inches overtravel and 300 cycles per minute) as a
suitable accelerated test for comparison with test run,

As another measure of the similarity of the results obtained by the two
different failure criteria, a linear regression analysis was performed with
the sample mean values of each test run at first miss as the dependent vari-
able and the comparable values of total failure data as the independent vari-
able., The correlation coefficient computed was ,972. The two sets of results
yield answers that are quite similar. On this basis it seems reasonable to
suggest that a method of reducing test time is to test only until first miss,

2.3.2 FAILURE ANALYSIS OF SNAP ACTION SWITCHES

At the conclusion of the test to total failure, each switch was opened for
inspection by making a small saw cut through an outside wall of the switch,
This enabled a visual evaluation of the interior mechanism of the switch with-
out disturbing the mechanical relationships of the parts.

Using a jewelers eye piece with 7X magnification, the interior parts were
examined for specific failure mode. With only two exceptions, all switch
failures fell into one or more of the following modes:

1. Leaf spring and/or common contact burned off. (Many cases of con-
tact burn off permitted excessive leaf movement to a position such
that the over center spring maintained the leaf in the normally open
position. )

2. Leaf spring annealed and/or distorted.(insufficient return force or
distortion limits the movement),

3. Contacts welded (normally closed contact-te- zommon contact).
4, Leaf spring wedged by loose common contact (normally closed side of
contact button burned off and permitted remainder of contact to loosen

and fall from leaf spring. Contact then moved inside of the housing
until the leaf spring was wedged).

5. Contact surface oxidized or foreign material insulated contact to
extent that operating voltage didn't break thru surface,
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The five numbers given above will be used as code numbers to designate
each of the failure modes throughout this report,

The two exceptions to the above failure modes were:

#216 - switch apparently developed a short to ground and literally burned
up.

#291 - leaf spring fractured.

Since the latter two failures were only one of a kind and definitely did not have
any indication of a "'normal'' type pattern, they were classed as isolated cases
and not to be considered in the overall pattern.

The results of the failure mode analysis are shown in Table 2-9, The two
and three digit numbers in each cell of the matrix are the identifying serial
numbers assigned to each switch tested. The numbers following each switch
serial number represent the failure mode found on inspection of that part.
The numbers used are 1 through 5 and these refer to the code numbers used
in the failure mode definitions given above.

The findings based on the failure analysis that are apparent in Table 2-9
are as follows:

e The predominant failure mode obscrved at 5 amps was burned con-
tacts. At 10 amps and . 010" and . 015" overtravel, this was also true,

e The predeminant failure mode at 15 amps was welded contacts, This
was also true at 10 amps and , 005" overtravel.

e The effect of actuation rate on failurc mode is most pronounced at
15 amps and the higher overtravel test conditions. Test runs #24
and 27 (300 cycles per minute) show a higher incidence of failure
mode 3 (welded contacts) than did Test Runs #23 and 26 (150 cycles/
minate) and Test Runs #22, and 25 (70 cycles/minute).

® The efiect of overtravel as an accelerating factor was the reverse of
what was originally expected, As overtravel increased so did mean
life. The smaller overtravel and high currents resulted in more
welded contacts. This is due to the fact that the higher overtravels
produced a greater wiping action and also resulted in a greater break-
away force which would not result in failure if the contacts were only
lightly welded.

2.3.,3 ANALYSES RELATED TO SWITCH LIFE DISTRIBUTION FUNCTIONS

The analyses described up to this point have been related to the differences
in mean cycles to failure when different comnbinations of stresses were
applied. An equally important objective of the study is to estimate the
characteristics of the life distribution functions of snap action switches
operated at different leve)s of combined stresses of contact load, contact
overtravel and actuation rate,
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Due to the similarity of results between first miss and total failure data
found thus far, this part of the analysis has been performed only on first
miss failures,

2.3.3,1 WEIBULL PLOTS

The results of Test Run 1 (normal conditions) and each of the 26 test runs
at accelerated conditions were plotted on Weibull probability paper. These
plots are shown in Appendix VI-1 (Figures VI-1 through VI-27), The line of
best fit was drawn through the plotted points based on calculations on a com-
puter using the method of least squares. The abscissa on the Weibull plots
is number of cycles to first miss. The scale is coded for maximum clarity
in presenting information on the graph. The points are plotted on the ordinate
at the median rank values for a sample size of 10 (Reference 13).

Included on each Weibull plot is the shape parameter (8) and the scale
parameter (a). The a shown on each chart is a coded value which is depend-
ent on the time scale used. A discussion of decoding to real time is included
in Appendix VI.],

Each of the Weibull plots is identified by a test run number and the level
of each of the accelerating stresses which were used in combination.

In general the fit of the plotted points to the calculated line of best fit is
quite good. There arc instances where some form of mixed Weibull might
have fit the data better. Test Run #2 is an example of this, although the
failure analysis in the tested parts did not reveal any visual reason for the
failure pattern. Test Run #7 (15 amps, . 015 inches overtravel, and 70 cycles
per minute) is also an example of a imixed Weibull in operation. However no
reason for the early failures could be found in the failure analysis,

Test Runs 10 and 12 also contain several points that do not follow the
expected line of best fit, In these two test runs there was a failure mode
change occurring. Several parts failed due to welding and the remainder
due to contact erosion and material transfer,

Lo
The Weibull shape parametegs (8), the coded scale parameters (‘;k). and
the uncoded scale parameters (a,) for each of the 27 switch test runs are
summarized in Table 2-10, They are located in matrix form for ease of
associating the Weibull parameters calculated in each test run with the com-
bined stresses applied during the test,

2.3.3.2 TESTS FOR GOODNESS OF FIT

A great deal of literature exists which claims the Weibull is a good {it for
electromechanical device failure distributions, From a purely statistical
standpoint, the Weibull distribution is quite versatile and able to describe a
wide variety of physical phenomena. However, duc to the fact that the
methods of analysis and conclusions of this report depend heavily on the
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prevailing distribution function it was felt necesscary to test the validity of
the Weibull assumption. Three tests of the guodness of fit were used:

1. F test
2. Kolmogorov - Smirnov test

3. Comparison of test run sample means with tne means estimated from
the Weibull

It would have becn preferable to use a X2 goodness of fit test, but only ten
observations per test run were available, To use this test, the data must be
divided into cells containing a minimum of five observations. Therefore only
2 cells per test run could be formed from the 10 observations available. The
X? test requirement of n-3 degrees of freedom wgere n equals the number of
cells demonstrater the impossibility of using a X“ test,

Since, for the Weibull distribution Inln 1/1-F(x) is a straight line in
log(x), Weibull data plotted on Weibull paper results in a straight line., These
various lines for the test runs were fitted by least squares using as an estimate
of I (X;) the order statistic the median rank. The regression line was then
used to estimate a, p& Yo and . (The estimates of these quantities are

denoted by a, B, Yo, si.)

It should be kept in mind that none of the three tests used {or any test for
that matter) has a great deal of sensitivity for the small number (per test
run) of observations available. '

1. The F Test.

This test involves test.ng for the significance of the regression in the
Weibull plot by analy:zing the variance of the lifetimes (for each test run) into
its component parts and forming the ratio

F = Mg¢an Square Due to Regression
1,n-2 Residual mean Square

Under the hypothesis of no significant regression both the numerator and
denominator of this quantity estimate the variance of the lifetimes. Hence
a significant F means a significant fit,

The calculated F value for each of the test runs is shown in Table 2-1 1.
The F g5 value for | and 8 degrees of freedom which must be exceeded in
order tn signify that the test data does fit the Weibull distribution is 5.32.
The F g value for the same situation is 11.3. It i, seen that every one of
the 27 test runs fits the Weibull distribution at the level of the F,01 level of
significance,

2. Kolmogorov - Smirnov Test.
This one sample procedure provides a test of whether an empirical

distribution function agrees with a specified theoretical distribution. In this
case the specified theoretical distribution is the Weibull with parameters a,

28
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TABLE 2-11.

Note: F
F
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=532
=11,2
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F TESTS FOR GOODNESS OF FIT (SWITCHES)

F Ratio

1470

24.9

207.3

42.9
85.3
19.4
11,3

199.0
(16,7

17.6
66,7
50. 8

116, 7

51.1
58. 1
58,0
66.9
93.6
62,8
43.1
47.5
72.2
35.0
85.4
48.0
93.9
93.5
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3obtained from the regression line. If S,(X) 18 the empirical cumulative
distribution function and F(X) the theorefical, the statistic usedas:

D = max 1F(X) - Sn(X)I

The percentage points of D have been tabulated by F.Jj. Massey (JASA 46,
70). All of the switch test runs were desmed to fit the Weibull from the
Kolmogorov - Smirnov tests,

3. Comparison of Means,

The expectation of Xl (the sample mean of test run \) s equal to the
population mean u. For the Weibull it is known that u - a /Bl’ 5 (l/B + 1),
Hence if the Weibull is a good fit (for a test run) X-‘ and u (l/ﬂ + 1)
should be "reasonably' close, Although the sampling dxstnbubon {ior small
lamples) of X from a Weibull is not known in closed form, large discrep-
ancies between X; and p.l for some i were obvious, These discrepancies
were usually due to infant mortalities.

The comparisons of X; and u, are shown in Table 2-12. The Test Runs
#7, 10, 17, 18 and 25 are the ones in which X and Mi exhibit diffcrences
that are large. A reference to the Weibull plot of each of these substantiates
the test, Test Run ¢7 definitely shows signs cof being a mixed Weibull, Test
Run #10 contains some parts that failed by welding of the contacts and some
that failed by erosion and material transfer. Test Run 17, 18 and 25 each
contain early failures which may have Yeen cases of infant mortality,

4., Tests for Infant Mortality.

Two estimates of the Weibull mean g (for each test run) were
obtained. First Weibull graph paper was used to find (by le1ct squares) a
lme Tvmg a, and 8;. Then using known relations between 8; and Bilyoi

B i) an elhmate K; of uj was available, i.e.:

-~

~ Mi ~
By =g XY (n
oi o1

! . i W™ )
Secondly, since E(Xp) =+ [E(X)) + --- + E(Xp) | =22 " A
(where X; is the sample mean of test run i) an unbiased "nmate of u was
obtainable from the failure data of test run i. Note that since the first
method used the method of least squares the estimates of a and 8 were
euentully maximum likelihood estimates and hence p 1s what amounts to a
maximum likelihood estimate. Now it is cumbersome to obtain the sampling
distribution of X from a Weibull distribution especially when n is small.
However, a visual inupectxon (by test run) of the discrepancy between X;
(i the test run) and i; as obtained from (1) certainly indicates whether or not
the Weibull was a reasonable fit since if it is not j; is not a good estimator
of pi. In most cases where a large discrepancy occurred {e.g., relays test
run number 23, X; = 428,552, A1; = 25,000,000) botween pu; and X it was an
obvious case of infant mortality, However, for this "teué of ‘early failure
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TABLE 2-12,

Test Run

1
2
3
4
5
6
7
8

9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
r x4

COMPARISON OF X, AND ;i FOR SWITCHES

xl

———

197, 71
126,892
95, 922
174, 38)
142,233
121,837
151,577
108,031
161, 982
9,267
4,075
3,992
i7,816
13,801
13,725
65, 358
38,056
30,8538
2, 791
4,864
2, 548
2,048
4,839
3,415
7,333
6, 896
6,213
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195, 220
129,050
97, 460
174,610
147,180
142, 445
215,250
106, 560
159, »60
7,717
4,076
4,099
16, 783
14,028
14, 500
64,750
47, 223
40,250
2,838
4,978
2,711
85162
4,790
3,780
9. 512
6,672
6, 541
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one is unable to assess the type | and Il errors associated with it and moreover
it only "'tests' if the Weibull is a good fit, not if there is an early failure. The
results of this test are given in Table 2-12,

The following test, which used the first order statistic, i.e., the minimum
of the sample, has the property that its type I and type Il errors can be
assessed, If test run number i is really Weibull with parameters a; ard ﬁi
then the probability that x;| = min lxi-l {where for switches’j = 1, f,

10 and for relays ) = 1, 2, ---, 5)1s [ess than some fixed value x is given
by {for switches say):

P(xil <x) = 1- P(xil z x) {3)

If, however, xj] 2 x then so are tt.e other 9 failure times because x;) s X3
j=2, 3, <--, 10. On the other hand, if all ten failure times are > x then
certainly x;; is. Hence:

H

10
1-Plx,; 2 K) = 1- lx -Fi(x)l

and then
10
P(x, <x) = 1- [x . Fi(x)] (4)
and for relays
5
Plx, <x = 1- [1 - Fi(x)l (5)
where
--xBi/;.
Filx) = 1-e ! (6)

Thus if test run i is really Weibull with ;i and ﬁi then (again for
switches:

10
Q = P (the smallest failure time < x“) =1 - ll - F',("“)I (7

Now if this number Q is too small say Q < .0l then certainly the first failure
i.e., X;], has occurred abnormzlly early and thus Fj (x;1) in (7) provides a
"gtatistic' to test the hypothesis that the first failure is too early, One can
set the type I error {.C! in this case) at any level desired. The type Il error
(saying an early failure did not occur when it did) must be evaluated in terms
of what @ and B really hold. The results indicated no early failures.
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2.3.3.3 CUMULATIVE FAILURE DISTRIBUTIONS

The cumulative failure distributions for each of the 27 test runs have been
plotted and are shown in Appendix I,

Their importance in the theory of acceierated testing is based on the
following properties:

1. The comparison between the cumulative distribution function under
accelerated conditions and the cumulative distribution function (prob-
ability of failure before time x) under normal conditions indicates
persistent acceleration,

2. The "relative' rapidity with which the accelerated ccenditions kiil units
off in the time (cycle) intervals of interest,

In many important cases of life testing mechanical devices,. the Weibull
distribution often provides a good fit to failure times. The form of the
Weibull is:

P (life <« x) = Cumulative Distribution Function = F(x)
xB
F(x)=l-ea;x20;¢!>0;ﬁ>c.

It is expecrted, froin pieseut evidence, that this particular distribution
(with 7 = guarantee time = 0) will be a good model f>r the failur: time
distributions,

it should be poinced out that the cumulative failure distribution plots and
the Weibull plots (Appendix VI-1) pres~nt basically the same information.
However the cumulative failure distribution plots were prepared for sach
test run because they are easier to use in comparing the probabilities of
failure of parts operated at differcnt combinations of stresses, The Weibull
plots show the same information but are presented with the use of different
time scales thus making physical comparison difficult,

An analysis of the cumulative failure distribution charts indicates that all
of them except Test Run #7 meet the criteria of reducing the life of switches
more quickly than Test Run #1 (3 amps., .005 inches overtravel, and 70 cpm)
which was designated as normal operating ccnditions. It can be remembered
from the discussion on goodness of fit that Test Run #7 exhibited mixed
Weibull properties.

In the final selection of the optimum set of accelcrated test conditions, the
relationship of the failure distributions as compared to normal operating
conditions will be one >f the factors determining the final selection of a test
method.
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2.3.3.4 CALCULATION OF HAZARD RATES

Another parameter of interest of the switches tested at each of the 27
combinations of environmental and operating stresses is that of hazard rate.
The hazard rate is represented by the expression h(x) =&ﬁ‘l

o

where
= the Weibull shape parameter
@ = the Weibull scale parameter
X = time in cycles

Since it has been determined that the failure of the switches under study is
described by the Weibull distribution, the hazard rate of each test run is time
dependent except in cases where the Weibull shape parameter (8) is equal to
I (which is the constant failure rate exponential distribution),

Table 2-13 is a listing of the hazard rates of each Test Run with first miss
as failure criterion. The hazard rate for each set of conditions is given for
time x = 10, 100, and 1000. From these points a graphical presentation of the
hazard rates can be easily plotted on log log paper.

The hazard rate, h(x), is formaliy defined as the conditional rate of failure
at » given survival to time x i.e.,

P(x < death < x+ Ax |survival to x) = h(x) = 1 .ﬂ; x

h(x) is an important quantity for two reasons: 1) it measures the failure
in terms of x and hence provides one of the criteria for selecting an accel-
erated test; 2) it can form a basis for relating accelerated and normal
environments,

2.3.3.5 CONFIDENCE LIMITS FOR WEIBULL PARAMETERS

The line of best fit for each test run of switches was calculated by the
method of least squares. The slope of the linear regression line is the
Weibull shape parameter (8) and the intcrcept is log (&) where o is the
Weibull scale parameter., Tables 2-14 and 2-15 represent the 95% confidence
limits about the slopes and intercepts of the calculated regression lines,

2.3.4 ANALYSIS OF SWITCH OPERATING PARAMETERS

A side experiment was performed during the accelerated life tests on snap
action switches, It consisted of the initial and periodic measurement of the
following operating parameters:

Contact resistance (normally open)
Contact resistance (normally closed)
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TABLE 2-13,

HAZARD RATES FOR SNAY ACTION SWITCHES

WHERE FAILURE CRITERION IS FIRST MISS

Hazard Rate (x 1010)

Test Run x = 10 cycles x = 100 cycles x = 1000 cycles
1 .888 x 10-8 .104 x 10-4 L1226 x 107}
2 .57 x 10-2 .37 x 100 .24 x 102
3 .183 x 10! .325 x 102 .578 x 103
4 .638 x 10-12 .8 x 10-8 111 x10-3
5 .1095 x 103 .549 x 103 .275 x 104
6 .3315 x 104 .709 x 104 .1515x 105
7 .11 x 106 .89 x 105 .716 x 103
8 . 539 x 102 .373 x 103 .258 x 104
9 .17 x 102 .132 x 103 . 1025 x 10*

10 .12 x 107 123 x 107 . 126 x 107
11 .214 x 104 .39 x 10 .71 x 106

12 . 557 x 102 .453 x 104 .368 x 106
13 .242 x 106 .3196 x 106 . 421 x 108
14 .2 x 105 .677 x 105 .229 x 108
15 . 6925 x 108 .6925 x 106 . 6925 x 106
16 . 6085 x 10-12 .312 x 10-7 .16 x 10%

17 .582 x 103 .32 x 104 .176 x 105
18 .143 x 107 .862 x 106 .519 x 100
19 .1926 x 105 . 1926 x 108 .1926 x 107
20 . <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>