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ABSTRACT

This final report is a result of a study performed for RADC under Contract AF 30(602)
-4046. The purpose of the study was to survey, document and report on the available
methods of reducing reliability test times and test costs. The detailed results of this
stady have been, as required by the contract, produced in an "Accelerated Life Test
Handbook." The methods of reducing test time/costs available are included in quite
some step by step procedural detail in the '"Handbook." For this reason, this final
report is of somewhat a supplemental nature (to the '"Handbook''). A serious reader
of this report may well find the "Handbook" of interest also. The methods surveyed
and written up as possibilities for reducing reliability testing time/costs were classi-
fied as:

1) Accelerated Life Test (ALT) Methods (electronic, electromechanical and mechani-
cal parts).

Important ALT's: Step stress tests, Inverse power rule test, and Arrhenius and
Eyrirg models.

2) More Powerful Statistical Methods

Important Methods: Bayes tests, distribution free and distribution dependent tests.
Also considered is
3) The multiple modes of failure probler:,

In this report each of the above three classifications is described in some detail with
respect to

1) present state of art
2) recent advances
3) sbhortcomings and recommendations for future advancement.

It was found that while there has been a good deal of work written on the problem of
reducing reliability test time/costs, only a fraction of it is of excellent quality and
that more research is required particularly in the area of ALT validation and algo-
rithms. In the area of Bayes methods, more work {s required on prior distributions.
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EVALUATION

b

?; i This study was addressed to an assessment of the state-of-the-urt
S of methods applicable to reducing the time and expense assccianted with
life testirs for reliability purposes of parts employed in elcctronie
gsystems,

The study has produced a Handbook of Accelerated Life Testing Methods
, which provides, in a compact and usable format, all that is useful and per-
Y tinent in reducing the time/expense of life testing through the use of over-
stress techniques cr more powerful statistical methods. A total of 524
documents were reviewed which resulted in the selection of 25 over-stress
techniques and 33 more powerful statistical methods. The over-stress tech-
niques wvere selected on the basis of the existence of an algorithm for con-
verting lives at accelerated conditions to lives at accelerated conditions
to lives at normal conditions, statistically sound validations of the alpo-
rithm, and a physical model explaining the algorithm. Had these criteria
been rigidly apolied, far fewer techniques would have been selected. The
selection criteria applied to the more powerful statistical methods were
that they either reduce test time/sample size for a given confidence, in-
| crease confidence without change in time/sample size or which offer savings
in data analysis or testing. A further criterion, applied in the selec-
tion of these methods, was that they be '"new" in the sense that a prac-
ticing engineer would not be expected to have knowledge of them. These
pethods fall into three general categories. The first allows the use of
prior information based on Bayesian statistics, The second group is class-
ified as distribution-dependent with the method based on order statistics,
The last group is distribution-free, i.e., nonparametric. It is concluded,
ag a result of this study, that, quite in spite of voluminous literature,
accelerated life testing for reliability purposes is in its infency. What
1 appears to be missing is a multidiscipline approach involving engineers,
i physicists and statisticians. The nuse of valid statistical methods must

be encouraged and it is hoped that the inclusion of such methods in this
handbook will prove a step in that direction.
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.0 Introduction

1
1.1 The Reliability Testing Problem

As the design of a part is improved, its reliability becomes more difficult to
demonstrate in a reasonable time with a realistic sample size and within an economic
budget.

The increasing complexity of modern defense equipments makes it mandatory that the
individual paris comprising them be highly relfable. If parts have an extremely long
life expectancy the task of demonstrating this fact becomes increasingly difficult as
reliability is improved. And vet it is important to know how long a part can be expect-
ed to carry out its mission before it is selected to perform an important function in a
system.

This problem can be solved by gathering field performance information. However the
system, equipments, and parts would all be obsolete before the answer was available.
Parts can be tested in the laboratory under conditions which simulate actual use. But
the exact reproduction of mission operating and environmental stresses is difficult to
accomplish and again time and test expenses are deterring constraints. Sample sizes
can be increased to reduce test times but this action increases test expenses at an
extremely fast rate.

This report is devoted to an investigation into methods of solving the relisbility testing
problem through the use of accelerated testing methods. These are tests at stresses
higher than nominal design levels applied either singly or in combinaticns at either
constant, progressively increasing or increasing by steps, stress levels. It is not an
objective of the study to develop new methods but it is to review the preses! state of
the art of methods which have been developed and used for reducing test times.
expenses and sample sizes.

In addition to a review of the research done in the field of ALT (accelerated life test-
ing), the present atate of the art has been evaluated in more powerful statistical
methods of reducing test times and expenses. These methods fall generally into
three categories. The first is the use of prior information. This is typified by the
many methods developed using the theory of Bayesian statistice. A second approach
is the use of distribution dependent methods. This group of methods is generally
based on order statistics and has been used by McCool and others in estimating per-
centile points of the fatlure distributions of ball bearings. The third approach to
reducing test iimes and expenses through the use of more powerful statistical metheds
is with distribution free methods. A typical exampie of these ia the method of testing
for increasing failure rate Jdeveloped by Proschan.

Each group of methods for reducing test times and expenses has been searched out in
the literature, evaluated, classified and placed under one cover in the Handbook of
ALT Methods. Therefore hopefully one who s interested in reducing test times and
expenses should be able to find all that {e pertinent and useful on the subject in a
central location in a compact and usable format.




While the Handbook of ALT Methods is meant to be a working document for the
practicing test engineer, the objectives of this report are to present the methodology
used in performing this study, to explain the evaluation systems used on the methods
reported in the literature, to establish the criteria for the inciusion of 2 method in the
Handbook, and to highlight the useful methods developed as well as those which show
promise for future development,

To fulfill these objectives the first section of this report defines the reliabi'ity testing
problem, defines an accelerated life test, outlines the study plan used and briefly
describes the Handbook of ALT Methods.

Section 2 reviews the traditional accelerated life testing methods developed and used
over the years, This includes a summary of the theory on which each method is
based. its scope of application and the degree of success in its use. Each is described
in terms of the engineering and statistical assumptions underlying the use of the
method and in terms of its efficiency in ylelding accurate results while meeting the
ioals of reducing test times and expenses. Specific treatment is given to step stress
testing, the progressive stress testing, and the Arrhenius and Eyring Models. A
subsection i8 also devoted to typical statistical methods presently being utilized for
reducing test times and expenses.

Section 3 outlines recent advances in life testing and discusses the theories and
methods which seem to offer the most promise in the solution of the reliability testing
problem areas. Specifically the section is broken into ALT methods and statistical
methods. The ALT methods subsection describes work sponsored by RADC {n the use
of various time transformations on the distributions of failure times at both acceler-
ated and rated stress levels, A second advance is described in the use of regression
models to develop response surfaces. This work has been sponsored by the US Army
Electronics Command. Each method is described in terms of the theory underlying
the method, the statistical models used for transforming results at accelerated
stresses to results at rated strese levels, as well as the scope of utilization and
degrees of validation developed thus far.

A third subject in this subsection advances the theorv of multiple modes of failure as
it relates to accelerated life testing. RBriefly it investigates the assumption that when
8 part {8 first put into service, many failure mechaniams begin to attack it with the
result that cre of them eventually cause; the fallure of the part by meaas of & given
failure mode. The failure analysis will indicate that the fallure occurred from a2
singlc faflure mechanism (1. e. the cne that caused ultimate failure) but in truth all
modes have caused a -*"re of the damage. This theory results in a unique faflure
distribution whose characteristics were studied in detail. The latter part of Section 3
is a review of the more powerful atatistical methods which can be developed into
useful tools in the reduction of test times and expenses.

Section 4 summarizes the conclusions of the study while Section 5 cutlines recom-~

mended areas for further useful research. Section 6 is a bibliography of all the
literature that was reviewed in detail during the course of the siudy effort.

1-1




1.0 Intrudaction
1.2 Definition of ALT

An ALT i8 a test method based on sound engineering and statistical assumptions which

uiilizes a siatistical model relzted to physical lavs of failure to transform reliability .
information generaisd in & short me by an economical and accurate method to

quantitative repeataole 2stimates of a part's reliability characteristics when it is

operaled at rated stress levels,

The definiiion of ancelerared (ife testing given above is a lengthy, complex statement.
This 18 8¢ hecause the term hefag defined i8 charzcterized by many facets most of
whick are quite complex, More important, nowever, is the fact that all of the stated
requirements thar ¢« ”uc an ALT must e considered before one can enjoy the benefits
of reduced tesi times and axpenses. “Mar: «2~ he omitted or overlooked or the result
will be subject to error. Errcrs in tes. re. .ite or {n the actions taken as a conse-
quence of the test resulis are .suaily costly and this cost must be included in the toial
cost of test programs., Therefore, the statements that follow elaborate the details of
the ALT definition, They are based on a detailed analysis of the state of the art of
accelerated life testing methods as reported in the literature.

Sound engineering assumptions are required in order to select the streases and siress
levels that will most likely reault in the specification of a vilid test method. Stresses
that will not be experienced during actual use or which will change the physical state
of the part's materials will not likely yield meaningful resuits.

Scund statistical assumptions will result in the production of accurate, efficient and

1 above all adequate guantities of test information to allow one to make reasonably

. ! accurate inferences regarding generated results. Cne of the major statistical weak-

+ s nesses encouniered 'n the study of ALT literature was the specification of insufficient
k sample sizes, Anc.er major problem was thai full benefit was genersally not taken

of the syrevgist! >ffects afforded by the application of severel stresses in combination
to induce failures in ahorter times. On the other hand, many researchers performed
tests with ¢ nbined stresses and yet made no attempt to test for the significance of
interactions,

Other sisisticsl requirements for valid AL T methods are that they should impart to

the devicez tested, a cu—ulative failure distribution that results in failure more

quickly over a given range of test time than other potential ALT methods. Further,

it should produce a hazard rate in the parts tested that is higher at all points over a

given range of interest than that of parts cpersted at rated stress levels. The parts

; teated at accelerated stresses should be described by the same general family of

i failure distribution: functions as parts tested at rated stresses. While this latter point

i is not an absolute necesasity, it must be recognized that the mathematical difficulties of
trensforming between results displaying different families of failure distribution

X functions are not simple, .

R T S TR
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The lterature of ALT is filled with test results based on the asaumption of exponential
failure times. Before a statistical extrapolaticn model can be utilized to transform
accelerated tast results to estimates of reliability at rated stresses it is necessary to

2
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determine the validity of these assumed failure distributions et both high and normal
stress levels. Frequently, the models used were simply not possible. For example,
in References %0, 91, 92 aud 233 an extrapolation model i8 used for solid tantalum
capacitors which requires that the Wefibull shape parameters of the failure distributions
at both accelerated and rated stress levels muast be equal. Yet empiricsi evidence is
presented in thease same references suggesting that the shape parameters are not equal.
‘There zre many other cases where a failure distribution was assumed and no attempt
w8 made to validate the assumptions when empirical data was generated.

Physical laws of failure which explain the reason for the reduction of life due to
severe stresses must be diacovered to adequately explain the extrapela‘ion models.
Withsut them, it is easy to misinterpret test resuits brought about by the unrealistic
activation ci faflure mechaniams not operating ut rated stress levels.

The efficiency of an ALT method in yielding quantitat' 7e estimates of reliabllity is a
point of major interest. Moat ALT's are performed for the purpose of producing
quentitative r~esults in short times at severe stress levels which are translatable to
eatimates of l1ife cheracteristics of the part at normel stresses. 'The demonstration
of quantitaiive results requiree a more correct &nd complete ALT method. If only
comparative resulte are required a less stringent set of requirements for validation
is needed but naturaliy the vtility of the results are devalued.

The final aspect of ALT to complete the definition is that accelerating stresses should
be selected which are easily applied, controiled and measured. In this same vein the
test method should specify equipments that are economical and accurate. The litera-
ture on ALT is full of test resulte wiose accuracy is questionable due to malfunctions
of sophisticated test procedures and equipments. The collection of the data is best
gathered by an automatic method if pessibie which wi'l record the exact failure time.

The above definition and justifying discussion are aimed at the fulfillment of one of the
principal objectives of *he study. This was t*e development of a concise, accurate
and durable definition of accelerated life testing that would reflect the efforts and
experience of the eatire hody of ALT researchers.




1.4 Introduction
1.3 Summary of Study Methods

An important feature of the research effort was a very complete search, analysis, and
classification of the published inforration relating to the reduction of test times and
expenses,

At the beginning of the preasent study effort the research team had in its possession a
large number of publications on ALT as a result of related studies which had recently
been completed. However the search was continued and remains a continuing effort.
At the present time well over 500 articles related to ail pkases of the subject have be
been located, classified and reviewed.

The most fruitful sources were the proceedings of the symposia of IEEE, AIAA,
ASQC, IRE, and ASME ete. The Journal of the American Statistical Association,
Technometrice and Industrial Quality Control algo yielded many valuable contributions
to the body of knowledge. Defense Documentation Center Lisis, Hughes Company
Document Indexes and many other reference sources provided valuable information,
The current contributions to the literature were monitored with the aid of NASA Reli-
ability Abstracts and Technical Reviews,

The erticles upon review were classified as relating to general ALT problems, statis-
tical methods of reducing test times and expenses. The general ALT methods articles
dealt mostly with the results of various test programs carried out on specific parts.
The articles on statistical methods were in general tutorial papers explaining the
methodologies of correctly analyzing data which were generated in accelerated life
tests. The works on more powerful statistical methods were those devoted to the

goal of reducing test times and expenses by other than methods of accelerated life
testing,

The general ALT papers were cizssified further by part type. Those on electronic
and electromechanical parts were placed into one category while those on mechanical
parts were treated separately.

Semiconductor devices, and film resistors, and capacitors were studied with the
ALT method known as step stress testing. Capacitors of all varieties and other
dielectric materials were popular parts for study in conjunction with the inverse
power rule ALT method. Various semicenductor devices plus certain resistor types
were frequently studied by means of parameter degradation models such as the
Arrhenius and Eyring models. Relays and switches were tested and their results
analyzed using models of time transformations on aspects of the failure distribution
as well as with the aid of regression models in the form of response surfaces.

The literature on mechanical parts was less voluminous, The mechanical part which
has been treated most successfully in the development of ALT methods is bearings.
Numerous sources report on the utilization of Palmgren's equation for the estimation
of mean life or some percentile of the life distribution for various bearing types and
styles. Various manufacturers report differing values for the exponent in the equation




and these small differences are supported by the works of Lieblein and Zelen (Reference
218). The works of McCool (References 374 and 375) are significant methods for reduc~
ing test time by testing only to a predetermined number of failures.

Gears have been studied with a variation of the bearing equation and by a test utilizing
"measured weakening" of the teeth by deliberate creation of cracks. O-rings, cast-
ings, airplanes, and parts for jet airplane engines are other mechanieal parts on
which ALT studiea have been attempted.

The major point of interest in the study of any given ALT method was the determina-~
tion of the degree of validation of the method for a given part or family of parts. In
general no cases of complete validation were encountered. This was largely a function
of the engineering and statistical assumptions made, deficiencies in the experimental
designs, malfunctions of test equipments or simply the lack of sufficient funds to
conclusively prove the worth or lack thereof of the method.

The most frequent statistical assuraption made was that faiflure times of parts are
distributed exponentially. Many of the statistical and physical models require this
assumption in order to be valid. The statistics of the exponential assumption are

appealing but frequently empirical results prove that this assumption is not

applicable.

Sample size is frequently too small to yleld results that are statistically significant.

The use of small sample size is appealing in trying to develop an ALT because after

all reducing sample size is a quick way of meeting one of the objectives of ALT - the
reduction of test expenses. However it must be remembered that accurate relulu

must be paid for with sufficiently large samples,

The sometimes complex test methods specified in an ALT do not enhance one's chances
of obtaining accurate results. For example 1f one must frequently change temperature
and other stress levels as in step stress testing or progressive stress testing, prob-
lems of control and rate of application can be troublesome.

The final aspect of .the study method to be discussed {s that of the range of applicability
of ALT methods. In general certain methods or models indicate that the same method
is useful for fairly large families or parts. For example the regression model
used in References 128 and 166 appears applicable to different relay types. How-
ever different stresses, stress levels, and interactions of stresses are found
useful in the reduction of test times. Different manufacturer's parts show promise

in the use of time transformation functions in References 297 and 298 but different
numerical inputs to the statistical model are required for each manufacturers parts.




1.0 Introduction
1.4 The Handbook of ALT Methods

The Handbook of ALT Methods as the main product of this study, gathers under one
cover the significant and promising contributions to the solution of the problem of
reducing test times and expenses.

The volume of work that has been performed in the field of accelerated life testing is
evidenced by the over 500 pieces of literature in the bibliography. Not all of these
articles are of equal utility and certainly an engineer wishing to design a reliability
demonstration test cannot be expected to become familiar with the entire spectrum of
research in order to select the significant and useful methods developed for the
solution of his specific problem.

Therefore it seems reasonable and timely that in order to advance the state of the art
of economical demonstration test programs which can be performed in feasible time
periods one must first establish the present state of the art.

To do this the study addressed itself to the problems of reviewing and evaluating the
total effort in the development and use of ALT methods, classifying them as to
application, and organizing them under one cover into a standard easy to use format.

The objective of putting the useful methods into a standard format was accomplished
using the outline on the next page. In effect this makes the Handbook of ALT Methods
a cookbook. The user should be able to find the part for which he seeks to design a
test (if methods have been developed for it), determines the general details required
of the test method in terms of equipment, stresses, stress levels and sample sizes.
He can also quickly determine the degree of validation of the ALT method based on
previous efforts. Results from other tests may be given to aid in gaining insight inte
expected results and test durations. A step by step instruction for implementing the
method is presented. It contains all the equations and models required to convert test
results at accelerated stress levels to estimates of part life at rated stresses. No
references other than the handbook should be required to implement an ALT program
on a given part. If the user of the handbook is interested in derivations or additional
detail be is furnished with the reference from which the subject ALT method has been
synopsiz2d. Limitations warn the user of the weakenessea or risks of using methods
not fully validated.

The handbook contains sections on improved validation methods, ALT methods for
electronic and electromechanical parts, ALT methods for mechanical parts, Bayes
plans for reducing test times and several other more powerful statisticai methods.

The handbook gives an accurate assessment of advantages and disadvantages of the
present available methods for reducing test times and expenses and presents in com-
pact form the instructions for using the methods which represent the state of the art of
accelerated life testing.

N
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FORMAT FOR PRESENTATTON OF AN ALT IN THE ALT HANDBOOK

Describe as fully as possible, i.e.: part number,
manufacturer, nomenclature, rated loads, eavironmental
ranges, materiel, size, application, etc.

Part Name and Description:

Source: Publication(s) describing the method, authcr, date, source.

Purpose of Test: e.g., Compare parts, estimate MTBF, estimate Neliability,
estimate fallure distribution, etc.

Degree of Validation: Describe the methods used and tl.¢ success of th2se methods
in validating the usefulness of th: mathematical and/or ;hysical
models.

Description of Test Method: Include definition of failure, details of equipment used in
testing, methods of gathering data, method of application
of accelerating environmental and/or operating stresses,
sample sizes, etc.

Summary of Results: Describe mathematical and/or physical model used, analysis
methods, and general summary of results at both accelerated
and normal stress levels, include fajlure mode observed.
Include a numerical example, if necessary, for clarity.

Instructions for Use: Give a step by step description of how to use the ALT method.

Limitations/Range of Applicability: Discuss any weaknesses of the method presented
as to Incomplete validation, questionable statis-
tical or physical assumptions or use that can be
made of the information presented. Name and
describe the parts that can use this same ALT
method.

References: List references that apply directly to the ALT method.

1-7/1-8
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2.0 State of the Art of Life Testing
2.1 ALT Methods

2.1.1 CONSTANT STRESS TESTING

The most frequently used and most straightforward types of ALT methods in use are
those with the stress or stresses applied at a constant rate,

Of the great volume of separate ALT efforts rcported in the literature the majority of
them were performed with the accelerating stresses applied at a constant rate. The
simplest experiments were those performed using a gingle stress such as temperature
or voltage applied at a fixed level or at several fixed levels. When the tests were per-
formed at several levels a stress versus mean time o £zilure curve (S-N curve) can
be prepared which is in effect a statistical model that can be useful for extrapolating
to estimations of mean life at other stress levels (lower or higher). Whether or not
extrapolation is possible depends on the maintenance of the same failure mode through-
out the stress range. Although the same failure mode restricticn is not absolute it
would appear reasonable to assume that only time ig being compressed in « over-
stress test so long as no major changes are noted in the phenomena manifesting the
failure.

An extension of the method of applying steady stresses is the use of more than one
stress applied in combination. Experimental designs of this iype (full factorial ex-
periments) have been used in References 297 and 298 for reiays, switches and O-rings.
For relays three levels each of contact current, aotuation rate, and ambient tempera-
ture were used as the accelerating stresses. In all, twenty-seven separate combina-
tions of the stresses were tested in order to evaluate the effect on part life of each of
the accelerating stresses as well as all the interactions of the stresses. The use of
combined stresses frequently rnakes the accelerated test more efficient because the
interactions may reduce life at a greater rate than the application of individual
stresses.

Temperature, power, and voltage each at two levels were used in a full factorial
experiment on semiconductor devices in Reference 246. Glass capacitors were tested
with both voltage and temperature applied in combination in Reference 163. In both
the above experiments the number of samples tested in each cell of the experiment
were not constant, hence greatly increasing the complexity of the calculations.

If previous experience or engineering judgment suggests that certain interactions are
not significant it is possible to reduce the total number of cells in the experiment.
This omission of certain combinations of stresses §s a fractional factorial design. A
special variation of this known as a latin square design is often appiied. The use of
these methods reduce total test time since not all cells are tested but this is accom-
plished at the expense of informaution regarding certain of the interactions,

A variation of the fractional factorial experiment has been used with good success in
the development of constant stress tests on several types of relays. The experimental
procedure used is called a centra! ccmposite design. It consists of a {ractional
factorial design supplemented with the testing of certain key stress combinations. The
rasults of this type of constant stress test application are givin in Refer-

erences 128 and 238,
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The constant stress type ALT methcds are applied to test programs where the
definition of part failure is either catastrophic maifunction or parameter drift beyond
defined specifications. It has also been used where both failure definitions are appli-
cable in the same test program,

When steady stress tests are employed there are two underlying assumptions that are
desirable but not absolute necessities. The first ig that the stresses should be selected
at levels which will display the same general dominant failure modes. Locating these
stress ranges sometimes involves additional preliminary experimentation prior to

the main ALT program. The second desirable aspect to be sought is that the distri-
bution of failure times at both accelerated and rated stresses should belong to the

same general family of distribution functions.

Whenever possible, one of the stress levels included in a test program of this nature
; should be at rated levels. The inclusion of this information greatly simplifies the
' extrapolation problem. Naturally, it is usually quite difficult to generate data of this
type since the excessive test times are precisely what the AL T's are attempting to
eliminate.

¥ In summarizing, it can be said that the advantages of constant stress ALT's are that

3 one can construct the underlying distribution of failure times, it is possible to evaluate
8 1 those stresses and interactions of stresses that significantly reduce test time and ex-
penses and a typical S-N curve can be generated which relates atress and failure

time. With conventional information such as this the development of a model relating
expected life at all stress levels should be possible.

The disadvantages of constant stress tests are that the failure times at moderate and
mild stress levels tend to be extremely long, Directly related to this is the fact that
if the disperaion of failure times is large within a given stress level it might be
possible to have either very short or very long faflure times in a sample of garts

on test. At high stress levels such as voltage or temperature the initial failures might
occur almost instantaneously. On the other hand, a single part from a large sample
might last an inordinately long time unless censoring of some type is employed.
Another disadvantage is that if one does not have experience with a specific part of
interest it might be necessary to utilize exploratory tests to determine the most
logical stress levels to use to maintain the desired failure mode.

The final analysis of the above points leads to the conclusfon that the most accurate
work with the greatest degree of validation has come from constant stress tests. This
is especlally true where quaatitaiive reliability estimates are required.
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2.0 State of the Art of Life Testing
2.1 ALT Methods

2.1.2 STEP STRESS TESTING
Step stress testing hes been used most successfully cn ALT methods where the

objective of the test is the determination of stress levels where failure modes change
and where qualitative differences between lots are to be evaiuated.

Step stress testing was developed for use on electronic parts by Dodson and Howard of
Bell Telephone Laboratories. The methodology was based on wock by Marcel Prot in
the fatigue testing of materials.

It 'has been used on a great many different part types with many different objectives.
Of all of this effort, it appears that the most successful efforts have been in the deter-
mination of the siress level at which failire modes change and in comparing quali-
tatively if a new design improves reliability over a current one. Additional problems
solved are in the selection of the best part from among several choices based on
qualitative evaluations. All semiconductor devices, film resistors and capacitors are
the parts generally tested by this method.

The test method consists of placing a sample of parts on test at a relatively mild stress

level for a fixed time period. At the end of this period the parts are checked for
failure (either drift or catastrophic) and the parts which have not failed are put back
on test at the next higher stress level. There they are tested for the same time period
and the procedure is repeated until either a desired percentile or the total sample of
parts fails. Voltage, temperature and the length of the time interval of stress appli-
cation are frequently used variables in the test program.

The method of atep stress testing 18 based on several important assumptions:

1) The S-N curve can be transformed into a straight line by some mathematical
transformation representing a paysical model. Usually, the transformation s
logarithmic on the time scale and the reciprocal of the absolute temperature on
the stress acale.

2) The failure times at any point on the S-N curve must he normally distributed with
equal variance.

3) The transformed S-N curve represents the effects on life of a single failure
mechanism or at least on a very dominant failure mechanism.

4) The variation in the failure times at any given stress level is due only to differ-
ences in the device under test.

5) The probability of fallure at any given point in the stress-time domain is in-
dependent of how & part arrives at that point.

6) The .dentical S-N curve can be obtained either by constant stress tests at several

diffe: nt stress levels or by step stress tests at different time intorvals where
it is assumed that time {8 held constant ss the stress {s ircreased.
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References 95, 96 and 97 are examples of the use of this test procedure on transistors
and diodes. Storage temperature was used as the accelerating stress. Conastant strees
test results were . npared with the step stress results and appeared to give results
that were in genera. agreement, However, the complicated procedure of raising the
temperature of the sample parts, holding them for a fixed time interval, cooling thom
to room temperature, measuring several operating parameters and tuen repeating the
procedure appears tc result in a more complicated and time consuming procedurs

than constant stress tests at most of the intervals where results could be compared.

Step stress tests on resistors, capacitors, transistors cnd diodes were performed
extensively as reported in References 32 thrcugh 36 and 174. The criteria for failure
were degradation of various operating parameters as stresses were increased. No
failure times were recorded. Several combinations of step stress and constant stress
testr were attempted in the hope of developing quantitative results bui in general the
most useful outcomes were qualitative and validation was never astained.

The advantages of this method of testing are that it does solve the problen of extremsly
skort failure times and extremely long failure times, as well as pinpointint the stress
ranges for given failure modes. The method is useful for qualitative comparisons.

The major disadvantage of step stress testing is that it has not been proven valid for
making quantitative reiiability estimatee. Also excessive detail, comntrcl, and tir:e
are required in the tedious tasks of test performance and monitoring. In addition to
the above, the exact failure time i{s not available but Laly ine approximate streas level
at which failure occurs. Exploratory tests mus: be performed to discover the stresa
level or time interval to use in the ‘{est program in orcer to obtain results in a reason-
able time,

The major value of this type of test is in the cuniitative assesament of roliability It has

been used in conjunction with the Arrhenius and Eyring models tut again validation has
not been successful at ieast ac far as the limits of the literature reviewed {or this report.
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2.0 State of the Art of Life Testing
2.1 ALT Methods

2.1.3 PROGRESSIVE STRESS TESTING
Progressive stress testing has been employed mainly in ALT methods for capacitors

in conjunction with the inverse power rule as a statistical model but has not been
proven valid,

Progressive stress testing is very similar to step stress testing in the theory and
principles of spplication. Whereas, in step strees testing the accelerating stress is
applied in increasing increments of stress for fixed time periods until a given fraction
of the sample has failed, progressive stress tests are featured by an accelerating
stress that begins increasing from some low value at time t=0 and rises at a con-
tinuous rate throughout the duration of the test. In effect then, it may be said that a
progressive stress test 18 really a special form of step stress test in which the time
duration of each step approaches zero.

With the similarities noted above one would suspect that progressive stress tests would
be used in exactly the same applications as step stress tests. This is, however, not
the case. Step stress tests have been attempted on most types of electronic parts but
the use of progressive stress testing has been generally restricted to capacitors.

Their use on capacitors has been in an attemp.: to reduce test times experienced in
constant stress tests where the inverse power law is thought to be the statistical
failure model for transforming test results at accelerated stresses to ectimates of
reliability characturistics at rated {or less severe) stress levels.

The assumptions in the inverse power rule when tests are performed at constant stress

are that a: « fixed tempersture and given chemical state the total accumulated damage
was defined by the following relationship:

Total accumulated damage = (E/T[V(t)]n Jt
where °

V() = voltage applied at time t

n = power expcnent of the inverse power rule

C = g coastant

The abave formula for the case of constant voliage stress becomes

Steady Stress Damage = CVET
For the case of progressive voltage stress, it becomes:

D nsl
Cy =

q =
Progressive Stress Damage to Time T e
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where

A = uniform rate of rise of voltage from 0 in volts/unit time.

The working hypothesis then theorizes that damage to time T at constant and pro-
greasive stress are related by setting the latter two formulas equal to each other. Thre
C's cancel out and the foilowing relationship results:

F . ~ \n Tn+l

i Ve (ne1)

The use of this model as the inverse power rule then says that an equivalent steady
stress failure time T at constant voltage Vg can he estimated from any progressive
stress test with voltage uniformly increased at the rate A using progressive stress
failure time r if n is known.

The problem of solving for n and verifying {ts constancy over a given range of voltages
has been the subject of numerous research studies. Endicott, Hatch and Sohmer used
this theory and method for mica capacitors. Their results are in Reference 111.

They used data previously generated and hence were handicapped probably due to
experimental error; however, *-~v did develop useful knowledge. For example, prior
to their work, everyone was using th progressive stress model with the assumption
of an exponential distribution of failure times resulting from both constant stress and
progressive stress tests. Their work clearly indicated that if failure times at con-
stant stress were exponentially distributed then this created the requirement that in
order for the progressive strese modei to be applicable the results from a progressive
stress test must be distributed according to the Wetbull distributioi. with a shape para-
meter of n+1 where n is the power exponent of the inverse power rule. Schajer showed
in the Handbook of ALT Methods that in addition to the above requirement on the
Weibull distribution shape parameter, the scale parameter from progressive test
imes raust have the value

1
an(ml)]- n+l

L an
Kimmel (Reference 190) in 1958 used this ALT method on paper capacitors. He
performed only pregressive stress tests, nssumed values of the power exponent and
attempted to equate the results of two lests performed at different rates of atress
increase. His results did not support the theory that this model was valid but were
valuable in his development of anlysis methods. Many others have contributed werk
to attempt the validation of progressive stress tests but none have proven the model
or method yield accurate reguits when test times are reduced in this manner.

The main advantage in the use of progressive stress tests is thal they do eliminate
the unalysis problems caused by early and late failures in a test sample, However,
there has, as vet, been no conclusive proof that the test method yicids valid results
when used in conjunction with the inverse power rule. Another extremely important
drawback in the method is that very accurate controls are required to control the
rate of increase of the stress or unreliable results will be the results,

2-5
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2.0 SBlate of the Art of Life Testing
2.1 ALT Mcthods

2.1.4 ARRHENIUS AND EYRING MODELS

The Arrhenius and Eyring Models are physical models which have been studied
frequently in attempts o explain the degradation of parameters of electronic parts due
to environmental stress. No cases of validation of the models for ALT mecthods are
known,

The Arrhenius Model was developed in the 1380's as the law which describes the re-
action rates of chemical processes, Itg adoption as an aid in solving ALT probiems
came aboui because of very logical reasons. Tiie researchers in the field of ALT
fmetheds experimented by performing tests and thea aitempted to explain these em-
pirical resuits in physical terms. The need for a physical explanation of empiri-
cal resultr ic of paramount importance in the complete validation of an ALT
methed, In many of the simple electronic parts, it is easy to theorize ihat the
mechanisms leacding to degradation « | failure are chemical processes and ele-
vated temperature is frequently selected as an accelerating stress. Hence it
seemed a natural course of events to attempt to apply this as a useful adjunct

to the state of the art of ALT,

The Arrienius Mouel as applied to ALT methedology assumes that the degradation of
some performance parameter is linear with time witr the rate of degradation depending
on the severity of the accelerating stress. It further assuines that the logarithm of

the degradation rate is . linear Junctiou of the reciprecal of the absolute temperature.
Therefore, the following formula is used to relate observed test time at accelerated
stres< levels to equivalent time at rated stresses:

(= “BI/T -1/T,

where
t = equivalent life at rated temperature
t' = observed life at accelerated temperatur ¢
B = an empirical congiant
T'= acceler;ated test temperature in °k
T = rated operating temperature in %k

The basic procedure for periorming an ALT using the Arrhenius Mode! is to find an
operating parameter of the part of interest that displays a linear rate of degradation
with time. If ncne of the operating parameters change linearly, it is often pessible

to obtain linearity with either logarithmic, square root, or other transformations of
the data. It is also frequent that the ratio of the chunge of the parameter to its initial
value wili plot as a straight line with time. When a parameter has been found that
changes linearly, tests are performed at several different stress levels and the slopes
of the various degradation lines are found. These slopes are then used to raake an
Arrhenius plot - a plot of degradation rates versus the reciprocal of the ahsolute

2-6
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temperature. if the points on this plot can be obgerved to display iinearity then "true
acceleration' is said to exist and the model is deemed representative of the physical
laws of failure occurring to cause failure.

The use of the Arrhenius Model has been attampted in conjunction with results gener-
ated on several types of electronic parts. It has besn fitted to reaults of tests where
stresses were applied at constant rates, increasing ratea and in step stress tests.
While there are no cases of complete vaiidation on record, some promising resuits
have been observed.

The major compleaint against proof that the model fits lies in the fact that usually not
enough points are available for testing for '"true acceleration' with the Arrhenius Plot.
In fact, it would appear that most of the researchers in the field have selected three
levels of accelerating stress to perform their studies. Reference 328 suggeste at
least five levels as the logical minimum. Woen the entire foundation ~f the validity

of the model is based on an assumption of linearity it seems impractical to attempt to
prove that in fact the data fit a straight line when only three points are available.

From the preceding paragraph, it would sezm that the major shoricomings in the
ctudy of the uce of the Arrhenius and Eyring Models is based on an inswficient number
of stress levels. However, there arc other arguments that strongly suggest reascns
for the lack of validation that is evident. The use of the model ia such that if one
observes the failure times distributed exponentially at severe stress ievels, the same
distribution must charact.rize failure times at rated stresses. If on the other hand
the accelerated stress fajlure times are distributed according to the Weibull then the
rated stress failure times must also be Weibull with the seame shape purameter.
Observations of much data on electronic, electromechanical and mechanical parts
yields very few cases where failure iimes are distributed exponentially but more
importantly it is very uncommon to see data that is Weibull at different stress levels
that yield the same shape parameter. The available empirical results simply muke
it very improbable that these models represent the degradstion occurring in acceier-
ated life tesis.

The previous discussion has alluded mostly to the Arrhenius Model. The Eyring Model
is another reaction rate equation that has heen studied in ALT situations where the
Arrhenius Model was found deficient. However, the same degree of success has been
attained in applying it to ALT methods as has been experienced with the Arrhenius
Model.




2.0 State of the Art of Life Testing
2.2 Statistical Methods

The statistical state of the art of life testing is well represented by MIL-STD-781A,

It will perhaps always be an open question as to what is the state of th. art in statisti-
cal rife testing. For example, one finds (a few) people far more advanced in their life
testing procedures than the test plans of MIL-STD-781A. On the other hand, there are
(too many) people whe still are not familiar with MIL-STD-781A. In ary event, a fair
assumption seems to be that in life test applications MIL-STD-781A reasonakbly repre-
sents the state of the art. ,

The plans of MIL-STD-181A generally use sequential life test methods based on the as-
sumption of exponential failure times and the accept/reject lines are determined so that

P(Rejection | 8,) = @ = consumer's risk

P(Acceptance | 81) = B = producer’s risk
where o P are both small and 6, is an acceptable MTBF and 0] is an unacceptable
MTBF (8o > 01). Within the framework of the criteria (@, g, 8y, 91) and the exponen-

tial assumption the sequential procedures of MIL-STD-781A are about as good as one
can do,

The key features of the MIL-STD-781A plans are

1) the assumption of exponential failure times

2) the criteria (a, B, 99, 91). 4
! The statistical methods given in the handbook are not intended tc replace MIL-STD-781A

procedures in any way but to supplement thera (particularly at the part level) when one

or both of the above assumptions is invalid. For example, if part failure times turn out

to be Weibull for a particular part then assumption 1 gbove is invalid and one or more "

of the methods of the handbook which assume a Weibull distribution may be used. Often
the producer/consumer team desires different criteria for testing than the 4 tuple (o,

B, 8o, 91) for example, costs are sometimes desired as criteria. The Bayes plans of
the handbook furnish such test plans. Tl.e Bayes plans also furnish tests based on other
criteria.

In summary, then, the statistical methods are a supplement to MIL-STD-781A (parti-
cularly at the part level) not a replacement for it.
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3.0 Advances in Life Testing
3.1 ALT Methods

3.1.1 TIME TRANSFORMATION MODELS
One of the shortcomings of current ALT practices is the frequent absence of an

algorithm to relate ''results" at accelerated conditions to those expected at normal
conditions. Time Transformation Models are a method of overcoming this problem.

The usual ALT algorithm, if present at all, is a type of S-N curve. That is, some
parameter of the failure distribution (e.g., median life) is functionally (usually graphi-
cally) related to stress level. This provides an easy means of converting life para-
meters from one stress level to another by testing at only one of the levels. Unfor-
tunately, this procedure often provides little insight into the physical aspects of the
problem (e.g., failure modes/mechanisms) and it provides little insight into whether
or not the functional relationship can be expected to persist. In particular, regression
methods are often used to fit these curves and the regression methods often involve
assumptions which are improbable. In short, it is imperative in developing ALT
methods to look not just at the parameters of the failure distributions but also the
(form of) failure distributions themselves. As a matter of fact, the form of the failure
distribution {at normal and accelerated conditions) not only has a great deal to do with
the conversion algorithm, but (see Section 2. 0 of the Handbook of ALT Methods) can

be of great assistance in determining the validity of proposed physical models.

Time transformation models (TTF) are obtained from the mathematical relation
between the cumulative distribution functions (d.f.) at normal and accelerated
conditions. They are covered in some detail in references 388, 350 and 297. A time
transformation function (TTF) is a function g (t) such that

F ()= Fy[g ®)] ()

If FA and Fy are continuous as is usually assumed then there always exists such a 5
g(t). An example casts a great deal of light on the TTF:

First, suppose both F5 and Fy are exponential
1. t/oN
FN(t) =1-e¢

_1-et/0A
FA(t)—:l-e t, OA, 0N>0 @)
and presumably 04 < @N. In any case, using Equation (1)

1o e t/ON_ | _ o B(t)/0A

so that

0
B =gt (3)

Now, suppose failure time under normal conditions is denoted by t and it is assumed
that time under accelerated conditions (t*) is given by a partisular linear transforma-
tion on t, say ct. That is, it {8 being assumed

time under accelerated conditions = t* = ct.
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Suppose further

making the change of variable t* = ct one obtains

-t®
Fen)=1-et/0N @)
Thus, time under accelerated conditions is also exponentiai with mean coy.
Now setting
Or =
then
0A
c 0 comm—
N |
and »
gt) = ot ®) o

For this example, it can be s¢.en that

1) g(t) is the function whicl. relates ‘ime under accelerated conditions to time at
normal conditions

2) gt involves (see Equation 3) the parameters of both distribution functions.
3) If FA and FN are both exponential g(t) must be 9A/0nt

4) If one of Fp and Fy is exponential and a simple linear relation between acceler-
sted and normal times is postulated then the other must be exponential and the ;
constant of the transformation must be 05/0N. : 4

Referring to 2) above g(t) will always involve the parameters of the two d.f.'s F,
and FN. Hence, a method of estimating g(t) is available once having estimated
FA and Fy and hence, a method is available to estimate 9y from 9, (without
additional future testing). Remarks 1), 3) and 4) above, provide ample basis for
checking assumptions about physical models.

References 388 and 297 provide much more detail on TTF's. In general, they provide
means of estimating parameters and failure distributions at normal conditions from
accelerated tests and provide means of checking physical models.

3-1
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3.0 Advances in Life Testing
3.1 ALT Methodé
3.1.2 REGRESSION MODELS

The use of regression models in the development of ALT methods for relays appears
to be a distinct improvement over previously employed conventional methods.

Through the years many researchers have employed various models, failure theories
and test methods on many types of parts in order to attempt to empirically develop
valid ALT methods.

Recently test results employing another method have been published on work performed
on newly designed relays. The study efforts have been sponsored by the U.S. Army
Electronics Command at Fort Monmouth, New Jersey. These results appear in
References 128, 166, and 238.

The method consists of testing relays to failure using from three to five accelerating
stresses applied simultaneously. The fuilure times generated are used to estimate the
Weibull shape and scale parameters for each combination of stress levels. The exper-
imental design used for determining the stress levels to be used in the overail pro-
gram is known as a central composite design. The details of its development are
given in "Design and Analysis of Industrial Experiments' by C.L. Davies.

Basically, a central composite design consists of a factorial design supplemented by
certain well selected stress combinations that yield estimates of quadratic effects.
The basic factorial can be either a full or fractional design. The stress combinations
are selected in a manner which will allow the estimation of all main effects as well as
all first order interactions. Higher order interactions are assumed to be non-
significant in their effect on part life.

The estimates of the Weibull shape and scale perameters for each combination of
stresseg are used to develop a regression equation representing the appropriate
responsc surface. For relays the accelerating stresasecs used were contact current.
actuation rate, and ambient temperature. For a three factor central composite design,
fifteen test cells of ten parts each were tested Regression equations of the form

+bux2+b xz*b x2+b

Y=b +bx) +byx, + byx 1 * PagXg * DygXy *byox Xy

272 3

*bygX Xg * bygXyxg

were developed from the estimates of the various Weibull parameters. In the above
equation xj, x2 3nd x3 represent the accelerating stresses. Regression equations of
this type were prepared for the Weibull shape parameter, characteristic life and
logarithm of the scale parameter. They could be prepared for any desired reliability
characteristic of the parts under test.
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The general test method has been used on two different relay types. The most notable
success was when it was repeated a second time on Struthers-Dunn FC-215 typc
relays. Very similar results were obtained in hoth test programs. On other relay
types different regression equations were generated but the same general statistical
model and methods were used in developing the equations.

Response surface curves have been preparecd for the sStruthers-Dunn relays and from
them one can estimate the Welbull parameiers for any combination of stress levels
that are feasible.

The overall method looks promising for use as an ALT and additional work is under
way to extend its use to other part types.

It does suffer from some of the disadvantages encountered by other developers of ALT
methods however. For example, when a sample of parts are placed on test at a given
combination of stresses there arc apt to be some parts that either fail early or live
extremely long thus causing difficulty in estimating the Weibull parameters of that
cell. The response surface curves should only be used within the ranges of the
stresses for which they were developed empirically. Any extrapolation outside these
limits involves the normal risk of extrapolation eiror.

The methodology appears to hold promise since it is based on the characteristics of
the failure distribution of the parts being tested and the magnitude of the effect of the
individual and combined accelerating stresses.
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v




3.0 Advances in Life Testing
3.2 The Multiple Modes of Failure Problem

3.2.1 COMPETING RISKS MODEL

The competing risks failure model provides a statistical explanation of data with more
than one mode of failure and alsc sheds light on the problem of changing failure modes.

One of the "accepted" facts of accelerated life testing is that if there exist failure
mode changes from accelerated to normal conditions or vice versa, then the acceler-
ated test is not valid. The validity of extrapolation frora accelerated to normal
oconditions in the face of changing failure modes depends on several things. In order
to investigate the nature of the validity of an accelerated test in the face of changing
fallure modes, it is necessary to have a statistical model for failure times. A ques-
tion which arises immediately is: In the so often occurring situation of several modes
of failure why does failure dats frequently fit known distributions, e.g., exponential,
Weibull ? Since it is unlikely that each mode of K possible modes has the same failure
distribution, why are good fits often obtained? The competing risks (CR) model pro-
vides a simple and useful explanation of the above point. The CR model is:

Suppose, as a part life time (operation) begins, K mode lifetimes begin, independently;
then the mode with the shortest life time (for this particular part) is the cause of
failure and the part life is given by

X = Min (X;, X;, ===, X) )

where, of course, it is8 immaterial that only one (the shortest) of the X, is observable
at a time. In general, the d.f.'s FY, (x) are not identical and need not even be from
the same family. In any case, the d.I. of X defined by Equation (1) is

K
Fet = 1= 11 (1-Fx () (2)
Now suppose all K modes are exponential but with possibly differing A’s, i.e.,
—1-e MX
Fx‘ (x)=1-¢

Then from (2)

Fylx) =1 - X I

K
and Fy(x) {s again exponential with failure rateA = £ A{. Thus for K > 1 modes of
failure and each mode exponential one must necessarily (if the CR mode] holds)
observe an exponential distribution. Thus, in the face of multiple modes of fatlure
the observance of expoential failure times is well explained by the CR model. i, in
practice, the failure mode (s identifiable for each faflure the A are readily estimated
(see handbook). If the failure modes are not identifiable, techniques are not available

K
to estimate the A{ but A = X A can always be estimated by well known methods. It
is important to note that, irrespective of whether the modes are identifiable or not,
the failure distributions FX;(x) are unobservable. What is observable is
FX{ (x|xi < xjall i # §). That is every lifetime (due to mode i) ia conditioned on the
fact mede § ' out' the other K-1 modes.
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Now, suppose a CR cxpoaend al ineidel and that u-ocr acnelerated conditions
M - - .-
AnAaL1 fAa2 FAaK,

and under normal conditions (3)

AT AN A T AN Ky

where KN # KA. It may also be true thatA 4 |, N,i. It is clear from (3) and the
discussion of time transformation functions (’I‘TF) that ae lcng as the relationship
between A5 and Ay persists i. e., their compositions each remain abou! t.e sane an
accelerated test is always valid if it seeks to estimate Ay from A5. However. if it
is the purpose to estimate some A, N from an accelerated test then of course that
Ai must be present in the accelerated test. It is of no particular consequence that
Ai,A #Ai, N as long asAj A is not too close to zero. The CR results are easily
extended to the case of each mode being Weibull with all modes having different a's

but equal 8's. This is done in the handbook.

-

By far the most interesting case. however, is when

Bi
J.
a;
F\, (x)=1-e so that
i
K B
-~ ———wx =
Px (x) - 1-~-¢e ‘li 4

The d.f. given in (4) is definitely not a Weibull distribution. This distribution was
studicd in seme detati for K 2 (the d.f. (4) 1s of course the distribution of the first
order stutistic in a sample of size K, one from each of K Weibulls). It turns out that
for K - 2 the d. . of (4; looks very much like an ordinary Weibull. So much in fact
that thousanda of samples would be necessary to distinguish (4) {from an ordinary
Weibull. The point being made here is that possibly many Welbull {its have really
been CR Weibulls.

In the general case the Fy; may cven be from different (amilies. However, even i

the aituation is as dcpivten( in (4) the problemas of cstimating the pairs (0. 51} remains
essentially unsolved though if the CR locks like an ordinary Weibull it may suffice
as a descriptor. Beside the need for additional research in estimating the parameters
of the CR model, it would be interesting to take some data which does not fit any kmown
distribution and try some CR models (perhaps. from diiézrent families) on it. The
fact that in general the CR model d. {. is not avaiiable in cloand form need not be an
overwhelming limitation because computers are often available. However, tractable
or not the CR mode would seem to be 8 good explanation of failure distributions in the
face of multiple modes of failure.
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3.0 Advances {n Life Testing
3.2 Mullip’e Modes of Failure Problem

3.2.. MIXED POPULATION MODEL

Ths. Mixed Popultion (MT) model is niot s intuitiv ~ly appealing ns the U model but
i* can explain ill-fitting duta quite well in the multiple modes of failure situation

The MP model is, like the C} mudel, a phyvsical/statistical explanation of failure
times in the face of many modes of failure. It is covered in some detail in the Hand-
book. Suffice to say nere tnat it assumes each particular part is predestined (a priori)
to one and only one of the K possible modes - failure. It is as if K boxes (each con-
taining parts) each labeied a certain failure mode were available and parts are drawn
according to some probubility law
K
P (draw for Bex i) - pi; 52'1 D7 1

from the boxes. The d. {. of failure times is then

i

Fy @)=Y p Fy () (1)

i

-
"

A
-

where FXj (x) is the failure distribution of mode { fuil've times. The MP model does
not 3eem to be as intuitively appesiing aa the CR model since it seems difficult to
understand why all X modes cannot (as :n the CR model) have 2 charce to be the
"killer" on each and every part. However, the MP model has one decidedly distinct
advantage ovir the CR model of an operational nature:

If the failure modes are identifiable then the Fx; (x} can be readily observed and the
paramieiers of FX{ (x) and the pj can be estima®sd. The pi are easily eatimated by
taking tke fraction of mode | fatlures to total observed failures. In the CR model
tire FX; (x) are never observable whether the failure modes are identifiable or not.

Reference 185 contains an example of estimating MP parameters for Fy; (x) from the
Weibuil femily. If the {atlure nodes are not identifitable then the eatimallon problem
needs much more wourk. (Reference 185 gives graphic mathods, )

The MP model has another acdvantage over the CR model: {or By (x) from
exponential/Weibul? families twith poasibly ciffering pairameters ior each of the

K modes) the MP model tends to ook vorse’” on Weibu'l paper and thus explains {li-
fitting (on Weibull paper) data better. An example of this is seen or. the facing figure.
The MP mode! of the figure is

- 2 3
Fy (0=0.3 (1e " 00% ) 4 0.7 1.~ 0 08x7,
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The usual notation for the scale parameter of the Wiehull isai—l but for notational con-
venience it is called ; here. These same parameters for the CR model looked very
much like an ordinary Weibull (see 6.2.3 Handbook) but it is clear this MP model would
not usually (or at least as oiten as the CR example) be mistaken for an ordinary Weibull.
Thus the MP model explains ‘bad data' somewhat better than the CR model.

B T T T Y

tx1,;izi;:hx;;iu.iii;:;&aﬂ ; i:;;‘.;.__i.u::tu.'m‘ﬁ:imﬁ':mh

i i '
R TR ) ,1’,' : §. Sy ;
b ' ....]..*‘..L.., o I I
' Li E
muh i = AN AR R
SN e ro
SIS -4 -
- B
H 3
3 or oot - - f

£
b Aedeg o 4
i
"”H«:.ﬂx 0

: R SR 4. i
Dpae : ; ; : £
’ RN 34 ,. deednd P sr-;.- 9
. . ' LI N . .
C ¢ HE R !
oy RS v g y
A S L OO Tplr i FRONY AP & !
; ,ij SO N !
" fony 4 R
v Yy e 1 SR o LR S
"~ JREEEREREIRIR It S e Py
- . . R R R R - po
[ . P : Lo v
SR 445 S bo rs g areed g emdad o N oorrgene
P S 4 ! - . P : H ‘ B
+ " LR ERITY TS S S e r IR > i
! SRS B R T : ¥
i i 1o i ' : 3
’ e é ’ 4 0 3 o
b e s eageen R A N vooat [ Vo P o ~
EER RN YRTT - . ] a ’ ' + 4 i i opore
sevafaees o - ] { ’l i ' 1
. Y i .q_ SR TSV S “43_ i
A -
re
3-1




[T e acici Lo AR R L ST TR S

3.0 Advances in Life Testing
3.3 Statistical Methods

3.3.1 BAYES METHODS
Bayes sampling plans, when practical, offer the possibility of reducing test time

because g2y provide for the incorperation of prior reliability knowledge into the
testing pro:edure.

The rather detailed iiterature search {counducted for the handhook) for more powerful
statistical methods of testing snowad clearly that, irrespective of whether Bayes
sampling plans will become popuiar in the immediatc future, 2 great deal of research
in Bayes reliabiiity test plans is going on. The reason is not hard to fisd. If a prior
distribution on reliability exists znd it is reasonably "gucd' with respect to the relia-
bility desired then test time may be redtxced

Actually the movement toward Bayes pians is juat a part of a great deal of research
being conducted in the generai area of decision theery. There are many who argue
that, quite aside from reduction in time/costs considerations, if » prier d!stribu&ton
exists then any decision procedure selected mus\ wake into account the prior distri-
bution. Here, of course, lies the great stumbling bluck for Baves methods: deter-
mining the prior distribution. There has been little doue in this regard in Reliability.
I is mandatory that this research (digcovsring the prior distribution}) begin before
Bayes methods can be vsed. Another lmportant area of research is the robusiness of
the Bayes procedures. If the procedures are (relatively) insensitive to departures
from the exact prior, this would ke nice {0 know. In fact, most of the Bayes research
in Keliability consists of the “arithmetic' of the regalts for postulated pricrs.
Because of the involvement of the pricr many of the problems become intractabia quite
rapidly and it is common to see in the (Reliability) Bayes literature some assumptions
of a questionable nature. Perhaps, the best example (it occurred two or three times
in the literature) is the selection of a two (2) point prior distribution. For exampie,
supp:3e relisbility is measured by MTBF(6). It is often assumed the prior distribution
is

PE)=p (1)

ptq=1
P{0,)=4q

That ‘s, only two values of 8 (namely 0 01) can occur. Thie is an extremelv dis-
concerting practice; particularly, wher compuers are available to solve intractable
problems.

Another discouraging practice, although it was noticed very little in the literature
search, is the idea that everyone is entitled t¢ their opinion about the form of the
prior distribution. Roughly speaking, the procedure implies one can sit at the desk
and dete~min= a prior and ure it. This procedure is {ll-considered uniess 2 great
deal of positive results are availuble concerning robustness of the prccedures.

The Jecision-theoretic peopie have more or less settled on costs as the ultimate
criteria for designing decieion procedures (e.g., reliability demonstration teats).
However, the literature search in reliability shows chat the Bayes methods being
developed are leaning (thus far) quite Leavily in the direction of the posterior risks.
For this reason, they will be explainad in some deiail here. It was previously pointed
out that the test plans today are selected so that (8, > 6y)
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P {Acceptance | 9} - B = consumer's risk

©)

P (Rejection | 90) = a = producer's risk

where @ and Bare small. The numbers B and (3 ~-a) are poinks on the usuai O.C.
curve. The posterior risks invelve turning these probabilities "around” in a sense

P@= 91 | Acceptance) = posterior consumer's risk
P(624d i Rejection} = posterior producer's visk (3

It will be noticed that in {3) P(8 |Accepiance) and P{9 |Rejsction} are actually proba~
bility distributions whereas. (2) is not. When the posterier risks are written as in
(3) they are often calied Bayes confidence limits (conditioned by acceptance or rejec-
tion of course). In the case of (3}, ¢; is 2 lower confidence limii and §, is an upper
confidence. It should siso be soted the Bayas confidence limits of {3} are a true
probabiiity statement rather thun the inductive classical confidence limits (see Intro-
duction tc Bayes Methods 5. § of the Kandhoek). In any csse, the specifization of the
four tuple {0,, 91, posterior producers ~nd nneteriny consumet's rigks) can lead to a
demonstration test.

The actual ecalculation of Bayes confidence limits is straightforward enough (given the
prior distrik-ution ig avaiiable}. Suppose MTBF (8) is the reliability parameter of
interest and that it has prior p.d.f. {{8). Suppore further that, given 8, the distri-
bution of failure times t is g(t|8).

Then the conditional distribution of @ having observed, for example, one random life

time is
_f(9)glt|e
uomﬁkg,giﬁm )
%

and selecting some 6, for a lower confidence limit:

Si@g o

P(Ozo*it)=fwh(0|t)d0

%

. ]
T oW )
[4]

(5) is ecasily extended for several life times available, i.e., tj, t5, ..., tg. Con-
versely, one may preselect the right hand side in (5) and solve for 6.

The Bayes research, in Reliability at least, seems to have reached the point of
fitting some prior distributions and showing that the Bayes procedures can be of
service.
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3.0 Advances in Life Testing
3.3 Statistical Methods

S 3.3.2 ADVANCES IN DISTRIBUTION DEPENDENT METHODS

Mor. powerful nmtethods of estimating the reliability related statistics of the Weibull
and gamma distributions based on life tests are now avaiiablie. The ahove distribu-
tions are now widely used as distributions of life because they allow for monotone
(increasing or decreasing) as well ag consiant failures ratcs.

To obtain realistic representations of the distribution of life times, it is necessary

‘ to utilize distribution functions that allow monotone (increasing and decreasing) as

i well ag constant railure rates. Monotone increasing failure rates give a better

i representation of life times when parts are in a wear out phase. Mechanical and
electromechanical parts appear to exhibit wear cut during all phases of life. Some
electronic parts appear to have wear out phases after iong phases of constant failure
Lo | rate. Monotone decreasing failure rates describe systems undergeing debugging and
1 also entire lots of solid state elecironic parts. Looking at an entire lot of devices
the failure rate of the lot decreases in the beginning as inherently deficient parts are
weeded out.

; The Weibull and gamma distributions are both able to represen: distributions of life
! times with monotone failure rates. The Weibull distribution written as

Ft)=1-exp (ta) a, B, t>0
=0 elsewhere
has monotone decreasing failure rate for 8 <1, monotone increasing failure rate for
8 >1 and reduces to the exponential for 8 = 1. a is the scale and 3 is the shape
parameter. The gamma density writien as

K-1
f(t) = —I’—(I%YE (;t—l) exp (-t/m) m, K, t>0

=0 elsewhere

; has monotone decreasing failure rate for K ¢ 1, monotone increasing for K > 1. The
gamma also reduces to the exponential when K = 1. m is the scale and K is the shape
parameter.

Reliability, the probability that a part survives for a time, mean life, and the percen-
i tiles of the life time distribution are reliability related statistics. These reliability

o 3-10
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related statistics are functions of the parameters of the distribution of life times.
Thus when the distribution is gamma with parameters m and K the mean life E(t)
is equal to (Km). Consequently, statistical methods may estimate the reliability
related statistics per se or the parameters of the distribution functions, *

The ATT handbook contains rethods for finding the reliability statistics when the
distribution of life times is either Weibull or gar.ma ir. Section 5.2, The table on the
facing page summarizes the methods presented. The first column shows the statistic
estimated. The property of the estimator (maximum likelihood, minimum variance
unbiased, etc.) are presented in the second column. The last columns show the data
requirements. They indicate if censored data can be handled, if the data must be
ordered, and what specific order statistics are necessary.

The methods presented in the ATT handbook and summarized in the table are sufficient
to allow t"e use of the Weibull and/or gamma distributions in life testing analysis. The
ability to use thesge distributions is a significant step forward since it makes possible
the representation of monotone failure rates.

* When the distribution of life times is exponential,

F(t) = 1 ~ exp (-t/0) t, 0>0

=0 elsewhere

the parameter @ is the mean life and therefore 9 is both a parameter and a reliability
related statistic.




3.0 Advances in Life Testing

3.3 Statistical Methods

3.3.2 ADVANCES IN DISTRIBUTION DEPENDENT METHODS (Continued)

TABLE 3.3.2, METHODS OF ESTIMATING RELIABILITY STATISTICS FROM
WEIBULL AND GAMMA DISTRIBUTIONS

Method No.

Weibull Distribution

Statistic Estimated

Property of
Estimator

Data Requirements

"5.2.1

5.2.2

5.2‘3

5.2.4

5.2.5
5.2.6

5.2.7

5.2.8

5.2.9

5.2.10

5.2.11

scale parameter
shape parameter

scale parameter

scale parameter

shape parameter

scale parameter

confidence limits
on percentiles

percentiles; confi-
dence limits on
percentiles

percentiles; confi-
dence limits on
porcenviles

percentiles;
confidence limits
on percentiles

Reliability
Confidence Bound

Reliability
Confidence Bound

Asymptotically
Normal and
Unbiased

Asymptotically
Normal and
Unbiared

Max. Likelihood
or Unbiased
Estimate

Unknown

Unknown
Unknown

Asymptotically
unbiased

Linear Invariant
Minimum Variance,
Blased, Asympto-
tically Normal

Unknown

Asymptotically
efficient

Unknown

Sample of n lifetimes,

Order statistics from a
sample of n life times. Only
two actual values neec be
Known.

Value of first m of n order
statistics. The data may be
censored. Shape parameter
must be known.

First two order statistics
(scale parameter need not
be known).

Any order statistic. Cen-
sored data is permisaible.

Value of any order statistic
censored data permissible.

Censored data is acceptable
ordered sample is required.

Censored data is acceptable
ordered sample {8 required.

Complete sample of n life
times.

Complete ordered sample

First and last order statistic
of the sample. Number in
the sample exceeding criti-
cal time.

‘.

R s & ey vt s oo,

A it bt et

3-12




"..‘V?"TW‘(.““W'M e RN - . -

TABLE 3.3.2. METHODS OF ESTIMATING RELIABILITY STATISTICS FROM

WEIBULL AND GAMMA DISTRIBUTIONS (Continued)

Gamma Distribution

Property of
Method No.  Statistic Estimated Estimator Data Requirements
5.2.16 scale parameter Max likelihood First M of N order statistics
shape parameter of the sample. Censored
location parameter data is permissible.
5.2.17 scale parameter unbiased Value of one order statistic
from the sample.
3-13




3.0 Advances in Life Testing
3.3 Statistical Methods

3.3.3 ADVANCES IN DISTRIBUTION FREE METHODS
Distribution free methods of estimating reliability related statistics are now available

for distributions where all that is known is that the failure rate is monotone {increas-
ing or decreasing).

Distribution free (sometimes called nonparametric) methods, can always be applied

to estimating reliability related statistics of a distribution of life tines. Unfortunately,
estimates made by these methods are usually quite inefficient. A basic understanding
of distribution free methods can be obtained from Chapter 16 of: Mood, A. M. Intro-
duction to the Theory of Statistics, McGraw Hili, 1950,

The efficiency can be improved if the failure rate is known to be monotone increusing
(or decreasing) even if no other assumptions are made. The ATT handhook contains
methods for (1) determining if the distribution has a monotone {ailure rate and (2) for
estimating:

2.1 Reliability for a specified time.
2.2 Confidence bounds on Reliability.
2.3 Limiting failure rate following debugging.

Estimates 2.1 and 2. 2 can be obtained from either attribute (number of parts surviving
for the critical time) or parameter (actual failure time) data. CQrdering of the sample
results is required but the computations are not difficult. 2.3 requires failure times.
These estimates are maximum likelihoed although they do not have all the properties
that distribution dependent maximum likelihood estimators possess.

Another method determines the sample size required to test the value of the quantiles
of the life time diatribution given that the failure rate is monotone (increasing or
decreasing).

These new distribution free methods are powerful compared to older distribution free
methods but are still inefficient compared to distribution dependent methods.

3-14




4.0 Conclusions

Over 500 technical reports were studied in detail to estublish both the state of the art
and potential advances of methods for reducing test times, expenses, and sample sizes.

The following is a summary of the conclusions of the findings of this study:

o The major efforts in developing ALT methods have been concentrated on electronic
parts with a lesser effort on mechanical parts. Very little has been done on a
svsiem level,

e None of the traditional ALT methods huve been fully validated.

o Generally, the statistical approach in the developmeni of ALT methods was weak.
In many cases, sample sizes were toc small tc yieid statistical significance, there
were insufficient points to fiyx regression lines, confidence limits were used infre~
quenily and all too frequently the assumption of an exponential distribution of
failure times was used when it was not validsted.

e Attempts at validation of a given ALT method were noi usually apparent. Frequently
an ALT method was described, the test resulta(or part of them) were given, and
nothing more was added to prove the validity of the method. Little use was made of
the validation methods discussed in Section 2 of the Handbook of ALT Methods.

e Where promising ALT methods ware developed as in the case of the transformation
models and the regression rnodela the range of applicability is fairly reatricted.
This is so mainly because these methods have not been applied beyond relays and
gswitches as yct.

The more powerful statistical methods literature search brought to light the following
facts:

o The statistical problem of reducing reliability test time/costs is receiving a great
deal of competent attention.

Methods are being developed along two lines

f) the most efficient methods without the use of prior information.
ii) . the most efficient methods using prior (Bayes) infcrmatioa.

e The Weibull and gamma distributions have received a great deal of attentfon, and
rightfully so because of their flexibility, and may well replace the exponential in
"popularity' in the future.

¢ A number of distribution free methods have been developed. Their efficiency can be
improved by stipulating if the failure rate is monotone increasing/decreasing.
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e A mechanism is needed to reduce the lag between the development of more powerful
statistical methods and their adoption by the Engineering discipline.

e In general, statistical methods are very sensitive (efficlency wise) to the
assumptions made. More work is necessary in validating the assumptions.

Multiple Modes of Failure Problem

o This subject has received relatively little of ithe attention it needs. The multiple
modes of failure problem needs attention because #{ has a great deal to do with the
validation of and insight into accelerated life tests,

e A promising model, the CR model, exists to explain failure data in the face of
multiple modes of failure.

e An additional model, the MP model, exists which though not quite as appealing as
the CR model, can also help validate and provide insight into accelerated tests.

e Some model of the multiple modes of failure problem is required in order for part
improvement programs to be conducted in good statistical fashicn.

4-1/4-2
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5.0 Recommendations

Since none of the traditional ALT methods has been validated it would appear that the
significant advances in the field will be made as a result of further development of
transformation models, regression modeis and more powerful statistical methods.

The following recommendations are presented as a result of the findings of this study:

e The use of the transformation models should be extended to parts other than relays
and switches,

o The use of regression models employing central composite designs should be
extended to parts other than relays.

e The Arrhenius and Eyring Models, step stress testing, progressive stress teating
and inverse power rule should be checked for validation using historical data and
the improved validation methods of Section 2 of the Handbook of ALT Methods.

Regarding statistical methods, the recommendations are:

e Further study to refine the CR and MP models for the multiple modes of failure
problem; in particular estimation of parameters.

® Research into the types of prior distribution encountered in Reliability practice so
that Bayes methods may be wisely and usefully applied.

e Develop methods of cutting down the time lag between the development of good
methods of reducing test time and costs and their adoption. The Handbook should
help somewhat.

¢ Develop standard methods and tables (under one cover) for the (ever increasing in
popularity) Weibull and Gamma distribution.

5-1/5-2
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