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Résumé

La mise en place d'un programme de tests accélérés (AT) est accompagnée de plusieurs
préoccupations et incertitudes quant a l'estimation de la fiabilité qui peut causer un
écart par rapport au service réel. Cette these vise a présenter les outils nécessaires
et auxiliaires antérieurs aux tests, ainsi qu’a proposer des approches techniques et des
analyses pour la mise en ceuvre de tests accélérés pour l'estimation de la fiabilité, la
comparaison de produits, 'identification des modes de défaillances critiques ainsi que la
vérification de I'amélioration de la fiabilité (apres modification de la conception). Tout
programme de tests accélérés doit faire I’'objet d’une investigation économique, de méme
que la similitude entre tests et modes de défaillances doit étre vérifiée. L’existence de
variables aléatoires dans le service en utilisant le profil et le temps de défaillance dans
les tests accélérés sont les causes de l'incertitude pour estimer la fiabilité qui doit étre
résolu numériquement. La plupart des programmes de tests de dégradation accélérés
ont été mis en ceuvre a des fins qualitatives et d’analyse de comparaison, de sorte que le
concept de tests de dégradation accélérés doivent ctre étendus ct généralisés au cas de
produits sujets a de multiples modes de défaillance, avec ou sans modes de défaillance
dépendants. Si des échantillons, neufs ou usagés, d’un produit sont disponibles, la
méthode de vieillissement partielle est proposée afin de diminuer considérablement le
temps de test.



Abstract

The implementation of an accelerated testing (AT) program accompanies several con-
cerns and uncertainties to estimate reliability that might cause a deviation from real
service. This thesis aims at presenting necessary and auxiliary tools prior to the test,
and proposing practical methods and analyses to overcome such uncertainties for re-
liability estimation, comparison of products, recognition of critical failure modes, and
verification of reliability growth (after design modification).

Every accelerated testing program must present a suitable accelerating variable and
verify similarity of failure modes in test and service. Any information from field includ-
ing service usage profile and field failure data could be useful for an accurate quantitative
analysis of reliability. Furthermore, for economic considerations, test samples should be
selected so that they could provide a satisfactory level of confidence. There is not a clas-
sical approach to identify the above-mentioned items, so they are investigated through
available related literature in order to be classified as a reference to preliminary tools
to conduct accelerated testing. Furthermore, required parameters and their measure-
ment to transfer from an accelerated catastrophic testing to an accelerated degradation
testing are introduced.

The existence of random variables in service and test are the causes of uncertainty
to estimate reliability. To overcome the problem, virtual sample method as a numeri-
cal technique, is proposed to replace every probability diagram with its representative
values. For multi-failure mode products, the results obtained by AT could be as com-
plementary data for incomplete service results to assess the critical failure mode. The
proximity of test and service results is also proposed to be estimated by multinomial
and ranking methods.

The concept of accelerated degradation testing is extended for multi-failure mode
products (either with or without dependent failure modes) under some stresses for
quantitative purposes, and the system of equations has been solved for each virtual
sample. The concept is employed to estimate failure times of field samples returned
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from service due to a degrading failure mode. If used and new samples of a product
are available, partial aging method is proposed to considerably decrease the time of an
unknown aging process.
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Chapter 1

General Introduction



1.1 Introduction

The most realistic estimation of reliability or lifetime is best achieved by field failure
data, because they reflect the failures in service. For a newly designed product, these
data are not available. On the other hand, field failure data for the old version of
design might be invalid for the new version. The utilization of field failure data (of
the old version) for the new version must be studied according to the changes that
have been made to product components. In addition, reported failures after warranty
period might be incomplete for reliability analysis. Such issues motivate manufacturers
and testers to conduct accelerated testing to estimate lifetimes and reliability of their

products.

Accelerated testing consists of a variety of test methods for shortening the life of
products or hastening the degradation of their performance. The aim of such testing is
to quickly obtain data which, properly modeled and analyzed, yield desired information
on product life or performance under normal use ([69]). An AT deals with theoretical
considerations (including mathematical and statistical backgrounds of reliability) and
technical concepts of products (including their failure modes, the economic and business
considerations), so the identification of these clements by the manufacturer is necessary
to obtain more realistic results from the AT.

The test time must relate to its equivalent service time in order to obtain a rela-
tionship between their results. The problem is that the failure times obtained from the
test are stacked in a narrow band of time in comparison to service lifetimes which are
distributed in a wider band because of variety of uses by customers, so the usage of
products in service must be identified, and considered in the relationship.

To estimate failure time, some samples of the product must be selected to pass the
aging process. The estimation of sample size is the economic aspect of AT to fulfill
an acceptable confidence level. The calculation of lifetime or reliability by testing very
few samples could lead to inaccuracy of test results. On the other hand, employing a
lot of samples for test leads to increase the cost. The estimation of sample size could
be a challenging task if the product is highly reliable so the failures of its samples arc
not attainable. Furthermore, for multi-failure mode products, to achieve every failure
mode, more samples are required to pass the test. The utilization of service samples
for test (if there are any) could considerably decrease the cost of AT. The destructive
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nature of a test (in the AT) results in preparing more samples for testing. In addition,
in design stage, there might be a cost constraint for manufacturer to produce required
prototypes for testing. As a result, manufacturers must recognize different approaches
to decrease the sample size and the geometrical size of test samples.

Continuous monitoring of the failure for a sample (to measure the exact failure
time) during an AT might be time-consuming. As a solution, the interval monitoring
is suggested by literature to capture the failure time in an interval. This brings the
concern of censored time which is not eligible for an accurate statistical analysis.

If the product is expected to be highly reliable, the failures of its samples might
be unattainable, so statistical analysis of lifetime might be impossible because the lack
of any failure times. For degrading failure modes, all the above-mentioned problems
could be more critical because the lack of any interruptions in the operation, so the
manufacturer must present a clear definition of these failure modes by relating their
failure times and physical properties.

Severe environmental and/or operative stresses on samples of the product might
result in another failure mode(s) than the actual ones in service. On the other hand,
the frequencies of failures for each failure mode in test and service must be in consistent.
Otherwise, the accelerated testing will be invalid.

In a multi-failure mode product, the failure (or degradation of physical property) of
one failure mode can affect the failure (or degradation of physical property) of another
one. The identification of dependent failure modes in a product is a technical issue
that has to be done prior to the test. Then, the failure time of the dependent failure
mode must be related to the operation of the other one. This leads the manufacturer
to recognize the interaction of components inside the product.

For a complex product (having many components and failure modes) under multiple
stresses, the manufacturer might be unable to use statistical analysis to obtain a math-
ematical formula to estimate reliability, so a numerical method is needed to transfer
the problem from statistical analysis to a simple mathematical calculation.

The thesis is presented in the form of a collection of scientific contributions submitted
for publication. The following contributions are submitted for publication, and they
are placed in chapters 2-4:

e Contribution 1: S. Hossein Mohammadian and Daoud Ait-Kadi. An Integrated
Approach to Implement Accelerated Testing. Submitted in March 2009 to Relia-
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bility Engineering and System Safety.

e Contribution 2: S. Hossein Mohammadian and Daoud Ait-Kadi. A Contribution
to Accelerated Catastrophic Testing. Submitted in February 2009 to Reliability
Engineering and System Safety.

e Contribution 3: S. Hossein Mohammadian, Daoud Ait-Kadi, and Francois Routhier.
Quantitative Accelerated Degradation Testing: Practical Approaches. Submitted
in February 2009 to Reliability engineering and system safety.

This chapter aims to present the motivation and problems of the thesis, to provide
an overview of related literature, and to summarize the methodologies that are applied
in subsequent chapters. The rest of this chapter is organized as follows. Section 2
classifies the problems of the thesis. Section 3 presents the main objectives of the
thesis. Section 4 reviews related literature to accelerated testing. Section 5 describes
methodologies and assumptions. Section 6 presents conclusions.

1.2 Classification of Problems

There is not a unique classical approach to identify required tools, methods, and anal-
yses to implement an accelerated testing. In order to provide a user-friendly reference
to engineering applications, all problems dealt in the thesis are categorized into three
groups, and for each group, its problems are itemized for quick citation.

1.2.1 The Problems of Service-Related Data

For catastrophic failure modes, the problem concerns the estimation of failure time,
censored time, acceleration factor, service reliability, and number of failures. For each
used sample returned from service because of a degrading failure mode, relating its
service age to a product physical property can lead to assess its lifetime which is a
challenging task. The above problems are listed in detail as follows:

e Problem 1.1. There is no unique standard format for exploiting field failure data
in accelerated testing, and available formats might be different from one manufac-
turer to another. Furthermore, the variety of data types in samples/customers’

portfolios can be the source of confusion for any service estimation.
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e problem 1.2. Failure times of samples obtained from an aging process are stacked
in a narrow band of time in comparison to service lifetimes which are distributed
in a wider band because of variety of uses by customers.

e Problem 1.3. An AF-based aging process would not be applicable in accelerated
testing without the identification of acceleration factor, which should be estimated
by field failure data.

e Problem 1.4. Time-based analysis of catastrophic failure modes might be insufhi-
cient to identify critical and non-relevant failure modes in a product, because the
statistical analysis of incomplete data is unable to estimate the reliability.

e Problem 1.5. For a degrading failure mode, the lack of any interruptions in the
operation might cause a difficulty in defining its failure time. For this case, there
might be a contrast between the customers’ decisions to report failures, and the
manufacturer’s criterion to accept or refuse the failures.

e Problem 1.6. In general, there is no known technical relationship between relia-
bility of the old and new versions of design, so any test and service related data
for the old version of design might be useless for the new version.

e Problem 1.7. For highly reliable products, the number of reported failures may
be insufficient for estimating reliability. For multi-failure mode products, this
problem can prevent individual analysis of every failure mode due to the shortage
of reported failures, so the comparison of failure modes cannot be achieved.

e Problem 1.8. A direct estimation of usage profile for a product by service data is
usually inaccessible.

1.2.2 The Problems of Test Time and Cost

Prior to carrying out any tests, the accelerated testing program must economically
be studied for its time spending and cost. The problem of test samples concerns the
economic aspect of accelerated testing, and it is characterized by the number of samples
(sample size), sample geometry and the total number of aging processes (or the total
number of conducting performance test). Accelerating variable is any arrangement to
shorten test time. The application of employing these variables in AT could result in
the concern of test integrity (the consistency of failure modes and their occurrences in
test and service).
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e Problem 2.1. Estimating reliability by testing very few samples could lead to
inaccuracy. So a minimum number of samples is required to fail for statistical
analysis. If the product is highly reliable, no failure is expected to be achieved.
Thus, statistical analysis is impossible.

e Problem 2.2. The above problem for a multi-failure mode product is more critical
because many samples are required to assure achieving every failure mode.

e Problem 2.3. In an ADT, its related performance test (to obtain the performance
factor) may be destructive, and consequently costly.

e Problem 2.4. After a modification to design, there might be a cost constraint to
manufacture the samples of the new version of the product for AT. There might
also be a limitation in time to dispatch samples to the market.

e Problem 2.5. The utilization of new samples for testing might be expensive. As
a substitution, used samples could considerably decrease test expense if their
residual lifetimes could be related to the equivalent test time.

e Problem 2.6. In an ADT, if many service samples are returned from service, the
implementation of the aging process and performance test on every sample might
be time-consuming.

e Problem 2.7. Stimulation of failure mechanism by any modifications to the stresses
and samples might raise the concern of irrelevant failure modes and test integrity.

1.2.3 Related Problems to the AT Methods

The selection of a proper accelerated testing method depends on the ability of recogni-
tion the product that could be highly or lowly reliable, and single or multi-failure mode.
In addition, both catastrophic and degrading failure modes might be under study. The
aging process must be defined based on the availability of field failure data and usage
profile. Sample size and test samples have to be identified based on their availabilities
and any limitations to test time and expense. Finally, the employed analytical method
has to be verified for its ability to solve the complexity of the problem.

e Problem 3.1. Most ADTs are intended for qualitative or comparative analysis
(rather than reliability analysis), so the concept of ADT needs to be developed for
reliability analysis, especially for the products under multiple stresses in different
levels.
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e Problem 3.2. The problem of multi-failure mode products may be more compli-
cated if any dependent failure modes are available in the product.

e Problem 3.3. Compared to ACT, the results of an ADT are more meaningful,
so in order to transfer an ACT to its corresponding ADT, required tools and
knowledge need to be identified.

e Problem 3.4. The results obtained from an unknown aging process cannot be
used to predict product lifetime.

e Problem 3.5. For complex usage profiles, regarding the existence of many random
variables (usage frequency and failure time), analytical methods are usually unable
to estimate reliability. -

e Problem 3.6. For catastrophic failure modes, a comparative analysis might be
needed for the available products on the market, or different failure modes (in a
multi-failure mode product).

e Problem 3.7. The comparison of test and service results is crucial to their confor-
mity, especially if the time-based data of service are unavailable.

e Problem 3.8. For highly reliable products, there might be a lot of right censored
times for ACT, and less degradation of physical properties for ADT, which are
not sufficient for reliability analysis.

The above problems are discussed in the chapters 2-4. As a quick reference, Table 1.1
summarizes the section numbers which are related to each mentioned problem.

1.3 Objectives

The objectives of the thesis are summarized as follows:

e To present practical approaches to decrease the cost and time of AT, including any
arrangement to sclect test samples, aging process and measurement of physical
properties.

e To classify technical approaches to obtain accelerating variables; and to verify the
conformity of test and service failure modes.

e To propose a numerical method to solve the complexity of random variables for
both ACT and ADT.
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Table 1.1: Related sections to each problem

Classification of problems Referred section
Prob. 1.1 2.6.1 431 432
Prob. 1.2 26.1 331 332 352

Prob. 1.3 24 241 261 262 352 431 441 45

Catastrophicand  prop 14 261 343
degrading field
failure data

Prob. 1.5 262 431 432

Prob. 1.6 352 353

Prob. 1.7 2.6.1 341 431

Prob. 1.8 221 222 331 332

Prob. 2.1 2423 25 231 353 45

Prob. 2.2 23.1 353 441

Prob. 2.3 231 422 423

Prob. 2.4 353

Prob. 2.5 2.5 2.6.1 262 331 422 431 45
Prob. 2.6 26.1 431 432 45

Prob. 2.7 241 242 243 27 343

Prob. 3.1 231 232 421 422 423 44]
Prob. 3.2 442

Prob. 3.3 231 232

Accelerated testing Prob. 3.4 4.5
methods and
analyscs

Test time, expense,
and integrity of AT

Prob. 3.5 222 331 332 441

Prob. 3.6 341 342

Prob. 3.7 343

Prob. 3.8 241 243 25 32 341 353 423 45

e For comparative analysis, related indicative factors to compare the test and ser-
vice results are intended to be defined if time-based field data are not available.
Furthermore, the comparison of different failure modes in a product to identify
the most probable and irrelevant failure modes is also aimed.

e To state the concept of ADT under s single stress by relating failure time of the
product to one of its properties, and to extend it for multi-failure mode products
under multiple stresses. It is also intended to be generalized for dependent failure
modes.

e To present required approaches for reliability analysis of field data for both catas-
trophic and degrading failure modes.

e To propose a practical approach to estimate reliability and acceleration factor of
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a product, while the related aging process is unknown.

1.4 Literature Review

1.4.1 The Concepts of Accelerated Testing -

Theoretical aspects of accelerated testing such as probability and life-stress models,
data analysis and maximum likelihood estimation have been presented and classified
by Nelson [69] to provide a statistical comprehensive reference for AT. For practical
purposes, there have been a few efforts to categorize general methods (e.g. [98]).

Meeker et al. [62] presented the concept of ADT as degradation of product property
based on a known degradation model. The unit-less damage has been defined as the
proximity of sample to its inoperable state (e.g. [38, 55, 83]). Various damage models
have been presented according to their applications and products (e.g. [38, 102, 29]).
The most popular model is the linear damage model which is known as Miner’s rule
(e.g. [89, 9, 88]). The application of damage rate which is the derivative of damage
function versus time has geometrically been explained by Jung et al. [42]. Every ACT
might be converted into corresponding ADT by relating the catastrophic failure mode
to a suitable parameter of the product expressing its degradation. For example, Minh
et al. [63] simulated the failure of concrete by measuring the size of the created crack.

A few articles have been devoted to study the complexity, difficulties and limitations
of conducting an accelerated testing (e.g. [61]). Clark et al. [20] technically discussed
limitations in stress levels in order to use fewer samples to implement an accelerated
testing.

The application of life-stress models in accelerated testing is to extrapolate failure
results at the service level of a stress from the results obtained at its high levels. Based
on the stresses to be stimulated, such models are presented and classified by many
papers (e.g. [69, 28, 4, 17, 92, 70]). Among the models, Arrhenius model is the most
well-known and applicable one if temperature is the stress [49, 48, 3, 34]. For non-
thermal stresses (especially for mechanical stresses), the inverse power law has been
employed [49, 100, 107, 73, 9]. Wu et al. [100] also used this model to estimate
the acceleration factor and required test time for known model parameter. The linear
relationship between failure cycles (in logarithm scale) and corresponding levels of stress
(S-N diagram) are estimated for materials under different mechanical stresses by fatigue
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test [41, 16, 22]. For sandwich beams with different failure modes, Harte et al. [36]
obtained such diagrams for every failure mode in order to recognize the most likely one
to happen.

Life-stress models are also formulated to relate failure times under a combination
of thermal and non-thermal stresses. In order to estimate the acceleration factor of an
aging process in high level of temperature and UV irradiation, Koo and Kim [49] carried
out two different types of aging process. Firstly, the samples were exposed to high
levels of temperature while UV irradiation was kept constant at its normal level, and
the acceleration factor of the first aging process was estimated based on the Arrhenius
model. The second aging process was carried out in high levels of UV irradiation while
temperature was kept constant at a specified high level, and the inverse power law
was employed to estimate the acceleration factor of the second aging process. Then,
the total acceleration factor of the aging process in high levels of temperature and UV
irradiation was estimated as multiplication of the above-mentioned acceleration factors.

1.4.2 Qualitative Accelerated Testing

Qualitative ACT

Qualitative accelerated catastrophic testing is applied to detect latent failure modes
and to verify their elimination after design modification if no field data are available.
Murphy and Baxter [66] assessed usage profile of water heaters including temperature,
voltage and their levels. Then, accelerated testing was carried out in two stages: before
modification in order to detect latent failure modes, and after modification in order to
verify the positive effects of the modification to eliminate or moderate detected failure
modes. If no estimation of usage profile is available. highly accelerated life testing
(HALT) could be used in high levels of environmental stresses and their combinations
while the product operates in normal levels of operative stresses (e.g. [1, 11]). The stress
level in HALT continuously increases and decreases in each cycle, and once it reaches at
the highest/lowest level, it must be kept constant over a period of time which is called
dwell time (e.g. [8]).

Qualitative ADT

A qualitative accelerated degradation testing can be used for many applications. It may
be applied for a simple observation of product to explain the degradation of its physical
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properties over the aging process (e.g. [85, 6]). The more accurate estimation of these
degradations could be obtained from natural (outdoor) weathering test [35, 76]. Fekete
and Lengyel [30] proposed a combination of accelerated and natural tests to study the
effect of natural exposure on coatings. In order to verify the conformity of ADT results,
a comparison could be made between the results of natural and accelerated degradation
testing (e.g. [76, 54, 86, 47, 10, 24, 57]).

Comparative analysis is widely used in ADT to study the ability of following items
to degrade physical properties:

Stress levels of a single stress on one property (e.g. [105]) or some properties (e.g.
39, 33, 5]).

Stresses ([12, 77, 5]).

e Environmental conditions (e.g. [30, 2]).

Materials (e.g. [46, 30, 19, 63, 23, 81, 44]).

e A known aging process on some products [68].

1.4.3 Analysis of Service Data

The most accurate estimation of usage profile of a product (including stresses, their
levels and usage frequencies) results from real service. Mohammadian et al. [64] assessed
the operative hours of lathe machines in service, and made their probability diagrams in
order to provide their usage frequencies. Such information had already been achieved
by technicians during maintenance activities and recorded in customers’ portfolios.
The usage profile has also been estimated by Kim et al. [45] for a train bridge by
presenting some assumptions to specify actual weights of trains which are not known
due to the uncertainty in the number of passengers and their weights. Burgess et al.
[14] statistically investigated the gradient of bicycle roads in Great Britain in order to
be related to stress levels on bicycles.

Deflorian et al. [24] presented the (average) levels of some meteorological stresses
like temperature, radiation and humidity for each month of the year. The probability
of stress levels has also been expressed over a year [13] for each stress.

In general, stress level is a random variable, and it can randomly change within an

interval. In order to overcome such difficulties and uncertainty, Tang and Zhao [91]
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and Palin-Luc et al. [56] suggested a method to simply simulate a wide range of a
random variable by considering the maximum level of stress during its operation. This
modification removes unimportant levels of the stress to shorten test time.

If none of the above approaches is available, a preliminary test could be used to
estimate usage profile. Wu et al. [100] carried out preliminary tests on various vehicles
including helicopters and ground vehicles to assess transmitted levels of vibration to
the interior of the vehicles.

Field failure data for catastrophic failure modes and the measurement of physical
properties of used samples returned from service due to a degrading failure mode,
are two sources of service data for reliability estimation [84]. Field failure data are
compared with corresponding test results in order to estimate the acceleration factor of
the aging process (e.g. [74]). In the literature, field failure data are usually employed
for time-based analysis of reliability, maintenance and availability (e.g. [67, 21]). They
are also used for number-based purposes such as comparison of failure modes (e.g.
96, 103, 97, 104]), failure mechanisms and components. Used samples can also be
analyzed for root cause analysis in order to obtain the main causes of failures (e.g.
82)).

For complex CNC machines, Guangwen et al. [109] counted the number of fail-
ures for each component to obtain its relative failure probability (occurrence probabil-
ity). Such information could also result from known failure modes and effects analysis
(FMEA) for different failure modes (e.g. [60, 68, 37, 93, 95, 75]).

After-warranty field data are usually incomplete. Oh and Bai [72] modified Like-
lihood function in order to be applicable for analyzing field failure data of warranty
and after-warranty periods. For complex machines, the desire of customers to report
failures near the end of the warranty period could cause a deviation from actual time
of failure, so the accuracy of statistical analysis may be in doubt (e.g. [78]).

For a degrading failure mode, Marahleh et al. [58] employed the linear damage
model for relating the failure time of a used sample to its physical property. Degradation
diagram of the failure mode could result in a correlation between the times of service
and test while both have same effect on degradation [33]. Drew et al. [26] took some
specimens from field samples in service in order to confirm their acceptable level of
quality. If many properties are available to be investigated, Cox approach could be
used to analyze and compare the effects of the aging process on required properties

(e.g. [50]).
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1.4.4 Auxiliary Tools

For a newly designed product, the finite element method (FEM) could be used to
predict the locations of hot spots which are some local elements under high mechanical
stress. The hot spot(s) are used to verify and validate the failure location obtained
by accelerated testing (e.g. [89, 94, 99]). The ability of software to perform dynamic
analysis of stress/strain could yield the distribution of stress level in hot spots (obtained
by static analysis) over time in order to assess maximum stress and the most crucial hot
spot (e.g. [43, 16]). If life-stress material diagram is available, an estimation of failure
time could be made (e.g. [89]). The comparison of the results obtained by individual
finite element analysis for all stresses could help recognize the most suitable stress to
degrade samples in shorter time (e.g. [101]).

In general, international standards do not present a whole AT program. Depending
on the required application and product in ADT, the standards might suggest the
most suitable property to explain degradation (e.g. [5, 10]) and corresponding test to
measure its values over the aging process (e.g. [5, 105]). They could also be used to
identify normal and accelerated levels of environmental stresses like temperature and
radiation, to identify usage profile, and to suggest the required accelerated testing (e.g.
(5, 105, 10]).

In the literature, creating a deliberate defect in samples prior to the aging process has
been used to stimulate their failure mechanism and to shorten test time. Such defects
must address the failure mode under study. Dommarco et al. [25] studied the effects
of different defects on a component for fatigue test of materials, and concluded that a
combination of the defects could be applied in order to considerably shorten test time.
For the quantitative purposes, the fatigue lifetimes of samples with and without initial
damage were correlated by Burman and Zenkert [15]. Mechanical defects could also be
analyzed by finite element analysis (e.g. [43]). If the lifetime of a product is potentially
affected by many factors (such as design parameters and stresses), huge number of tests
and samples are required in order to study the effect of each factor on failure time. In
the literature, orthogonal arrays (e.g. [52, 51, 80]), design of experiments (e.g. [87]), and
Latin square design method (e.g. [90]) have been used to specify a minimum number of
tests required to achieve realistic and meaningful results. Then, such results should be
analyzed by analysis of variance (ANoVA) to study the effect of the factors and their
combinations on the product life.

For a problem including random variables, analytical approaches could present the
most accurate results. Analytical methods are usually unable to solve the complexity
introduced by many random variables, so such problems should preferably be solved
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by numerical analysis. For discrete variables, all possible scenarios must be considered.
Nowak and Cho [71] and Choi et al.[18] identified every possible different failure scenario
for bridges.

Reliability results presented by manufacturer can be useless for a retail user regard-
ing its special application. Accordingly, an AT should be done by the retail user in
order to achieve the required results for the application, so the physical property de-
fined by the manufacturer might need to be modified to conform to the real application.
Mohammadian et al. [65] modified the definition of battery capacity (by manufactur-
ers) for valve regulated lead acid (VRLA) batteries according to their applications in
motorized wheelchairs.

The idea of defining a minimum level of the physical property (critical level) being
in the operable state has some applications in ADT. It could enable testers to recognize
the effects of different stresses to degrade and fail samples (e.g. [7]). Such definition
has also been applied by many others to estimate failure time (e.g. [49, 35, 108, 27]).
For this purpose, the critical level might be extrapolated [49] or interpolated [32] from
its measured values during the aging process.

For a complex product, its failure could be defined based on the degradation and
failure of its components, the connection between its components, and the number
of replacement. For series, parallel, standby and k-out-of-n products, such definition
could be easily derived, whereas for other products, an exclusive definition is required.
Fitzgerald et al. [31] defined the failure of a wheelchair based on the criticality of each
component and the number of times it has been repaired or replaced. The failure of
such products could technically be explained by chain of events [40].

1.5 Methodologies and Assumptions

In this thesis, failure modes are assumed to be independent, otherwise it will be men-
tioned. Every single-failure mode product is considered as binary-state with operable
and inoperable states. At the beginning of its operation, it is considered to be in the
operable state. There is no maintenance activity, i.e. once the state of the product
changes from operable to inoperable, it cannot return to its previous state.
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First Contribution

e Usage profile of a product is classified based on the number of levels for each
stress, and it is identified by usage frequency of each level.

e An exclusive definition of performance factor is presented to relate physical prop-
erties of samples to their failure times, and it is measured by performance test.
The values of performance factor decrease over the aging process.

e Different possible performance tests are classified based on related literature.

e Performance factor could be used to transfer a product from multi-state to binary-
state and vice versa. For more information about reliability analysis of multi-state
products refer to [59, 79, 106, 53].

e Failure mechanism is proposed to be stimulated by any changes in stresses, per-
formance test and samples.

e Sample size is optimized by probability diagrams and confidence level. The phys-
ical concepts of products are suggested to be applied to transfer a destructive
performance test to non-destructive one.

e Reliability for a product with a catastrophic failure mode is proposed to be ana-
lyzed by time-based and number-based data.

e 'To verify the conformity of the results obtained by accelerated testing and service,
following approaches are proposed:

— Considering usage profile.

— Investigating the technical failure process.

Comparing test and service results.

Analysis of mechanical stress/strain.

Second Contribution

e Accclerated catastrophic testing is categorized based on the inspection strategy
during the aging process.

e Virtual sample method has been presented for numerical analysis based on non-
statistical reliability.

e For a single-failure mode product, test results are modified by related service
results.
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Following indicative factors are defined to achieve obvious comparisons of time-
based analysis:

— Salvation factor to compare different products based on their reliabilities.

— Longevity factor to compare different products based on their failure times.

— Priority factor of each failure mode based on the first failure occurrence.
For a multi-failure mode product, the following factors are defined to compare the
number of failures in the test, and service occurrence probability for each failure
mode based on the number-based data:

— Conformity factor by multinomial distribution function.

— Vicinity factor by ranking methods.

In order to compare different products which might have high reliability, their
allocated reliability and confidence levels are used.

Acceleration factor is assumed to be a function of aging process (neither product
nor design version), so a relationship is made based on the test and service results
of old and new versions of design.

Third Contribution

Performance factor is defined:

— 'To relate physical property to failure time and lifetime.
— To characterize an ADT.

— To transfer an ACT to its corresponding ADT.

ADT is categorized based on the number of performance test on each sample
during the aging process.

The performance factors of field samples are used to estimate service reliability.
Regression analysis is used to interpolate and extrapolate performance factor.

Critical performance is used for quantitative comparison of manufacturer and
users’ criteria to report failures for degrading failure modes.

The unit-less damage (factor) is defined:

— To specify the proximity of a sample to its inoperable state.
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— To show degradation diagrams of all physical properties (of a sample) in a
unique coordinate system.

e The gradient of the damage factor is assumed to be a function of the damage
factor (not time).

e The superposition principle is employed to study the effects of different stresses
on failure modes either for independent or dependent failure modes.

e Virtual sample method has been presented for numerical analysis of non-statistical
reliability.

e Partial aging method has been proposed to considerably decrease test time in an
unknown aging process.

1.6 Conclusion

This chapter presented an overview of available problems of the thesis in order to cat-
egorize them for a user-friendly citation. Based on these problems and the thesis mo-
tivations, the objectives of the thesis are listed. Several articles have been overviewed,
and the methodologies of each contribution are also listed.



References

1]

[9]

J A Anderson and M N Polkinghome. Application of halt and hass techniques in an

advanced factory environment. 5th international conference on factory 2000, pages
223-228, 1997.

D. Andjelkovic and N. Rajakovic. Influence of accelerated aging on mechanical
and structural properties of cross-linked polyethylene (xlpe) insulation. FElectrical
engineering, 83:83-87, 2001.

Dragan Andjelkovic and Nikola Rajakovic. A new accelerated aging procedure for
cable life tests. Electric power systems research, 36:13-19, 1996.

Anna Andonova. Modeling and analysis of accelerated life test data. 24th interna-
tional spring seminar on electronics technology, pages 306-309, 2001.

C.A. Apostolopoulos and M.P. Papadopoulos. Tensile and low cycle fatigue be-
haviour of corroded reinforcing steel bars s400. Construction and building materials,
21:855-864, 2007.

Ch.Alk. Apostolopoulos. Mechanical behavior of corroded reinforcing steel bars

sb00s tempcore under low cycle fatigue. Construction and building materials,
21:1447-1456, 2007.

Kaoru Asakura, Makoto Shimomura, and Takahisa Shodai. Study of life evaluation
methods for li-ion batteries for backup applications. Journal of power sources, 119-

121:902-905, 2003.

M.A. Belaid, K. Ketata, K. Mourgues, M. Gares, M. Masmoudi, and J. Marcon.
Reliability study of power rf ldmos device under thermal stress. Maicroelectronics
journal, 38:164-170, 2007.

H. S. Blanks. Accelerated vibration fatigue life testing of leads and soldered joints.
Microelectronics and reliability, 15:213-219, 1976.




References 19

[10] Maria Cristina Bo, John Paul Gerofi, Leila Lea Y. Visconte, and Regina Celia. R.
Nunes. Prediction of shelf life of natural rubber male condoms: A necessity. Polymer
testing, 26:306-314, 2007.

[11] Robert Boman. Reliability and accelerated testing. ASQ world conference on
quality and improvement proceedings, pages H67-580, 2005.

[12] Samuel Brunner, Peter Richner, Ulrich Muller, and Olga Guseva. Accelerated
weathering device for service life prediction for organic coatings. Polymer testing,
24:25-31, 2005.

[13] S. Brunold, U. Frei, B. Carlsson, K. Moller, and M. Kohl. Accelerated life testing of
solar absorber coatings: Testing procedure and results. Solar energy, 68(4):313-323,
2000.

[14] S C Burgess, T A Stolarski, and S Karp. An accelerated life test for bicycle
freewheels. Meas. sci. Technol., 1:1-8, 1990.

[15] M. Burman and D. Zenkert. Fatigue of foam core sandwich beams-2: effect of
initial damage. International journal of fatigue, 19(7):563-578, 1997.

[16] M. Carboni, S. Beretta, and A. Finzi. Defects and in-service fatigue life of truck
wheels. Engineering failure analysis, 10:45-57, 2003.

[17] Hank Caruso and Abhijit Dasgupta. A fundamental overview of accelerated testing
analytic models. Reliability and maintainability symposium, pages 389-393, 1998.

18] Hyun Ho Choi, Sang Yoon Lee, 11 Yoon Choi, Hyo Nam Cho, and Sankaran Ma-
hadevan. Reliability-based failure cause assessment of collapsed bridge during con-
struction. Reliability engineering and system safety, 91:674-688, 2006.

[19] Patrick Chou and Michael Lamers. Quantitative study of magnetic tape abrasivity
using accelerated wear testing. Microsyst technol, 11:901-906, 2005.

20] Jeffrey A. Clark, Ugo S. Garganese, and Robert S. Swarz. An approach to de-
signing accelerated life testing experiments. Annual reliability and maintainability
symposium, pages 242-248, 1997.

21] David W. Coit and Kieron A. Dey. Analysis of grouped data from field-failure
reporting systems. Reliability engineering and system safety, 65:95-101, 1999.

22] W.A. Counts and W.S. Johnson. Bolt bearing fatigue of polymer matrix composites
at elevated temperature. International journal of fatigue, 24:197-204, 2002.

23] P.A. Dearnley. A brief review of test methodologies for surface-engineered biomed-
ical implant alloys. Surface and coatings technology, 198:483-490, 2005.




References ‘ 20

[24] F. Deflorian, S. Rossi, L. Fedrizzi, and C. Zanella. Comparison of organic coating
accelerated tests and natural weathering considering meteorological data. Progress
1 organic coatings, 59:244-250, 2007.

[25] R.C. Dommarco, P.C. Bastias, G.T. Hahn, and C.A. Rubin. The use of artificial
defects in the 5-ball-rod rolling contact fatigue experiments. Wear, 252:430-437,
2002. :

[26] M. Drew, S. Humphries, K. Thorogood, and N. Barnett. Remaining life assessment
of carbon steel boiler headers by repeated creep testing. International journal of
pressure vessels and piping, 83:343-348, 2006.

[27] Seung Wook Eom, Min Kyu Kim, Ick Jun Kim, Seong In Moon, Yang Kook Sun,
and Hyun Soo Kim. Life prediction and reliability assessment of lithium secondary

batteries. Journal of power sources, 174:954-958, 2007.

[28] Luis A. Escobar and William Q. Meeker. A review of accelerated test models.
Statistical science, 21(4):552-577, 2006.

[29] Charles R. Farrar, Thomas A. Duffey, Phillip J. Cornwell, and Matthew T. Bement.
A review of methods for developing accelerated testing criteria. Proceedings of the
17th International Modal Analysis Conference, 3727:608-614, 1999.

[30] Eva Fekete and Bela Lengyel. Accelerated testing of waterborne coatings. Progress
i organic coatings, 54:211-215, 2005.

[31] Shirley G. Fitzgerald, Rory A. Cooper, Michael L. Boninger, and Andrew J.
Rentschler. Comparison of fatigue life for 3 types of manual wheelchairs. Archives
of physical medicine and rehabilitation, 82:1484-1488, 2001.

132] G. Gaertner, D. Raasch, D. Barratt, and S. Jenkins. Accelerated life tests of crt
oxide cathodes. Applied surface science, 215:72-77, 2003.

[33] G.Ranganathan, T. Hillson Samuel Raj, and P.V. Mohan Ram. Wear character-
istics of small pm rotors and oil pump bearings. Tribology international, 37:1-9,
2004.

[34] Fabrice Guerin, Bernard Dumon, Ridha Hambli, and Ouahiba Tebbi. Accelerated
testing based on a mechanical damage model. Annual reliability and maintainability
symposium, pages 372-376, 2001.

[35] Olga Guseva, Samuel Brunner, and Peter Richner. Service life prediction for air-
craft coatings. Polymer degradation and stability, 82:1-13, 2003.




References 21

[36] A. M. Harte, N.A. Fleck, and M.F. Ashby. The fatigue strength of sandwich beams
with an aluminum alloy foam core. International journal of fatigue, 23:499-507,
2001.

[37] S.M. Seyed Hosseini, N. Safaei, and M.J. Asgharpour. Reprioritization of failures
in a system failure mode and effects analysis by decision making trial and evaluation
laboratory technique. Reliability engineering and system safety, 91:872—-881, 2006.

[38] W. Hwang and K. S. Han. Cumulative damage models and multi-stress fatigue life
prediction. Journal of composite materials, 20:125-153, 1986.

[39] Masayuki Ito. The methodology study of time accelerated irradiation of elastomers.
Nuclear instruments and methods in physics research, 236:229-234, 2005.

[40] Sarath Jayatilleka and O. Geoffrey Okogbaa. Accelerated life test for identify-
ing potential failure modes and optimizing critical design parameters in a journal

bearing. Proceedings annual reliability and maintainability symposium, pages 70-74,
2001.

[41] Par Johannesson, Thomas Svensson, and Jacques de Mare. Fatigue life prediction

based on variable amplitude tests-methodology. International journal of fatigue,
27:954-965, 2005. ‘

[42] Woo Yong Jung, Young Soo Yoon, and Young Moo Sohn. Predictiﬁg the remaining
service life of land concrete by steel corrosion. Cement and concrete research, 33:663—
677, 2003.

[43] Elena Kabo and Anders Ekberg. Fatigue initiation in railway wheels-a numerical
study of the influence of defects. Wear, 253:26-34, 2002.

[44] Hyeong Yeol Kim, Young Hwan Park, Young Jun You, and Chang Kwon Moon.
Short-term durability test for gfrp rods under various environmental conditions.
Composite structures, 83:37—47, 2008.

[45] Sang Hyo Kim, Sang Woo Lee, and Ho Seong Mha. Fatigue reliability assessment
of an existing steel railroad bridge. Engineering structures, 23:1203-1211, 2001.

[46] E.M. Knox and M.J. Cowling. A rapid durability test method for adhesives. In-
ternational journal of adhesion and adhesives, 20:201-208, 2000.

[47] Michael Kohl, Gary Jorgensen, Stefan Brunold, Bo Carlsson, Markus Heck, and
Kenneth Moller. Durability of polymeric glazing materials for solar applications.
Solar energy, 79:618-623, 2005.




References 22

[48] Min Gyu Kong, Jin Woo Kim, Myung Soo Kim, Joong Soon Jang, and Dong Su
Ryu. Accelerated life test for the embrittlement of natural rubber grommets. In-
ternational journal of modern physics, 17(8,9):1408-1414, 2003.

[49] Hyun Jin Koo and You Kyum Kim. Reliability assessment of seat belt webbings
through accelerated life testing. Polymer Testing, 24:309-315, 2005.

[50] V.V. Krivtsov, D.E. Tananko, and T.P. Davis. Regression approach to tire relia-
bility analysis. Reliability engineering and system safety, 78:267-273, 2002.

[51] Yi Shao Lai and Tong Hong Wang. Optimal design towards enhancement of board-
level thermomechanical reliability of wafer-level chip-scale packages. Microelectron-
1cs reliability, 47:104-110, 2007.

(52] Dong Woo Lee, Soo Jin Lee, Seok Swoo Cho, and Won Sik Joo. Failure of rocker
arm shaft for 4-cylinder sohc engine. Engineering failure analysis, 12:405-412; 2005.

(53] G. Levitin and A. Lisnianski. Structure optimization of multi-state system with
two failure modes. Reliability engineering and system safety, 72:75-89, 2001.’

[54] Chuen Chang Lin and Chi Xiang Wang. Correlation between accelerated corrosion
tests and atmospheric corrosion tests on steel. Journal of applied electrochemistry,
35:837-843, 2005.

[55] Hongbing Lu, Bo Wang, Guixiang Tan, and Weinong Chen. Accelerated life pre-
diction and testing of structural polymers under cyclic loading. Long term durability
of structural materials, pages 195205, 2001.

[56] Thierry Palin Luc, Alexis Banvillet, and Jean Francois Vittori. How to reduce the

duration of multiaxial fatigue tests under proportional service loadings. Interna-
tional journal of fatigue, 28:554-563, 2006.

[57] Thomas Lundin, Robert H. Falk, and Colin Felton. Accelerated weathering of
natural fiber-thermoplastic composites: effects of ultraviolet exposure on bending
strength and stiffness. The sixth international conference on woodfiber-plastic com-
posites, pages 87-93, 2001.

[58] G. Marahleh, A.R.I. Kheder, and H.F. Hamad. Creep life prediction of service-
exposed turbine blades. Materials science and engineering, 433:305-309, 2006.

[59] Jose Emmanuel Ramirez Marquez and Gregory Levitin. Algorithm for estimating
reliability confidence bounds of multi-state systems.  Reliability engineering and
system safety, 93:1231-1243, 2008.

[60] James A Mclinn and Rel-Tech. Life testing hydraulic gear motors. IEEE, RAMS
(Reliability and maintainability symposium), pages 245-249, 2005.



References 23

[61] William Q. Meeker and Luis A. Escobar. Pitfalls of accelerated testing. IFEE
transactions on reliability, 47(2):114-118, 1998.

[62] William Q. Meeker, Luis A. Escobar, and C. Joseph Lu. Accelerated degradation
tests: Modeling and analysis. Technometrics, 40:89-99, 1998.

[63] Ha Minh, Hiroshi Mutsuyoshi, and Kyoji Niitani. Influence of grouting condition
on crack and load-carrying capacity of post-tensioned concrete beam due to chloride-
induced corrosion. Construction and building materials, 21:1568-1575, 2007.

[64] S. Hossein Mohammadian, Daoud Ait-Kadi, Amadou Coulibaly, and Bernard Mu-
tel. Report: The capability of improving reliability of components: field-related
data: Technical report, university of laval, quebec/canada, 2007.

[65] S. Hossein Mohammadian, Francois Routhier, Daoud Ait-Kadi, and Valerie Black-
burn. Accelerated testing for powered wheelchair batteries: preliminary results of
charging, discharging and field-related data. RESNA annual conference, 2008.

(66] R.W. Murphy and V.D. Baxter. Accelerated life test and field test performance
results for an integral heat pump water heater. Proceedings of IMECE, ASME
International Mechanical Engineering Congress and Exposition, 2004.

[67] Sonny Myrefelt. The reliability and availability of heating, ventilation and air
conditioning systems. Energy and buildings, 36:1035-1048, 2004.

[68] Thomas Nagel, Jan Kramer, Manuel Presti, Axel Schatz, Juergen Breuer, Ron Salz-
man, John A. Scaparo, and Andrew J. Montalbano. A new approach of accelerated
life testing for metallic catalytic converters. SAF transactions, (2004-01-0595):362—
375, 2004.

[69] Wayne Nelson. Accelerated testing: statistical models, test plans and data analyses.
Wiley, 1990.

[70] Pal Nemeth. Accelerated life test methods for new package technologies. Interna-
tional spring seminar on electronics technology, pages 215-219, 2001.

[71] Andrzej S. Nowak and Taejun Cho. Prediction of the combination of failure modes

for an arch bridge system. Journal of constructional steel research, 63:1561-1569,
2007. ‘

[72] Y.S. Oh and D.S. Bai. Field data analyses with additional after-warranty failure
data. Reliability engineering and system safety, 72:1-8, 2001.

[73] Serhan Ozsoy, Mehmet Celik, and F. Suat Kadioglu. An accelerated life test
approach for aerospace structural components. Engineering failure analysis, 2007.




References : 24

[74] Sang Jun Park, Sang Deuk Park, Kwang Suck Kim, and Ji Hyun Cho. Reliability
evaluation for the pump assembly using an accelerated test. International journal
of pressure vessels and piping, 83:283-286, 2006.

[75] K. Pickard, T. Leopold, A. Dieter, and B. Bertsche. Validation of similar systems
based on fmea assessment. Risk, reliability and societal safety, pages 18591863,
2007.

[76] J.R. Pitts, D.E. King, C. Bingham, and A.W. Czanderna. Ultra accelerated testing
of pv module components. National technical information service (NTILS), 1998.

[77] E. Potteau, D. Desmettre, F. Mattera, O. Bach, J. L. Martin, and P. Malbranche.
Results and comparison of seven accelerated cycling test procedures for the photo-
voltic application. Journal of power sources, 113:408-413, 2003.

[78] Bharatendra Rai and Nanua Singh. Modeling and analysis of automobile war-
ranty data in presence of bias due to customer-rush near warranty expiration limit.
Reliability engineering and system safety, 86:83-94, 2004.

[79] Jose Emmanuel Ramirez-Marquez and David W. Coit. Multi-state component
criticality analysis for reliability improvement in multi-state systems. Reliability
engineering and system safety, 92:1608-1619, 2007.

[80] S. Ravi, V. Balasubramanian, S. Babu, and S. Nemat Nasser. Assessment of some
factors influencing the fatigue life of strength mis-matched hsla steel weldments.
Materials and design, 25:125-135, 2004.

[81] Emmanuel Richaud, Fabienne Farcas, L. Divet, and Jean Paul Benneton. Acceler-
ated ageing of polypropylene geotextiles, the effect of temperature, oxygen pressure
and aqueous media on fibers-methodological aspects. Geotextiles and geomembranes,
26:71-81, 2008.

82] William J. Roesch and Steve Brockett. Field returns, a source of natural failure
mechanisms. Microelectronics reliability, 47(8):1156-1165, 2007.

[83] Trisha Sain and Chandra Kishen. Damage indices for failure of concrete beams
under fatigue. Engineering fracture mechanics, 75:4036-4051, 2008.

[84] Helge A. Sandtorv, Per Hokstad, and David W. Thompson. Practical experiences
with a data collection project: the oreda project. Reliability engineering and system
safety, 51:159-167, 1996.

[85] V. Segal, D. Nattrass, K. Raj, and D. Leonard. Accelerated thermal aging of
petroleum-based ferrofluids. Journal of magnetism and magnetic materials, 201:70—
72, 1999.




References 25

[86] Kwang Bok Shin, Chun Gon Kim, and Chang Sun Hong. Correlation of accelerated
aging test to natural aging test on graphite-epoxy composite materials. Journal of
reinforced plastics and composites, 22(9):849-861, 2003.

[87] Eswar Sivaraman. Using design of experiments for accelerated reliability testing,
1998.

[88] C.M. Styles, S.L. Evans, and P.J. Gregson. Development of fatigue lifetime predic-
tive test methods for hip implants: part i. test methodology. Biomaterials, 19:1057—
1065, 1998.

[89] Hong Su, Mark Ma, and David Olson. Accelerated tests of wiper motor retainers
using cae durability and reliability techniques. SAE SP, (2004-01-1644):103-110,
2004.

[90] Jeong In Suh and Sung Pil Chang. Experimental study on fatigue behaviour of
wire ropes. International journal of fatigue, 22:339-347, 2000.

91] Jun Tang and Jie Zhao. A practical approach for predicting fatigue reliability
under random cyclic loading. Reliability engineering and system safety, 50:7 15,
1995.

[92] O. Tebbi, F.Guerin, and B.Dumon. Comparative study of accelerated testing
models, applications in mechanics. IEEFE international conference on systems, man,
and cybernetics, 4:2099-2104, 2001.

193] P.C. Teoh and Keith Case. Failure modes and effects analysis through knowledge
modelling. Journal of materials processing technology, 153-154:253-260, 2004.

94] G. Wang, D. Taylor, B. Bouquin, J. Devlukia, and A. Ciepalowicz. Prediction of
fatigue failure in a camshaft using the crack modeling method. Engineering failure
analysis, 7:189-197, 2000.

95] Ying Ming Wang, Kwai Sang Chin, Gary Ka Kwai Poon, and Jian Bo Yang. Risk
evaluation in failure mode and effects analysis using fuzzy weighted geometric mean.
Ezxpert systems with applications, 2008.

[96] Yigiang Wang, Yazhou Jia, Junyi Yu, and Shangfeng Yi. Field failure database of
cnc lathes. International journal of quality and reliability management, 16(4):330~
340, 1999.

97] Yiqgiang Wang, Yazhou Jia, Junyi Yu, Yuhua Zheng, and Shangfeng Yi. Failure
probabilistic model of cnc lathes. Reliability engineering and system safety, 65:307—
314, 1999



References 26

98] Gary S. Wasserman. Reliability verification, testing and analysis in engineering
design. Marcel Dekker, Inc., 2003.

199] Changfu Wu, Ned H.C. Hwang, and Y.K. Lin. Measurement of dynamic stresses
in a mechanical heart valve during accelerated testing. Cardiovascular engineering,
2(3):91-97, 2002.

[100] Jingshu Wu, Ray Ruichong Zhang, Qingming Wu, and Karl K. Stevens. Envi-
ronmental vibration assessment and its applications in accelerated tests for medical
devices. Journal of sound and vibration, 267:371-383, 2003.

[101] D.J. Xie. A new experimental method to evaluate creep fatigue life of flip-chip
solder joints with underfill. Microelectronics reliability, 40:1191-1198, 2000.

[102] J. J. Xiong and R. A. Shenoi. Two new practical models for estimation reliability-
based fatigue strength of composites. Journal of composite materials, 38(14):1187—
1209, 2004.

[103] Jun Xu, Zbigniew Kalbarczyk, and Ravishankar K. Iyer. Networked windows nt
system field failure data analysis. Pacific Rim international Symposium on depend-
able computing, pages 178-185, 1999.

[104] Om Prakash Yadav, Nanua Singh, and Parveen S. Goel. Reliability demonstration
test planning: a three dimensional consideration. Reliability engineering and system
safety, 91:882-893, 2006.

[105] Xudong Yang and Xin Ding. Prediction of outdoor weathering performance of
polypropylene filaments by accelerated weathering tests. Geotextiles and geomem-
brances, 24:103-109, 2006.

[106] E. Zaitseva and S.Puuronen. Estimation of multi-state system reliability depend-
ing on changes of some system component efficiencies. Risk, reliability and societal

safety, pages 253-261, 2007.

[107] C Zhang, M T Le, B B Seth, and S Y Liang. Bearing life prognosis under
environmental effects based on accelerated life testing. IMechE, 216:509--516, 2002.

[108] Wenbiao Zhao and E.A. Elsayed. An accelerated life testing model involving per-
formance degradation. Annual symposium of reliability and maintainability, pages
324-329, 2004.

[109] Guangwen Zhou, Yazhou Jia, Haibo Zhang, and Guiping Wang. A new single-
sample failure model and its application to a special cnc system. [nternational
jJournal of quality and reliability management, 22(4):421-430, 2005.




Chapter 2

An Integrated Approach to
Implement Accelerated Testing

S. Hossein Mohammadian and Daoud Ait-Kadi



Chapter 2. An Integrated Approach to Implement Accelerated Testing 28

Abstract

The primary steps in conducting an accelerated testing are accompanied by several
concerns about the economic considerations of time and cost and test validation. In
this paper, a systematic study of related literature has been carried out to propose a
comprehensive reference of the required theoretical and practical arrangements prior
to the test. Usage profile of products in service is classified according to stress levels.
In order to relate physical properties of products to their failure times, an exclusive
definition of performance factor is presented, and a contribution to practical approaches
to its measurement (performance test) is made. The concerns of applying accelerating
variables as the main approach to shorten test time are explained, and the activities
required to verify relevant failure modes are discussed. The sample size problem is
studied based on the statistical considerations, confidence level, and destructive nature
of performance test. Several formats of field failure data during the warranty period
for catastrophic and degrading failure modes are analyzed, and unreported failures for
after-warranty period are also discussed.

Key words: Accelerated testing; Accelerating variable; Test sample; Performance; Field
failure data
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2.1 Introduction

The implementation of an accelerated testing (AT) might be accompanied by several
uncertainties, concerns and limitations about test time, cost and test validation that
should be recognized prior to the test. For economic purposes of time and cost, the AT
must include a suitable accelerating variable to shorten the test time and an estimation
of sample size. In addition, relating physical properties of the product to its failure time
could present more meaningful results about its degradation process. If field failure data
are available, they could be used for test validation. Furthermore, the failure modes
obtained from the test and the actual failure modes in service must be the same.

Accelerated testing is a practical/theoretical approach. There is huge number of
literature dealing with statistical aspects of accelerated testing. Among them, Nelson
(48] has been the pioneer to provide a comprehensive statistical reference. He also
discussed several issues regarding test plans and listed a number of references to address
related statistical problems [49]. The main concepts of accelerated testing have also been
discussed by some literature to be applicable in real world testing (e.g. [8]). Life-stress
models have been developed by many researchers (e.g. [18, 11]) in order to extrapolate
service lifetime from the test results of AT in high levels of stresses.

For engineering purposes, a few efforts have been made to categorize AT methods
(e.g. [19, 31]). A practical guide has been presented by Meeker and Escobar [43] to
discuss the limitations and difficulties to conduct an accelerate testing. Lu et al. [39]
discussed accelerated stress testing (AST) which is used to quickly fail products in order
to detect failures.

The development in theoretical /statistical concepts of AT and the increasing number
of practical applications in industry motivated us to propose an integrated approach
in order to identify required activities and knowledge prior to implement any tests.
Different classes of service usage profile including unique, multi, and continuous levels
are introduced. Performance and damage are defined as the key factors to relate physics
of the product to its failure time. The main causes of failure mode deviation are also
discussed. Different formats of field failure data in the warranty period and afterwards
are presented for catastrophic failure modes. For degrading failure modes, performance
factor is used to estimate lifetimes of field samples returned from service. Sample size
as the economic aspect of AT is proposed to be estimated by statistical analysis and
confidence level.

The remainder of the paper is organized as follows. Section 2 presents different
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classes of usage profile in service. Section 3 introduces the concept of accelerated degra-
dation testing. Section 4 describes accelerating variables to shorten test time. Section 5
discusses theoretical and practical approaches to estimate sample size. Section 6 deals
with different formats of field failure data and their reliability analysis. Section 7 intro-
duces technical aspects to verify relevant failure modes. Section 8 presents conclusions.

2.2 The Estimation of Usage Profile

The majority of failures for mechanical components are reported from service-related
causes, mostly because of stresses [14]. Stresses are defined as operative (physical,
chemical, electrical, etc.) and environmental forces applied on samples in service. Each
stress is identified by its specifications, which are the level and usage frequency. The
usage frequency refers to the ratio of the time in which samples of the product are
under the stress to the total time in service, so its value is always less or equal than
one. For example, the usage frequency of ¢ = 0.25 means that the sample is under the
stress for (24)(0.25) = 6 hours per day. Usage profile of a product in service is defined
as the integration of stresses, their levels and usage frequencies.

The stress level and usage frequency are random variables and their values in service
are uncertain. An assessment of the usage profile is necessary in order to select a proper
usage profile for AT. In general, the estimation of usage profile for operative stresses is
a complicated problem, but for many products under mechanical stresses, it could be
assessed by a preliminary test for typical users (e.g. [10, 64]) or by theoretical concept
of mechanical stresses or finite element method (e.g. [30]).

Low levels of stresses might be unable to activate the failure mechanism, so in order
to compress time in the aging process; they should be eliminated from the usage profile.
Luc et al. [40] and Tang and Zhao [59] proposed a method to select the maximum level
of the stress and remove every other level from random cyclic profiles.

The specifications of environmental stresses such as temperature and UV irradiation
may be assessed by available geographical data for the specified location over a period
of time (e.g. [13]). In addition, international standards have been used in the literature
to derive such information for their own laboratory tests (e.g. [4, 70, 7]).
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2.2.1 Usage Profile Classes

For each stress, usage profile is categorized into three classes in order to be applicable
to accelerated testing:

Unique Level Usage Profile

Each sample in the unique level class is considered under a constant level of the stress
for its whole service life. This level might be different from sample to sample, but it
must be constant for every sample (e.g. [36, 7, 71]).

Multi Level Usage Profile

The sample in a multi level class is considered under repeated cycles of the stress, so
that each cycle includes different levels with different duration of time (according to the
usage frequency of each level) in the cycle. This estimation has been used by Wu et al.
[64] to define a cycle for a helicopter including different levels of vibration during several
flying conditions such as warm-up, take-off, landing etc. The total effect of all stress
levels on a sample in this class should be obtained from the superposition principle.
Kim et al. [33] expressed the failure of a component under different stress levels by
linear damage model (Miner’s rule).

Continuous Level Usage Profile

The level of stress in a continuous level class repeatedly varies between a minimum and
a maximum level (e.g. [10]). Multi and continuous levels are called cyclic levels, and
their life unit could be expressed by cycle. The diagrams shown in Fig. 2.1 demonstrate
the three mentioned classes to assess service usage profile.

2.2.2 Representative Values of a Probability Diagram

If many stresses and their levels are available in the usage profile, analytical methods are
unable to present a definite solution, so numerical methods should be applied. Assume
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Figure 2.1: Unique, multi and continuous level classes of usage profile

that the probability diagram of the usage frequency for every stress level has already
been identified. For numerical analysis, every diagram must be replaced with some
representative values of the usage frequency as follows. If N values are required, the
problem is to identify a set of N usage frequency values to be a reasonable representative
of the diagram. Here, the approach is to split the cumulative interval [0, 1] into N
subintervals each has d; (i = 1,2, ..., N) length, so that from each subinterval, one and
only one value must be taken as shown in Fig. 2.2. According to the multinomial
distribution (2.13), the probability of this case is obtained as

N-1 N-—1
Pr(Ny=1,Ny =1, Ny =1)=NI(1-> d) ] &
i=1 i=1

The maximum amount of Pr has to be estimated by solving the system of partial
derivative equations as dp/dd; =0; i = 1,2,..., N — 1. The system of equations simply
results dy = dy = ... = dy = 1/N. Then the middle points in the subintervals should
be selected, so their corresponding usage frequency values are obtained from the cdf
diagram as representative values.

2.3 Performance and Damage

Consider a product with a single degrading failure mode exposed to some stresses so
that they can potentially degrade the product quality over time. In order to reveal
and track such degradation, it should be characterized by a suitable property. In
this paper, performance (factor) is defined as a suitable physical property that can be
related to the failure mode. Performance must be a reasonable representative of the

product degradation in long-term operation. It must also be measurable and sensitive
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Figure 2.2: Obtaining N representative values of usage frequency

to the test time. Selecting the most suitable property as the performance factor is
a challenging task which depends on the failure mode, meaningful results, test time
and sample size. For each degrading failure mode in a multi-failure mode product, an
exclusive performance factor must be selected. The performance diagram (performance
versus time) must be a descending diagram over time. The performance factor might
also be suggested by available international standards (e.g. [7, 4]).

The nominal performance PY (of a performance factor) is defined as the target
amount of the performance at the beginning of its operation in service, and it is used
to define damage (factor) D(t) in terms of performance P(t) as [57, 38, 27]

PN — P(t)

D) = v —pe

(2.1)
where P is called critical performance which is defined as the minimum amount of per-
formance being in the operable state. Damage factor is unit-less, and simply expresses
how far the performance factor is from its nominal performance. It also specifies how
close the performance factor is to the inoperable state. According to the above formula,
the failure occurs if D(t) = 1. Afterward, the amount of damage tends to increase over
1. The damage diagram (damage versus time) is an ascending diagram over time.

The damage factor of a product is defined according to the damage factors of its
physical properties; and the connection between the failure modes (e.g. [69]), which
may be series, parallel, stand-by, etc. The diagrams in Fig. 2.3 show damage factors for
series, parallel, stand-by and k-out-of-n products. For example, for series product, its
damage factor is defined as its maximum damage factor, whereas for a parallel product,
it’s defined as its minimum damage factor. Once the damage factor of the product

is identified, the failure time of the product could be defined at the time its damage
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reaches 1. For a complex product, the definition of its damage factor is not as simple
as the above-mentioned products, and it may depend on many parameters like safety,
criticality of each failure mode obtained from the failure modes and effects analysis (e.g.
[26]) and the number of maintenance actions (e.g. [21]).

{D Failure mode 1 Product [ Inoperable state  {}

o M Operable state {1
5]
Y]
<
£
<
= :
Series Parallel Stand-b 2-out-of-3
product product product product

Figure 2.3: The definition of damage factor for series, parallel, standby, and k-out-of-n
products according to their failure modes

2.3.1 Performance Test

Performance test (PT) aims to measure the amounts of performance factor for samples
of the product during the aging process. Each performance factor must be related to its
corresponding performance test. Regarding the nature of the test and required number
of samples, this test is categorized into non-destructive and destructive tests. A sample
under a non-destructive performance test can continue the rest of the aging process as
shown in the left diagram of Fig. 2.4. The sample exposed to a destructive performance
test is no longer acceptable to continue the aging process because its destructive nature
causes a considerable defect in the sample, so the main conclusion of this test is to
prepare more samples in parallel to pass the aging process as illustrated in the right
diagram of the Fig. 2.4. Performance test is widely used by manufacturers and testers
in different applications in industry. For some envirommnental stresses, international
standards are used to identify the required performance test (e.g. [4, 70]).

Accelerated catastrophic testing (ACT) is a kind of AT on samples of a product with
catastrophic failure modes, and aims at estimating failure times (or censored times) of
the samples. The aging process is the only test on samples in an ACT. On the other
hand, accelerated degradation testing (ADT) is a kind of AT on samples of a product
with degrading failure modes, and aims at estimating their performance. factors during
the aging process. The samples under an ADT are expected to pass both the aging
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Figure 2.4: The samples required for non-destructive and destructive performance tests

process (main accelerated testing) and the performance test. Following approaches are
employed to carry out performance test:

Measurement and Observation

The measurement and observation of most physical properties like physical volume and
pressure [7], flow rate of an oil pump [22], steel remaining weight due to corrosion and
wear [4, 22|, remaining diameter due to the corrosion [4], non-corroded area of coatings
[20], continuous difference in weight due to mmmersing in alkaline solution and water
[32], transmittance of sunlight [52], gloss of coatings [9, 24], and capacity of batteries [5]
are considered as the performance factors whose performance tests are non-destructive.

Ultimate Level of an Operative Stress

The ultimate strength is the static level of an operative stress in which catastrophic
failure occurs. This level may be obtained by gradual or step increase in the stress
level. The tensile strength test (e.g. [36, 70, 28, 32]) as the most popular mechanical
destructive performance test, causes failing of samples by exposing them in high level of
mechanical tensile force. In this case, the tensile force is considered as the performance
factor. Tensile strength test might also be used to estimate elongation to failure as the
performance factor (e.g. [4, 55]). A similar test may be performed by other types of
mechanical forces (e.g. shear force [34]) or moments (bending and torsion).
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Severe Environmental Stress Levels

In normal operative stresses, increasing the level of environmental stress can stimulate
the failure mechanism. As the most popular approach, creep test (e.g. [42, 16]) subjects
samples in relatively high temperature in constant mechanical stress. Note that in this
approach, the performance is defined as the time required to fracture.

Fatigue Test

Fatigue test is usually used as the aging process in AT by increasing usage frequency of
the stress in test. It could also be used as performance test by the following approaches:

e Exposing samples to the normal level of the stress in high usage frequency, like
usual fatigue test.

e Exposing samples to high levels of the stress in high usage frequency, like low
cycle fatigue testing (e.g. [4]).

For both approaches, performance factor is defined as the time (or cycles) to failure.

Shock and Impact

Any mechanical shock and impact could be used to obtain the robustness of samples.
This approach is the quickest way to fail samples, and the number of shocks to fail-
ure should be considered as the performance factor. A study is needed to verify the
relevancy of the failure mode obtained from shock and the expected failure in service.

2.3.2 Damage Diagram

There exists huge number of articles dealing with performance factors of products in
test and in service to obtain their diagrams over time. For each performance factor,
once its critical level is identified (e.g. [36, 24, 5]), the performance diagram could be
easily converted to its corresponding damage diagram by the Eq. 2.1 and vice versa,
as shown in Fig. 2.5. On the other hand, the diagrams of some physical properties
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are ascending (over time) like wear [12] and crack width [44]. Such diagrams could be
converted to damage diagrams by making them unit-less.

Failure point on the
damage diagram
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Failure point on the
performance diagram
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}_ﬁ,_

Performance P(t)
Damage D(t)

i
Failure time ———————3{
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Figure 2.5: The comparison between damage and performance diagrams

2.4 Accelerating Variables

Accelerating variable is defined as any arrangements to shorten total test time of sam-
ples in accelerated testing. For this purpose, test conditions have to deviate from normal
conditions in service. The reduction in time might be met by modifying stresses, per-
formance test, physical characteristics of samples and any other parameters that can
potentially speed up the degradation mechanism of the product.

The acceleration factor AF is defined as the ratio of service failure time (situation 1)
to the failure time of the aging process (situation 2). Acceleration factor is a specifica-
tion of the related aging process, i.e. its value depends on the accelerating variable. For
an ACT, if test and field cdf diagrams are available, the value of AF' could be estimated
by comparing the service and testing times at a given reliability level as shown in the
upper diagram of Fig. 2.6 in logarithm scales, and expressed as

1 B _ (o) -

(Bro)2 (Bs0)2
where (19 and s are the corresponding times for reliability levels of 90% and 50%
respectively. Note that in the above formula, test and service diagrams are considered
parallel.

For an ADT, acceleration factor is defined as the time to reach a certain level of
damage (D = 1 or D < 1) if related damage diagrams are available. The times (o
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Figure 2.6: Service and test cdf diagrams for an ACT, and their damage diagrams for
an ADT

and (35 in the damage pdf distribution functions located in the lower diagram of the
Fig. 2.6 indicate that up to these times, only 10% and 50% of samples can reach the
damage level of D, while damage levels of other samples are less than D. According
to the stated definition of 1y and 5y for ADT, the acceleration factor is also defined
by the Eq. 2.2. Note that, acceleration factor depends on both the level of probability
(reliability) and the level of damage for the ADT.

2.4.1 Stress Accelerating Variables

The concept of this approach is based on shortening test time by increasing the usage
frequency and/or the level of the stress for known usage profiles. If the usage frequency
is considered as the accelerating variable while the stress level is kept constant at the
normal level (like most fatigue tests), the corresponding aging process is called g-based

aging process.

The acceleration factor of the stress level i (AF;) is the ratio of the test usage
frequency ¢;; to the service usage frequency q,; for this stress level:

AF, = ZL (2.3)
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The problem of estimating acceleration factors of different levels of a stress is for-
mulated by many literature in terms of stresses (e.g. [18, 11]). These formulations are
called life-stress models. In engineering applications, many articles have focused on the
Arrhenius model (as the most well-known life-stress model) when temperature is the
stress (e.g. [36, 35, 2]) and the inverse power relationship for non-thermal stresses (e.g.
(64, 71]). In addition, for most materials under mechanical stresses, life-stress diagrams
are obtained from fatigue test.

Consider a single-failure mode product under K levels of a stress. The service
damage factor of the product under the stress level i, i.e. D;(t), under the unique level
usage profile is obtained from the linear cumulative damage model known as the Miner’s

law (e.g. [10])

si b
Qe ti
where ¢; is the failure time of the product under the stress level i with the test usage

Di(t) = (2.4)

frequency ¢, ;. The service damage factor of the product under multi level usage profile
is also obtained from the superposition principle by the Miner’s law (e.g. [10]) and the
Eq. 2.4

ﬂl*

(2.5)

0= 338

For more information about cumulative damage models, the reader can refer to [66, 23].

For the multi level usage profiles, there are some different stress levels in the usage
profile, so the AT must be conducted for each level individually. To avoid this, different
stress levels must be replaced with an equivalent stress level. Then, the AT can only be
conducted for the equivalent level. Then, the failure times of other stress levels must be
estimated by the failure times of the equivalent stress level. An equivalent stress level
with the usage frequency of ¢, = gs1 + ¢s2 + ... + @5 x must be selected to acqulre the
same damage at any time (2.5)

K
S,€ t S, t
Toe 2 N T D (2.6)
Grete = Quiti

Consequently, t. as the failure time of the equivalent stress level in test is estimated
according to the above equation. Then, by knowing the life-stress model, the related
stress level e (to the failure time ¢.) can be estimated (e.g. [64]), and the problem is
transferred to a unique AT under the equivalent stress level.

The possibility of substitution a new stress in an accelerated testing in order to
speed up the failure mechanism might considerably decrease the time of testing. For

this reason, a finite element analysis could be performed to compare stress distributions
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and hot spots of both stresses. Xie [65] studied the possibility of applying mechanical
stresses instead of thermal cycling (which takes long time) in a creep test.

In order to prepare more severe conditions by stresses, samples might be exposed
to step-by-step increasing stress level, each level once per sample whole life. The qual-
itative purpose of the step-by-step stress level in accelerated testing is to quickly fail
samples to detect latent failure modes of the product. Murphy and Baxter [46] per-
formed this approach by combining different levels of ambient air conditions and voltage
to identify potential failure modes in a heat pump water heater. The stress level might
also be increased continuously to detect latent failure modes as used in highly acceler-
ated life testing (HALT) [1].

2.4.2 Performance Test Variables

Total test time of an accelerated degradation testing is the summation of the aging
process, the performance test and the allocated time for installation and preparation
for both tests. Selection of the optimum time intervals for performance test could
considerably decrease the total test time. The suitable time intervals in an AD'T" must
be obtained from the known performance models (linear, logarithm, exponential etc.,
which could be estimated by either field data or literature). Constant time intervals
should be applied for the linear form of performance diagrams, whereas descending and
ascending time intervals are more suitable for the downward and upward curvatures
respectively as illustrated in Fig. 2.7.

Performance Performance
T

[ \
Downward | Hay )

diagram

Figure 2.7: Descending and ascending time intervals for downward and upward perfor-
mance diagrams respectively

Selection of a quick performance test can decreases the allocated time for whole test
time. For example, Marahleh et al. [42] used the stress rupture test (SRT) instead of
usual creep test to fail samples in shorter time.

The number of samples under the test, available instruments for the aging process
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(chambers), the number of equipment for the performance test, time intervals, and the
duration of performance test must be considered in an ADT to draw a timetable for
testing samples of the product as illustrated on Table 2.1 for four samples (A,B,C and
D), three chambers for the aging process, one equipment for the performance test, and
the ratio 1/3 for the duration of the performance test to the time of the aging process,
for constant time intervals. To clarify the table, the consecutive tests (aging process in
the chambers and PT) on the sample A have been highlighted.

Table 2.1: Time table for 4 samples (A,B,C and D), 3 chambers (for aging process) and
one equipment (for performance test)

HILTVea] 1 2 3 4 5 6 7 8 9 10 11 12 13
2 1 |A A DDDTCTCTCTUBB B A
E 2 B B AAADUDUDCC C
0 3 C C CBBBAAATDD

PT |B C D A B C D A B C D.A B

2.4.3 Sample-Related Variables

From the geometrical point of view, smaller samples could stimulate failure mechanism
under a common stress level. The failure time of the original product should be extrap-
olated from the failure times of the smaller samples (small in geometry) as shown in
Fig. 2.8 by regression and extrapolation analysis. There are not classical mathematical
formulas to relate the lifetime with the geometrical sizes of samples, but if the life-stress
diagram of the material is available, the acceleration factor may be obtained from finite

element analysis.

In literature, small specimens are used to result in rapid degradation (e.g. [4]), and
changing the geometry of samples could enable a rapid exposure and consequently a
quick aging (e.g. [34]). Any other approaches which indirectly stimulate the aging of
samples could be considered as the artificial stimuli. For example, to meet catastrophic
failure modes, an intentional small defect could accelerate the propagation process of
crack (e.g. [15]). The form of the test equipment could also stimulate degradation
mechanism (e.g. [12]). Adding foreign materials might help rapid aging, such as adding
talc in the lubricant oil that leads to spoil lubrication [22].
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Figure 2.8: Life-cross section diagram for a beam under oscillatory compressive me-
chanical force

2.5 Test Samples

In accelerated testing, the problem of sample size refers to allocation a number of
samples that have to pass the whole or some parts of the aging process and performance
test. In fact, the problem concerns the economic view of accelerated testing to decrease
the quantity of samples. The aim of exposing more than one sample under a common
test conditions is to decrease the dependency of required results to only one sample.

If the main aims of an accelerated testing are to detect latent failure modes, and to
validate their elimination from the product (like highly accelerated life testing-HALT),
no quantitative analysis is needed, and the number of required samples depends on
their availability (e.g. [46]).

Statistical Sample Size

A minimum number of failed samples is needed to enable statistical analysis of re-
liability. For probability diagrams, this number depends on the number of unknown
parameters of the required function. For example, for a two parameter weibull function,
there must be at least two failed samples to obtain its scale and shape parameters (e.g.
[71]), whereas for the exponential life distribution function, at least one failed sample
is required to obtain its only unknown parameter. The more samples to test, the more
accurate the reliability could be estimated.
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Minimum Confidence Level

The level of confidence has a direct relationship with the sample size, so that the minimal
confidence level could be achieved by only one sample. In reliability analysis, sample
size (S) to fulfill the allocated reliability (R) with the minimum requested confidence
level (C) is estimated by the binomial distribution function in an inequality form as
62)

Sy
1-C >3 ()R*(1 - R)* (2.7)
=0

where Sy is the allowable number of failed samples. For zero failure test plan (S; = 0),
sample size is obtained as (see [68,-17])

5> In(1 - C)

> T (2.8)

To achieve a level of confidence in the test, the problem of validating a specified level
of reliability, sample size and test time becomes a challenging task. If there are few
samples available for testing (sample limitation), the time of testing must be extended
(e.g. [51]). As a result, reliability should be decreased. If related probability diagram is
available, this level of reliability could be estimated. Any limitations of test time (e.g.
dispatching to the market) could result in increasing the number of samples and level
of reliability. Such issues are shown in Fig. 2.9 which is drawn in logarithm scale. Note
that both approaches must address the same confidence level.

R, Sample limitation ’)’/

k: Allocated reliability

1-R(1)

F(1)
>

-------------- Time limitation

Time

Figure 2.9: The estimation of reliability for time and sample limitations by cdf diagram

Consider a multi-failure mode product under an accelerated testing (at product
level), and each component is expected to acquire a special level of reliability and



Chapter 2. An Integrated Approach to Implement Accelerated Testing 44

confidence. In order to fulfill these requirements, the number of required samples should
be calculated according to the Eq. 2.8 for each component. Because the test is at
the product level, the ultimate number of samples required for testing should be the
maximum number among the sample sizes obtained for the components. The more
economic approach is to individually test every component (at component level) by
exposing its samples to the same conditions inside the product.

Comparative Analysis

In accelerated testing, in order to compare different aspects in the product, more sam-
ples are required. Such comparison might be performed to study the effects of the
stresses [36], their combinations [9] and their stress levels [36, 70, 71] on degradation of
physical properties in an ADT. This comparison could also be carried out for different
versions of design [47], materials [36, 12], products [21], manufacturing processes, and
sample preparation [34] in order to recognize the most robust product. If the test has to
be conducted in different levels of several stresses, orthogonal arrays (OA) could effec-
tively decrease the number of the tests and sample size. Then, the analysis of variance
(ANOVA) is used to study the effect of each stress on failure time (e.g. [37, 54]).

Sample Size for Performance Test

In ADT, every sample has to pass a series of aging process and performance test. If
the corresponding performance test of the ADT is destructive, more samples must be
prepared in parallel to continue the aging process. For multi-failure mode products,
a number of non-destructive performance tests could be conducted on one sample to
obtain its performance factors (e.g. [22]). In each case, if one destructive Performance
test is available among them, it must be carried out as the last test (e.g. [4]).

A performance factor measured by a destructive performance test could be replaced
with another property measured by a non-destructive test in order to avoid the failures
of the test samples. For example, consider a rod with instant radius of 7(¢) and known
ultimate strength of S, as illustrated in Fig. 2.10. The performance factor of the rod is
defined as the ultimate tensile force measured by a destructive test. The rod is under
corrosion, and its radius is assumed to be decreased over time in all directions. The
ultimate tensile force could also be expressed as a function of the radius of the rod
(P(t) = mr*(t)S,) which is obtained from a simple measurement.
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71+ Corroded area

{2} Non-corroded cross section

Figure 2.10: Corroded and non-corroded area of a beam, and the measurement of its
diameters before and after corrosion

Economization In Materials

If the purpose of an accelerated testing on a component is to study the degradation
of its material properties over test time, the economic way is to conduct the test at
material level (rather than component level) by decomposition of material into small
specimens (e.g. [34, 6]).

2.6 Field Failure Analysis

Field failure data are referred to as any types of information including failure and
censored times (for catastrophic failure modes) and performance of field samples (for
degrading failure modes) that might be used for reliability analysis. The majority of
such information might be available in products/customers’ portfolios, whereas perfor-
mance of a sample returned from its own field, needs to be estimated by conducting a
performance test. The analysis of field failure data can estimate reliability and/or fail-
ure occurrences of the failure modes in a multi-failure mode product. The comparison
might be used to assess the most critical failure modes or to verify the conformity of
the test and service results.

For reliability purposes, useful and useless information in field data might be mixed
together that leads to considerable confusion in data analysis. Field data may suffer
from any shortage of information, e.g. due to inexact reported time of failure (e.g.
[53]) and unreported failures (e.g. [50]). Warranty considerations, failure types (catas-
trophic and degrading) and variety in failure modes, make field failure data analysis a
challenging task.

To achieve meaningful results, each version of the product and each failure mode
should be analyzed individually. If the sample version is not included in field data, the

version might be assessed by comparing installation date of the sample with modification
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date (e.g. 45]). In the case of existing excessive number of field samples under study, a
group of random samples should be selected so that they could cover a wide variety of
applications and ages. If the aim is to estimate residual life of samples which are still
operating in service, some specimens could be taken from the samples for performance
test in order to estimate their residual lifetimes, or to validate their proper levels of
performance (e.g. [16]).

For reliability purposes, if the sample is returned from service because of a catas-
trophic failure mode, its age is considered as its failure time, whereas for a degrading
failure mode, failure time should be identified in terms of the performance factor of the
sample.

2.6.1 Catastrophic Failure Modes

Warranty Period

Customers are eligible for some expense exemptions in the warranty period, so they
are willing to report any failures to the manufacturer. According to this fact, the
field failure data in this period of time are considered as reliable data to reflect the
actual behaviour of products in service. If the product is under life warranty, or there
is an obligation for the users to return their own failed samples to the manufacturer
(according to a governmental or industrial rule) even after the warranty period (e.g.
[61]), every field failure data is reliable.

For single-failure mode products, the sample ¢ during the warranty period ¢ may
have one of the three following situations:

e It might have failed during this period of time 0 < t;; < ¢, so t;; is called its
lifetime.

e It might survive from the warranty period ¢, ; = ¢, so t,; is called its right censored
time.

e It is still in service operation during the warranty period ¢,; <.

Note that the last two situations are both considered as right censored times. Let Sy
and S, the total numbers of failed samples and right censored samples respectively, so
the likelihood function could be written as the Eq. 2.11 by considering S; = 0.
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Reliability analysis for a multi-failure mode product depends on failure definition
of the product according to its failure modes. Furthermore, in order to obtain more
meaningful results, each failure mode should be analyzed individually. If the product is
series, failure time of the sample is considered as failure time for the first failure mode
occurrence, and right censored time for every other failure mode. If the sample survives
the warranty period, or it is still in operation during this period of time, the time is
also considered as right censored time for every failure mode. The likelihood function
(Eq. 2.11) should then be obtained for each failure mode to estimate its own failure
probability diagram.

For other multi-failure mode products (such as parallel and stand-by), there might
be a great deal of uncertainty about the occurrences of failure modes in the samples
which are still in the operable state, so these products could only be analyzed at the
product level (rather than failure mode level).

Interval Inspection

Depending on the warranty and maintenance policy, the product might be inspected
in some time intervals. At the time of inspection, each failure mode may be in the
inoperable state (left censored time) or in the operable state (right censored time).
These data are not qualified for statistical reliability analysis, so non-statistical or high
confidence reliability must be used.

As an illustrative example, consider 168 samples of a three-failure mode product.
The product reliability is estimated and shown on Table 2.2. Non-statistical reliability
and high confidence reliability (C' = 95%) for each failure mode are obtained according
to the Eq. 2.14 and Eq. 2.15. Note that if the manufacturer decides to allocate a level
of reliability to each failure mode, the most critical failure mode is the one having the
least confidence level. As it is shown in the last column of the Table 2.2, failure mode
1 has the least confidence in comparison to others.

Occurrence Probability

Failure time is the key factor for reliability analysis of catastrophic failure modes,
whereas these data might be unavailable in product profiles. Instead, the inspection of
field returned samples could lead to recognize their failure modes over years. Occurrence
probability of a failure mode is defined as the ratio of the number of samples returned
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Table 2.2: Non-statistical reliability, high confidence reliability, and confidence level of
a multi-failure mode product

Reliability estimation

-
g = s s Allocated
& g ! Rc reliabilit
© e Ry (C=9§%) Y
R=95%
1 168 4 97.6% 94.6% TEEETTT
C=92.6%
R=92%
2 168 7 95.8% 923% TEEETT
C=96.3%
R=50%
3 168 10 94.0% 90.1% ——
C=95.5%

due to that failure mode to the total number of failed samples. Occurrence probability
might be demonstrated by a pie diagram (e.g. [56, 67]) or a bar diagram (e.g. [61]) to
graphically compare failure modes. It is also used to compare with number of failures
obtained by accelerated testing in order to make a correlation between test and service
failure modes as demonstrated in Fig. 2.11.

z «
= 1 Occurrence probability in service 3
< oo . . 2
s | ] Number of failures in test =
2 £
s =z
ks —
2 L
S <
£ s
=
3 3% Z
O —. 0

1 2 4 5

3
Failure Mode #

Figure 2.11: Comparison of the service occurrence probability and the number of failures
obtained from test

After Warranty Field Data

After the expiration of the warranty period, there might be an uncertainty about un-
reported failures. The problem of unreported failures is not limited to only the lack of
their failure times, but also the total number of unreported failures (and consequently,
total number of failures) is unidentified, so reliability analysis faces a major uncertainty
that even makes reported failures useless. Although there are not certain ways to obtain
the total number of unreported failures after the warranty period, three approaches are
recommended to have an approximate estimation of the number of unreported failures:

e The history of customers’ portfolios in warranty period and afterwards could
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reveal the percentage of customers who are loyal to report their failures and use
customer services.

e The cdf diagram during the warranty period could present an estimation of to-
tal number of failures after that. This method is especially useful for non-fixed
warranty policy.

e Oh and Bai [50] modified the likelihood function (Eq. 2.11) based on the reported
failures in warranty and after-warranty periods to estimate unknown parameters
of pdf function.

2.6.2 Degrading Failures Modes

The lifetime for each field sample which is returned from service because of a probable
degrading failure mode, should be specified in order to perform reliability analysis. As a
simple assumption, the sample age could be considered as its failure time, so reliability
analysis should be done by the above methods for catastrophic failure modes.

In reality, sample age is specified as its lifetime according to customer or technician’s
decision to return it back to the manufacturer, whereas the technical definition of
lifetime should be realized by the manufacturer according to the level of performance.
Accordingly, a performance test is needed to measure the performance level of each field
sample.

After measuring the performance factor, each field sample is identified as a point in
Cartesian coordinate system of performance-time. The technical definition of lifetime
is presented as the time when its performance reaches the critical performance PC.
If the nominal level of performance is known (P"V), so for each field sample, a linear
interpolation (or extrapolation) to the level of the critical performance as illustrated in
Fig. 2.12 can identify its lifetime. Now, reliability analysis could be performed on these
lifetimes by the methods presented for catastrophic failure modes.

In order to obtain more realistic results, the linear extrapolation method (Miner’s
rule) used in the above method should be replaced with a suitable performance dia-
gram. This diagram could also be estimated by the least square estimation (rather than
interpolation or extrapolation) of available data.
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Figure 2.12: Failure time estimation of a field sample in terms of its age and performance
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2.7 Relevant Failure Modes in AT

Applying accelerating variables to stimulate degradation mechanism of failure modes
might bring the concern of non-relevant failure modes. For quantitative purposes, once
the accelerated testing faces an irrelevant failure mode, the time must be considered
as right censored time for every relevant failure mode. For qualitative reasons, i.e. to
detect relevant failure modes, the irrelevant failure mode must be fixed by replacement
to continue testing. There is no systematic approach to verify the relevant failure
modes. Here, the problem is studied based on the available information and possible
technical activities as follows.

Simple cases
The relevant failure mode can be confirmed:

e If there is only one possible failure mode in the product, i.e. the product is
single-failure mode (ideal situation).

e If samples are under the same stresses and their levels as service. The main
requirement of such assumption is to estimate service usage profile and considering
probabilistic nature of the stress level and usage frequency.

e If relevant failure modes have already been identified.

e The similarity of failure modes in service and test is the most convenient approach
to validate relevant failure modes. If the product is multi-failure mode, there
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must be a consistency between the numbers of failure mode occurrences in test
and service to validate the proximity of test and service results.

Technical Failure Process

The Manufacturers might be able to technically explain the failure process of their own
products. This process might be presented as a chain of several events. For example,
Jayatilleka and Okogbaa [29] explained that any failure in lubrication causes wearing in
bush and increasing the gap between the bush and journal. Then, the pressure decreases
and the surfaces will be in contact that results in increasing temperature and creating

odours in the oil which causes damage to the bearing.

Note that relevant failure modes are not only the ones under normal usage condi-
tions. In service, there may be a considerable deviation from normal conditions that
causes other relevant failure modes, so the recognition of these failure modes in high
stress levels are necessary for manufacturers to detect and eliminate them from their
products. As an example, the effect of higher oil temperature (than normal) on gears
have been investigated by Hohn and Michaelis [25] to identify potential failure modes.

The Concepts of Mechanical Stress/Strain

For a newly designed product, the static finite element analysis can present the distri-
bution of mechanical stresses in the product due to a particular load in order to obtain
its hot spots (e.g. [58, 60, 63]), which are the locations under high mechanical stresses.
The more accurate estimation is obtained by performing dynamic analysis in these hot
spots over time in order to recognizebcrucial hot spots and their real maximum stress
levels. If the life-stress model of the material is available, the lifetime of the product
could also be estimated (e.g. [58]).

For complex products under mechanical loads, analytical and numerical methods are
able to estimate the most probable failure modes. The truss in Fig. 2.13 is under an
oscillatory force F. Probable failure modes of each member could be easily discovered.
For example, the member BC, might fail due to only tensile yield failure. Then, the
relevant failure modes must be identified according to physical properties (size, elasticity
module, material etc.) of each member by considering the probabilistic nature of the
load level.
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{1} Tensile Yield Failure
2 Compressive Failure

(3} Buckling

Figure 2.13: Probable failure modes in truss members

Any changes in geometrical size of samples must not cause new failure modes. For
example, the excessive reduction in the beam diameter shown in the Fig. 2.8 under an
oscillatory compressive force, may cause buckling which might be an irrelevant failure
mode.

For the components under mechanical forces, a special attention is needed for any
size reduction in order to keep the real stresses at their hot spots. Consider a rectangular
cross section beam under a single force at the end as shown in Fig. 2.14. For the
miniature version of order k (the same reduction ratio in every direction), the quantity
of the mechanical force should be decreased by k* (not k) in order to prepare the
same stress conditions (o = F/bh and 7 = 6F1/bh?) at the hot spot A. For single-
size reduction version, a bending moment must be added at the point A while the
mechanical force should be kept constant, to cause the same stress conditions.

F

- L ry B =
LR e
|

M*=FL(1-k)
Miniature version Single-size reduction ‘
Parameter %/ L*L b*b  h%h Parameter ~ F*/F L*L b*/b  h*lh E
Coefficient k¥ &k k k Coefficient | k I [N
i

Figure 2.14: Geometrical and load changes in miniature and single-size reduction ver-
sions to obtain the same mechanical stresses at the hot spot A
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Relaxation Time

If a material is under an oscillatory stress, it must be relaxed (relaxation state) at the
beginning of each cycle (rather than having a residual stress). The excessive increase of
usage frequency does not allow some materials (like rubbers and polymers) to resume
their operations from their relaxation states [38]. The main conclusion of this problem
is to obtain longer failure time (deviation from real expected failure time) because of
incomplete cycles of the stress as shown in Fig. 2.15.

Stress level Stress level
/\ /\ Vv\ I Residual stress
[

""i Time Time

With relaxation time: Real life Without relaxation time: Longer life
Low usage frequency High usage frequency

Figure 2.15: The effect of increasing the usage frequency to cause residual stress

2.8 Conclusion

In this paper, we presented an innovative study regarding the technical aspects of esti-
mating usage profile and sample size, selecting suitable accelerating variables, analyzing
field failure data, and verifying relevancy in accelerated testing. To implement an accel-
erated testing, these activities and knowledge should be recognized prior to any tests.
In addition, it was emphasized the importance of defining the performance factor of
products in order to dominate degradation mechanism.

Variety of accelerating variables related to stresses, performance test, and samples
were introduced for stimulating degradation mechanism. We concluded that sample size
is a function of many parameters like confidence level, allocated reliability, performance
test and the level of test (system, component and material). This complexity led to an
optimization problem.

Field failure data were analyzed during the warranty period for catastrophic failure
modes. For degrading failure modes, we exploited performance factors to estimate
lifetime. We recommended some approaches to deal with unreported failures after-
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warranty period and uncertainties about failure modes for multi-failure mode products.
The practical contribution proposed in this paper to suggest required tools for AT, is
expected to be a step forward to achieve a more systematic approach for AT.
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2.9 Appendix: Theoretical Background

Continuous Probability Distribution Functions

Available discrete data of the random variable X, i.e. X; (i = 1,2,...,n), could be
analyzed by a probability distribution function (pdf) in order to achieve a continuous
formula for the probability f(X) of the random variable X € [a,b]. A pdf diagram
is drawn in a two-dimensional Cartesian coordinate system, and each point in the
diagram is denoted by a pair of (X, f(X)). Cumulative distribution function (cdf) at
X is denoted by F(X) and defined as

F(X)=PrlY < X]| for Y € a,b]

/ f(2)d (2.9)

The cumulative distribution function is 0 at the point a and 1 at the point b, i.e.
F(a) =0 and F(b) = 1. A life distribution function such as weibull or exponential, in
which the time is the random variable, is capable of estimating reliability at the given
time 1" as

R(T)= Pr[Y >T] for Y € [0, ]
/ F(2)dz =1 — F(T) (2.10)

The weibull and exponential cumulative life distribution functions are usually drawn
in logarithm scales depending on the function. For example, the weibull function is
written as

Sy = C et
& &
F(T)=1-¢ &)

whereas in logarithm form, it could be expressed as

In]~in(1 — F(T))] = B.In(T) = B.n(a)

that is written in the linear from of: y = fJz. The same method can be used for the
exponential function as

fT) = Ae ™
F(T)=1—¢M
In[—in(1 — F(T))] = In(T) + In(N)
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Maximum Likelihood Estimation

At the given time t, the sample ¢ either in test or service, might be in one of the three
situations as follows:

e It may fail at exactly this time, so t;; = ¢ is considered as its failure time.
e It may survive up to ¢, so t,; =t is called its right censored time.

e [t may have already failed at a time before ¢ which is unknown, so ¢;; = ¢ is called
its left censored time.

Let Sy, S., and S; denote the total number of failed samples, right censored samples,
and left censored samples respectively. The likelihood function is defined as [3]

Sy Sr 51
L=[Ls 110 = Pl TT 0 (211)

The maximum likelihood estimation aims at estimating unknown parameters of the pdf
function f(¢) so that they could maximize L. As an example, the MATLARB statistical
toolbox is capable of estimating unknown parameters of several pdf functions by the
maximum likelihood estimation.

Binomial and Multinomial Distribution Functions

Consider S samples of a binary-state product exposed to the aging process of an ac-
celerated catastrophic testing. The probability of failure for every sample at time ¢ is
known and equal to p. The probability of existing Sy samples in the inoperable state
(and S — Sy samples in the operable state) is obtained from the binomial distribution
function

Pr(sy) = ()01 - 1) 9 () (212

Consider S service samples of a multi-state product with K states at service time
t, so every sample is in one of the states at the time ¢. The probability of being in the
state 1 18 p; (p1 + pa + ..pg = 1). The probability of existing s;, ss,..., sk samples in
the states 1, 2,..., and K respectively (s; + so + ... + s = ), is obtained from the
multinomial distribution function as [41]

K 55
Pr(s, 53, .., S) = szHif, (2.13)

=1
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Non-Statistical and High Confidence Reliability

At the given time ¢, if S; samples (out of S samples) have already failed, the non-
statistical reliability is defined as

Ry = (2.14)

The confidence level of such reliability is not high, i.e. if the test is repeated again;
the possibility of obtaining the same level of reliability or higher is relatively low. High
confidence reliability R¢ at the time ¢ with the confidence level C is estimated by solving
the following implicit binomial distribution function

1-C kz R37T.(1 = Re)* (2.15)
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Abstract

Nowadays manufacturers’ demands for the estimation of service reliability, the compar-
ison of different brands of product on the market and the test validation, have increased
considerably over the past few years. This paper presents the applications of accelerated
testing for the products with catastrophic failure modes in order to achieve the above-
mentioned targets. Accelerated testing plans are categorized according to the inspection
strategy for capturing failures. For a complicated usage profile (including many stresses
and: their levels), there might be several random variables (usage frequency and failure
time) that result in complex integral equations for estimating statistical reliability. To
solve this complexity, virtual sample method as a numerical approach is proposed to
estimate non-statistical reliability. The method is demonstrated for two classes of usage
profile by an illustrative example. Test results are harmonized with field failure data in
order to identify a unique acceleration factor. The consistency between test and service
results, are characterized by multinomial and ranking methods. The limitations of test
time and manufactured samples for new version of design are also introduced, and the
solutions to the problems are presented.

Key words: Accelerated catastrophic testing; Reliability; Virtual sample method; Com-
parative analysis
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3.1 Introduction

Accelerated testing (AT) is a multi-purpose approach. Today, estimation of product
reliability by AT is becoming a necessary activity for many manufacturers in order to
plan their warranty policies, maintenance strategies and spare parts provisioning in
industrial engineering. Accelerated testing might also be used to detect latent catas-
trophic failure modes, and to verify the elimination of the detected failure modes in
new version of design. Reliability analysis before and after any modifications to design
can be estimated by accelerated testing in order to ensure the positive effects of the
modifications to improve the product reliability. For available products on the market
to be purchased by a retail user, the comparison of their reliabilities by AT could be
used to select the most suitable one for the required application. The available field
failure data should be used to modify the results of the accelerated testing to be con-
sistent with the service results. For a multi-failure mode product, the comparison of
the occurrence probabilities for its failure modes leads to predict the most critical one.

Classically, accelerated testing was studied by Nelson [22] to introduce test plans,
statistical models and their analytical methods. The estimated reliabilities at high and
normal stress levels are related together by life-stress models, and they are classified
according to stresses (e.g. [8, 4]). Among them, Arrhenius as the most well-known
model when temperature is the stress (e.g. [14, 13, 1]) and the inverse power relationship
for non-thermal stresses (e.g. [30, 34]), have widely been applied for practical problems.
Furthermore, many efforts have been made to classify other practical AT methods
(e.g. [9, 3, 29, 11]). Several limitations and difficulties of conducting AT methods are
explained by Meeker and Escobar [18], but no solutions have been made to the problems.
Utilization of AT methods for the above-mentioned applications might be accompanied
by several uncertainties due to the random variables (usage profile and failure time),
field failure data, and the complexity of product. Hence, analytical methods might be
unable to estimate reliability.

Failure times obtained from an accelerated testing or lifetimes obtained from field
failure data should be analyzed statistically to estimate product reliability (e.g. [34,
14]). Park et al. [24] exploited both data types (test and field) to obtain the acceleration
factor. Such comparison is also proposed by Ranganathan et al. [10] to link between
testing and service times while both having the same effect on the degradation of
physical properties. In literature, acceleration factor is also proposed to be obtained by
applying life-stress models like the Arrhenius model (e.g. [14]) and the inverse power
relationship (e.g. [30]) if usage profile of the product is known. Once the acceleration
factor is estimated, it could be used to obtain the service lifetime for the new version
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of design (e.g. [24]).

Any shortages in field-related data including inexact failure time (e.g. [26]), unre-
ported failures (e.g. [23]), and the lack of design version in failed products (e.g. [19])
must be recognized prior to analysis. The failure data after the warranty period could
be reliable if users are obliged to return failed samples to their own manufacturers due
to a governmental or manufacturer rule (e.g. [28]). The time-based analysis of field
failure data is sometimes impossible because of shortage in reported data. The prob-
lem could be more critical for a multi-failure mode product due to the uncertainty of
reported failure modes.

If catastrophic field failure data are not accessible (e.g. for highly reliable products),
the residual lifetime of field samples could be estimated by an accelerated catastrophic
testing (ACT). Marahleh et al. [17] conducted an accelerated creep testing to fail
field samples. The creep life of every sample was then used to estimate its residual
lifetime. Such estimation was also made in terms of capacity of field-returned wheelchair
batteries by Mohammadian et al. [20]. Because catastrophic failures of batteries were
not accessible, a level of capacity was defined as the failing level, so the capacity of each
battery was linearly extrapolated (or interpolated) to the failing level for estimating its
lifetime. If there are not enough field samples for analysis, accelerated testing should be
carried out on some specimens taken from the product in service [6]. For multi-failure
mode products, field failure data could be presented as the number of failures for each
failure mode rather than time-based data (e.g. [27, 31, 28]). The possibility of using
field failure data to compare with accelerated testing results, needs to be recognized,
firstly, to validate the test integrity of the AT and secondly to identify acceleration
factor of the aging process. |

Accelerated testing has been used by many people to carry out a qualitative com-
parison of different aspects in products. The work conducted by Knox and Cowling [12]
compared the effects of applying different primers and surface conditions on long-term
quality of adhesives. The shear force needed to fail the adhesion was considered as a fac-
tor to explain the quality of adhesives. Chou and Lamers [5] compared the degradation
diagrams (wear) of different materials over time. Nagel et al. [21] statistically compared
failure times of three different products (produced by different manufacturers) resulted
from an accelerated testing in order to choose the most robust one. Comparison of the
results obtained by accelerated testing in different stress levels shows that the results
in severe levels are more likely to deviate from real service data (e.g. [33]). Potteau et
al. [25] tested and analyzed the effects of different stresses on degradation of a prod-
uct. Krivstove et al. [15] aged field samples to measure and compare degradation of
their physical properties. For every comparative application, conducting a quantitative
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comparison could present more meaningful results.

The main aims of this paper are to propose numerical solutions for complex reli-
ability analysis, and to validate the consistency between test and service results. For
time-based failure data, test plans are divided into continuous, interval and single in-
spection methods according to related failure inspection strategy. Maximum likelihood
estimation (MLE) and reliability validation methods are presented to estimate statis-
tical and high confidence reliability respectively. For complicated problems including
some random variables, there might be no analytical methods for reliability estimation.
In this paper, the concept of virtual sample method as a numerical analysis is presented,
and it is also validated for a known aging process including two types of random vari-
able which are usage frequency and failure time. Salvation and longevity factors are
defined based on reliability and lifetime of different products respectively, and they are
used to select the most suitable product for the required application. Such selection
is also suggested by considering the allocated reliability and confidence levels. For a
single-failure mode product, the comparison between test and service results could lead
to modify test probability diagram in order to be harmonized with the related service
diagram. For a multi-failure mode product, the criticality of each failure mode is re-
lated to its priority factor which is defined based on the number of samples which is
returned from service because of that failure mode. For such products, test and service
results are compared to characterize the consistency of test results by defining confor-
mity and vicinity factors. Detection of latent failure modes and confirmmation of their
elimination (after design modification) are discussed in qualitative ACT. In addition,
the test and service results of old and new versions of design have been related by a
unique acceleration factor, and any limitations of test time and manufactured samples
are discussed.

The paper is organized as follows. Section 2 classifies ACT plans for single-failure
mode products under a single stress based on the inspection strategies for time-based
failure data. Section 3 presents virtual sample method and its applications in ACT for
complex stresses. Section 4 deals with different uncertainties in comparative analysis
of accelerated testing results. Section 5 presents design modification-related methods
and their limitations and uncertainties. Section 6 discusses some concluding remarks.

3.2 Single-Stress ACT

The main aim of conducting a quantitative ACT on samples of a product with catas-
trophic failure mode(s) is to obtain their failure times and/or censored times of the
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samples. For this purpose, each sample must be exposed to the aging process for a
duration of time ¢,. For a number of test samples, complete data (e.g. [22]) refers to
the ideal situation in which the exact failure time of every sample is obtained. Due to
the limitation of time, complete data are not usually accessible.

The estimated failure and censored times are strongly influenced by the failure
inspection strategy. So, accelerated catastrophic testing is divided into continuous,
interval and single failure inspection methods as illustrated in Fig. 3.1.
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Figure 3.1: Accelerated catastrophic testing plans

The continuous failure inspection (usually time-consuming) is divided into fixed
aging time and fixed number of failures methods enabling testers to detect the exact
time of failure (failure time) for some samples.  Although fixed number of failures
method is more suitable to assure sufficient data for statistical analysis, but it is not
recommended for high reliable products because of probable long failure time.

Any uncertainty in failure time is referred to as censored time which is divided
into interval, left and right censored times. In the interval failure inspection method,
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probable failure time is recognized in a time interval (interval censored time) for each
failed sample. In the single failure inspection method, all samples are inspected once
(after the aging process), and this time is referred to as left censored time for each failed
sample. For all the above methods, the time is considered as right censored time for
every sample survived the aging process. Note that the dotted lines shown in the Fig.
3.1 in single and interval inspection methods emphasize that the exact time of failure is
unknown, and it might have happened in any time along the dotted line. For all above
methods except for the fixed number of failures method, the duration of time ¢, has to
be specified prior to the test.

For the continuous failure inspection methods, the maximum likelihood estimation
(MLE) could be used to estimate unknown parameters of a specified probability distri-
bution function (pdf). For the interval inspection method, it could be used if there are
a few known failure times. Let S,, .S;, and S, denote the number of right censored sam-
ples, left censored samples and interval censored samples respectively, and Sy denote
the number of samples whose exact failure times are identified. Likelihood function is
expressed in terms of the pdf function f and its cumulative distribution function (cdf)
F as [2]

Sy Sr Sy Sy

L= || f(ts) H [1— F(t3)]. H F(t1:). H [F(tori) — Ftui)] (3.1)

= =1 1=1 1=1

where ty;, .4, tii, tors, ty,; are failure time, right censored time, left censored time,
right and left times of the interval censored of the corresponding sample % respectively.
The maximum likelihood estimation is based on estimating unknown parameters of the
selected pdf function so that they could maximize L, i.e. the partial derivative of L
with respect to every unknown parameter must be zero.

The above system includes complicated implicit equations in terms of unknown pa-
rameters, and there might be no analytical solution to explicitly extract the parameters,
so it is recommended to use statistical software for this purpose. As a numerical solu-
tion, we used VB programming software and the MATLAB statistical toolbox by using
trial and error method to find out the set of unknown parameters which maximizes
the likelihood function L. For required applications in this paper, the two-parameter
weibull function as the life distribution function and the Normal distribution function
for any other applications like usage frequency; are employed.

For highly reliable products, the implementation of the above methods might present
no failures (or a few failures) which are not sufficient for statistical analysis of reliability.
Single inspection method can validate the allocated reliability level 2 at the time ¢,

with a specified minimum confidence level C' by estimating the minimum number of
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samples S required to pass the aging process as [24, 21|
5
1-C>) (R™*(1-R) (32)
z=0

where S; is the number of failures up to the time t,. The single failure inspection

method is called zero-failure test method if S; = 0 and zero or one failure test method
if S =1 [32].

For a multi-failure mode product, in order to have control over each failure mode,
to estimate its own probability diagram and to predict the most critical failure mode,
the failure-related data should exclusively be estimated for every failure mode. For this
purpose, failure time of each relevant (or non-relevant) failure mode that causes a stop
in the aging process must be considered as right censored time for every other failure
mode. For multi-failure mode products, many samples (and definitely long test time)
might be needed to achieve probability diagram of every failure mode.

Up to now, the above testing methods are assumed to be done on new samples. The
exploitation of both used (returned from service) and new samples in an accelerated
testing presents more realistic results. In addition, used samples could be substituted
in the case of any shortage of new samples. For this purpose, related aging process and
the ages of used samples must be known. Furthermore, all used samples must have been
returned from service because of another failure mode than the one under the study.
Then, every used sample must pass the aging process for the duration of time t,. For
example, for an AF-based aging process (known acceleration factor), the equivalent test
time (£,); for the used sample i is estimated as

(3.3)

where (L,); is the age of the sample 7 in service.

3.3 Virtual Sample Method

The usage profile, failure time and physical properties of products are the main random
variables in accelerated testing, although the latter, i.e. the physical properties are
usually studied in accelerated degradation testing (ADT). The complexity of random
variables in accelerated testing might make analytical methods unable to estimate reli-
ability, especially in the case of existence many random variables. Therefore, a proper
numerical method is needed for reliability analysis.
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The usage profile of a stress might consist of two types of random variables: its
levels and usage frequencies. The usage frequency is referred to as the ratio of the time
in which the sample is under the stress to the total time in service. It is concluded that
the value of usage frequency is always less or equal than one. If there are more than
one stress level in the usage profile, to increase the accuracy of reliability estimation,
usage frequency and failure time must individually be estimated for each stress level.

The virtual sample method presented here, as a numerical method to estimate relia-
bility, is based on Monte-Carlo method by taking some representative values of random
variable from each identified probability diagram. The process of selecting such values
is described in Appendix. Accordingly, each probability diagram is introduced by its
representative values instead of its mathematical formula. Then, a number of virtual
samples must be defined each including some representative values of random variables
according to the problem. Non-statistical reliability of the virtual samples is considered
as an estimation of reliability of the product in service.

To demonstrate the application of the virtual sample method, service reliability of
a product is estimated by its usage profile and failure times resulted from accelerated
testing as follows. The product is under low levels of usage frequency in service, so
accelerated testing is conducted by usage frequency as the accelerating variable. The
main requirement is to identify the usage profile of the product in service including
stresses, their levels and usage frequencies. Here, for the simplicity reason, the product
is assumed to be single-failure mode under M levels of a single stress in service. Prob-
ability diagram of usage frequency has to be identified for each stress level. In order
to estimate failure probability diagram of the product, for each above identified stress
level, accelerated testing must individually be conducted on some new samples. The
level of the stress must be kept constant during the non-stop aging process. If many
levels of the stress are identified in the usage profile, in order to economize on samples
and time, some of the levels (the lowest, a few middle and the highest levels) have to
be chosen for testing, and their testing results must be used to predict related results
for other levels by an interpolation method or a life-stress model (if it has already been
identified).

The usage frequency probability diagrams (predicted by usage profile) and the failure
probability diagrams (estimated by accelerated testing) must individually be replaced
with some of their representative values as (gs); and (ty); respectively for the stress
level ¢. For the stress level 7, the number of representative values for usage frequency
and failure time are denoted by (N,); and (N), respectively. Here, the virtual sample
method is individually applied for two classes of usage profile.
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3.3.1 Unique Level Usage Profile

Every sample in this class is considered under a unique level of the only stress for its
whole service life. The stress level for every other sample might be different, but it must
also be unique for that sample. The usage profile of personal bicycles could be placed
in this class if user weight is considered as stress. Each bicycle is intended to be used
by a specified person, i.e. it is under a unique level of weight for its whole lifetime.

The number of virtual samples under the stress level ¢ is obtained from S; =
(Ny)i -(Ny);, and each virtual sample is identified by its stress level 7, usage frequency
(gs); and failure time (ty); resulted from the ACT. The total number of virtual samples
is obtained by

S= (N -(Ny); (3.4)

i=1

The user ratio of the stress level 7 is denoted by UR; and is defined as the ratio of
the service samples which are utilized in this stress level, to the total number of samples
in service, and obviously UR; + URy + ... + URy; = 1. The user ratio of each stress
level must be specified in the usage profile. For every stress level, there must be a direct
relationship between its sample size S; and its user ratio UR;, i.e.

%

UR;

= Constant, fori=1,2,.... M (3.5)

The service lifetime of a virtual sample under the stress level i is estimated as

G,
e (QS)i(tf)l (3.6)

where t; is the service lifetime for a virtual sample under the stress level 7, and they are

used to estimate service reliability of the product at this stress level, and ¢; is the usage
frequency of the accelerated testing at the stress level <. At the time ¢,, non-statistical
service reliability of the product under the stress level 7 is estimated as

Sy — (Sy)i

Ri(ts) = S

(3.7)
where (Sy); is the number of those virtual samples whose estimated service lifetimes
are less than the given time t,. The lifetimes of all virtual samples, i.e. ¢ = {t;|i =
1,2,..., M} are used to estimate non-statistical service reliability of the product as

_ 55
S

R(ts) (3.8)
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Where Sf = (Sf)l + (Sf)g + ...+ (Sf)]\/[.

Table 3.1 presents the parameters of Normal and weibull probability diagrams for
usage frequency and failure time respectively for a product under three stress levels in
the unique level usage profile. The user ratio and the number of representative values
for each pdf function are also included on the Table. Note that the Eq. 3.5 has already
been validated by selecting suitable numbers of representative values of failure time.
Non-statistical service reliability is estimated based on the Eq. 3.7 and Eq. 3.8. The
accuracy of estimated reliability could be improved by employing more virtual samples.
Service reliability is estimated as 90.3% for 300 virtual samples as shown on the Table
3.1, and 88.9% for over 100,000 virtual samples (according to our calculations). For
the data presented on the Table, representative values and three typical virtual samples
are shown in Fig. 3.2.

Table 3.1: The estimation of service reliability for the unique level usage profile

N Usage frequency Failure time
S o, 5 R
evelt " o (N)|ath B g (N),
1 030 025 008 10 3230 70 1 9 90 856
2 050 0.5 005 10 2,150 82 I 15 150 92.0

3 020 0.0 003 10 1480 68 | 6 60 933

Overall 300 90.3

[J Representative value
@ First virtual sampte
A Second virtual sample

Usage frequency (g, )’ ® Third virtual sample Failure time (11)1
Stress level T (N,) =10 (N;) =6 Stress level TiT
i . = = i ;..”' H ‘A‘
Stress level T (N, ) =10 (N,) =15 Stress level 11
Stress level T (N,) =10 (N),=9 N
; e e R D ! ; : S
0 0.1 . 0.2 0.3 0.4 0.5 0 1000 2000

Figure 3.2: The representative values and three typical virtual samples for the unique
level usage profile
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3.3.2 Multi Level Usage Profile

In this class, every sample in service is assumed to be exposed to all stress levels with
their own usage frequencies. In other words, each sample experiences every stress level
during its lifetime. The bicycles for public uses, e.g. for renting, which are used by
different people in variety of weights (as the stress) could be placed in this class.

A virtual sample is identified by its own usage frequency (a value from (g¢s);) and
failure time (a value from (ty);) at the stress level i for i = 1,2, ..., M. The total number
of virtual samples is calculated as

M

S =T (Ne)i-(Ny)s (3.9)

i=1

Note that, for each virtual sample; its total usage frequency must not exceed 1. The
lifetime ¢ is estimated according to Miner’s rule (e.g. [89, 9, 88]) as

£ = (2 ((Z_)" (tj”)i)l (3.10)

7=

All these lifetimes ¢ are used to estimate non-statistical service reliability of the product
at the time ¢, by the Eq. 3.8.

Table 3.2 shows the probability diagrams of usage frequency and failure time of
a multi level usage profile. Note that the usage frequency of the first stress level is
considered constant. Non-statistical service reliability is estimated as 83.5% for 100, 000
virtual samples (as shown on the Table) and 82.2% for more than 100 million virtual
samples (according to our calculations). The representative values and three virtual
samples are also shown in Fig. 3.3.

Table 3.2: The estimation of service reliability for the multi level usage profile

Usage frequency Failure time

Stress R
level o N |at) B g (N, (%)
1 0.02 . | 3230 7.0 1 10

11 0.10  0.03 10 2,150 82 1 10 100,000 83.5

m 0.05 0.015 10 1,480 68 1 10
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1 Representative value
@ First virtual sample
A Second virtual sample

Usage frequency (g, )' ® Third virtual sample Failure time (//-)!_
o Stress level T~ (N, ) =10 (Ny) =10 Stress level T
e - LT TT Ll g R o BESIEN
Stress level TT (N,)=10 (N;) =10 Stress level 11
~~~~~~~~~~~~~~~~~~~~ O AT T - @ e e e W 1 WAFRA S
Stress level I (N,) =1 (N;) =10 Stress level 1
— . , . , A— @I E IO
0 t 0.05 0.1 0.15 0.2 0 1000 2000 3000 4000

[e40]

Figure 3.3: The representative values and three typical virtual samples for the multi
level usage profile

3.4 Comparative Analysis of ACT Results

3.4.1 Comparison of Products

Accelerated testing might be used to compare different aspects in design, material and
manufacturing process in order to select the most suitable one for required application.
In fact, there is a competition between above issues in order to get more attention from
customers and manufacturers. Such comparison might also aim at comparing different
products available on the market. In this case, in order to avoid extra tests, available
field failure data of a product should be used to compare with test results of other
products if acceleration factor of the aging process has already been identified.

Any comparison must be based on an indicative parameter which could be reliability,
lifetime, confidence level etc. The selection of an appropriate indicative parameter could
depend on warranty policy, maintenance strategy, customer expectation or required
application the product is expected to be used.

Comparison of Reliability

Let test probability diagrams of T different products be identified either from accel-
erated testing or field failure data. If test reliability is considered as the indicative
parameter, at the test time ¢, (which is assumed to be known by required service time
and known acceleration factor), the product i should be selected as the most reliable



Chapter 3. A Contribution to Accelerated Catastrophic Testing 77

product if _ ,
Ri(t)) > R;(t:) for j=1,2,..,T and j #1 (3.11)

In order to make the above relationship more obvious, salvation factor of the product
i (SF;) is defined as the probability of its survival up to the time ¢, while others have
already failed in [0, ;). Based on the definition of probability distribution function f(¢),
cumulative distribution function F(t) = fot f(2)dz, and reliability R(t) = 1 — F(t), the
salvation factor can be estimated as

se) = Rit) T[ [ Hea:

=1,

- [0 (312

The salvation factor could be normalized as
B SF;(t;)
S SF(t)

where the accent * denotes a normalized factor.

SFX(t,)

7

(3.13)

Comparison of Lifetime (Failure Time

The time to reach an allocated reliability R (in percentage) for every product could
be used as indicative parameter in order to select the product with longest lifetime.
According to the definition, the product ¢ has to be selected if

(Broo-r)i > (Broo-r); for j=1,2,..,7 and j #i (3.14)

where the time (3)90_r); indicates that up to this time, 100 — R percent of samples (of
the product 7) have already failed. If R = 50%, the comparison is based on the median
life. In addition, the mean time could also be defined as the indicative parameter.

For the product 7, the probability of having the longest life (while others fail in
[0,%]) is defined as the longevity factor LF;(t;), and it is mathematically expressed as

t 3

* filz)

LF(t,) = Fi(z)dz + SF(t 3.15
(t> 0 E(Z)j];[ ]()’5+ (t) ( )
Note that the last term, i.e. SF;(¢;) indicates that the failure time of the product i is
greater than ¢, while others have failed in [0, ¢].
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The diagrams in Fig. 3.4 show the comparison of three products based on their
salvation and longevity factors with known test weibull parameters « and 3. The
acceleration factor of the aging process is 10. Product II is the most reliable one by
considering reliability or salvation factor as the indicative parameter for the first year
in service (f; = 36.5). This product should also be selected if the longevity factor is
considered as the indicative parameter up to the third year.

Normalized salvation factor Normalized longevity factor
(§F*) at the first year (LF*) at the third year

Prod. o g Reliability at1=36.5 days
B 195 2.2 97.5
i 178 32 99.4
11 145 2.8 97.9

Figure 3.4: The comparison of three products according to their salvation and longevity
factors

Comparison of Allocated Reliability and Confidence Level

For highly reliable products, accelerated testing might be unable to present sufficient
failure data for statistical analysis, and accordingly, related probability diagrams could
not be obtained. In this case, a number of samples from each product (the number of
samples might be different from product to product) must pass a common aging process
up to the test time ¢,. To decrease the cost of the ACT, failure inspection is done once
at the end of the aging process, so right censored and left censored times will be the
only data available for each product.

The first approach to compare different products is to allocate a common reliability
level R for every product and to set the confidence level as the indicative parameter
obtained by the binomial distribution as

S
Ci=1->Y R%J(1-Ry (3.16)

j=0



Chapter 3. A Contribution to Accelerated Catastrophic Testing 79

where S; and 5;; are the number of samples and the number of failed samples (left
censored samples) for the product ¢, and C; is its confidence level. The product with
the highest level of confidence must be selected as the most suitable product, although
its reliability level is allocated at the same level as others.

The second approach is to allocate a common level of confidence C for every product
and then to set reliability as the indicative parameter. For the product i, its reliability
R; has to be obtained by solving the following implicit equation (see the Eq. 3.16)

St
C=1-) R*’(1-Ry (3.17)

7=0

Then, the product with highest reliability must be selected as the most reliable product.

As an illustrative example, Table 3.3 shows the number of samples and failed sam-
ples for three products. The data for the first product are derived from service. The
acceleration factor of the aging process is estimated as 5, so for the first year in service,
the aging process must take ¢, = 365/5 = 73 days. The seventh and eighth columns
show the results of the first and the second approaches to compare products with com-
mon reliability of 90% and common confidence level of 90% respectively. Note that the
most suitable product suggested by the first approach (product III) is different from
the most reliable one estimated by the second approach (product I).

Table 3.3: The comparison of the allocated reliability and confidence level for three
products according to the field failure data for the product I and the results of the

accelerated testing for the products II and III
Failed Confidence Reliability

Prod. Source Time Sample

; of data 1 ot ize S samples  level for for
e S, R=90% C=90%
I field 365 - 156 12 79.3% 88.8%
1 test 73 5 38 2 74.6% 86.6%
1] test 73 5 30 1 81.6% 87.6%

3.4.2 Comparison of Failure Modes

For a product including N failure modes, predicting the most critical one is necessary
in order to moderate or remove it from the product. The criticality (as expressed in
failure modes and effects analysis) of the failure mode 7 depends on both its severity
s; and its occurrence probability OF; which is the probability of returning samples
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from service because of the failure mode i up to the service time ty, and obviously
OP, + OP; + ... + OPy = 1. The failure mode ¢ in service is the most critical one if

5,.0P, > s;,0P; for j=1,2,..,N and j #1 (3.18)

Consider probability diagram of each failure mode be identified by accelerated test-
ing. Priority factor of the failure mode 7 up to the time ¢; is denoted by PF[; and is
defined as the probability of happening the failure mode ¢ before every other failure
mode in [0,¢;]. Based on the definition of probability distribution function f(¢), and
reliability R(t) =1 — fot f(2)dz, the priority factor can be estimated as

o ttfi(z) N s
PF; = : Rl-(z)HRj( )d (3.19)

J=1

The most critical failure mode in the test is the one having the highest value of s;. PF;.

The comparison of failure modes leads to detect the non-important failure mode in
the product if there is any. The failure mode 7 is defined as non-important, if s;.OF;
or s;.PF} is relatively much less than the corresponding values for other failure modes.
As an illustrative example, three failure modes of a product have been investigated by
accelerated testing as shown in Fig. 3.5. The failure mode I is the most critical one,
whereas the probability of occurring the second failure mode and its low severity make
it as a non-important failure mode.

Normalized criticality of failure modes (s.PF)*

Failure ! i 1
mode B
«(hours) 145 185 170

Vi 89 91 71 " . Productl
0 1 8 L 059%

Severity s

PF* (%) 577 58 365

1
Product 11
0.7%

Figure 3.5: The most critical and non-important failure modes for the first 100 hours
in test (¢, = 100 hours)
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3.4.3 Comparison of Field and Test Results

Single-Failure Mode Products

The comparison of test and service failure-related data for a single-failure mode product,
aims at modifying test results in order to be consistent with field results. In general,
the obtained service and test cdf diagrams for a particular product are not necessarily
parallel in logarithm scales, e.g. the shape parameter of the test weibull cdf diagram is
greater than the one for service (3, > ;). The main reason of this contrast is about the
variety of stresses; their levels and usage frequencies in service that create a wide range
of lifetime. For the weibull functions, these conditions decrease the shape parameter of
the service cdf diagram.

Here, two modification methods are presented to modify the test cdf diagram in
order to make it parallel to the field cdf diagram for the weibull functions, although the
methods could be extended for other distribution functions. Such modifications allow
manufacturers to estimate a common acceleration factor. In both methods, the modified
shape parameter of the tests must be set to the corresponding parameter for service. In
test-based method, scale parameter of the modified diagram must be kept constant at
ay. In MLE-based method, parameter « has to be estimated by maximum likelihood
estimation (MLE). As an illustrative example, the service and test cdf diagrams are
estimated for complete data of 6 samples in service and 4 samples in test respectively
as shown in Fig. 3.6. The modified test diagrams are also illustrated based on the
above modification methods. Note that there is no considerable difference between

both modified test diagrams.

Multi-Failure Mode Products

In multi-failure mode products, the individual comparison of test and service probability
diagrams for every failure mode cannot ensure the consistency between test and service
results. The test failure-related data of a failure mode might completely be consistent
with its service related data, while for other failure modes, there might be no such
consistency. In addition, the individual comparison might lack of accuracy due to
the existence of many right censored times. Instead of time-based analysis, a unique
comparison of all failure modes should be done based on the number of failures in test
and occurrence probability in service. Here the suggested methods aim at characterizing
the proximity of test and field results to validate accelerated testing.
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099 [
096 | /7
osor Modified /
71 MLE-based cdf di 4
wsol -based ¢ agram Modified
// test-based cdf diagram
~
= oxs| /
5 4 o
= ol e
i 005 - // gs
z /S
0.02 /
001 - / '~§;
0.003 . . .
10 0 30 40 50 80 100 200
Failure time /n(t/a)
cdf Weibull diagram a yii Failure time data
Service 179.7 385 98 16 156 167 199 237
Test 303 727 25 26 28 35
Modified test-based 303 385

Modified MLE-based 293 385

Figure 3.6: Test-based and MLE-based methods

Consider S new samples of a series product with /N failure modes subjected to an
accelerated testing. The number of failed samples due to the failure mode i after the
test is a random variable and is shown by S;, and obviously S; + Ss + ... + Sy = S
if every sample fails. The total number of failure mode combination (Si,Ss, ..., Sy)
depends on the number of samples and the number of failure modes. On the other
hand, occurrence probability of each failure mode is assumed to be known. Here, three
methods are presented to validate accelerated testing:

e Multinomial Method: The probability of each failure mode combination could be

estimated based on occurrence probability by multinomial distribution function
as (e.g. [16]) '

J (3.20)

OP”
Sj!

N
Pr(Sy,Ss, .., Sy) = S'[ |
=1

The highest Pr(S),Ss, ..., Sn) means the closest results of test and field data,
because the amounts of OP;/S; for j = 1,2,..., N are close to each other and
their multiplication will be high. In order to characterize the test and service
proximity, all probable failure mode combinations must be listed in descending
order in terms of their probabilities Pr obtained by the Eq. 3.20. The first
combination in the list (having the probability of Pry) is the most likely failure
mode combination in the test. If the actual failure mode combination in the AT
is placed in the ranking i (having the probability of Pr;), its conformity factor
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CF; is defined as

CF,=1-) Pr; (3.21)
j=1
Test and service results are considered close together for high levels of the con-
formity factor.

e Integer Ranking Method: In this method, the failure modes must be placed in
the test and service ranks as follows. In the test rank, they must be sorted in
descending order in terms of their numbers of failures. In the service rank, they
have to be sorted according to their occurrence probabilities in descending order.
The ranking number (for both test and service ranks) for each failure mode has
to be an integer value between 1 to N (including 1 and N). Let r;; and rg,
the rankings of the failure mode ¢ in the test and in the service ranks respectively
(ro; #ryyandrg; #ry;fori, j =1,2,..., N and i # j). For each failure mode, the
difference between its test and service rankings reveals a deviation in test result
compared with service. Accordingly, the total deviation factor (DF) is defined as

N
DF = " (re; —rs:)° (3.22)
’ i=1

The most deviant case occurs when r,; = N —rg; +1fori=1,2,..., N, and the
test results are completely in contrast to the service-related results. In this case,
the highest possible deviation factor DF,,,, is obtained from the Eq. 3.22 as

N

N
DFpaz = (N =2y +1)* = g(NQ —1)
=1

Note that 32V 7., = N/2(N + 1), and 3. N2 = N3/3 + N?/2 + N/6. The
vicinity factor is defined as the proximity of test and field results as

DFoz — DF
Vi = 3.23
The vicinity factor is 1 for ideal testing results, and 0 for the most deviant case

presented above.

e Real Ranking Method: If there are only a very few failure modes, the integer
ranking method is limited to a few values, and it is not able to present a precise
estimation of the vicinity factor to validate related accelerated testing. In the

" real ranking method, like the integer ranking method, the failure modes must be
sorted in descending order in terms of their numbers of failures in test rank and
their occurrence probabilities in service rank as follows:
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In the test rank, the failure modes 7 and k& including the highest and the lowest
number of failures are placed at the rankings 1 and IV respectively, i.e. r;; = 1
and 7, = N. Then, the ranking of the failure mode ¢ has to be obtained by the

following implicit linear equation

Tii — Tt Ttk — Tta
: == ’ 3.24
S; — S Si — Sk ( )
In the service rank, a similar approach is used to estimate service ranking of the

failure mode 7 based on its occurrence probabilities if the failure modes [ and m
have the highest and the lowest occurrence probabilities

Tsi —Tsl Tsm — Tsa
OPF —OP, _ OP.—OP, (3.25)
Then, the deviation and vicinity factors must be obtained from the related equa-
tions presented in the integer ranking method (Eq. 3.22 and Eq. 3.23). In order
to estimate DF,,, in this method, the test ranking of each failure mode must be
specified as the farthest possible ranking from its service ranking as

1, ifre, > (1+N)/2

Teg = (3.26)
N, ifry; < (14 N)/2

Table 3.4: The calculations of conformity factor by multinomial method for S = 34 test
samples and N = 6 failure modes of the product

Number of failures

o)
g | 2 3 4 5 6 r cr
g ’ (10 %
©  Op=021 OP,=0.11 OP=024 OP,=0.05 OP=030 (P,=0.09
7 4 8 I I 3 4737 99.95
7 4 9 ! 10 3 4632 99.91
71 6 5 8 ] 1 3 3474 9722
72 6 4 9 1 10 4 3474 9722

As an illustrative example, for 34 samples of a six-failure mode product, occurrence
probability and number of failures for each failure mode are shown on Table 3.4. The
analysis of data is performed by a VB program for all three above methods. The failure
mode combination (6,4, 9, 1,10,4) obtained from the ACT, has been placed in ranking
72 out of 575757 possible combinations in multinomial method, and its conformity factor
is estimated as 97.22% that is relatively an excellent and acceptable level. According to

our calculations, the worst failure mode combination is (0,0,0,34,0,0) with C'F = 0,
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i.e. all samples fail because of the failure mode having the less occurrence probability.
Table 3.5 shows the integer and real rankings of the above problem. The vicinity factors
obtained from the integer ranking method (98.57) and real ranking method (98.54) are
also in acceptable levels.

Table 3.5: The calculations of vicinity factor by integer and real ranking methods for
S = 34 test samples and N = 6 failure modes of the product

Integer ranking Real ranking
Failure method method
R DF,, =70 DF,,=106.76
Service  Test Service Test
1 0.21 6 3 3 2.80 3.22
2 0.11 4 4 4 4.80 4.33
3 0.24 9 2 2 2.20 1.56
4 0.05 1 6 6 6.00 6.00
5 0.30 10 1 1 1.00 1.00
6 0.09 4 5 4 5.20 4.33
Deviation factor (DF) | 1.56
Vicinity factor (VF) % 98.57 98.54

3.5 Modifications to Design

In the design stage when the product is expected to be manufactured in near future, or
after production and sale, due to the existence of failures in service as well as customer
expectation, a modification to the present version of design might be necessary in
order to improve product reliability and/or to remove (or moderate) its latent and
observed failure modes that help the company to remain in intensive competition among
other manufacturers. The implementation of accelerated testing on the new version of
design aims at validating the elimination of failure modes, estimating its reliability or
confirming a required reliability.

3.5.1 Qualitative ACT

The implementation of qualitative ACT on samples of a product in the present version
of design is to identify product latent failure modes. These failure modes should be
removed from the product by failure cause analysis and necessary modifications to

design. The accelerated testing on the samples of the new version aims at confirming
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the elimination of the identified failure modes after the modifications. The identification
of non-relevant failure modes is a technical issue of design and material, and it must
be recognized by engineers, testers and technicians. Field failure data and available
literature could also be used to verify the relevancy of the observed failure modes in
the test with the actual ones in service. No statistical analyses are needed for detecting
the failure modes and validating their elimination, so fewer samples are required for the
test compared to quantitative ACT.

In order to meet the failures in shorter time, the level of each stress must be increased
during the aging process. This augmentation might be step by step or continuous. In
continuous augmentation, the product must operate at the highest level for a period of
time which is called dwell time. There are not classical approaches to identify the highest
applicable levels of stresses and to estimate the time required for the aging process. In
comparison to quantitative accelerated testing methods, there are fewer limitations
to increase stress levels and to combine stresses, so the time to failure considerably
becomes shorter. The levels of environmental stresses such as temperature, vibration
and humidity might increasingly be higher than the endurance limit of some components
inside the product, so in order to avoid obvious non-relevant failure modes; they have
to be isolated from exposing to high levels of these stresses. Qualitative accelerated
methods are divided into single-modification and multi-modification methods. In both
methods, once a non-relevant failure occurs, the failed component has to be replaced
with a new one in order to continue the test.

In the single-modification method, the first stage of test is to detect latent failure
modes of the product in the current version. Then related modifications to design and
material must be done to remove the observed relevant failure mnodes at the first stage
of test. At the second stage of the test, the manufactured samples (prototypes) in the
new version must pass the same aging process in order to validate the positive effect
of the modification to eliminate the failure modes. For both stages, in the case of a
catastrophic failure in a component, it must be replaced with a new one in order to
continue the test.

In the multi-modification method, a series of aging process (in order to detect fail-
ures), failure cause analysis, and modification must be performed on the product. The
modification and/or failure cause analysis should be done whenever a relevant failure is
observed in the product. Highly accelerated life testing (HALT) as a multi-modification
method, has recently been developing for complex products, especially for electronic
products. HALT chambers are capable of preparing a wide range of temperature, vi-
bration, humidity etc., and their combinations in different geometric sizes. An economic
evaluation is needed prior to perform HALT testing, because the chambers are relatively
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costly.

3.5.2 Acceleration Factor Method

The statistical test and service cdf diagrams of the new version of design might seem to
be independent, of the ones for the old version product because of existence new features
in design. The acceleration factor method aims at relating the old and new versions of
design to enable manufacturers to estimate related service results of the new version.

For the old version, the data obtained from service and the accelerated testing, must
be statistically analyzed to estimate the field and test cdf diagrams. In this method, as
the first assumption, the estimated field cdf diagram (of the old version) is considered
as the base diagram so that every other cdf diagram must be parallel to this diagram.
The parallel diagrams of the old version present a unique acceleration factor AF. As
the second assumption, this factor (AF") is only considered as a function of the specified
aging process (neither the product nor its design version), so the acceleration factor is
the same for both the old and new versions of design.

After a modification to design, some samples (prototypes) must be manufactured
in order to pass the same aging process to obtain the test cdf diagram of the new
version. For the old version, let ¢;, and ¢,, the times to achieve an arbitrary level of
reliability R in the test and service respectively. If ¢,,, is the test-related time for the
new version, so its estimated service time, i.e. t,, could be obtained by considering the
same acceleration factor for both design versions as shown in Fig. 3.7

Aot

tt,o tt,n

(3.27)

3.5.3 Reliability Allocation Method

Although the acceleration factor method is an effective approach to estimate service
reliability of the new version of the product, but the samples in this version might be
strong enough to pass the aging process without any failures, so no useful statistical
analysis could be obtained. On the other hand, the manufacturer might be interested to
confirm an allocated reliability for the new version rather than estimating its reliability.

Reliability allocation method aims at confirming a level of reliability R with the
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R=I1-F

old version
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old version
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new version
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Figure 3.7: The estimation of field cdf weibull diagram for the new version of the

product by acceleration factor method

minimum confidence level C' at the time ¢, in service. To use this method, the first
stage of testing must be done like the acceleration factor method in order to estimate
the acceleration factor of the aging process. The service and test cdf diagrams of the new
version are parallel lines (to the cdf diagrams of the old version) that pass through the
points (ts, R) and (¢, = t;/AF, R) respectively in the coordinate system as illustrated
in Fig. 3.8. So, the most distinction of this method is that, the cdf diagrams of new
samples could be identified before testing the samples of new version. According to the
binomial distribution function, the number of samples S to pass the aging process up
to the time ¢, is estimated as (see [32, 7])

In(l-0C)
52 TR

The above equation is based on zero-failure test method, and it means that every sample
must survive the aging process in order to confirm the allocated reliability R with the

(3.28)

minimum confidence level C'.

(D Sample limitation (testing time must be extended)

@ Time limitation (more samples are needed)

< new version

—~ old version . -
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Figure 3.8: The allocated reliability methods for sample and time limitations

In real applications, there might be a technical or budget limitation to produce
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required number of samples (in new version) needed for accelerated testing (in the
second stage). Here, the proposed method to compensate for the shortage of samples
is to extend test time along the cdf test diagram in order to achieve a low level of
reliability R;(< R) by keeping the same level of confidence as shown in the Fig. 3.8
(case 1). Then, the required samples S; should be estimated as S; > In(1 —C)/In(Ry),
where 5] < S.

On the other hand, there might be a constraint on test time of new samples due to
market demand. Here, the proposed method is to prepare more samples in parallel to
pass the aging process in shorter time. Such decrease in the test time results increasing
reliability as illustrated in the Fig. 3.8 (case 2). The reliability Ro(> R) estimated

by the test cdf diagram is used to estimate number of samples needed for testing as
Sy > In(l — C)/In(K2), where Sy > S.

3.6 Conclusion

ACT plans have been categorized based on their failure inspection strategies. If many
random variables are available, virtual sample method is proposed to replace real test
samples with virtual samples in order to estimate non-statistical reliability. This method
has been validated for a single-failurc mode product under different levels of a stress.
In the case of existence many random variables, the number of representative values
has to be assessed by the time needed for numerical analysis by computer. Test results
obtained by accelerated testing have been modified based on service results. A variety
of auxiliary factors is defined to enable manufacturers for comparative analysis of their
products. The assumption of the unique acceleration factor for old and new version
of design led to estimate service related results for the new version. Regarding the
time and sample limitations, reliability level has been changed to compensate for these
limitations.
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3.7 Appendix: Representative Values

Regarding the complexity of analytical methods to analyze probability distribution
functions, these diagrams should be replaced with some representative values so that
they could be a reasonable representative of the diagram for numerical analysis. Con-
sider a known continuous probability distribution function f(X) and its cumulative
distribution function F'(X) of the random variable X € [a,b]. To take S representative
values of the random variable X, the interval [0, 1] of the vertical axis of the cdf diagram
must be divided into S unknown subintervalsasdy ; k =1,2,...,S (di+da+...+ds = 1).
The probability of having one value in each subinterval (s; = s, = ... = sg = 1) is ob-
tained from the multinomial distribution as [16]

5-1 S5-1 5
dk

Pr(dl,dg, "'adS) = Sl(l _ de)l H ?

k=1 k=1

The best set of dy (dy,ds, ...,ds) must have the maximum value of probability in the
above multinomial distribution, because it shows the closest sets of dy and s, for k =
1,2,...,5. Hence, the derivative of the probability with respect to every independent
dip 3 k=1,2,...,5 — 1 must be zero, i.e. IPr(dy,ds,...,ds)/0d =0; k=1,2,...,5— 1.
Then, the length of each subinterval is simply estimated as d, = 1/S for k = 1,2, ..., S.
As a reasonable accuracy, the selected value in each subinterval should be in the middle
of the subinterval as illustrated in Fig. 3.9. Then, its related random variable X}, has
to be obtained by the cdf diagram.

F(X)

The middle point in
the sub-interval k

d, >

& ,
g\h‘(b The corresponding
< random variable
¥

X

Figure 3.9: A typical representative value of the random variable X from a sub-interval

from the cdf diagram
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Abstract

The concept of single stress accelerated testing for a product with degrading failure
modes needs to be developed for estimating the product reliability. This paper aims
at proposing the technical and theoretical approaches required to conduct accelerated
degradation testing for reliability analysis. For this purpose, each failure mode is related
to a suitable physical property, which is called its performance factor. The failure mode
occurs whenever its related performance factor reaches the critical level. The concept is
also developed by the superposition principle for multiple stresses, and dependent failure
modes. If some service samples (returned from service due to a degrading failure mode)
of the product are available, this concept is used to estimate the product reliability. In
this case, partial aging method is proposed to considerably shorten test time.

Key words: Accelerated degradation testing; Reliability; service samples; Partial aging
method
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4.1 Introduction

For a product with a degrading failure mode exposed to an accelerated degradation
testing (ADT), there is an uncertainty in estimating its failure time because the lack of
any obvious failures in operation. This problem could become more complicated for a
multi-failure mode product under some stresses, especially in the case when there are
interactions between its failure modes. On the other hand, carrying out an ADT might
take long time to degrade samples. Furthermore, there might be no known relationship
between the duration of the aging process and the service time. Accordingly, most of
ADTs are mainly conducted for studying the degradations of physical properties over
time rather than estimating reliability and lifetime. The lifetime of a sample reported as
fail (due to a degrading failure mode) by its own user might be unsuitable for reliability
estimation because of probable difference between manufacturer’s criterion and user’s
decision to report the failure.

Accelerated degradation testing has widely been used by manufacturers and testers
for qualitative explanation of a degradation process, and comparative analysis. The
degradation process obtained for different design aspects could be used to predict the
most robust case to tolerate service stresses. Knox and Cowling [17] compared the
durability of two surface pre-treatments of adhesives. The effects of different stresses
(e.g. [7]) and different stress levels (e.g. [31]) on degradations of physical properties
of test samples can lead to a modification to design in order to remove (or moderate)
their effects on the product.

Although natural and outdoor tests are time consuming and limited to only special
levels of stresses (depending on the geographical situation), their results could be useful
to make a comparison with corresponding results obtained from the ADT, especially
if no field data are available. Such comparison might be used to recognize whether a
physical property could be a reasonable representative of product degradation in service
(e.g. [4]). One of the most probable reasons of deviation of an ADT (from natural test)
is due to high stress levels (e.g. [27, 31]). For more realistic results, degradation of
samples could be achieved by a combination of accelerated and natural test (e.g. [11]).

Conducting an ADT is a challenge of physical properties, stress levels and aging of
samples [6]. In order to characterize an ADT, every failure mode has to be related to a
suitable physical property (performance factor). Then, a critical level of the property
has to be specified as failure criterion. The failure mode is considered in the inoperable
state if its property is below the critical level (e.g. [18, 13, 3|). Such definition has
been presented by Meeker et al. [23] as soft failure for degrading failure modes. This
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level could be specified based on customer expectation, the physics of the problem,
interaction of failure modes, or safety considerations. It might also be suggested by
related international and local standards (e.g. [1]).

Performance factors could be measured by any types of destructive and non destruc-
tive test. The estimation of yield stress [1, 21], cycles to failure in low cycle fatigue test
[2] and tensile strength [16] are destructive, whereas the measurement of volume and
pressure [4], flow rate of an oil pump [12], remaining weight of steel due to the corrosion
and wear [1, 12], non-corroded area of coatings [11], and the capacity of batteries [3]
are considered as non-destructive.

Service samples returned from service due to a degrading failure mode, could be
used to estimate product reliability, either by a destructive test (e.g. [22]) or a non-
destructive test (e.g. [25]). The estimation of failure time is achieved by relating
residual lifetime of each sample with its performance factor. If field samples are still in
operation (in service), some specimens could be taken for testing their materials (e.g.
[8]). Krivtsov et al. [19] tested used and new car tyres of different brands in order
to measure their physical properties. Then, the Cox survival regression model was
employed to estimate the most sensitive properties to the aging process. Ranganathan
et al. [12] measured different properties of used journal bearings in oil pumps. They
also estimated the corresponding results for new journal bearings, and concluded that
the service and test results of journal wear volume are consistent, so a correlation was
made between test time (in terms of hours) and lifetime (in terms of kilometres).

The main aim of this paper is to present the practical approaches to characterize
ADT for estimating product lifetime and reliability. Accelerated degradation testing
is categorized into single and multi-aging process for a failure mode under a single-
stress. For each category, sample-based and interval-based techniques are proposed
to estimate failure time. Degradation diagrams of field samples returned from service
due to a probable degrading failure mode claimed by users are estimated by the least
square method. The contrast between manufacturer’s criterion to accept a failure,
and reported failures by users are characterized by relating their lifetimes and physical
properties. A general formula for a failure mode of a multi-failure mode product under
some stresses has been derived by the superposition principle. The formula is also
extended for dependent failure modes. Partial aging method, as a new approach to
estimate product reliability by unknown aging process, is introduced to considerably
decrease required time for the corresponding ADT.

The paper is organized as follows. Section 2 classifies accelerated degradation testing
for single-failure mode products under single stress. Section 3 introduces reliability
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analysis of samples returned from service due to degrading failure modes. Section
4 presents the general formula for a degrading failure mode of a multi-failure mode
product under multiple stresses. Section 5 introduces partial aging method. Section 6
discusses some concluding remarks.

4.2 Single-Stress ADT

4.2.1 Definition

The primary requirement of an ADT is to identify the degrading failure mode of the
product under study. Then, the failure mode has to be related to a suitable physical
property, which is called performance (factor). For each performance factor, its nominal
performance PV is defined as the target amount of the performance at the beginning
of its operation (initial performance). In general, initial performance might be different
from sample to sample, i.e. it is a random variable, but in this paper, it is considered
as constant and equal to the nominal performance for every sample.

Performance diagram (performance versus time) is assumed to be a continuous de-
scending diagram over time.- In the operable state, its value decreases from the nominal
performance to critical performance P¢ which is defined as the minimum allowable
performance of the failure mode being in the operable state. Once the performance
factor of a sample reaches P, i.e. P(t) = P, the state of the sample changes from
operable to inoperable, so t is called sample failure time. After failure, the amount of
performance continuously decreases.

During the aging process, performance should be measured at the end of each time
interval by performance test (PT). Selecting the most suitable test as PT strongly
depends on its related performance factor. If there are some options for PT, the non-
destructive one should preferably be selected, because the destructive nature of a PT
increases the sample size. Accordingly, each ADT consists of both aging process (as the
main accelerated testing) and PT, whereas there is no performance test in an accelerated
catastrophic testing (ACT).

Every ACT is limited to catastrophic failure modes, but ADT could be conducted
for both degrading and catastrophic failure modes. There is not censored time data
in an ADT, i.e. if the product is highly reliable and the failure of its catastrophic
failure mode is not attainable, related ADT method should be used to extrapolate the
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performance factor to the critical performance.

Performance diagram is usually different from sample to sample, but every diagram
might belong to a common performance model (if there is any). For example, the
unknown parameters a and b in the quadratic performance model P(t) = a—bt? specifies
different performance diagrams for different samples. For the sample i its performance
values at time ¢ = 0 and ¢t = ¢, are denoted by PV and P, respectively, which are
obtained from the PT, so

PN~ P,

a=PY and b=
ta

In this section, the product is considered to be single-failure mode under a single
stress with a known performance factor and its related non-destructive PT. The values
of nominal and critical performance must also be identified prior to the test. Related
aging process is assumed to be known, i.e. its time (test time) can be related to service
time somehow as follows. In a g-based aging process, samples are under normal service
levels of stresses and degradation mechanism is stimulated by increasing the usage
frequency of the stress (¢) which is defined as the ratio of the time in which scrvice
samples are under this stress level to the total service time. In an AF-based aging
process, acceleration factor of the aging process (the ratio of the service time to its
equivalent test time to acquire the same level of degradation) is assumed to be known.
In a stress-based aging process, the results of the test at high levels of stress could be
used to estimate acceleration factor by known life-stress model (e.g. [10, 5]).

4.2.2 Single-Aging Process

In the single-aging process, each new sample must first pass the PT in order to obtain
its initial performance (before the aging process). According to the above-mentioned
assumption, the amount of initial performance must be the same and equal to the
nominal performance for every new sample. Accordingly, the implementation of the
PT in this stage aims at estimating the nominal performance which could be the mean
value of measured initial performance values. If many samples are available for ADT,
only a few of them are needed to pass the PT (at this stage) to save time.

Then, the sample has to pass the only aging process for the specified period of time
t,. Finally, it must again pass the P'I' to obtain its performance after the aging process.
For the new sample 7, PV and P; denote its performance factors before and after the
aging process respectively. Performance test is conducted twice on each new sample in
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a single-aging process, so the performance model could simply be assumed to be linear
(Miner’s rule). Failure time of the sample is proposed to be estimated by sample-based
or interval-based technique as follows.

In the sample-based technique, for the sample 7, the time to failure ¢, is estimated

as PN _ pC
lys = tam (4.1)
according to the linear performance model shown in Fig. 4.1. Then the estimated
failure time values for S test samples, i.e. t;; , 7 = 1,2,...,S are used for statistical

analysis of reliability.

Agi
PN g BINg process # New sample
S €% Aged sample
$8 Estimated failed sample

ot A Failure pdf diagram
g

=

S
€ | p

)
jam

PC

! [ﬁi

Testing Time

Figure 4.1: The estimation of failure time in single-aging process based on the linear
performance model by sample-based technique

Note that the above technique is only valid for new samples. In order to obtain
more realistic results, a number of new and used samples might be used together for
ADT. For an AF-based aging process, this technique could be used for the service
samples to obtain a correlation between test and service times. For the used sample 1,
let L; denotes the age of the sample in service, so L;/AF is its equivalent test time as
illustrated in Fig. 4.2. According to the least square method. the best fitted line has to
be drawn so that it passes through the point (0, P") in performance-time coordinate
system. The failure time of the used sample i is estimated as the line intersects the

horizontal critical performance line.

For the interval based-technique, virtual sample approach is used as a numerical
method to estimate reliability. For this purpose in general, a set of representative val-
ues must be taken from each available probability diagram of the random variable x
according to Monte-Carlo method. The interval [0, 1] of F(z) (cumulative distribution
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Figure 4.2: The estimation of failure time based on the linear performance model by
sample-based technique for used samples

function) must equally be divided into N} (required number of representative values)
subintervals so that from each subinterval its middle point F'(z*) should be selected, so
its corresponding value of z* is considered as one representative value. The integration
of all such values makes a set of representative values of the probability diagram. Ac-
cording to the problem, a virtual sample must be defined based on such representative
values. Then, its failure time has to be estimated by the applied performance model.
If S virtual samples are defined, non-statistical reliability of the product at the given

time t is estimated as o

=<
where S} is the number of those virtual samples whose estimated failure times are

R(t) (4.2)

greater than ¢. In order to increase the accuracy of estimated reliability, high num-
ber of representative values (that results in high number of virtual samples) must be
taken from cach probability diagram. Note that if some probability diagrams exist in
the problem, taking many representative values from each diagram might considerably
increase the time needed for numerical analysis by computer.

To apply the above numerical approach for the interval-based technique, the perfor-
mance values of all samples at the time t,, i.e. P, ,2=1,2,...,5 are used to estimate
the performance probability diagram at the time ¢,. Then, a number of representative
values of performance (S*) must be taken from the diagram and listed in descending
order as P’ ;v = 1,2,...,5*. The performance value P ranked in position ¢z must be
devoted to the virtual sample i at the time t, as illustrated in Fig. 4.3. Therefore, S*
virtual samples are defined. For the virtual sample i, its failure time % ; is estimated
by the Eq. 4.1 for F; = P} and t;; = t},. Then, the non-statistical reliability of the

product is estimated by the Eq. 4.2.
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Figure 4.3: The estimation of failure time in the single-aging process based on the linear
performance model by interval-based technique

4.2.3 Multi-Aging Process

In order to improve the accuracy of estimated failure time, the aging process must be
divided into some time intervals, so a more realistic performance model (including more
unknown parameters) could be obtained compared with single-aging process. Therefore,
the whole aging process is divided into L time intervals (L > 1), and performance must
be measured at the beginning of the test, and after each time interval (totally L+1 times
for each sample). Like the single-aging process, the sample-based or the interval-based
technique could be used to estimate failure time.

In the sample-based technique, for each new sample, according to its performance
values obtained at the end of time intervals, the best fitted diagram has to be estimated
by regression analysis. Then, its failure time is defined as the time the diagram intersects
the horizontal critical performance line as shown in Fig. 4.4. All such estimated failure
times must be used for statistical analysis of reliability. Because regression analysis
is individually done for each sample, there might be no performance model, i.e. each
sample has its own performance diagram which might inherently be different from
others.

In the interval-based technique, at the end of each time interval, the measured
performance must statistically be analyzed to estimate performance probability diagram
at the time as shown in Fig. 4.5. Depending on required accuracy, an equal number of
representative values (S*) must be taken from every performance probability diagram,
and such representative values for each diagram must be sorted in descending order.
Accordingly, L sets of representative values in descending order are obtained. The
virtual sample 7 is defined as the sample including every value of the sets listed in the
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Figure 4.4: The estimation of failure time in the multi-aging process by sample-based
technique and regression analysis

ranking 7 at its own time. Then, its performance diagram and failure time could be
estimated by regression analysis. The virtual samples 1 and S* respectively have the
longest and the shortest failure times among virtual samples. Then, non-statistical
reliability of the product should be estimated by the Eq. 4.2.
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Figure 4.5: The estimation of failure time in the multi-aging process by interval-based
technique and regression analysis

4.3 Degradation Analysis of Field Samples

Used samples of a product returned from service due to a degrading failure mode
claimed by users and/or technicians, potentially possess valuable information about
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their degradation process in their own fields. Qualitative explanation of these samples
(excellent, good, fair or poor) is not sufficient to predict their failure times for an exact
reliability analysis. In addition, such explanation is not able to describe the available
usual gap between manufacturer and user’s criteria to report a failure.

Primary requirements for reliability analysis of the samples returned from their
own fields are the identification of performance factor and its corresponding PT for
the failure mode under study. In order to identify the frontier between operable and
inoperable states, critical performance has to be specified. The implementation of the
PT on a service sample (with its known age) reveals its location in performance-time
coordinate system. Furthermore, in order to identify nominal performance, the PT
must be conducted on some new samples, so their average performance values could be
considered as the nominal performance.

In this section, in order to clarify different aspects in field failure analysis of degrad-
ing failure modes, the results of an empirical study on 12-volt valve regulated lead acid
(VRLA) batteries used in 24-volt powered wheelchairs (2 batteries for each wheelchair)
are presented. The failure nature of such batteries is degrading, and battery capacity,
which is the time required to discharge a battery from fully charged to fully discharged,
is selected as the performance factor (e.g. [9, 3]). Battery capacity is capable of fulfill-
ing the main requirements of a performance factor as expressed by Mohammadian et
al. [24]. It is measurable and sensitive to service time, and it continuously decreases
over time. For our application in powered wheelchairs, the above definition has been
re-defined as the time required to discharge the battery from 12.7V (not fully charged)
to 12.0V (not fully discharged), because most powered wheelchair batteries are used
in this range of voltage. Such modification represents a real connection between the
performance factor of batteries and their required application. Critical performance is
defined as 80% of the nominal capacity for such batteries by many manufacturers (e.g.
9, 29]). Hereafter, this appointment is referred to as manufacturer’s criterion.

Performance test including both charging and discharging tests, are carried out in
an approximate ambient temperature of 23 °C, whereas discharging current rate is kept
constant at 6A. Performance test has been conducted on 17 used batteries (claimed
as failed by users) and 2 new batteries in order to obtain their capacities as shown in
Fig. 4.6 by Mohammadian et al. [25]. Nominal performance (P") is calculated as the
average capacity values of new batteries (P = 366 minutes), so critical performance
is calculated as P¢ = (0.8)(366) = 292.8 minutes according to the above-mentioned
manufacturer’s criterion. The age and performance of the used battery 7 are denoted by
L; and P, respectively. The batteries below the horizontal critical performance line are
considered as fail, so only 5 out of the 17 batteries are failed based on the manufacturer
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criterion.
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Figure 4.6: Performance-time coordinate system and the best fitted function estimated
by the least square estimation

4.3.1 The Best Fitted Performance Model

The least square estimation is used to obtain the best fitted function (curve) among
m mathematical functions as T;(t) , j = 1,2,...,m. The square estimator of the j
function (SE;) is defined as

SE; = Z(W)Q (4.3)

where T;(L;) is the estimated performance of the used sample ¢ by the function j at the
service time L;, and S is the number of used samples. According to the least square
method, the function j is the best fitted function if

SE; <SE,, k=1,2,...m,k#] (4.4)

The least square method could also be used to estimate unknown parameters of
a specified performance model. Then, all parameters must be kept constant at their
own estimated values except one of them that has exclusively be obtained for each used
sample based on its performance value at its age. As an illustrative example, we present
the model P(t) = PV — at® with two unknown parameters a and b for the wheelchair
batteries. According to the least square estimation, the parameters a and b should be
obtained so that they could minimize the square estimator SE. By a simple MATLAB
program, the parameters a and b are estimated as 91.5(10 %) and 1.38 respectively as
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illustrated in the Fig. 4.6. The performance model P(t) = PN — at!*® (by keeping b
at its estimated value) is one of the best fitted models for the wheelchair batteries with
the unknown parameter a. For the sample 4, the unknown parameter a, is obtained so
that its performance sets to P; at the service time ;. Consequently, related unknown
parameter and failure time of the sample i are obtained as

PN o B PN . PC

_ 1/1.38
W and tfﬂ’ = (T) /

a; =

Reliability of the wheelchair batteries during the first year in service is estimated by
the weibull pdf diagram on the 17 used wheelchair batteries by some known performance
models as illustrated in Fig. 4.7. It can be concluded that the selected performance
model can considerably affect the estimated reliability of the product.
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Figure 4.7: Comparison of reliability for different performance models

4.3.2 User-Based Criterion

For most catastrophic failure modes, the failure reported by a user is often acceptable
by the manufacturer because the failure is obvious. For degrading failure modes, there
might be a contrast between user and manufacturer’s decisions to report a failure.
Usually, critical performance is the base criterion to define failure from the manufacturer
point, of view. Such criterion is often in contrast to user expectation. In addition, the
user satisfaction level might be different from one to another. For example, a sample
of a product reported as failed by its user might still be in operable state according to
the manufacturer’s criterion. On the other hand, another sample might have already
failed according to the manufacturer’s criterion, but it is still satisfactorily used by its
own user. Such contrasts motivate manufacturers and retail users (not real users) to
specify the gap between manufacturer and users’ criteria.
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Returning sample from service due to a probable degrading failure mode is the result
of customer and/or technician’s decision to report it as a failed sample. The user-based
criterion states that the age of a field-returned sample must be considered as its failure
time regardless of the manufacturer’s decision to accept or refuse the reported failure.
So, for the used sample 4, t;; = L;. All these failure times are used for statistical
analysis.

There are 17 used batteries belong to 12 different wheelchairs. To avoid entering
extra failure time data, for each pair of batteries used in the same wheelchair, one failure
time must be considered. Fig. 4.8 illustrates the weibull failure probability diagrams
of batteries based on the best fitted performance model and the user-based criterion.
The reliability is estimated as 97.4% and 93.2% at the first year based on the users and
the manufacturer’s criteria respectively, so fewer failed batteries are reported during
the first year by users compared to the expected value estimated by the manufacturer’s
criterion. Surprisingly, more than 96% of batteries are returned between the first and
the second years, whereas only 42.2% of them are expected to be returned during this
period of time. The main reason of this major contrast might be due to users’ perception
that battery capacity considerably decreases after the first year.
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Figure 4.8: Weibull probability diagrams for batteries in 12 wheelchairs according to
the manufacturer and user-based criteria

The user-based criterion could be stated in terms of performance values of samples.
If each field-returned sample is accepted as a failed sample, then its performance must
be considered as a critical performance. Hence, the critical performance is defined as a
random variable introduced by field samples. The capacities of 17 field batteries are used
to estimate the normal distribution diagram for critical performance as shown in Fig.
4.9. The average value of the random critical performance is estimated as 310.8 minutes,

so there is a huge gap between critical performance defined by the manufacturer (292.8
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min) and the one estimated by field samples (310.8). It is also concluded that almost
near 20% of returned batteries are considered as failed by the manufacturer’s criterion,
and others are in the acceptable levels of capacity.
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Figure 4.9: The normal distribution diagram for critical performance according to the
user-based criterion

4.4 Generalized ADT

For a single-failure mode product under a single stress, accelerated degradation testing
can estimate its performance model, failure times of its samples, and finally product re-
liability. Such problem could become complicated if the product is multi-failure mode,
and its samples are under more than one stress in service. For each stress, an exclusive
known aging process must be defined while all other stresses are inactive. Then, the
effect of the stress must individually be estimated on every failure mode in order to esti-
mate its performance model due to the stress. The existence of random variables inside
performance models and usage profile make reliability estimation more complicated (or
impossible) to be solved by analytical methods.

Unit-less damage (factor) at the time ¢ is defined as [28, 20, 14]

PN — P(t)

D(t) = e

(4.5)
where damage value is zero at the beginning of its operation and one at the failure time.
After the failure, the amount of damage stands constant at one for catastrophic failure
modes, whereas it tends to increase over one for degrading failure modes. Damage dia-

gram (damage versus time) is assumed to be a continuous ascending diagram. Damage
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factor D(t) and performance factor P(t) of a failure mode are related together by the
Eq. 4.5, so failure time could be estimated by using either performance or damage
diagram.

For every physical property in a multi-failure mode product, performance-time co-
ordinate system is scaled based on its physical unit. The performance diagram of other
failure modes cannot be drawn in this coordinate system, because the coordinate sys-
tem has already been scaled based on the first physical unit which might be different
from the second one. The damage diagrams of all physical properties could be drawn
together in a single coordinate system, because damage is a unit-less factor. Therefore,
such illustration facilitates the observation and comparison of failure modes degrada-
tions.

For a failure mode under a specified stress, damage diagram could be different
from sample to sample, but all diagrams might belong to a common damage model.
According to the applications and stresses, variety of damage models is available [26, 30].
a Damage model depends on material, design, manufacturing process, applications and
users. The most suitable damage model could be recognized by an apparent observation
of available damage values in damage-time coordinate system. The best fitted model
could also be detected by the least square method.

4.4.1 Independent Failure Modes

A failure mode is called independent if other failure modes cannot have any effects on its
damage factor. Accelerated degradation testing on a product including N independent
failure modes under M stresses must individually be performed for every stress. It
is assumed that every combination of stresses in service levels is not able to activate
another failure mechanism than the ones that have already been detected under the
individual stresses, otherwise such combination must be considered as a new stress,
and the new failure mode has to be included in the product.

Destructive nature of PT increases sample size and total time of accelerated testing.
If the PT of every failure mode is non-destructive, for each stress, one set of test samples
is needed for the ADT. An exclusive set of test samples is needed for any performance
factor whose PT is destructive.

The mathematical function G;,(t,) denotes the test damage model of the failure
mode j under the stress [ (as the only stress while others are not active) in terms of
the time of the aging process #,. Such model obtained from ADT must be extended to
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its corresponding service model as follows. If the aging process is g-based, the time ¢,
must be replaced with ¢,t, where g, is the usage frequency of the stress [, and ¢ is the
service time. Service damage model is then expressed as

Dji = Gji(q,t) (4.6)

The equivalent model for an AF-based aging process is expressed as

t

Dj,l = GN(E)
7,

(4.7)
where AF}; is the acceleration factor of the aging process.

The expression dD;,(t)/dt is the time derivative of the damage model that is called
damage rate (e.g. [15]), and it is assumed to be a function of D; rather than the service
time ¢. The damage rates of the g-based and AF-based aging processes are respectively
obtained from the Egs. 4.6 and 4.7:

dD;,(t .
Zi’;( ) - 9,Gju(D;) (4.8)
dD;(t) 1 .
2. (D, 4.
dt AFNG]J(DJ) ( 9)

where G;(D;) is the time derivative of G;,(t). It is concluded that for the failure mode
j under the stress [, the constant acceleration factor in AF-based aging process and the
random variable usage frequency in corresponding q-based aging process have an inverse
relationship in above formulas. For instance, if the test damage model of the failure
mode j under the stress [ is obtained by an ADT as quadratic form G;,(t,) = ct? where
¢ is the model parameter, the service damage rates of the failure mode for g-based and
AF-based aging processes are obtained as

dD:i"é(t) = ¢,(2y/c.D;) (4.10)
dD;(t)

1
A /e.D;) (4.11)

where damage rates are not dependent on time.

The damage rate dD,;(t)/dt of the failure mode j is only the one caused by the
stress [. According to the superposition principle, the total damage rate of this failure
mode is equal to the summation of every damage rate, each caused by its own related
stress. Therefore, the general differential equation for the failure mode j is expressed
as

dD;(t) < dDy(t)
= _; = (4.12)
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where D;(t) is the (total) damage rate of the failure mode j. The above equation for
all failure modes, i.e. 7 = 1,2,..., N makes a system of IV non-linear independent first
order differential equations for the product.

In general, there exists no analytical solution for the above system of equation re-
garding the existence of many random variables, so it should be solved numerically.
Here, the virtual sample method is used by representative values of probability dia-
grams. For every stress, if its related aging process is q-based, a number of representa-
tive values must be taken from its usage frequency probability diagram. Representative
values must also be taken from each failure probability diagram obtained by its related
ADT. Then, such failure times should be used to estimate representative damage dia-
grams based on the known damage models as typically illustrated in Fig. 4.10 for the
failure mode j under the stress [ by linear damage model.

Damage

Test failure probability diagram of the
failure mode j under the stress /

2. The i"" representative damage diagram

Time 1,

Figure 4.10: Obtaining representative damage diagrams (linear damage model D = ct)
from the known failure probability diagram

For an AF-based aging process, each failure probability diagram must be modified
based on its known service-related diagram in order to achieve a unique acceleration
factor (e.g. same shape factor for both test and service weibull diagrams).

A virtual sample is identified by its damage diagrams (a damage diagram from
each damage model) and usage frequencies (a value from each set of usage frequency
representative values of a stress if its related aging process is ¢-based). The number of
virtual samples is

N M M

s =1111S: 115 (4.13)
=1 1=1 =1

where S7, is the number of representative damage diagrams for the damage model of

the failure mode 7 under the stress [, and S} is the number of representative values of
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the usage frequency of the stress [ if the related aging process is g-based. Hence, for
each virtual sample, a system of equations (like Eq. 4.12) is obtained. The system can
be solved by the finite difference approximation as

D*(t+At Y dD; ( .
- Z forj=1,2,...N (4.14)

where the accent * denotes a virtual sample. The time interval At specifies the precision
and the speed of calculation. The step by step calculation leads to obtain the damage
factor of each failure mode at any time. According to the overall assumption in this
paper, the initial value of damage for each failure mode should be considered zero, i.e.
D:(0) = 0,5 = 1,2,..., N, otherwise initial damage must be considered as a random
variable, and its representative values must also be applied to the system of equation.

The failure mode j of a sample occurs whenever its damage D; reaches 1, but it
doesn’t mean the sample fails. For this purpose, failure of the product has to be defined
based on its failure modes and their connections which might be series, parallel, k-out-
of-n, stand-by etc. According to the definition of the product, the damage factor of
the product could be defined as its proximity to the inoperable state. For example,
for series and parallel products, their damage factors could be defined as the highest
and the lowest damage factors of their failure modes respectively. At any given time
t, according to the number of virtual samples (S*) and the number of survived virtual
samples (S)), non-statistical reliability of the product is estimated by the Eq. 4.2.

As an illustrative example, consider a product with two independent series failure
modes under two stresses. The first ADT is an AF-based aging process that has no
effect on the second failure mode, whereas the second ADT is a q-based aging process.
The characteristics of both aging processes, scale and shape factors of each failure
probability diagram, and service damage models are presented on Table 4.1.

Table 4.1: Characteristics of the aging processes, failure probability diagrams, and
damage models

First ADT (under the stress I) Second ADT (under the stress IT)
AF-based aging process q-base aging process: #=0.09, 6 = 0.03
Failure mode o (day) 4 AF B Damage model o (day) s Damage model
1 190 7.5 10 2.8 G, =at/AF 120 8.1 G ,=b(q1)f?
i 65 75 G,,=c{qt)

For each virtual sample, the random variable ¢ must be taken from related proba-
bility diagram of the usage frequency, and unknown parameters a, b and c have to be
obtained from test failure probability diagrams. In other words, each set of (g, a,b,¢)
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specifies an exclusive virtual sample. For every virtual sample, its system of equations
is written as (see the Eq. 4.10)

dDi(t) _a -
dt = ﬁ + 2(]\/ bDl
dD3(t)
a Y

Because the product is assumed to be series, the time of the first failure mode occur-
rence must be considered as the failure time of the virtual sample. Finite difference
approximation has been used to solve the above system for each virtual sample in time
step At =1 day.

By a MATLAB code, reliability of the product at the first year is estimated and
drawn in Fig. 4.11 in terms of the number of virtual samples, and it is estimated as
92.6% for large number of virtual samples.
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Figure 4.11: The estimated reliability in terms of the number of virtual samples by the
finite difference approximation

Occurrence probability of a failure mode is defined as the probability of returning
samples from service due to that failure mode (among failed samples). Virtual sample
method is also able to estimate occurrence probability of each failure mode in order to
predict the most probable failure mode and non-relevant, failure mode (if there is any).
The diagram in Fig. 4.12 shows the occurrence probabilities of the first and the second
failure modes versus the number of virtual samples, and they areirespectively estimated
as 63.2% and 36.8%, i.e. the first failure mode is more likely to happen than the second
one.
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Figure 4.12: The estimated service occurrence probabilities of the failure modes in
terms of the number of virtual samples

4.4.2 Dependent Failure Modes

The ability of ADT to estimate reliability for a product with dependent failure modes is
one of ADT’s most distinctive advantages over ACT. If the failure mode k can stimulate
the degradation process of the failure mode 7, then the failure modes j and k are called
dependent and cause failure modes respectively. The general formula presented for
independent failure modes (Eq. 4.12) is not valid for dependent failure modes, and it
must be modified based on the physics of the problem and the type of the cause failure
mode (catastrophic or degrading).

Catastrophic Cause Failure Mode

The catastrophic cause failure mode k during its operable state usually has no effect
on the dependent failure mode j. The effect of the failure of the cause failure mode
could be like a physical impact on the dependent failure mode so that it could suddenly
increase the stress level afterwards, and consequently, change its damage diagram.

The system of beam and rope shown in Fig. 4.13 under the mechanical force F', has
two failure modes which are the dependent failure mode 7 due to breaking the beam
at point I, and the cause failure mode & due to the catastrophic failure of the rope.
Once the rope fails at the time 7, the stress at the point I suddenly increases so that
it will result stimulating degradation of the beam at the point I. It is assumed that
the physical impact on the failure mode j at the time ¢, cannot activate degradation
mechanism of other failure mode (than the one under study), otherwise the new failure
mode has to be considered in the analysis.




Chapter 4. Quantitative Accelerated Degradation Testing: Practical Approaches 115

Dl(l) wwwwwwwwwwwww e g 1 A 0 S B e

PR
PR
-

Damage D |

Figure 4.13: The effect of the catastrophic failure of the failure mode & on the failure
mode j to increase its damage rate (linear model) for the system of beam and rope

In order to obtain the damage rate formula for the dependent failure mode j, ADT
must individually be done on the system for both stress levels (stress level [ before and
stress level [ after the catastrophic failure) in order to obtain their damage models.
Then, the general formula for the independent failure mode (Eq. 4.12) must be modified
to be applicable for the dependent failure mode j as

dD;(t , . )

WY (1= (D) Cou(Dy) + 6(D2) B, (D) (4.15)
where G'j,l(Dj) and Hj,z’(Dj) are damage rate models (Fig. 4.13) due to the stress [
and [ respectively, and ¢°(Dy,) is the zero order singularity function defined as

0, if D <1

OD.:
7 {L if Dy > 1

Degrading Cause Failure Mode

Regarding the physics of the product and the connection between its failure modes, the
damage of the degrading failure mode k (not its failure) might continuously stimulate
degradation mechanism of the failure mode j. In other words, the total damage rate of
the failure mode j could be affected by the damage level of the failure mode &.

The original system of beam and spring shown in Fig. 4.14 includes the cause failure
mode £ due to continuous degradation of the spring constant (k) and the dependent
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failure mode j at point I. The supported mechanical force by the spring decreases
over time because of degradation in the spring constant. Consequently, the level of
mechanical stress at the point I continuously increases, and it will cause speeding up
the damage rate of the failure mode j. The general formula for the failure mode 5 could

be modified as
dD;(t)

dt
where A, x(Dy) is called dependency function of the failure mode j on the failure mode

= A;k(Dy).Gu(Dy) (4.16)

Original product Modified product
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Figure 4.14: The continuous effect of the degrading failure mode k on the failure mode
j to increase its damage rate for the original system of beam and spring

k, and it shows the tendency of the failure mode j to increase its damage level in
comparison to the situation it is independent. Note that the function G;,(D;) is the
damage rate of the failure mode j without any effects from the failure mode k. Ior
each level of Dy, A, x(Dy) must be greater than one.

In order to estimate the dependency function, ADT must individually be conducted
for the original and modified products (Fig. 4.14) as follows:

e ADT on the original product: The ADT test on the original product results in
the damage rate diagram of the failure mode j by cousidering the cffect of the

failure mode k.
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e ADT on the modified product: In order to remove the effect of the failure mode
k, the original product must be modified so that the stress level on the failure
mode j is kept constant and equal to its level at the beginning of its operation
while damage of the failure mode k is zero.

The diagram in the Fig. 4.14 clearly shows the difference between damage rate diagrams
obtained by the above ADTs. The dependency function should be estimated by dividing
the first damage rate model by the second one. The diagrams also show the individual
effects of the stress F' and the failure mode k on the dependent failure mode j. This issue
could be interesting for design engineers to decide necessary modifications to design in
order to decrease the damage of the failure mode j.

4.5 Partial Aging Method

The concept of the partial aging method proposed here for a single-failure mode product
is based on aging a few new and some available used samples (with their known ages) in
a relatively shorter time than a regular accelerated degradation testing by an unknown
aging process. If many used samples are available, some of them should be selected
for testing so that they could cover a wide range of ages and applications. Critical
performance must be identified prior to the test. In order to make an estimation of the
time of a partial aging process, there should be an approximate prediction of the whole
aging process (t,), i.e. required time to fail a new sample.

To implement the method, each sample (new and used) must firstly pass the PT
in order to estimate its damage before the aging process. Then the sample must pass
a portion of the whole aging process for the time period of §t (6t < t,). Finally the
sample has to again pass the PT to estimate its damage after the partial aging process.
Note that, the unknown aging process used in this method distinguishes it from the
single-aging process. .

Let D;; and D, be the damages of the sample 7 before and after the partial aging
process respectively, so the approximate damage rate of the sample at the damage level
D;; could be estimated as
Do — Dj,

ot
The geometrical definition of damage rate for a sample is the gradient of its linear

Di,l - (417)

damage diagram (over the span of dt) as shown in Fig. 4.15 for the new sample j and
the used sample k.
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Figure 4.15: The damage rate of the new sample j and the used sample £ in damage-
time coordinate system

The main assumption in this method is that the damage rate of the product dD/dt
is a function of the damage level D (not the age). Accordingly, for each sample, its
damage before the aging process and its damage rate estimated by the Eq. 4.17 make
a couple (a point) in the two dimensional coordinate system in which the damage rate
is expressed in terms of damage. By the least square method, the best fitted function
(curve) could be estimated as

2 — (D) (4.19)
where the subscript a denotes aging process, and the mathematical function g,(D) is
called damage rate model (DRM). Unlike performance and damage models, there is not
any unknown parameter in DRM, because it represents an average function of damage
rate. In order to obtain the damage rate diagram for the i"* used sample, i.c. g, (D),
the difference between its damage rate (estimated by the Eq. 4.17) and the damage
rate value obtained by DRM at the damage level D; ; specifics the deviation of g, (D)
from DRM as illustrated in Fig. 4.16 and estimated by

D;

= g__——a(Di,l) ga(D) (4.19)

ga,i(D>

The above differential equation could analytically (or numerically) be solved for the
sample i in order to estimate its failure time, i.e. the time its damage reaches 1. Note
that the initial value of damage (at the time ¢ = 0) for every used sample is assumed
to be zero.

The test damage rate diagram for the used sample 7, i.e. g,;(D) is used to estimate
its service damage rate. For this purpose, the time in test £ must be transferred to the
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Figure 4.16: Obtaining damage rate diagram for the used sample ¢ from the known
damage rate model (DRM)

corresponding time in service ¢, by defining the acceleration factor of the sample 7 as
AF; = ts/t which is unknown. Then (see the Eq. 4.9)
dD 1

Q. A—E_Qa,i(D) (4.20)

The above differential equation should be solved so that service damage diagram (in
terms of time t5) must include the point (L;, D;;) where L; is the age of the sample
i. Then, the unknown acceleration factor of the sample 7, and consequently, its service
damage could be obtained.

The damage factors of 7 used samples and a new sample before and after the partial
aging process, are shown on Table 4.2. The approximate whole aging process time
is considered as 1000 hours, so the partial aging process time has been selected as
Ot = 100h. Although the initial damage of used samples is considered zero, but this
value for the only new sample is not zero. The weibull pdf is used to statistically
analyze the test and service failure times. Scale parameters of the aging process and
service are obtained as a, = 884.9 hours and a; = 5798.1 hours respectively, so the
acceleration factor of the whole aging process is estimated as 6.55. In fact, the samples
are aged for only 100 hours, so the acceleration factor of the partial aging is estimated
as 5798.1/100 = 58.0 which is much higher than the one for the whole aging process.

4.6 Conclusion

Accelerated degradation testing has been categorized based on the number of its ag-
ing process and performance test as single-aging and multi-aging processes. For both
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Table 4.2: The partial aging method for 7 used samples and 1 new sample to estimate
the acceleration factor of the whole aging process and the partial aging process

Samples Damage D,,(10%)

o D D, b, b AF; L

i Lf) b, Db, bt=100h (0 2/9l0] ! '

1 0 0.01 0.06

By least square

2 850 0.14 0.22 8 method based 0.9288 829.0 4.13 3426.6

3 1870 013 0.4 " on lincar 1.3034 590.8 13.60 8031.7
damage rate

4 2790 0.3 0.49 10 model: 0.7718 997.8 5.05 5042.8

5 3450 0.69 0.81 12 0.6604 1166.0 3.67 4280.6
g,(D)=k.D+]

6 3790 0.53 0.75 22 1.4295 538.7 10.32 5558.4

7 4600 0.85 1.04 19 k=17.38 (10%) 0.9069 849.1 5.94 5041.8
/=6.18 (10°)

8 5110 0.86 11 25 1.1834 650.7 8.55 5563.2

a=Scale factor of the Weibull function «,=884.9 a=5798.1

sample and interval-based techniques to estimate failure time, the multi-aging process
is suggested in order to achieve more accurate estimation of reliability.

The accuracy of analyzing the results of field samples of a product strongly depends
on its estimated performance model. The best fitted diagram (obtained by the least
square estimation) has been proposed to be selected as the performance model. The
gap between estimated reliability by the manufacturer’s criterion and reported failures
by users has been characterized by their estimated failure and performance probability
diagrams.

A general formula is developed for failure modes of a multi-failure mode product
under some stresses. Regarding the complexity of analytical methods to solve the sys-
tem of differential equations due to the existence of random variables, virtual sample
method has been introduced as a numerical technique to estimate non-statistical relia-
bility. It has been concluded that the accuracy of virtual sample method has a direct
relationship with selected number of virtual samples. The general formula has also
been extended for a dependent failure mode. If new and used samples of the product
are available, the partial aging method is proposed for an unknown aging process to
considerably decrease required aging time.
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Chapter 5

General Conclusions

The first steps to conduct an accelerated testing include the identification of accelerating
variables, test samples and usage profile. Each AT must be validated to address the
same failure modes in test and service. Field data of a catastrophic failure mode are
analyzed based on warranty and afterwards periods, and time-based or number-based
analyses. The uncertainty for quantitative analysis in an ACT might be due to random
variables, any types of shortage in time-based field data (especially for multi-failure
mode products), the unknown aging process, and the unknown relationship between
the test and service results of the old and new versions of design.

The existence of many random variables in the usage profile and failure time is the
cause of complexity in an AT and disability of available analytical methods to solve the
problem. The virtual sample method is proposed to estimate non-statistical reliability
by replacing continuous probability diagrams with their representative values. FEach
virtual sample is defined according to its representative values. Then, non-statistical
reliability is estimated. The virtual sample method is applied for unique and multi
levels of usage profile of a g-based aging process. The selection of more virtual samples

increases the accuracy of the estimated reliability.

For a single-failure mode product, test results have been modified based on related
time-based service data. These data for a multi-failure mode product present the most
probable and irrelevant failure modes. For these products, the conformity and vicinity
factors can effectively demonstrate the proximity of test and service results.

A relationship is established between the service and test results of the old and new
versions of design based on a unique acceleration factor. The limitations in test samples
and test time for the new version are discussed so that the shortage of one of them could
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be compensated for the other one.

The concept of accelerated degradation testing for multiple stresses is developed by
the superposition principle. The definition of unit-less damage factor is presented to
show the degradation of different physical properties in one diagram. Damage rate of
every failure mode is assumed to be the function of its damage level (not time). The
systemv of equations for a multi-failure mode product is solved by the virtual sample and
finite difference methods to estimate reliability. The concept of ADT has also been used
to estimate failure time of a sample returned from service due to a degrading failure
mode. This estimation leads to identify the difference between user’s decision to report
a failure, and manufacturer criterion to accept the failure. A major contrast has been
obtained for the problem of wheelchair batteries.

The partial aging method is proposed for an unknown aging process while both
new and used samples are available. For the presented illustrative example, the most
distinction of the method to increase the acceleration factor has been confirmed.

Every previous qualitative ADT could be converted to quantitative ADT by defining
its related critical and nominal performance factors as presented in the concept of ADT.
Accordingly, non-statistical reliability of the product will be estimated.




