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Starting with the meaning of the word quality, diverse concepts connoted by the term are examined. Instead
of a bathtub curve, the desirable shape of a failure rate covering the entire life of a good product, which
might be called hockey-stick line, is introduced. From the hockey-stick line and the definition of reliability,
two measurements are extracted. The terms r-reliability (failure rate) and durability (product life) are explained.
The conceptual analysis of failure mechanics explains that reliability technology pertains to design area.
The desirable shape of hazard rate curve of electronic items, hockey-stick line, clarifies that Mean-Time-to-failure
(MTTF) as the inverse of failure rate can be regarded a nominal life. And Bx life, different from MTTF,
is explained. Reliability relationships between components and set products are explained. Reshaped definitions
of r-reliability and durability are recommended.

The procedure to improve reliability and the reasons for failing to identify failure mode are clarified in
order to search right solutions. And generalized Life-Stress failure model is recommended for the calculation

of acceleration factor.
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1. Introduction

Since 1970's it has been acknowledged that there exists
big crevice between reliability theory and its application
to industrial fields. As we know, there have been numerous
accidents suggesting the imperfection of technological
theory. Thus here, novel concepts, reshaped definitions
and methodologies adequate to real world are presented
in order to interpret and analyze reliability problems, and
to perform designing of technological complex for avoi-
ding accidents and pursuing the exact route for safer world.

1.1 The clarification of quality and reliability concepts

1.1.1 The difference between quality and reliability

The broad concept of quality includes reliability. But
the concept of quality in a narrow sense and that of relia-
bility are totally different. To narrow down the difference
between quality and reliability, let's think of quality defects
and reliability defects negatively.

Quality defects, in a narrow sense, refer to deficient
products or components at present. Quality defects are
inspected and screened out by comparison with standard
specifications that have already been confirmed at the time
of the release of drawings and specifications. And relia-
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bility defects generally mean failures that might occur in
the future, inside a product that has been working well
so far. Therefore, reliability must be regarded as a ratio
connected to units of time.

We can call this quality the conformance-quality at
present, and reliability the non-failure in the future. After-
wards, conformance-quality refers to quality in a narrow
sense and is abbreviated to c-quality for the differentiation
from the broad concept of quality.

If a product is carefully well designed and manu-
factured, the accumulated failure rate of the product, F{(¥),
is proportional to the time period till acceptable life to
consumers, including on and off time by them after
unpacking the product as following,"”

F(t)=1-R(t)=1-e" = At

ey

where R is reliability function, A is failure rate, and ¢ is
use time. In a practical sense, this proportionality is
suitable below about 20 percent of cumulative failure rate.

1.2 The bathtub curve and hockey stick line

The bathtub curve depicts three regions: the decreasing
rate of failure, the constant rate of failure (sometimes a
slanted line) and the increasing rate of failure, as shown
in Fig. 1.
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Fig. 1. The bathtub curve and hockey stick line

If the failure rate of a product goes along the bathtub
curve, the product has no chance to succeed in the market
due to big initial failure, high random failure rate and short
product life. So we can extract targets for excellent pro-
ducts with respect to reliability: (1) Reduce initial failure
to zero, do not just minimize. (2) Minimize random
failures confirming that there exists only constant failure %
without any kind of wear-out failure during the working
time. (3) Lengthen the product life compared with that
of competitors' products delaying the occurrence of wear-
out failure.

Actually, it is possible to eliminate initial failures by
analyzing them through advanced NDT (non-destructive
test) and DT (destructive test) technology because those
are easily found in a short period. And the wear-out
failures of operating time can be removed by analyzing
failed sample, which can be not-laboriously collected by
related test.

Eliminating the initial failure of new products means
that the shape of the bathtub curve is changed, as shown
at the arrow of target direction in Fig. 1, into a line, not
a curve. We can call this the hockey stick line due to
its rather familiar shape.

1.3 The two meanings of reliability

The two points determining hockey stick line match
precisely the definition of reliability; the ability of an item
to perform a required function under stated environmental
and operational conditions for a specified period of time.
According to this definition, there are two unknown
variables to be measured: ability and time. 4 specified
period of time refers to product life (T.). Ability means
the level of performance that can be calculated with failure
rate and item life using the above equation (1): 1 — A ~ 7.
Thus the definition of reliability has two measurements:
failure rate and life.

Although good reliability produces both a lower failure
rate and longer product life, some specialists regard relia-
bility to be only the failure rate and use durability as the
word regarding product life. So there are two possible
meanings of the terminology of reliability. Afterwards
rate-reliability refers to reliability regarding only failure
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rate and is abbreviated to r-reliability for the differentiation
from the concept of reliability in the definition.

The term quality is an ambiguous word encompassing
c-quality and reliability. Reliability is also an ambiguous
word comprising durability and r-reliability.

In addition, there is another extended concept about
quality. It is product quality. A product without reliability
failures and c-quality defects is desirable but may not be
preferred over the other products in the market by
customers. In order to prevail in the market, the product,
if its price is similar with competitor, should be designed
and manufactured with the concept of product quality,
which consists of five factors;z) performance, reliability,
c-quality, customer perception, and fundamentals advantage,
which can be rearranged from eight dimensions proposed
by D. Garvin.”

1.4 The novel concepts of reliability

1.4.1 Failure mechanics

Let's consider the core concept of reliability; non-
failure. Failure occurs when the materials in the com-
ponents of the product are too weak to endure the applied
stress, and/or when the stresses on the components are
unexpectedly too great for the materials, as shown in Fig.
2.Y Therefore reliability is best conceived of as the rela-
tionship between stresses (loads) and materials (strengths).
Appropriate solutions avoiding failure mean altering the
structures for the dispersion of stresses, and/or replacing
the materials. Thus, the technique for reliability pertains
to design area, not to manufacturing field.

1.5 The shape of hazard rate curve of electronic and
mechanical items

It has been well known that the failure rate of electronic
items keeps constant along with time and follows ex-
ponential distribution and that failures in mechanical items
appear after a certain time and its shape of failure rate
is similar to normal distribution.

But as the understanding on both microstructure and
materials of electronic constituents has been deepened
owing to 50 years research and failure analyses, it is
recognized that the shapes of failure rate of electronic
components are similar to mechanical ones because they
are also considered to be another architecture. All items

Load (external stress, internal stress}

Component
(material) ¥

X
* Failure mode : malfunction

* Failure mechanism : overstress fracture
* Failure site

Fig. 2. Failure Mechanics
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can have low failure rates until a certain period of time,
which refers to their lives. It means that the failure rate
of all items should be targeted to follow the hockey stick
line.

1.6 Mean-time-to-failure and Bx life

The failure rate and the life of an item vary inde-
pendently due to different failure mechanisms each other.
And it implies that there is no convertible relationship
between them. Thus the inverse of failure rate cannot be
considered as the lifetime, but a kind of nominal life. Take
for instances. The annual failure rate of first class
television sets reaches to about two percent per year. It
means that half of them are still working for fifty years,
which is the inverse of failure rate. It is unbelievable.

The durability index by MTTF does not reflect our
common sense about product life. For example, consumers
think that the average life of television sets would be ten
years. They anticipate their troubled sets within ten years
to be fixed without charges. It is just mean time for
consumers, but not the MTTF defined by statistician.
Currently it is widely accepted that people use television
sets for ten years, which implies that over eighty percents
of them operate for ten years even though all of them
do not work in eleventh year. Manufactures acknowledge
twenty percents of failure until ten years, which we call
Bao life reaching ten years, might affordable in the current
business of electrical home appliances. Thus the durability
index by Bx life is more adequate to users' feelings than
that by MTTF.

And Bx life is also better index than turning point life
in hockey stick line because the latter is meaningless in
case that the cumulative failure rate till this point would
be higher than the acceptable target.

1.7 Reliability relationships between components and
set product

Customers regard the product not to be a technological
complex but a convenience good performance, ease of use,

Table 1. The failure rate of product and component

no-trouble. The reliability of products should be acceptable
as a whole, regardless of both the type of products and
the quantity of components incorporated into products.
Therefore three conclusions can be drawn about com-
ponent reliability.

First, the durability of components should be longer than
set product life expectancy.

Secondly, how low should be the r-reliability of com-
ponents incorporated into a successful product? The failure
rate of the product is the sum of the failure rates of all
components and the related connections with them.
The component must be reliable, so the targets of the
annual failure rate of that part should be below 10-ppm/
year in the television, 1-ppm/year in the motor, and 0.1-
ppm/year in the plane respectively under the condition
shown in Table 1, even though its life may satisfy the
durability target of each product. And also presents the
required target x% of component in Bx life that assumed
ten years, which means the cumulative failure rate within
ten years.

Thirdly, if some initial failures appear in a certain
component, they are photographically transferred to the
set product. The shape of failure rate of set product is
also the summation of the forms of their component failure
rate. Thus initial failure of all components should be
eliminated and their failure rates follow the hockey-stick
line, eventually.

So, manufacturer should request parts vendors to
comply with the following three requirements under stated
environmental and operational conditions recognized with
each other. (1) There are no initial failures. (2) The failure
rates of components are below the targets calculated as
explained with Table 2. (3) Components lives are longer
than product life.

1.8 The reshaped definition of failure rate and charac-
teristic life

Recently, as the reliability of most items improves it
is very difficult to identify failure mode. If there would

Category Television Motor Aircraft
Product target of annual failure rate** 1%/yr 1%/yr 1%/yr
Number of components 1,000 10,000 100,000
Required annual failure rate of component 0.001%/yr 0.0001%/yr 0.00001%/yr
Annual operation time (hour) 2,000 2,000 2,000
Required hourly failure rate of component 5x107° /hr 0.5x10°° /hr 0.05x10™ /hr
Required target x% in Bxlife of component* B0.01 B0.001 B0.0001

*Assume that Bx life of each product is ten years.
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**Lxcept for critical failure.
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be no failure in r-reliability test the failure rate results
in zero with the current definition regardless of the amount
of test hours. And it is all the same with the characteristic
life. In case of no failure found in durability test we cannot
calculate item life with the current maximum likelihood
estimation because its divisor becomes zero. That is
inconsistent with our common sense. In order to diffe-
rentiate results according to test hours, it is better to add
one to failed number. Thus author wishes to introduce the
reshaped definitions as followings:

1
A=t} o @)

T Y
n “{r+1) nh 3)

where A is hourly failure rate, y is failed numbers, » is
test sample numbers, # is test hours, 5 is characteristic
life by hour, and # is shape parameter of Weibull
distribution. These will be the upper limit of failure rate
and the lower limit of characteristic life with approxi-
mately 60% of confidence level on condition that failed
numbers are below several pieces. The confidence level

can be calculated with this equation, or 1/2- 2z @r+2)=r+1,

where o is 100(1-a) percentile of the chi-square dis-
tribution. In order to assess the durability mentioned
earlier, characteristic life in Weibull distribution should
be changed into Bx life as following;

2 3
Tﬂzlnl—x"- B — x+x_+x_+A . ﬁ,
(1-5)"n [ e .
where 7=Bx life, x=0.01 - X.

Finally, we arrive at the following equation on Bx life
on condition that x<0.2,

vl Q)

2. Reliability improvement

2.1 No everlasting test specification on reliability

Product developers pressed to surpass competitors
always adapt new components and/or innovative structures
that possibly include different failure mechanisms from
the ones of current product due to unfamiliar materials
and stresses, which is the two key elements of reliability.
So the current test specifications can never find all the
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failures of newly designed product. Thus there is no ever-
lasting and deterministic test specification on reliability.

2.2 Three steps for reliability growth

The steps for reliability growth would be as follows:
(1) Identify the failure modes through various time-
consuming tests, sometimes including non-operating
times, not by inspection. (2) Analyze failures and deter-
mine the failure mechanism, and rearrange effectively the
above test methods. (3) Change structures and/or re-
establish specifications according to the analysis results,
and confirm the validity through the above test and
eliminate the side effects of design change. All activities
should be completed, now and here, before product
release.

Note that failed samples should be carefully handled
in order to preserve the evidence of root cause and that
analysis procedure be also systematically planned based
on both the knowledge of item function, structure and
constituent materials, manufacturing process, and received
stress history and on the opinions and tips of experienced
analysts, specialists on advanced analytical instruments,
and even the defensive persons who may be blamed for
that failure.

2.3 The reasons for failing to identify failure in advance

As all items will fail in the end, the goal of reliability
test should be positioned to indispensably find failures
inside the items. Generally, there is a reason why we fail
to find failures. That is not to satisfy the following two
conditions simultaneously.

(1) Mathematical condition: In case of estimating failure
rate, the number of test samples is insufficient to identify
random failures because of tremendously low failure rate.
Or in case of assessing item lifetime, the period of test
time is comparatively short to make occurring long-term
wear-out failures such as corrosion.

{2) Physical-chemical condition: The test conditions do
not match with actual environmental and operational
conditions.

First, the number of test sample would be estimated
with about 60% of confidence level using equation (2),
as following,

n>(r+1) L

A-h (6)

Let's calculate the number of test sample adequate to
the failure rate of television component, or 5 x 10"/hour.
When you test 600,000 pieces for 1,000hours, and there
would be below two failures, you might say this com-
ponent have maximum value of the above rate with about
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Table 2. The number of test sample for failure rate (X 10
units)

0.5 FIT| 5 FIT |50 FIT ﬂCjon- Mll{lti-
idence | plier
A (O:(;S * (ix (5_(9)X Level |required
h r 107/hr) | 107/hr) | 107/hr) | (%) over
0 4,000 400 40 63 2.3
1 8,000 800 80 59 1.9
500
2 12,000 | 1,200 120 58 1.8
3 16,000 | 1,600 160 57 1.7
0 2,000 200 20 63 2.3
1 4,000 400 40 59 1.9
1000
2 6,000 600 60 58 1.8
3 8,000 800 80 57 1.7
0 1,000 100 10 63 2.3
1 2,000 200 20 59 1.9
2000
2 3,000 300 30 58 1.8
3 4,000 400 40 57 1.7

60% confidence level as shown in Table 2. Even though
you reduce sample numbers through accelerated test
method, the task of confirming the above rate would be
enormous work. Therefore you may apply load-strength
interference model, which also requires lots of works, and
test them not in component base but unit level.

Secondly, in order to assess life, the number of test
sample would be calculated with about 60% of confidence
level using equation (5) as following,

n2(r+1)~%-[%jﬁ

The shorter the test hour is compared to the target of
Bx life, the more significantly the number of test sample
increases, as following equation and Table 3 showing the
sampling numbers for By life with about 60% of con-
fidence level,

O]

nht>c, (8)
where C equals (r+ 1)/ x.

Table 3. The number of test sample for B, life

h¥ 0.5 1.0 1.5 2.0

1.5 [28157(85(113]10{20|30140| 5| 11|16/22| 4| 7| 11|14

2 {40180 |120{160({10{20{30/40; 5| 9 {14/ 18| 3| 5| 8|10

3 80(160(240|320| 10| 20| 30{40] 3| 6 | 9|12} 2| 3| 4| 5
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It implies that it is inappropriate to estimate Bx life
surpassing test hours. As long as life concerned, it is out
of common sense to assess item life exceeding test hours.
Therefore it is required to run samples at least till the
durability target.

Thirdly, in order to properly establish physical-chemical
test conditions, studies are needed in three areas:

(1) The product itself-that is, many ditferent assembled
components constituted of various materials and fabricated
by various connection technologies (soldering, calking,
etc). The materials inside the product must be analyzed
in detail. (2) The environmental and operational conditions
that the product or component must endure during its
lifetime. This means examining the stresses produced by
various environmental and operational conditions. These
two studies of operating stresses and the materials inside
the product, corresponding to the two possible reasons for
failure can point up potential failure mechanisms. These
studies respond to the inputs of IEEE STD 1413-1998.”
(3) The appropriate test method. This involves selecting
and building up the test systems with appropriate test
procedures and conditions responding to the possible
failure mechanisms that clarifies physical-chemical con-
ditions.” General test methods can never find all the failure
modes and sometimes cannot even find the dominant one.
Different failure mechanisms require different test methods.
Therefore, test methods should be reviewed based on the
analysis of failure. Over fifty failure mechanisms have
been identified so far.”

It is desirable to find two or more failures in test ex-
periments, because if the identified failures could be
attributed to one kind of failure mechanism consistent with
the estimated as analysis results, the fact would become
the proof for the adequacy of test method.

2.4 Failure models for accelerated test

The most important issue in the test method configu-
ration is how early the potential failure mode can be found.
This is the reason why we prefer accelerated test. And
in order to transform accelerated test hour into real use
time, it is required to obtain acceleration factor (AF). To
do this, it is necessary to formulate failure model and find
out related coefficients.

If there would exist Physics-of-Failure (PoF) model,
which incorporates geometry and materials as well as
stresses and reaction parameters, it is easy to calculate AF
because coefficients are already determined. But there are
not so many PoF models responding diversified failure
mechanisms. Therefore we should configure Life-Stress
(LS) model, which includes stresses and reaction para-
meters, and find out coefficients through design of ex-
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periments. As LS model, the following equation is re-
commendable as generalized equation because the hyper-
bolic function term reflecting stress can be transformed
into power or exponential term.” Therefore, this equation
can explain most of LS models about various failures such
as fatigue in mechanical structure, coil degradation in
motor, bond-pad corrosion in IC, etc.

T, = B[sinh (as )Tl ~exp(%] ©)

where Tr is time to failure, S is stress, E, is activation
energy, k is Boltzmann constant, 7 is absolute temperature,
B and a are coefficients. In case that there are two
dominant stresses, it is good to simply attach another sine
hyperbolic term to the above equation.

Now we can establish accelerated test plan, estimate
r-reliability and durability, and calculate warranty cost in
advance of product release.”

3. Conclusions

To clearly grasp the concept of quality, the double
ambiguity about quality should be understood. The broad
concept of quality includes reliability-that is, it encom-
passes both reliability and conformance quality (c-quality).
C-quality, the first ambiguity, means conformance to
specifications.

Meanwhile, the commonly used bathtub curve may not
be the best to apply to creating a preferable product for
the customer; a better curve to describe the failure rate
of a successful product in the market is shaped like, and
can be called, a hockey-stick line. From the definition of
reliability and the hockey-stick line, two measurements
can be extracted; product life (durability) and failure rate
(rate reliability: r-reliability). Reliability consists of
durability and r-reliability. R-reliability refers to reliability
regarding only failure rate. This is the second ambiguity.

Reliability is conceived of as the relationship between
stresses and materials. This technique pertains to design
area, not to manufacturing field. The shape of failure rate
of electronic items would be similar to that of mechanical
ones. Therefore the shape of failure rate of all items should
be targeted to follow hockey stick line. Thus some con-
clusions could be drawn. (1) The failure rate cannot be
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converted to MTTF. (2) The index of MTTF does not
reflect item life adequate to customers’ feelings. The Bx
life is more preferable as a durability index. In order to
meet our common sense, the following reshaped defi-
nition/equation are recommended on condition that the
failed numbers are below several pieces and that x<0.2;

).z(r+l)-L Tﬂ:x-L-whﬁ
n-h

and r+l ,

where these confidence levels are around 60%.

In order to improve the reliability of a product, three
steps are needed; (1) identify failure modes, (2) analyze
failures, and (3) change structures and/or specifications .

As a first step, finding failure modes is requisite. To
do this, two conditions should be satisfied simultaneously
in test method configuration; (1) mathematical condition,
which can be solved with the reshaped definition, (2)
physical-chemical conditions based on the failure mecha-
nism.

In order to reduce test time, it is necessary to configure
failure model and find out its coefficients, and calculate
acceleration factor (AF). The generalized Life-Stress
model is recommended. And finally we can estimate
r-reliability, hourly failure rate, and durability, Bx life.
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