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Abstract a roller bearing or valve spring how does
, _ one determine the precise moment that the
Different methods of expressing Reli- part has "failed"? Is it when the bearing
ability and Maintainability are discussed seized or when the first signs of spalling
in this paper. This involves reliability occurred? Is it when the valve spring
based on intuvition, on customer failures broke or when its efficiency was reduced
and warranties, on experience W!th mili- to 75%9 Our point is that while the
tary contracts on laboratory, field, and majority of consumer products depend on
acceptance testing. The role of univer- mechanical components the ability to
sities in advancing the state of the art predict the reliability of these components-
of Reliability and Maintainability is is still in its infancy. While studies of
included. the reliability of electronic equipment
) began in the 1940's, analysis of mechanical
Introduction components IS largely a product of the
H
Reliability and maintainability had its 19601 s.
impetus during the later years of World In past years the industrial producer
War IT when the military discovered that could not afford a sophisticated relia-
as high as 60% in the electronic equipment pility program and still remain price
delivered to the fighting forces was not competitive. Within the last five years
in operable condition. The equipment had industry has seen almost a complete re-
been damaged in transit due to poor pack- versal and manufacturers are establishing
aging or was the result of faulty manu- reliability-maintainability programs to
facturing. After the war, the government keep up with their competitors and main-
initiated extensive |nVest|gqt|0nS into tain their percentage of the market. The
why the paterial was not reliable and future will see more and more reliability
what should be done to make it so. After techniques being adapted to industrial
almost two decades the work of these production in order to assure quality
government committees and government merchandise and gain customer loyalty.

sponsored projects is now finding its way

into consumer products. Methods of Expressing Reliability

and Maintainability

There are two major reasons why the
techniques used to assure reliable
materiel have taken so long to reach
individual consumer products; 1.) Most
of the rioneering work was done in the
field or electronics while consumer
industry products are concerned largely
with mechanical components, 2.) Until

It is interesting to note how over the
years the definition of "reliability" has
grown and changed in meaning. In the
1940's the term was all encompassing and a
cure-all for whatever ailed the piece of
equipment was, ""Make it more reliable."
recently, industry, unlike the military was With the passing of time the definition
not interested in expensive reliability took on many new implications and became

Ivsi more quantitative. Splinter word§ such as
analysis. “maintainability ," "availab31itY " and

- - " duct assurance,”™ filled the voids that
With the advent of reliabllity studies product ’
electronic equipment received the principal reliability could not cover.

attention. A large number of committees T . - S
2 Z Today reliability and maintainability
gggtag¥g§?;gngagggig‘ﬁﬁz Ei&?ggFihggéu;hgn have di¥forent meanings to different people
the Reliebility of Electronic Equipment Zhﬁ‘tﬁgeiﬁgﬁgiﬁ;giag}ognge??ne{gltﬁgnsumer
founded in 1952. Each of the groups academician, reliability is "the ability
devoted almost entire attention to estab- for the part or assembly or system to
1ishing reliability prediction technigues fulfill its function under specified
and reliability programs for electrical operating conditions for a sBecified

and electronic equipment. Investigation - = g H _
of mechanical component was shunted aside. period of time yndef"s ecified_environ
Mechanical Svst 1octed for t ment yithout failure. Maintainability
echanical Systems were neglscted Tor two might ve defined - "The probability

reasons; 1.) Government sppropriations
were nst ear-marked for research in the
area and 2.) Mech ical components did
not readily lend themselves to reliability
analysis. There is no question about the
failure of a light bulb but in the case of

that, when maintenance action is initiated
under stated conditions, a failgd system
will be restored to operable caZditions
within.a specified total time.
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To the average consumer reliability
and maintainability are subjective terms.
When a product is reliable or maintain-
able, the purchaser has confidence in it.
Brand names usually set certain images of
the product that have been established
through advertisement, personal experience
and a knowledge of friends® experiences.
The purchasing public associates "relia-
bility” and "failure" at opposite ends of
the spectrum. Wwhen told that reliability
is the ability to operate for a specified
time under specified conditions before
failure, the consumer shouts “Planned
obsolesence!!" To him a part is never
supposed to fail.

The consumer has mixed emotions about
maintainability It is a nuisance when
you have to change the oil in your car
every 3,000 mil=s but it s a blessing
when the burnea2 -oil In the toaster can
be replaced in ten ninites., Maintain-
ability is sonething you hope you won't
need but if yo do, i* should he as fast
as possible.

What the consumer does not realize is
that replacement of short lived parts at
proper intervals can slow the rise of the
failure rate curve (Figure ). This is
true in automobile and aircraft engines,
domestic appliances, machine tools, and
other products.

Without “aintenance

Yith Maintenance
— T e N e T~

T T T

T 2T 3T 4T
Time

Failure Rate

Figure 1 Effect of Preventive
Maintenance.

To a manufacturer reliability is not a
one sentence statement - it IS a company-
wide program. One of the automotive
companies lists the following five steps
as the basis of their engineering relia-
bility program:

“1. Define specific reliability
requirements for each vehicle system and
subsystem.

"2, Design components, subsystems,
and systems to have the required relia-
bility.

"3, Conduct sufficient testing to
veri&? adequacy of the design.

- Specify part requirements pre-
cisely and clearly to our manufacturing
activities and outside suppliers.

"5, Monitor all sources of field
information to anticipate and react

quickly to problems, and provide feed
back to mod&fy future designs and
processes. "

The term "reliability" has many tech-
nical and engineering connotations. |In
one plant, reliability is merely an
extension of the technical functions of
quality control. "~ In another plant, it is
the adaptation of mathematical analysis
and the use of computers to the pre-
approval stage of design projects. There-
fore, it is necessary to have a compre-
hensive definition Of the term in relation
to the specific industry and company at
hand.

Once again turning to the automotive
industry, which has been a pioneer in the
field of consumer product reliability,
they have taken the total concept of a
"Reliability Program™ and broken it down
into eight aspects:

"1. Management Program - to establish
effective control of the reliability
effort.

"2, Design Program - to provide and
preserve reliability in design.

"3, Production Program - to produce
reliz?le products.

- Evaluation Program - to measure
and predict reliability.

"5, Use Program - to maintain equipment
reliability in the field.

"6, Research Program - to develop new
methods for achieving reliability.

7. Education and Motivation Progr
to provide reliability, skill, instructi
and motivation.

"8, Public Relations Program - EO
inform on progress in reliability."

Reliability, then has different mean-
ings to different people. To the educator
it is precise and quantitative, to the
consumer it Is subjective, and to the
manufacturer it is a company-wide program
involving not only the engineering depart-
ment but all phases of management.

Reliability Based on Intuition

One has often heard the esxpression,
"There is no substitute for experience”,
and many industries today dspend on this
experience and skill to produce reliable
products. The skill of an experienced
tool and die maker, a glass blower, a
casting expert, a senior design engineer;
these are taients that can orly be gained
through experience. Very often one
encounters people that "have a feel™ for
what is right; these people are invaluable
to industry., No matter how well one
understands the theory behind reliability
and maintainability, if he doesn't know
how to apply it he is of limited use to
his company.

There are industries that use the
techniques of reliability but keep no
written records. Suppose that Sam Jones
is operating a small job shop producing
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rubber grommets. Once or twice a day

he goes to the production line and picks
up five or six pieces and takes them

back to the office where he has devised a
small test stand. He tests five and only
one tears apart. Since Sam knows that
his test stand exerts a much greater force
than will ever be encountered in actual
Oﬁeration, he makes the statement, "Yeh,
that's good enough, keeptem rolling."
Little does he know that he has just
performed an accelerated test using given
acceptance standards.

There are many industries that have no
need for reliability programs, assurance
tests, and sophisticated techniques for
checking the quality of their product.
To these industries a good inspection
line is all that is needed to insure
"highly reliable' products. A good
example would be companies that produce
plastic wastebaskets, or thumb tacks, or
file cabinets, or brooms, or pencils, or
clothing, or furniture, etc.

Reliability Based on Customer
Failures and Warranties

Customer complaints on fatled parts
have existed ever since the first cave
man "bought™ an axe from his neighbor
in exchange for the front quarter of a
tyrannosaurus and later discovered the
head of the axe was not flint and further-
more it was bound with immitation hide.
From this-time hence manufacturers have
given more and more attention to customer
complaints in re-evaluating the design and
manufacture of their product.

This method of increasing product
reliability through evolution is well
adapted to equipment that maintains a
sinmilar design over an extended period of
time, The reliability and efficiency of
large electrical motors and steam turbines
has increased substantially over period of
years yet the basic design has remained
fairly constant. Each failure of a
turbine blade provides the manufacturer
with an added insight on how he can change
the design of that particular part to

insure that it will not fail in the future.

In the same way automotive companies
use customer failures to predict the
reliability of future designs. They
accomplish this by calculating how
reliable the present model is,based on how
many autc parts hove been sold, how long
they have been driven, and how many parts
have cai1=d1., Knowing the reliability of
an existing part they then attempt to
correlate the o1d design with the new
design, considering deviations btetween the
two.

This practice *-~ tecor®' - increasingly
important as . _v3 companies
extend their warr ~ riods and expand
the nnmber of ite >n the automobile that
are warranted. This is exemplified by

Chrysler 1963 inaugration of 5 year -
50,000 mile drive train warranty. Unless
they were sure that their designs were
adequate to operate without numerous
failures, the warranty could have proven
a financial mill stone. Cost figures are
not available, but Chrysler claims that
the cost of servicing this warranty has
decreased ever since 1963. This would
indicate that as faulty parts are en-
countered, they are redesigngd for greater
reliability and longer 1life.

Ford Motor Company claims that from the
warranty data analyzed after six months or
less of field service, they can predict
product reliability and lifetime warranty
cost and repair rates as much as two and
one-half years ahead. In addition, the
warranty data analysis can be used to
identify differences in problem rates
between assembly plants, months of pro-
duction, vendor sources, and vehicle
option, and can describe_the type of
complaint for each part,7

One of the difficulties encountered in
analyzing warranty data is the variable
delays between failure and report of the
failure. Figure 2 illustrates the delay
distributions for service information.
Figure 3 is an analysis of failures with
reference to the production date.

The lower diagram shows that a change in
manufacturing standard occurred in May
1964 but this is not apparent in the
current level of returns shown in the
uEper curve. The effect of any sudden
change in failure rate due to any par-
ticular cause appears gradually and it is
difficult to discover among all the data
received.
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Figure 2 Diagrams of Delay Distributions.8
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A major shortcoming of many reliability
programs is that they are initiated after
the part is in production. Reliability
prediction techniques should be used in
the earliest phase of a totally new
product for an effective means of assuring
proper emphasis and direction of the
development program. Reliability improve-
ment steps taken in today®s products will
have its reflection in the products’
warranty cost tomorrow. Therefore the
better the reliability programs, the less
cost of product warranty. For example,
the total prodcct warranty cost of
Westinghouse Electric Corporation, as a
percent of gross sales billed for the
year 1963, was 25% lower than 1962, and
the 1964 Figures indicate a further

reduction. (Figure )
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Valve Life - Hours

There is frequently a problem in
interpreting service data. All too often
not enough data is taken or emphasis is
placed on the wrong component. Some reli-
ability departments are not spending suf-
ficient time to develop optimum interpre-
tation of failure data. Figure 5 shows
considerable scatter in engine exhaust
valve life. This data was obtained from
fleet operation of groups of five iden-
tical engines. From these results one
would tend to doubt the validity of field
data, but compare Figure 5 with Figure 6
which represents the results of similar
tests conducted on the dynamometer under
controlled conditions. These data show
about the same degree of scatter as in the
fleet operation. This suggests that
scatter is an inherent characteristic of
a fabricated part and not a flaw in the
accuracy of Field data.
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There is an extensive collection of auto-
motive reliability data,on Mobil 0il's
Repair Center in Cherry Hill, New Jersey.
Established in the early 1960!'s this
center has tested thousands of cars
against manufacturer specifications.
Brakes, fuel pumps, carburetors, distri-
butors , spark plugs, batteries and other
components can thus be evaluated on a
reliability basis. The relationship of
part reliability to mileage is shown in
Figure 7.
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Figure 7 Automotive Reliabilitytl

Reliability Based on Experience
with Military Contracts

Military standards and procedures were
the fTirst publications to include exten-
sive reliability requirements for manu-
factured materiel. Many companies who
have been concerned with these procedures
through their government contracts are
now awakening to the fact that these same
techniques can be applied to their mass
consumer products.

In 1961 Raytheon decided that it must

reduce the warranty expenses on an infrared

oven that was being marketed to restig-
rants, cafeterias, and institutions.

Among the suggestions for reducing these
costs was the establishment of a relia-
bility program, but Raytheon had no

formal reliability group in the consumer
products divisions. However, one of their
military equipment groups had such an
experienced staff. The outcome was that
this staff established a reliability

pfggfam which was a cut-down counterpart of
thdi

r military reliability procedures.
It was an ambitious project for a commer-
cial product but the results were well
worthwhile. Raytheon claims that the
average annual warranty c€ost per equip-
ment has been reduced 80% and within one
year the investment in the program was
saved six times over as compared to
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predicted warranty expenses without the
program. Raytheon gave major emphasis
to high warranty cost items in their
reliability studies thereby reducing the
cost of the program. (Figure 8)

Westinghouse Electric Corporation,
like Raytheon, has operated military
reliability programs under defense and
space contracts for more than one and a
half decades. They too asked themselves
if a company-wide reliability program for
consumer products would pay for itself.
Westinghouse assuned that it would and
initiated a pilot program in seven
divisions. The results hzve been favor-
able and the program is now being instal-
led in several other divisions. Figure ¢
shows how the unreliability of a system
can far outweigh the higher initial
cost of reliable system when the defec-
tive system experiences costly mainte-
nance and downtime. This was a strong
argument presented by Westinghouse for
improved reliability of consumer durables.
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Reliability Based on Testing

Some industries can predict and insure
component reliability by simply plug-
ging numbers into standard formulae
or by using go-no-go testing. On the
other hand, they may do extensive testing
under different environmental conditions
and insure a high degree of reliability
through sophisticated statistical tech-
niques. Many industries are increasingly
involved in such testing. This is done
largely to verify the predicted values
of reliability, as the art of prediction
is still in its infancy.

Laboratory Testing

Laboratory testing is commonly used
when the components or systems can be
tested in an accelerated manner in a
controlled environment. In developing
such tests, the applied loads are
simulations of what is encountered in the
actual operation.

Most of the laboratory tests should be
designed to run to failure so that life
characteristics and nodes of failure can
be determined. To analyze the test
results, the Weibull probability paper
(Figure 10) is commonly used. Advantages
of using the Weibull distribution are:

1. Almost any scatter data will fit
the Weibull distribution as it has three
parameters.

2. Graphjcal interpretation of data
becomes very easy.

3. Weibull represents a family of
different distributions, such as normal,
exponential, etc.

Figure 10 shows the results of a simulta-
neous test of 12 components terminated
after the nlnth fallure.
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Field Testing

In the automotive industry field and
proving ground tests are used to supple-
ment laboratory tests to establish final
reliability assurance. The primary
objectives of proving ground tests are to
uncover basic design defects and deter-
mine the mode of failure.

In the automotive industry the proving
groand teststotal many million test miles
per year. A basic durability route is
layed out in such a way that the vehicle,
rather than being subjected to abnormally
severe use, receives more frequent applica-
tions of conditions encountered in normal
use. Since the tests involve small sample
sizes (small nnmber of test vehicles),
each experiment is designed to produce
maximum amount of information at a high
level of confidence.

It is also very essential to interpret
and understand the test results ia terms
of customer experience. This is becoming
an increasingly important factor in
developing a reliable product. In the
last few years, the automotive industry
has put considerable effort into develop-
tng correlations between life of the
parts In the customers®™ hands and the
same part life on the proving grounds.
Proving ground data and warranty data are
then analyzed using Weibull probability
paper as shown on Figure 11.
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This particular analysis showed a 1.0
percent defect rate at approximately
18,200 customer miles and 5,500 proving
ground miles. The test severlty ratio
of customer miles to proving ground miles
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is 3.3:1 at this point. Good correla-

tion is dependent upon having the same

qu?dof failure in testing and in the
ield.

Acceptance Testing

Many of today's large companies sub-
contract the manufacture Of certain
components to their suppliers. The
delivery of a quantity of parts to a
purchaser may involve acceptance testing
by a purchaser. This testing and inspec-
tion can be an expensive and time
consuming task. For example, one of the
big three auto companies has over 2,500
outside sggglier companies furnishing
abont 77, different types of production

arts at an annual cost of about two
illion dollars.

An essential step in the reliability
program is developing an effective test
plans for use-in monitoring reliability.
They must be expressed in terms which are
clearly understood by the manufacturing
and quality control personnel or the
parent company and of the suppliers. This
is particularly important as reliability
usually requires the vse. of statistical
techniques.

Group Test Plan There are two methods
for acceptance testing in common use. The
group test plan is applicable to small
parts which can be conveniently tested in
groups. = In automobile this might
include lightbulbs, turn signals, brake
linings, bearings, small springs, locks,
etc. Parts are selected at random and
tested simultaneously to predetermined
life levels. The decision, regarding
whether the lot is satisfactory, unsatis-
factory or further testing is required,
will depend on the number of inoperative
or failed parts at each life level. The
final decision is reached with a minimum
of testing. This reliability test plan
can only be of use if life data on a
number of representative parts exist.
Automotive industry obtains representative
data from preproduction samples and from
prior production sample test results.
Figures 12 and 13 show how the lower limit
of reliability increases with increased
sample size. The problem faced by any
test engineer is to obtain optimum
balance between testing cost and the
degree of confidence that can be placed
on test results.

760

2
s1.0 T
— —— 90%
3 o ——— 97.5% 1 |
CERE NN 99.5%
— N N Confidence Levels
@ N o!_| for 100 Units

-6 NN 9%
“ NI197.5%

20 ~~]99.5%

: Confidence Levels
E \\‘ for 20 Units (—
A 20 N [ 90% | |
P \\ 97.5% Conf-icllen‘ce‘ LelveI18
5 ~'99.59 for 5 Unit
PO [ oo

o 2 4 ¢ 8 10 12 14
Failures

Figure 12 Reliability vs Failures for
Several Confidence Levels and

for Several Sample Sizes Tested13

% oy s
23

T .80
EF P
= Vg
W .60 4
= &
3 ok

0 5 10 20 40 60 100

Number of Units in Sample

Figure 13 Reliability vs Sample
Size Tested,

Sequential Test Plan A sequential
test plan can be applied to parts such as
crankshafts, transmissions, pumps, axles,
and other parts that are tested one at a
time. This plan is based on sxpsngntial
sequential plan developed by Waldi4 and
modified by Epstein and Sobel.15 The
sequential plan that the automotive
industry uses was developed by subsitu-
tion characteristics of the Weibull
distribution for the mean time between
failure in the exponential plan. The
truncation for the plan based on the work
done by Epsteinlé For the exponential
plan was also transformed into Weibull
terms. Another point about this truca-
tion plan is the truncation point is
selected rather than letting the plan do
it. An example of the plan is given in
Figure 14, The plan operates like an
exponential sequential plan except that
life values are raised to a power equal to
the Weibull slope. The test plan tables
are constructed in this case, and in part
of the specifications sent to the supplier,
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81 areas seem essential to the development

1.

Accept
Re ject 7
ontinue Testing

2.

Number of Defects

1 L) ¥ Al 1

20 30 Lo 50 60
Sample Size

Figure 1 Application of a Reliability
Specification for Part Test-
ing One at a Time.

Role of Universities

Universities play an important role in
advancing the state of the art of relia-
bility and maintainability. An examina- 6.
tion of the curricula of 35 universities
with leading engineering departments
revealed th&t 10 of them offer courses
specifically in reliability. These are
given generally in the department of
industrial engineering.

The content of these courses indicates
that very few of them are directed toward
mechanical components. By and large they 7
serve the needs of space technology, with
heavy emphasis on advanced statistical
theories rather than on practical engineer-
ing applications. Representative topics
included are:

1. A study of the time variant life
characteristics of components and
systems.

2. Measurement of reliability
parameters.

3. Principles for design and use of 1.
attribute and variables sampling
plans and sampling procedures.

Iy, Advance statistical methods for
determining reliability growth
curves with associated confidence
limits. 2

In order to advance the state of the
art of reliability and maintainability
there is a real need for courses and
curricula in reliability of mechanical
devices.. Probably because of our proximity 3
to large industrial centers we at the )
University of Michigan gddress ourselves
toward the development of such courses.
We find that the following specific
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of reliability of mechanical components
and devices.

The Study of Scatter and the
multiplicity of factors respon-
sible for it.

Statistics, with particular

emphasis on the statistics of small
samples. Weibull, normal, log-
normal, t, F, and < distributions.

Failure Analysis, involving study
oT the modes of failure, factors

influencing them, and methods for
failure identification.

Stress and Strength Analysis, both
for flexural and contact loading.
This includes, cummulative damage,
understressing and overstressing,
and strength at low number of
cycles.

Design Analysis, which comprises
reliability of gears, bearings and
other mechanical components;
reliability of systems such as
engines and gear boxes; when to
use statistical tolerances and
when algebraic tolerances seem more
appropriate.

Design of Experiments, this includes
number of samples necessary for the
results to be significant; the
meaning and limitations of accele-
rated tests; techniques for reduc-
ing testing, such as sudden death
and sequantial approach; multi-
ya:iant analysis and random factor-
ials.

Reliability
of manufacturing quality,
mortality, control charts.

in Production analysis
infant
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