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ABSTRACT

This is the second in a series of reports dealing with accelerated environmental testing. It
describes accelerated life testing, why and how it is conducted. how it fits into the product
design and development cycle. and how it is related to other types of accelerated tests.
Accelerated life testing is one of the three basic types of accelerated tests: 1) accelerated
life tests, 2) reliability enhancement tests. and 3) environmental stress screening. Later
reports in this series describe reliability enhancement tests and environmental stress
screening; the methods and equipment used to conduct them: and methods and models
used to collect data and interpret resulits.

INTRODUCTION

Accelerated life testing (ALT) is one of the three basic types of accelerated reliability
testing in common use today. The other two are reliability enhancement testing (RET)
and environmental stress screening (ESS)".

ALT is used to determine the lifetime capability of components, materials, and processes
used to manufacture products. Its purpose is not to expose defects, but to identify and
quantify the failures and failure mechanisms which cause products to wear out at the end
of their useful life. The relationship of ALT to the bathtub reliability curve, and to the
product design and production cycle are shown in the first report in this series [1].

Accelerated life tests must be conducted for times long enough to represent the product
lifetime, which in some cases can be quite long. To shorten the test time, the stresses
(either functional or environmental) are accelerated. Accelerated life testing is the most
costly and the most time-consuming of the three basic accelerated tests. It must therefore
be planned and executed carefully, and the results must be applied across as wide a range
of product and process applications as possible. This report discusses accelerated life
tests. how to conduct them. and how to interpret and apply the results. Included in this
report are discussions of the types of failure mechanisms which can be evaluated with
ALT, some of the acceleration models commonly used with ALT, the information required
for successful ALT, and some examples of the use of ALT.

* These tests are known variously by other names, but these three designations are used in
this report series. For more complete definitions, the reader is referred to the first report
in this series. HETR-94-001.



FOUR TYPES OF FAILURE MECHANISMS

Accelerated life testing is not applicable to all tvpes of failure mechanisms. Dasgupta and
Pecht {2] classified failure mechanisms into the categories described below.

/. Stress-strength. Stress-strength failures result when the the stress placed on an item
(either operating or environmental) exceeds the strength of the item. As long as the
applied stresses are below its strength. there is no damage to the item. and it remams as
good as it was when it was new. Examples of stress-strength failures are the yielding of a
shaft due to mechanical forces. or electrical overstress of an electronic component. This

tvpe of failure usually results from random application of high stresses. or from poor
design.

2. Damage-endurance. Some stresses applied to an item in service are below the yield

strength of the item. but still cause a small amount of irreversible damage. Repeated or
continuous application of these stresses causes the damage to accumulate to the point
where failure results. Examples of damage-endurance failures are mechanical fatigue of
metals. time-dependent dielectric breakdown, and formation of weak material phases due
to solid state diffirsion.

3. Challenge-response. Some flaws can exist in a product for a long time without being
noticed. It is only when the product is used in a certain way (the flaw is "challenged") that
they become evident. An example of a challenge-response failure is a software bug. This
type of failure is quite frustrating.

4. Tolerance-requirement. The above three failure types manifest themselves suddenly.
Most of the time, the product shows no symptoms before it fails completely. By contrast,
tolerance-requirement failures are characterized by a gradual degradation of performance.
and the definition of failure may depend on the users tolerance for the degree of

degradation. (Anyone who has owned an old car is personally familiar with tolerance-
requirement failures.)

THE FUNDAMENTAL PRINCIPLE OF ACCELERATED LIFE TESTING

Accelerated life testing is based on the proposition that the device under test will exhibit
the same behavior in a short time at a high stress, that it will exhibit in a longer time at a
lower stress. This is illustrated by Figure 1. Most failures occur according to a
distribution in time at a given stress level. A variety of distributions may be used to
describe failures, but some common ones are the Weibull. lognormal, Rayleigh, and
extreme value. For a comprehensive description of statistical distributions, the reader 1s
referred to any of a number of texts on basic reliability engineering and accelerated testing.
Three of the best are those by O'Connor [3], Kececioglu [4], and Nelson [5].



To obtain results of the tvpe shown in Figure 1. it is necessary to monitor the devices
under test throughout the test procedure. While this is undoubtedly the best way to
conduct an accelerated life test. it is often impractical to monitor them continuously. In
many cases. the items are removed from the test setup at periodic intervals for functional
testing, and the number of failures are recorded. This tvpe of testing is called interval
testing. and an obvious limitation is that the precise time of failure cannot be determined.

Figure 1. Plot of time-to-failure vs. stress.
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ALT works best when applied to damage-endurance failures. and some tolerance-
requirement failures. It is generally not applicable to stress-strength failures or challenge-
response failures. Because the purpose of ALT is to evaluate lifetime in a given
application, it must employ accelerated levels of the actual operating and functional

stresses which the product will see in service. Some examples of such stresses are shown
in Tables 1 and 2.

ALT can be used as a qualification test for materials, components, manufacturing
processes, subassemblies, and some end item products. Since these items may be used in a
variety of applications, however, it is generally not correct to consider an item "qualified"
for all applications, until the results of ALT are extrapolated to that application.
Fortunately, it is possible to set up and conduct a single ALT, which provides data for a
wide range of applications.

THREE BASIC ACCELERATION MODELS

The purpose of accelerated life testing is to use the results of tests conducted for short
times at high stress levels to predict the lifetimes of products at lower stress levels. This is
done with mathematical acceleration models. The choice of an acceleration model is made
on the basis of the expected failure mechanism. and on the knowledge of the stress, or



combination of stresses. which will cause the failure (or failures) to occur. If more than
one failure mechanism or stress condition is likely, then all of them must be evaluated.

Table |. Tvpical environmental conditions for automotive products. From reference [6].

Location Temperature Rel. Hum. Salt Spray Vibration and
Range, °C (% at 40°C) Shock

Under hood
Above exhaust 40 to +650 80 Yes 50g to 1KHz
Intake manifoid 40 to +125 95 Yes Over 100g
Fireproof wall 40 to +140 80 Yes 1g to 600 Hz
Frontal zone 40 to +85 a8 Yes 1 g to 600 Hz
On chassis
Inside a wing -40 to +85 98 Yes 2g to 2 KHz
Near exhaust 40 to +125 98 . Yes 2gto 2 KHz
Extreme cond. 40 to +175 98 Yes Over 100g
Car interior
Dashboard -40 to +120 98 No 1g to 20 KHz
Rear window -40 to +100 98 No 1g to 20 KHz

Table 2. Worst-case environments for electronic products. From reference [7].

Worst Use Environment
Use Category Trmine Tmaxe AT, Dwell, Cyc./ | Yrs. of
°C °C oC hrs. year service
Consumer 0 +60 35 12 365 13
Computers +15 +60 20 2 1460 =5
Telecommunications 40 +85 35 12 365 7-20
Commercial aircraft -55 +95 20 2 3000 =10
Industrial & automotive- -55 +65 20 12 185 =10
passenger compartment & 40 12 100
& 60 12 60
& 80 12 20
Military ground & ship -55 +95 40 12 100 =5
& 60 12 265
Space: low earth 40 +85 35 1 8760 5-20
geosynchronous 40 +85 35 12 365
Military avionics: -55 +95 40 2 500 =5
-55 +95 60 2 500
-55 +95 80 2 500
& 20 1 1000
Automotive, under hood -55 +125 60 1 1000 =5
&100 1 3000
8140 2 40




There is an almost infinite number of accleration models available. but many of them are
variations of three basic models [8]; The 1) Arrhenius equation. 2) the inverse power law,
and 3) the Eyring model.

The Arrhenius Equation. The Arrhenius equation [9)] is used to describe thermally-
activated failure mechanisms. such as intermetallic diffusion. chemical reactions. and some
failure mechanisms in microelectronic circuits. It can be expressed as a rate equation:

E

2

r=."0e_Hr (1)

where r is the reaction rate. ry is a constant. £, is the activation energy, usually expressed
in electron-volts (1 eV=23.000 cal/mole), k is Boltzmann's constant (8.617 x 10-5 eV/ K)
and 7 is the temperature in K The reaction rate increases exponentially with
temperature, and it is thus possible to obtain extremely high acceleration factors for failure
mechanisms governed by the Arrhenius equation.

Consider the example of an accelerated life test when the known activation energy of the

failure mechanism is 0.8 eV. If the test temperature. T, is 125C (398 K), the
acceleration factor for a use temperature, 7, of 30 C (303 K) is

E, (1 1 0.9 11
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If the median life of the test samples is 200 hours, the predicted median life of the product
in service is 200 x 1,340 = 268,000 hours, or approximately 30 years.

If the activation emergy of the observed failure mechanism is not known, tests may be
conducted at several temperatures. and the logarithms of the times to failure plotted
against 1/T. The slope of the plotted line is equal to the activation energy, and the
predicted service life may be extrapolated graphically or calculated as shown above. Ifthe
plotted line is not straight. the failure mechanism is not thermally activated, and a different
acceleration model must be used. (Special Arrhenius plotting paper is available from
Technology Associates, Portola Valley, CA.)

The Inverse Power Law. The inverse power law applies to failure mechanisms in which
the time to failure is inversely proportional to strain. Its general formis

= % 3)
where 7 is the time required for an event (such as failure) to occur, A is a constant. S is a
strain term, and # is an exponent characteristic of the product or material being tested.
The inverse power law is used to model failure mechanisms caused by stresses such as
mechanical fatigue, mechanical vibration, fatigue due to thermal coefficient of expansion
mismatches, and certain electrical power and voltage stresses. Under certain conditions,



the strain is proportional to the applied stress. and a common method of using the inverse
power law is to plot the log of stress vs. the log of time to failure. as shown in Figure 2.
This is the familiar S-N curve. with the slope of the line equal to the exponent 7.

Figure 2. The S-N curve for inverse power law failures.
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If the rate of cycling of the applied stress is low, as in temperature cycling, the slope of the
S-N curve is generally quite steep. If the stress cycles are rapid, such as those of
mechanical fatigue or vibration, the slope is generally flatter. For most systems. there
exists a stress level. called the endurance limit, below which no damage occurs. and the
life of the product is essentially infinite.

Application of the inverse power law can be quite complicated, especially for mechanical
vibration and fatigue tests. The classical work in this area was done by Coffin and
Manson [10-12]. Applications to temperature cycling for electronic equipment are
relatively straightforward {13,14], but applications to vibration and high cycle mechanical
fatigue are changing rapidly. Traditional applications to vibration have been based on

single-axis mechanical shaker equipment, and the acceleration models were simple forms
of the inverse power law such as [15]
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thl 21262
HIZiB ——-'nsz (4)
mGf’ =mGy
where 7 is the number of cycles. 7 is the total elapsed test time, G is the acceleration

level. Z is the displacement amplitude, and B is the slope of the S-N curve. Lambert [16]
published a series of acceleration models for single-degree-of-freedom fatigue testing.

Recent advances in vibration testing equipment and data analysis methods have resulted in
more accurate reliability predictions from testing. Instead of the traditional autospectral
density (ASD), measured in Gy, other measures such as shock response spectrum (SRS)



and peak probability density function (PPDF) are being used to quantify the accumulated
damage in service and in test [17.18]. By using the PPDF in combination with Miner's
rule [19], it is possible to calculate an accumulated fatigue damage factor (AFDF) which

considers all peaks of the fatigue spectrum. and not just an rms value. The AFDF is
expressed as

AFDF = i (nlo'lB+....+n_To’f) (5)

a=|

where . is the number of stress events at a given level, oy is the stress level. and B is the
inverse power law exponent.

Instead of the traditional uniaxial shaker equipment, new equipment based on random and
repetitive shock to produce vibration in six degrees of freedom is now in use. These test
chambers are also capable of combining shock and vibration with other environmental
stresses, such as rapid temperature cycling and humidity.

The Eyring Model. The Eyring model is used to model the effects of two different
stresses. one of which is temperature. Its general form is

Ea
r=SinBe"‘T. (6)

It may be noted that this is just the product of the Arrhenius model and the inverse power
law. The most common form of the Eyring model in electronics is Peck's equation for the
corrosion of microelectronic circuit metallization [20]. The acceleration factor is

B
AF = RHr exp & _I-....l_ (7
RH, k\T, T
where RH is the relative humidity, T is the temperature, 4 is Boltzmann's constant, £, is

the activation energy, equal to 0.9 eV, and B is the inverse power law exponent. equal to
3.

Because this model is the product of two other models, it can produce enormous
acceleration factors. For example if a test is conducted at 85 C and 85% RH (a standard
test condition), and the results are used to estimate times to failure at a use condition of
40 C and 60% RH. the acceleration factor is approximately 182.

AN ACCELERATED LIFE TEST EXAMPLE

Of the many excellent examples of accelerated life test in the literature. the one chosen to
illustrate the method here is that of estimating the time-breakdown of an electrical



insulating fluid. with the applied stress being the overating voltage {21]. It was conducted
to estimate the lifetime capability of the fluid at an operating voitage of 20 kV.

Groups of ten samples were tested at voltages of 26. 28. 30. 32. 34. 36. and 38 kV: and
Weibull distribution plots of the times-to-breakdown were prepared. The distributions

were normalized to the same Weibull slope. and the results are shown in Figure 3.

Figure 3. Weibull plots of times-io-breakdown or an insulating jluid.
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The times-to-failure for 5% cumulative failure (a reliability of .95) are plotted vs. the
voltage in Figure 4. It is noted in Figure 4 that the time to failure at an operating voltage
of 20 kV is approximately 1600 minutes. Thus the acceleration factor between a test
condition of 36 kV and a use condition of 20 kV is about 16,000. The plot in Figure 4 is a
log-log plot. indicating that the acceleration model is the inverse power law. with an
exponent 5 of approximately 16.4.

In the insulating fluid example, the time to failure was defined as the time required for 5%
of the samples to break down. This is the point at which the reliability of the fluid is 0.95.
This choice. of course. was entirely up to the experimenters. They could have defined
failure as the point at which the reliability was .99, or .90, etc. Plotting the times-to-

failure on the appropriate distribution provides the opportunity to understand the results of
accelerated life testing on a statistical level.



Figure 4. Extrapolation of insulating fluid accelerated test to operating voltage.
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SUMMARY

Accelerated life testing provides valuable data about the expected wearout mechanisms of
a product. This is critical in today's marketplace. since more and more customers are
placing useful life requirements on products they purchase. The ability to estimate useful
life is only one of the benefits of ALT. It also allows those who design and manufacture
products to understand them better, so that the crtical components, materials, and
processes can be identified, improved and controiled; and it produces data which give both
the producer and the user confidence that the product will serve its intended purpose.

In this report. only the basics of accelerated life testing have been covered. Its application
to specific products and stresses can employ acceleration models quite different from the
basic ones presented here. Care must be taken to avoid misintepreting results. Obtaining
and interpreting results can be quite challenging, but it is not beyond the ability of those
who truly wish to understand and improve their products.

Because of the cost and time required for accelerated life testing, it must be understood
and planned carefully. Key components of the product, from a reliability point of view,
must be identified; potential failure mechanisms must be known: and the stress
environment of the product must be understood. Specific acceleration models must be
available. or obtainable, for each failure mechanism; and the resuits must be interpreted
properly. Many manufacturers do not have this level of understanding, or are not willing
to obtain it. Those who do so have been well-rewarded, in the form of more reliable
products and competitive market position.
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RELIABILITY ENHANCEMENT TESTING

Llovd W. Condra. Woodinville. WA 98072

ABSTRACT

This is the third in a series of reports dealing with accelerated environmental testing. It
describes reliability enhancement testing; why and how it is conducted; how it fits into the
product design and development cycle: and how it is related to other types of accelerated
tests. Reliability enhancement testing is one of the three basic types of accelerated tests:
1) accelerated life tests, 2) reliability enhancement tests. and 3) environmental stress
screening. Other reports in this series describe accelerated life tests and environmental
stress screening; the methods and equipment used to conduct them; and methods and
models used to collect data and interpret results.

INTRODUCTION

Reliability enhancement testing (RET) is one of the three basic types of accelerated
reliability testing in common use today. The other two are accelerated life testing (ALT)
and environmental stress screening (ESS)".

The uses and purposes of reliability enhancement testing are not widely agreed-upon; in
fact, there is not even general agreement on what to call it. It is variously known as step-
stress, stress-life (STRIFE) [1], highly accelerated life testing (HALT) [2], and a host of
other acronyms. Just about every organization involved in reliability enhancement testing
has its own acronym. The term reliability enhancement testing is suggested here as a
generic designation. (The term was first used in this context by the Boeing Company.)

The purpose of RET is to evaluate the reliability of a product design by the systematic
application of environmental and operating stresses at progressively higher levels to
precipitate failures and expose weaknesses in the design. It should thus be conducted
early enough in the product design and development cycle to allow design changes to be
implemented. An earlier report in this series describes the relationship of RET to the
product design and development schedule, and to the bathtub reliability curve [3]. To be
effective, RET must be conducted on samples which represent the design, components,
materials, and manufacturing processes to be used in production. Since its purpose is to
evaluate design reliability, failures due to manufacturing defects are considered irrelevant.

* These tests are known variously by other names, but these three designations are used in
this report series. For more complete definitions. the reader is referred to the first report
in this series. HETR-94-001.



One of the main benefits of RET is its ability to provide relevant reliability data in short
times. By progressively applying higher levels of stress. failures occur sooner than they
would in service. or at constant accelerated test stress levels. by orders of magnitude.

RET is similar to. but distinct from. design verification testing and qualification testing.
A major distinction is that RET is conducted to cause failures. while failures are not
desired with the other two types of test. Design verification testing (DVT) often is
conducted in parallel with RET, but its purpose is to verify that the product will operate
successfully over the specified range of environmental and operating conditions. DVT is
usually conducted within the specification range, and yields little or no information about
the long term reliability of the design.

The definition of qualification testing depends on the industry in which it is used. Formal
qualification testing for military products is conducted at the end of the design phase,
before production can begin. Its purpose is to prove to the manufacturer and the
customer that the product meets the design goals. It is usually conducted according to a
predetermined test plan. including both operating and environmental stresses. When the
product reaches the qualification test stage, there is little room in the schedule to make
significant changes, and the goal of qualification testing is to pass with no failures. In
contrast, the goal of RET is to cause failures, in order to make improvements. Because
RET is a destructive test, the sample sizes are as small as possible.

TYPES OF STRESS LIMITS

Many different terms have been used to describe the various stress limits of a product.
Figure 1 shows some of these, and they are defined as follows:

Specification limits: The limits specified by the user or the manufacturer of the product.
within which the product is expected to operate.

Design limits: The limits within which the product is designed to operate without failure.

The difference between the specification limits and the design limits is called the design
margin.

Operating limits: The limits within which the product is operated during accelerated

testing to quantify the effects of relevant stresses on reliability. Usually, accelerated life
tests are conducted within these limits.

Destruct limits: The stress limits within which the product can operate without failing
irreversibly. Destruct limits can be discovered by reliability enhancement tests.

ESS limirs: ESS testing is done as a screen before shipping final product. ESS limits can
be defined by reliabilitv enhancement testing, and are usually within the operating limits.
Setting ESS limits is not always straightforward. and it can be a challenging task.



RET limits: In a sense. there are no RET limits. since they are determined as the test
progresses. Obviouslv. however. thev do not exceed the destruct limits.

Figure I. Definitions of the various stress limits of a product.
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STEP STRESS TESTING

Perhaps the most widely-used form of reliability enhancement test is step stress testing [4-
12]. Figure 2 shows a schematic diagram of a generalized form of a step stress test.
Three general stresses, labeled Sy, Sy, and Sy are shown orthogonal to each other. These
stresses might be environmental, such as temperature or vibration, or operating, such as

voltage. Although all stresses which may produce failures must be considered, only three
are shown here.

Figure 2. Diagram showing the general approach to step stress testing.
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The smaller box in Figure 2 represents the specification limits. and the outer corner of the
box represents the most severe stress state within those limits. The large box represents a
combination of stresses bevond the specification limits. The vector T. drawn from the
outer comer of the specification limits box to the outer comer of the test limits box,
describes the path through which the stress combinations are increased in a stepwise
fashion. Figure 3 shows the vector T in more detail.

Figure 3. Detail of the vector T.
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In Figure 3, the units of stress are increments of the combinations selected for testing.
Usually, the steps are of equal time duration, which may be as short as a few minutes, but
rarely are longer than 24 hours. The different types of stresses, S;, S,, and S3, may be
applied simuitaneously or sequentially, or they may be applied to separate samples. The
first level, or step, is usually at or below the specification limit. After its completion, the
failed items are removed and analyzed. At this point, design errors or other defects may
be analyzed and corrected before proceeding further. This process is repeated at
successively higher stress levels until one of three things occurs: 1) all items have failed; 2)
stress levels have been reached which are well beyond those required to demonstrate

robust product design; or 3) irrelevant failures begin to occur as new failure mechanisms
are introduced at higher stress levels.

RET EXAMPLES

Fomnall [4] reported the results of step stress testing a military pulse synthesizer assembly,
with the relevant stresses being temperarure, vibration, regulated DC input voitage, and
output transistor drive voltage. The nominal values, specification limits. and design limits
for this product are shown in Table 1. Using these values, a step stress program with ten
steps between the specification limits and the design limits was developed.

Results of the tests are shown in Table 2. Eight failures were observed. all of which were
similar to those which had previously been observed in service. It was estimated by the
investigators that these failures, which all occurred within 100 minutes of testing, would



have been spread over five vears in service. Using the data produce in this test. along with
a minimal amount of field experience. it was possible to estimate the reliability of the
product in service. The design margin of the product was also determined accurately.

Table 1. Stress levels of the militarv puise svnthesizer assembly. from reference [4].

Stress Nominal Specification Design limit
limit
Temperature, °C 45.0 52.0 125.0

Random vibration, G5

1.5g at 200 Hz

3.0g at 80-350 Hz

9.0g at 80-350 Hz

DC input voltage, V.

10.0

13.0

18.0

Output transistor drive, V.

15.0

20.0

50.0

Table 2. Results of the step stress test on the militarv pulse svnthesizer assembly [4].

Failure no. Step no. Failure mode Failure Stress causing
mechanism failure
1 5 Inoperable Pin connection Vibration
2 5 Inoperable Pin connection Vibration
3 7 High voitage/ Abnormal osc. Temperature,
overcurrent output voltage
4 7 Degraded Abnormal osc. Temperature,
output output voitage
5 8 High voitage/ Abnormal osc. Temperature,
overcurrent output voitage
6 8 High voitage/ Abnormal osc. Temperature,
overcurrent output voltage
7 9 Degraded Abnormal osc. Temperature,
output output voitage
8 10 Degraded Abnormal osc. Temperature,
output output voltage

Another example is the use of reliability enhancement testing to evaluate the design of
printed circuit card assemblies for aerospace electronic products [13]. The two relevant
stresses were considered to be temperature and vibration. They were evaluated separately
and in combination. The three test sequences were the temperature cycling sequence, the
vibration sequence, and the combined temperature cycling and vibration sequence The
temperature cycling sequence consisted of four steps:

Step I: -15Cto+70C
Step 2: -30Cto+85C
Step 3: -40 Cto +100 C
Step 4: -55Cto+115C



The ramp rates between temperature extremes was between 15 and 30 C per minute. with
the dwell times at the extremes varying from 1 to |5 minutes. During the dwells. the
power to the unit under test was cycled on and off.

The vibration sequence consisted of applying random vibration simultaneously in three
axes and three rotations (six degrees of freedom). The power spectral denmsity was
distributed over a range of 5 to 5000 Hz. The steps were at 2, 4, 6, 8, 10, 12, 14, 16, 18,
20. 22, 24, and 26 G The time durations of the steps varied from 1 to 15 minutes.

The combined temperature cycling and vibration sequence consisted of temperature
cycling as described above, with the temperature limits at -60 C and +150 C throughout
the sequence. While the sampies were being temperature cycled, they were simultaneously
exposed to vibration at levels which were increased incrementally from 2 to 26 Gp,. The
vibration conditions were identical to the process used for the vibration sequence.

All failures for the avionics RET are listed in Table 3. No failures were observed during
the temperature cycling sequence. In the vibration sequence, several component lead
failures were observed at the higher vibration levels. Failure mechanisms in the combined
sequence were identical to those observed in the vibration sequence, but in general they
occurred at lower levels of vibration in the combined sequence.

Table 3. Failures for the avionics circuit card RET [13].

Failure no. Device type Environment Cause of failure
1 Capacitor 28 Grms Broken leads
2 Diode 28 Grms Broken leads
3 Diode 28 Grms Broken leads
4 Diode 28 Grms Broken leads
5 Diode 18 Grms Broken leads
6 Diode 16 Grms Broken leads
7 Diode 18 Grms Broken leads
8 Diode 28 Grms Broken leads
9 Diode -60 to 150°C, 14 Grms Broken leads
10 Diode 16 Grms Broken leads
11 Diode 16 Grms Broken leads
12 Diode 16 Grms Broken leads
13 Diode 16 Grms Broken leads
14 Capacitor 28 Grms Broken leads
15 Capacitor 12 Grms Bent leads
16 Capacitor 60 to 150°C, 14 Grms Broken leads
17 Capacitor 18 Grms Broken leads
18 Capacitor 24 Grms Broken leads
19 Capacitor 12 Grms Broken leads
20 Capacitor 28 Grms Broken leads
21 Microprocessor -60 to 150°C, 8 Grms IC out of socket
22 ? 22 Grms Cracked solder pins
23 Transistor 16 Grms Broken leads




Using the results of this test. the investigators were able to identifv several design
weaknesses in the circuit cards. As a resuit. they made design changes which improved
the reliability of the cards. The investigators found no effect of ramp rate in precipitating
failures: however. this effect has been observed elsewhere [14].

The two most common stresses in RET are temperature cycling and vibration. This study
clearly shows the value of combining stresses, where possible, in reliability enhancement
testing. These benefits have also been reported elsewhere [15].

Other examples of RET are described in references 6, 16, and 17, and in many internal
company reports by users of RET.

SUMMARY

Reliability enhancement testing, whether known by the RET designation or any of its other
names. is growing in popularity as a method of assuring product reliability. If it is
properly planned and conducted in the product design and development cycle, it reduces
qualification testing and reliability demonstration to mere formalities. since the
manufacturers already know that the first item produced will have its "marture reliability."
As a result, the customer is no longer the inspector for the first production run items.

RET has been proven effective in removing field failures. In a recent study by the Boeing

Company, 29% of all confirmed in-service field failures were related to failure modes
found in RET [18].

RET has found its widest acceptance in industries which traditionally have not been at the
forefront of reliability development, such as computers and industrial electronics. This is
because the real test of reliability in these industries is customer satisfaction. As a result of
success in these industries, some manufacturers in industries using traditional compliance-
based methods have begun to use RET with great success.

The primary benefit of reliability enhancement testing is the knowledge gained by those
who design and build the product. RET is a structured way to learn about the reliability of
the product, and it provides tangible information which can be used to improve it.

The benefits of RET and other test-based reliability methods is best stated in a quote by
David Packard:

"Reliability cannot be achieved by adhering to detailed specifications.
Reliability cannot be achieved by formula or analysis. Some of these may
help to some extent, but there is only one road to reliability. Build it, test it,
and fix the things that go wrong. Repeat the process until the desired
reliability is achieved. It is a feedback process and there is no other way."
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ENVIRONMENTAL STRESS SCREENING

Lloyd W. Condra. Woodinville,. WA 98072

ABSTRACT

This 1s the fourth in a series of reports dealing with accelerated environmental testing. It
describes environmental stress screening, why and how it is conducted: how it fits into the
product design and development cycle: and how it is related to other types of accelerated
tests. Environmental stress screening is one of the three basic types of accelerated tests:
1) accelerated life tests. 2) reliability enhancement tests. and 3) environmental stress
screening. Other reports in this series describe accelerated life tests and reliability
enhancement tests: the methods and equipment used to conduct them. and methods and
models used to collect data and interpret resuits.

INTRODUCTION

Environmental stress screening (ESS) is one of the three basic types of accelerated
reliability testing in common use today. The other two are accelerated life testing (ALT)
and reliability enhancement testing (RET)" .

ESS is one of the most widely-used of all reliability tests. Its purpose is to precipitate
latent defects, which are detectable only with the application of stress. The defects are
those introduced into the product during manufacturing, since design-related defects
should have been detected and eliminated by reliability enhancement testing durmg the
design phase.

Figure 1 illustrates the ESS concept. ESS is effective only for a product with an infant
mortality region, which is indicated by a decreasing initial failure rate in Figure 1. The
optimum ESS time is ty, since at that point all the infant mortality defects have been
screened out. If ESS ends before ty, the product still contains infant mortality defects
which will be found by the user of the product. If ESS ends after ty, useful life is
consumed without improving the failure rate. Note that the failure rate may not be zero
even after tg. The failures occurring after t are not infant mortality failures though, and
they must be dealt with in other ways than ESS.

There have been many attempts to prescribe standard ESS processes [1-4], but since ESS
processes are product-specific, the most effective ones are based on a knowledge of the
product, its potential defects, and the stresses that cause them. An effective ESS process
generates valuable data which can be used to improve the product, as well as to screen out

* These tests are known by various other names, but these three designations are used in this report series.
For more complete definitions, the reader is referred to the first report in this series, HETR-94-001



defects. Unfortunately, manv ESS users view it only as requirement imposed by the
customer or the market. and therefore do not obtain its full benefits.

Figure (. The probabilitv density function and bathtub reliabilitv curve for an
electronics product. ESS is conducted to precipitate the infanr mortality failures.
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The compliance-based approach to ESS treats it as a cookbook process, in which the
product is exposed to a standard set of stresses, at standard levels, for standard lengths of
time. Little attention is given to the failure mechanisms, or to how they are distributed in
time, or to using failure data to improve the product. Compliance-based ESS provides
few benefits other than that of satisfving a customer-imposed requirement.

Compliance-based ESS users can incur unnecessary expense. Tables 1 and 2 show typical
ESS conditions used by a manufacturer of aerospace electronics equipment. Each of these
conditions was imposed by a different customer for a different product. From a physics-
of-failure point of view, these conditions are practically identical, and with minor
modification, they could all be conducted in a single environmental test chamber. Since
the compliance-based approach does not bring this level of understanding to the process,

each condition was implemented as stated, and separate test chambers were required for
each one.



The physics-of-failure approach to ESS [5-7] is based on an understanding of the
potential types of latent defects in the product. the failure mechanisms. and the stresses
that cause them. The ESS conditions are set up to precipitate those defects. and the data
are used to determine their causes and distributions. Failure data are communicated to the
appropriate design and manufacturing personnel and used to make changes to improve

the product. Ifit is properly set up and operated. a physics-of-failure ESS process can be
extremely cost-effective.

Table I. Customer-imposed ESS conditions for circuit card assemblies for aerospace
electronics producis.
Temperature cycie conditions
Part Time, | No.of | Total Lower Upper Rate, Power | Vibra-
no. hrs. cycies | hours | limit, °C | limit, °C | °C/min. tion
1 8 4 32 40 +70 — - None
2 8 2 16 40 +71 5 On all None
3 8 12 96 -55 +85 — Hot None
4 8 12 96 40 +85 1 Hot None
5 8 12 96 -55 +85 — Hot None
6 8 4 32 -40 +70 5 Hot None
7 8 4 32 40 +70 5 Hot None
8 1 25 25 -54 +85 5 —_ None
Table 2. Customer-imposed ESS conditions for aerospace electronic equipment.
Temperature cycle conditions
Part Time, No. of Total Lower Upper Rate, Power Vibra-
no. hrs. cycles hours | limit, °C | limit, °C | °C/min. tion
1 8 2 16 40 +71 5 Hot -
2 5 10 50 -54 +55 5 Cycied | Random
3 8 4 32 -40 +70 5 - -
4 4 12 48 40 +70 5 Cycled Sine-1g
5 8 4 32 40 +71 5 On all -
6 4 8 32 40 +80 Max On all -

SETTING UP THE ESS PROCESS

ESS is product-unique, since each product has its own set of potential defects, and since
the applied ESS stresses affect each product differently. Even though the ESS process
must be set up separately for each product, there are many common features of both
products and stresses which cause many ESS processes to be similar.

The stresses applied in ESS are those which are expected to precipitate manufacturing
defects. They are not necessarily those which the product will see in service. The two
most common ESS stresses for electronic products are temperature cycling and vibration.
They may be applied sequentially or simuitaneously.



ESS may be conducted anywhere in the manufacturing process flow. Table 3 shows some
examples of the types of stresses used for ESS at the component. subassembly. assembly
and system levels for electronic equipment [8]. Table 4 shows the types of defects which
may be detected by temperature cycling and vibration (8].

Table 3. ESS applied at various poinis in the manufacruring flow.

Stage of manufacturing process
Component Subassembly Assembly System

1) Temperature, 1) Power-off temp. 1) Power-on Random vibration

power cycling
2) Temperature 2) Random 2) Random

vibration vibration

cycling
3) Temperature- 3) Power-on temp.

humidity-bias cycling

Table 4. Tvpes of failures detectable bv various environments.

Thermal cycling Vibration Thermal or vibration
Component or parameter Particle contamination Defective solder joint
drift
PWB opens/shorts Chafed or pinched wires Loose hardware
Component incorrectly Defective components Defective components
installed
Wrong component Adjacent boards rubbing Fasteners
Hermetic seal failure Two components shorting | Broken component
Chemical contamination Loose wire Etching defects
Defective wire termination Poorly bonded component
Improper crimp Mechanical flaw

Inadequately secured high-
mass components

The specific levels of ESS stresses are selected to precipitate the relevant defects in a
relatively short time, and yet not consume a significant portion of the life of non-defective
items. For electronic equipment, the lower end of the temperature cycling range is usually
in the range of -40°C to -50°C, and the upper end is in the range of +75°C to +85°C. The
rate of temperature change can also be important. Figure 2, from reference [7], illustrates
the effects of temperature rate of change on surface mount transistor lifting. Selecting the
vibration level can be quite challenging, especially if the defects are susceptible to a range
of frequencies. In general, multi-axis, repetitive shock vibration is much more effective
and efficient than single-axis vibration. It has also been shown that simultaneous

temperature cycling and vibration is much more efficient than either separate or sequential
application of the two stresses.



Figure 2. Effect of temperature rate of change on surface mount transistor lifting.
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It is critical that electronic equipment be monitored during ESS. This is the only way to
detect failures under extreme conditions. Even more important though, is that the stresses
used in ESS can induce reversible damage not detected in tests conducted at ambient
conditions. This induced damage is itself a latent defect, and the ESS process can actually
cause early field failures.

REDUCING OR ELIMINATING ESS

Since ESS is an inspection step, it does not add value to the product, and therefore should
be reduced or eliminated as quickly as possible. This cannot be done without proper
justification. which requires relevant data. Therefore, the ESS process must be set up so
that it provides data which can be used to reduce or eliminate it. Following is an eight-
step process which can be used for this purpose.

1. Collect failure rate data during the ESS process. Failure data must be collected,
not just at the beginning and the end, but during the ESS process. It is not enough to
know that failures occurred; their time of occurrence must be recorded. Data from
all ESS attempts, whether or not there was a failure, must be collected and recorded.

2.  Prepare a plot of failure rate vs. time. This is the type of plot shown in Figure 1.
If the failure rate decreases with time, there is an opportunity to reduce it if proper
product improvements can be made. If the curve is constant, or if it increases with
time, the ESS process cannot be effective because either 1) there are no infant
mortality defects, or 2) the wrong stresses, or levels thereof, are being used. Ifthisis
the case. ESS should either be modified or discontinued, and some other means of
product improvement must be used.



Analyze failures and separate them according to failure mechanism. All failures
must be analvzed in order to take corrective action. It is truly amazing that many
ESS operations do not include any structured method to analyze the failures. and to
provide the results to those who can take the proper corrective action.

Prepare plots of failure rate vs. time for each failure mechanism. After this is
done. the criteria of step 2 must be applied to each individual failure mechanism.

Again. only those failure mechanisms with decreasing failure rates can be attacked
with ESS.

Improve the product. Without using the data generated by ESS to improve the
product, including design, components, materials, and processes, there is no hope of
reducing or eliminating the ESS process. If those responsible for the ESS process
are not those responsible for designing and manufacturing the product, it is important
that good communication take place between them.

Collect and analyze ESS data for the improved product. If the proper steps have
been taken to improve the product, then the area under the infant mortality region of
the failure rate vs. time curve should be smaller. This may result from either a

reduced slope of the curve, or from a shorter time in which it reaches a constant
failure rate.

Modify ESS conditions to reflect the new failure rates. As failure mechanisms
are eliminated, then the stresses that precipitate them may be eliminated. If they
occur in shorter times, then the duration of the ESS process may be shortened. In
some cases, additional stresses or increased levels may have to be introduced to
detect failure mechanisms which were not expected. If this is the case, care must be
taken to avoid introducing irrelevant failures.

Reduce or eliminate ESS as warranted. If the ESS process has been set up
properly, and if the proper data are collected and used effectively, it will result in a
continuously-improving product. Eventually, a point will be reached where the ESS
process may be reduced significantly or eliminated entirely. It may also be possible
to reduce the frequency of ESS by going from a 100% screen to a sample screen.

The justification for ESS is an economic one, and the effectiveness of ESS ultimately must
be evaluated economically. This analysis is based on the cost to conduct ESS, the cost of
field failures, and the frequency of occurrence of field failures [7, 9-14]. ESS costs
include the cost of capital equipment, the recurring cost of conducting the process, the
cost of analyzing and repairing failures, and the risk of actually introducing new failures
into the product. The benefit is in the reduced costs of field failures. Unless the

manufacturer has been through a process similar to that described above, ESS is usually
cost-effective.



EFFECTIVENESS OF ENVIRONMENTAL STRESS SCREENING

The literature contains many examples of the successful use of ESS. Parker and Harrison
[15] report that AT&T calls their process Environmental Stress Testing (EST) to
emphasize the fact that they use the results to make product improvements. The AT&T
process consists of a combination of temperature step stress and temperature cycling
between -20°C and +70°C for circuit card assemblies. Figure 3 shows results of final test
over a period of three years, during which the EST process was implemented. Figure 4
shows a plot of failures vs. number of cycles in the EST process. From the data in Figure
4, the investigators concluded that the optimum number of temperature cycles was 16.

In addition to the improvement in outgoing quality, the investigators tracked field failure
results. They reported a five-fold improvement in product which had been exposed to
environmental stress testing, compared to product which was not exposed to EST.

Although some ESS practitioners believe that the process should always be conducted on

100% of the product. the authors of reference [15] successfully implemented a sample
EST process.

Figure 3. Results of environmental stress testing for circuit card assemblies by AT&T.
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Figure 4. Plot of failures vs. temperature cycles in environmental stress testing.
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Chik and Devenyi [16] implemented a two stage ESS process for laser diodes. The two
stages were 1) a steady state bum-in at 165°C and 10 kA/cm® for 2 hours prior to
assembly, and 2) a second steady state burn-in at 70°C for 150 hours after assembly.
Results showed that unscreened lasers had a medium lifetime of about 600 hours,
compared to about 6000 hours for screened lasers.

In another study on laser diodes, Tang, et al [17] exposed AlGaAs laser diodes to an ESS
process consisting of operation under power in inert atmospheres. Their results are shown
in Table 5. Again. significant improvement in operating reliability was obtained for
products which had been exposed to ESS.

Table 5. Laser diode lifetime improvement with ESS.

Sample ESS conditions Operating Operating
power, mW | lifetime, hrs.
Power. mW | Atmosphere Time, hrs.

1 No ESS —_ —_ 46 5

2 No ESS — —_— 46 18

3 No ESS —_ —_ 46 8.5

4 No ESS —_ —_ 46 20

5 46 He 122 46 240

6 58 He 122 46 13,500
7 65 N2 120 46 >2,880
8 70 He 60 46 120

9 92 He 30 46 3,300

If a product has a very low failure rate, the design and operation of the ESS process can
be quite complex. McClean [18] reports the use of a technique called highly accelerated
stress audit (HASA) to screen printed circuit card assemblies. The screening stresses were
temperature cycling and vibration, with power beng applied durmg the process. As the
name implies, the test was applied on a sample basis.

As noted from the above examples. the development and operation of an ESS process
must be highly personalized to the product being screened. Perhaps the greatest benefit of
ESS is the hands-on knowledge and experience about the product, gained by those who
design and manufacture it. For this reason, it is not a good idea to assign the ESS process
to a reliability department or a third party screening organization with limited ability to
change the design or manufacturing processes.

ALTERNATIVES TO ESS

As mentioned earlier in this report, ESS is effective only when the product has an infant
mortality region. Ifthis is not the case, other methods must be used. Some other methods
which also involve the application of stresses are ongoing reliability testing (ORT),
ongoing accelerated life testing, and periodic requalification.



Ongoing reliability testing involves the selection of a smail sample. e.g., less than 1% of
production on a regular basis. and exposing the items to stresses at or slightly above the
operating range for periods ranging from a few days to a few weeks. All failures are
analvzed. and the data are used to improve the product. At the conclusion of the test, the
surviving samples are shipped as regular product.

Ongoing accelerated life testing is similar to ORT. except that the stresses are somewhat
higher. and the test is continued until the samples fail. Since this is a destructive test, the

sample sizes may also be somewhat smaller than those of ORT, especially if the product is
an expensive one.

Periodic requalification involves the repetition of the qualification procedure. or an
abbreviated version thereof, on a periodic basis (usually once or twice per year). This type
of test had its beginning in some of the U.S. military standards. Since periodic
requalification does not involve a wide range of sample lots, and since it is expensive, it is
losing popularity.

SUMMARY

The overall purpose of environmental stress screening is to assure that, once a product is
qualified, there will be no uncontrolled variations in the individual items during the
production phase. The application of stresses is necessary to detect some defects which
cannot be observed by functional or visual observation.

ESS must be implemented in the most effective and efficient manner possible. The only
realistic way to develop and operate an effective ESS process is to use the physics-of-
failure approach. This requires an understanding of the product, a knowledge of the types
of defects, and of the types of stresses which precipitate them. Almost by definition, a
significant amount of trial and error are associated with developing efficient ESS
processes, but once the basic knowledge is gained, it can be applied to a wide range of
products. In most cases where ESS has been implemented as discussed here, it has proven
itself to be quite effective in reducing overall product costs.
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USING DESIGN OF EXPERIMENTS IN ACCELERATED TESTING

Llovd W. Condra. Woodinville. WA 98072

ABSTRACT

This is the fifth in a series of reports dealing with accelerated environmental testing. It
describes the use of Design of Experiments for efficient accelerated environmental testing.
Previous reports in the series describe the three basic types of accelerated tests: 1)

accelerated life tests. 2) reliability enhancement tests, and 3) environmental stress
screening.

INTRODUCTION

Reliability evaluations. assessments. and predictions must be based on relevant and
credible data. Unfortunately for most applications, reliability data collection is expensive
and time-consuming. As a result, many manufacturers simply design and build their
products as well as they can, and hope they will be reliable in service. In some cases,
concurrent engineering methods are used to develop product designs and manufacturing
processes with good quality, and sometimes reliability tests are conducted on the resulting
products: but it is rare for designers to use any structured methods to design reliability into
their products. Design of Experiments is such a method.

Accelerated testing is a way to shorten the time required to collect reliability data. and
reliability enhancement testing (RET) is a structured method to evaluate and improve
designs. Even with these and other accelerated testing techniques, many manufacturers
consider reliability testing to be prohibitively expensive. In this report. we consider
Design of Experiments (DoE) as a cost-effective tool for concurrent product design,
process development, and reliability engineermmg.

Design of Experiments is not a new discipline. even though it has only recently been re-
introduced to manufacturing in the western world. Sir Ronald Fisher developed the basic
concepts for DoE in the United Kingdom in the 1920's [1]. American and British
scientists continued to develop experimental design methods and theory over the next
several decades, but their application was mostly limited to agriculture. In the decades
after 1950, Japanese manufacturers experienced phenomenal success with DoE. The
individual most responsible for this success was Dr. Genichi Taguchi [2]. Today, the two
main branches of Design of Experiments are classical and Taguchi methods.

Design of Experiments can take many forms and be used for many purposes. but it has
two major features: 1) the simultaneous variation and evaluation of several factors, and 2)
the systematic elimination of some possible factor combinations to reduce experimental



time and cost. When used in combination with accelerated testing, DoE is a powerful
reliabilitv tool.

The use of DoE in reliability engineering is presented in the form of examples in this
report.  The use of Design of Experiments in reliability work is developed
comprehensively in reference {3]. The three examples in this report are the thermostat

design experiment. the ESS process development experiment. and the glass-to-metal seal
analvsis experiment.

THE THERMOSTAT DESIGN EXPERIMENT

Design of Experiments has been used in reliability engineering for at least 40 years [4-9].
Perhaps the most straightforward use of DoE for reliabilitv is to select the combinations of
factors, or controllable vanables. which will result in the most reliable product. An
example of this is the thermostat design experiment [10].  Eleven design and
manufacturing factors were selected for evaluation at two levels each. An experimental
array of factor level combinations was constructed, and samples were made according to
the conditions specified by the array. The samples were then cycled on an off in a manner
similar to that experienced in service, and the cycles-to-failure were recorded for each
factor level combination. Statistical analyses were conducted to select the factor level
combination which produced the most reliable product.

Table 1 shows the factors and levels selected for the thermostat design experiment. Most
of these factors are related to materials selection and manufacturing process parameters.

Table 1. Factors and levels for the thermostat design experiment.

Factor

Level 1

Level 2

A - Diaphragm piating
rinse

B - Current density

C - Acid cleaning

D - Diaphragm
electrocleaning

E - Be-Cu grain size

F - Stress orientation

G - Humidity

H - Heat treatment

| - Brazing

J - Power element
electrocieaning

K - Power element
plating rinse

Clean

5 minutes, 60 amps
3 seconds
2 minutes

0.008"
Perpendicular
Wet

45 minutes, 600°F

No cooling water, no
flux

Short

Clean

Contaminated

10 minutes, 15 amps
30 seconds
12 minutes

0.018"

Parailel

Dry

4 hours, 600°F
Excess water and flux

Long

Contaminated




The twelve-run experimental array is shown in columns labeled A through K of Table 2.
It is called a fracnional factorial array, since not all possible combinations of factors are
represented. Because of this. there is a risk of confounding some of the main effects being
evaluated with interactions between them. This is an example of a screening experiment.

and it is also known as a Plackett-Burman twelve-run array [11], or as a Taguchi L12
array [12].

Table 2. Fxperimental arrav for the thermostat design experiment.

Ren|A B € D E F G H | J K |Mean | Std.dev.
1t 11 1 1 1 1 1 1 1 1 1 1| a7 0.999
2 |1 1 1 1 1 2 2 2 2 2 2| 25 0.115
3 |1 1 2 2 2 1 1 1 2 2 2| 22 0.225
4 |1 2 1 2 2 1 2 2 1 1 2| 24 0.305
5 |1 2 2 1 2 2 1 2 1 2 1| 25 0.259
6 |1 2 2 2 1 2 2 1 2 1 1| a1 0.883
7 |2 1 2 2 1 1 2 2 1 2 1] 286 0.143
8 |2 1 2 1 2 2 2 1 1 1 2| 21 0.201
9 |2 1 1 2 2 2 1 2 2 1 1| 25 0.230
10 |l2 2 2 1 1 1 1 2 2 1 2| 28 0.090
1|2 2 1 2 1 2 1 1 1 2 2| 54 1.864
12 |2 2 1 1 2 1 2 1 2 2 1| 22 0.314

Ten sample thermostats were constructed for each of the twelve experimental runs
according to the treatment combinations specified by Tables 1 and 2, and cycled on and
off until failure. The test was terminated after 7,342,000 cycles. at which point all of the
samples had failed in all of the runs except mos. 1, 6, and 11. The time-to-failure
distributions were found to be lognormal, and the logarithms of the means and the
standard deviations are shown in the rightmost two columms of Table 2. Using these
results a response table was constructed. and it is shown in Table 3.

A response table is a means of comparing the levels of the factors. For example. factor A
was at level 1 in runs 1-6, and at level 2 in runs 7-12. The average of the means of runs 1-
6 was calculated as 3.1, and the average of the means of runs 7-12 was calculated as 2.9.
Therefore, since the longer life was obtained with factor A set at level 1, it is the preferred
level for factor A. It may be noted that, while the levels of factor A were constant, the
other factors varied systematicaily according to the fractional factorial array. This allows
the selection of a combination of factor levels which resuits in a robust product design.

A similar procedure was followed in selecting the optimum levels for the other factors.
For factor C, the results of runs 1, 2, 4, 9, 11, and 12 (level 1) were compared with those
of runs 2. 5, 6, 7, 8, and 10 (level 2). From Table 3, it may be seen that level 1 of factor C
produced a longer mean life, and it was selected as the optimum level. This procedure
was repeated for factors B, and D through K. and the preferred levels are indicated by
asterisks in Table 3.



It mav be seen in Table 3 that the two factors with the greatest effect on reliability are
factor E. beryilium copper grain size. and factor H. heat treatment. This is apparent from
the fact that the differences between levels one and two were greater for these two factors
than for the other factors. They were set at their preferred levels. which this array is
level one. The levels for all other factors were chosen as those which would resuit in the
lowest product cost. In all cases. this was also level one. This meant that. for factors B.
D, and F. the preferred level from the experimental results was rejected in favor of the
level which produced the lower cost. This is a legitimate use of product and business
knowledge to override the statistical conclusions.

Table 3. Response table for the thermostat reliability experiment. Values shown are the

logarithmic means of the data. The preferred levels for each of the factors are indicated
bv asterisks.

FACTOR LEVEL MEAN FACTOR LEVEL MEAN
A - Diaphragm 1 3.1 G - Humidity 1 3.3"
plating rinse 2 2.9 2 2.6
B - Current 1 2.8 H - Heat treatment 1 3.4
density 2 3.2 2 2.5
C - Acid cleaning 1 3.37 | - Brazing 1 3.37
2 2.7 2 27
D - Diaphragm 1 2.8 J - Power element 1 3.1*
electrociean 2 3.2 electrociean 2 29
E - Grain size 1 3.6" K - Power eiement 1 31"
2 23 plating rinse 2 29
F - Stress 1 2.8
orientation 2 3.27

A confirmation run was conducted with 20 samples. The factors were set at their chosen
levels. and the results showed that the expected lifetime of the thermostats was over 7
million cycles, compared to only 500,000 cycles before the experiment was conducted.

In addition to the lower failure rate, the product design was found to be more robust in
some harsh environments, which allowed the product to pemetrate new markets. The
experiment also resuited in better communications between the design and manufacturing
organizations, and between the beryllium copper supplier and the thermostat

manufacturer. Also, since nine of the 11 factors were set at their lower-cost levels, the
overall cost of the product was reduced.

USING DoE TO SET UP THE ESS PROCESS

Pachuki [13] used Taguchi arrays to set up the process for environmental stress screening
(ESS) for a computer CPU card. This is a double-sided. high-density circuit card with

about 350 components. most of which are surfaice mounted. The sample size was
approximately 1800 circuit cards.



The goal of the experiment was to determine whether or not an ESS process could be
developed. which was just as effective. but more efficient than the process then in use.
The prior process consisted of 4 temperature cycles at 10°C per mmute. with power
applied at specified intervals. The process to be investigated included temperature cycling
at 40°C per minute. in combination with vibration and power cycling. The prior process
required about 3.5 hours. and the proposed process required about 40 minutes.

Table ¢ shows the experimental array chosen to evaluate the new ESS process. It is a
Taguchi Lg array, which is capable of evaluating three main effects (at two levels each)
and all interactions among them. The three main effects were vibration, temperature
cycling, and power cycling, and they occupy three columns of the array. The three, two-
factor interactions occupy three additional columns. Instead of the three-factor
interaction. a fourth main effect was chosen for the seventh columm. This factor was the
type of functional monitoring used during the ESS process. Because of this. some
confounding is possible. but it is considered unlikely.

Table 4. Taguchi L experimental arrav for the CPU card ESS experiment.

Run no. Vib TC Vib x TC PC Vib x PC | TC x PC | Monitor
1 vib TC yes PC yes yes funct.
2 vib TC yes no PC no no self
3 vib no TC no PC yes no self
4 vib no TC no no PC no yes funct.
5 no vib TC no PC yes yes self
6 no vib TC no no PC no no funct.
7 no vib no TC yes PC yes no funct.
8 no vib no TC yes no PC no yes self

The two levels of vibration. temperature cycling, and power cycling, were of the presence-
absence type. In other words. one level of the factor was the presence of the stress, and
the other level was its absence. The presence level for vibration was a ten-minute random
vibration (20 to 2 kHz) screen at approximately 22 Gys. The presence level for
temperature cycling was eight cycles between -20 °C and +80°C, with five minute dwells
at the extremes. The temperature change rate was 60°C/ minute. The presence level for
power cycling was turning a DC voltage on and of continuously at five-second intervals
during the positive temperature ramps and the dwells.

Two types of diagnostic methods were used to monitor the cards during the experiment.
One was a PROM based self-diagnostic test, and the other was a functional test developed
by Sun.

The responses of the experiment were the failures that occurred, both during the ESS
process. and during some aging tests conducted after ESS to simulate life. An effective
ESS process. then, would be one which precipitates failures in ESS, and thereby eliminates
them from the aging tests. The results of the experiment are shown in Table 5.



Table 5. Resuits of the CPU card ESS experiment.

Component Workmanship
Run Stress Combination failures failures
ESS Aging ESS Aging

1 Power, temperature, functionai test 3 5 2 0
2 Temperature, vibration, self test 6 4 4 0
3 Power, vibration, self test 0 4 0 0
4 Vibration, functional test 5 1 2 0
5 Power, temperature, seif test 2 2 0 0
6 Temperature, functional test 1 0 0 0
7 Power, functional test 1 0 1 0
8 No stress, seif test 0 3 0 0
Totals 18 19 9 0

The effects of the various types of stress are shown in the response tables. 6A-G. Since all

sample sizes were equal (900 samples for each level) direct comparisons may be made
easily.

Table 6A. Effects of vibration in the CPU card ESS experiment.

Component failures Workmanship failures
Stress level ESS Aging ESS Aging
Vibration 14 14 8 0
No vibration 4 5 1 0

Table 6B. Effects of temperature cvcling in the CPU card ESS experiment.

Component failures Workmanship failures
Stress level ESS Aging ESS Aging
Temperature cycling 12 11 7 0
No temperature cycling 6 8 2 0

Table 6C. Effects of the vibration-temperature cycling interaction in the CPU card ESS
experiment.

Component failures Workmanship failures
Stress level ESS Aging ESS Aging
Vib x temp cycie 10 12 7 0
No interaction 8 7 2 0

Table 6D. Effects of power cvcling in the CPU card ESS experiment.

Component failures Workmanship failures
Stress level ESS Aging ESS Aging
Power cycling 6 11 3 0
No power cycling 12 8 6 0




Table 6E. Effects of the vibration-power cycling interaction in the CPU card ESS
experiment.

Component failures Workmanship failures
Stress level ESS Aging ESS Aging
Vib x power cycie 4 12 2 0
No interaction 14 7 7 0

Table 6F. Effects of the temperature cycling-power cycling interaction in the CPU card
ESS experiment.

Component failures Workmanship failures
Stress level ESS Aging ESS Aging
Temp cycle x pwer cycle 10 11 4 0
No interaction 8 8 5 0

Table 6G. Effects of the test method in the CPU card ESS experiment.

Component failures Workmanship failures
Test method ESS Aging ESS Aging
Self diagnostic 10 6 5 0
Functional 8 13 4 0

Several conclusions may be noted from the above results:

o  The most effective single stress was vibration, which precipitated 14 component
failures and 8 workmanship failures during the ESS process.

o  Temperature cycling was almost as effective as vibration, with twelve component
failures and seven workmanship failures during the ESS process.

o The combination of temperature cycling and vibration was also effective in
precipitating failures during the ESS process.

« Neither power cycling, nor its interactions with temperature cycling or vibration,
appeared to have any effect in precipitating component or workmanship failures.

o There was no significant difference between the two types of system test.

o All of the screens were effective in eliminating workmanship failures, since none were
observed in the lifetime aging test conducted after ESS.

o None of the stresses were as effective in precipitating component failures as the
experimenters had wished, since a total of nineteen component failures occurred in the



lifetime aging test. The experimenters attributed this to the fact that the vibration step
followed the temperature cvcling step.

The general conclusion from this experiment was that the combination of temperature
cycling and vibration was found to be more effective than the prior ESS process. Since it
required less time than the prior process. its use represents a cost saving. It was also
shown (although not reported here) that the more rigorous combination of stresses was
not harmful to non-defective products.

THE GLASS-TO-METAL SEAL STRESS ANALYSIS EXPERIMENT

In 2 somewhat more theoretical study, Mathieu and Dasgupta used DoE to design a
product so that it would be robust with respect to the stresses it would experience in
service. An example of this approach is the stress analysis of glass-to-metal lead seals for
hermetic packages for microcircuits {14].

The factors. or independent variables, in this investigation were the lead design features.
The five such factors selected for analysis were:

S lead spacing

A lead width

H lead height

R radius of the porthole in the package, and

T wall thickness of the package.

Two different dimensions, or levels, were selected for each of these factors, and
combinations of them were evaluated in a sixteen-run experimental array. The two levels

of each factor are called the high (H), and low (L) levels. The values of the high and low
levels for each factor are shown in Table 7.

Table 7. Factors and levels for the glass-to-metal seal experiment.

S w H R T
H 0.035 in. 0.020 in. 0.015in. 0.022 in. 0.050 in.
L 0.025 in. 0.010 in. 0.005 in. 0.018 in 0.030 in.

The experimental array is shown in Table 8, which shows only the five main effects

colurmns. The complete array contains fifteen columms, which are used to evaluate both
main effects and interactions.

Finite element analysis was used to calculate the stresses imposed on the seal when three
types of forces were applied to the leads: tension, bending, and torsion. For each of the
sixteen runs of the experiment, the maximum stress conditions were calculated for each of
the three types of loading. Using this approach, it was possible to compare the maximum
stresses for each level of the five design factors. The experimenters combined this



approach with a statistical technique called residual analysis, and were thus able to select
the design factors which were most important in producing a robust design.

Table 8. Sixteen-run experimenial arrav for the glass-to-meral lead seal experiment.

Run no. S W H R T
1 L L L L L
2 L L L H H
3 L L H L H
4 L L H H L
5 L H L L H
6 L H L H L
7 L H H L L
8 L H H H H
9 H L L L H
10 H L L H L
11 H L H L L
12 H L H H H
13 H H L L L
14 H H L H H
15 H H H L H
16 H H H H L

The significant factors depended on the type of applied loading. For tension. the
significant factors were found to be lead height (H), lead width (W), wall thickmess (T),
porthole radius (R), and the H x W interaction. For bending, the significant factors are H,
H2, W,Hx W, H2x W, W2, T, and H x T. For torsion, the significant factors are H, H?,
W HxW HZ2xW, W2 Hx W2, T, T x H, and H2 x T. (The squared terms represent
second order effects.)

The results of this designed experiment allowed the investigators to express the effects of
the significant design factors in closed-form relationships of the generic form:

g
=t = Ao+ X Ay + T Aygxix; + T Ayexix
1

where the left-hand side of the equation is the maximum principal stress for a particular
type of loading, normalized by the average value for that loading. The x; terms represent
values for the significant geometric variables, and the constants 4,, A;, 4;;, and Ay are
constants obtained from regression analysis.

The use of DoE in the manner described in the glass-to-metal seal stress analysis is

mathematically quite complicated. This type of usage is not common in most DoE or
reliability work, but it does illustrate the range of application of DoE
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SUMMARY

Reliability data collection is expensive and time-consuming, but it is necessary in order to
obtain useful information about the reliability of a product prior to use. especially if the
product is different from previous designs. Design of experiments has been shown to be
effective in reducing both the cost and time required for reliability data collection. DoE is
the only way to evaluate the effects of combined environments in reliability testing. Three

examples. representing quite different applications of DoE to reliability work. have been
presented here.
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