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Environmental stress testing (EST) is a means of systematically improving

the reliability of electronic systems. In this paper, we discuss:

= The background and rationale for EST;

= The utility of accelerated testing to achieve robust design margins, high
component quality, and well-controlled manufacturing processes;

= Various issues that must be addressed to make EST a safe and effective
process, including the principal modes of implementation, the application
of various kinds of stress stimuli and the associated faults that are precipi-
tated, and the classification of failure types;

= Implementation issues, including methodology issues related to the stim-
ulation and detection of failures, and the use of baseline experiments to
determine the operational and destruct limits of a product, so as to arrive
at a safe and effective EST regimen; and

= Economic issues, including the importance of failure mode analysis and
corrective action to achieve a cost-effective EST methodology.

Introduction

Environmental stress testing (EST) is
an effective method for improving product
reliability. Products may often have hidden
defects or weaknesses, which can cause fail-
ures during normal operation in the field. EST
is a process in which environmental stress
stimuli are applied to a product to turn such
latent defects into observable failures. The
EST process thus prevents defective product
from being shipped to the field, and offers an
opportunity to discover and correct weak-
nesses early in product life. The stress levels
applied must be severe enough to precipitate
the defects without causing damage to a good
product or nucleating defects, which might
cause early wearout and reduced life in the
field. The application of EST accelerates the
process of precipitation and detection of latent
defects.

Environmental stress testing has its
origins in the space program of the 1960’s,
which required 100% defect-free systems.
While quality control was the ultimate objec-
tive, not much attention was paid to the cost
of doing EST. Subsequently, in the 1970’s, EST

was adopted by the defense electronics indus-
tries, which did much of the pioneering work
to quantitatively establish the benefits of EST
for quality control. Defense contractors are
contractually obligated to perform EST on
100% of their final shipped products, which
can be a costly process.

More recently, EST has been routinely
applied in the commercial electronics indus-
tries, as well, and the number of commercial
users is increasing at a rapid rate. While
defense electronics industries apply EST as a
contractual obligation, commercial industries
have effectively applied EST as a tool for
improving quality, while also making it more
cost effective. IBM, Hewlett Packard, and Sun
Microsystems routinely use EST during the
qualification of new designs and the early
manufacture of new products.!~4 Within
AT&T, effective EST-based, product-reliability
improvement programs are being applied to a
number of products.®~8

This paper provides a broad overview
of the concept of EST as applicable to elec-
tronic systems. It also reviews various aspects
of implementing EST that must be addressed
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Panel 1. Acronyms Used in This Paper
EMI — Electromagnetic interference
ESD — Electrostatic discharge

ESS — Environmental stress screening
EST — Environmental stress testing
FMA — Failure mode analysis

to ensure it is a safe and effective process to achieve high
quality. The “Background” section discusses the ratio-
nale for EST, and the concept of accelerated testing.
“Technical Aspects of EST” describes various modes of
implementing EST, and discusses the application of a
number of stress stimuli and the faults such stresses pre-
cipitate, types of failures, and methodology issues related
to the stimulation and detection of failures. “EST Imple-
mentation Issues” covers the need for robust design
margins, establishing baseline operational and destruct
limits of equipment to arrive at a safe and effective EST
regimen, and the importance of failure analysis. The last
section, “EST Economic Issues,” discusses the sources of
benefits, and some of the cost issues, related to EST.

Background

We will begin by first discussing the background
and rationale for EST, and then reviewing the concept of
accelerated testing.

Rationale for Stress Testing. Reliability problems
are generally caused by poor design margins or exces-
sive product variations. As illustrated in Figure 1, prod-
uct failures may occur when the statistical distribution
for a product’s strength, or its capability of withstanding
a stress, overlaps with the distribution of the operating-
environment stresses.

To prevent product failures, reliability may be
achieved through a combination of robust design and
tight control of variations in component quality and man-
ufacturing processes. Design enhancements increase a
product’s ability to withstand stresses, and stricter qual-
ity control in component and manufacturing processes
tightens the product’s capability distribution. Thus, when
the product undergoes sufficient improvements, there
will no longer be an overlap between the stresses
encountered and product strength distributions, as is
illustrated in Figure 2. As a result of this modification,
field failures should be greatly reduced.
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In general, it is desirable to improve product
reliability by using environmental stress testing to reveal
product deficiencies early in a product’s life. Root-cause
analysis can then be pursued to determine the causes of
the deficiencies, and corrective actions can be quickly
taken to eliminate any reliability problems. This product-
improvement orientation is what differentiates EST from
simply screening a product for defects—a process usu-
ally referred to as environmental stress screening (ESS).

EST and Accelerated Testing. Environmental stress
testing generally involves applying an amplified or accel-
erated stress, usually in excess of the product’s specified
limits, to a potentially unreliable product to stimulate any
latent defects to the point of detection. The stress condi-
tions applied are not meant to replicate the stress condi-
tions in a normal operating environment. Rather, they
are designed to stimulate the failures that might be
caused by stresses in that environment.

To this end, the use of accelerated test condi-
tions offers several advantages. As illustrated in Figure 3,
product variations are better revealed at heightened
stress levels because a larger section of the failure distri-
bution “tail” is exposed. Thus, for example, design mar-
gins may be quickly established using a small sample
size. Another advantage of accelerated testing is that the
time to achieve a given level of stressing may be dramati-
cally reduced.

However, the stress levels used in EST must be
selected so that they neither damage an otherwise good
product nor significantly reduce the product’s life. As
shown in Figure 4, the intent of EST is to screen out
defects that could lead to infant mortality without
significantly wearing out the product. By determining
the root cause of these early failures, and taking action to
eliminate them, infant mortality in the field can be
greatly reduced. It is important to understand that infant
mortality often represents a weak sub-population of a
product. This sub-population is normally well separated
from the main, robust population. EST is intended to
cause this weak sub-population to fail and, when properly
applied, does not affect the main population.

Technical Aspects of EST
Environmental stress testing may be viewed
from many perspectives. There are several issues of
importance to the effective application of EST. _
Modes of EST. There are several modes of doing
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stress and product strength illustrate that when
a product undergoes sufficient improvements,
there will no longer be an overlap between the
stresses encountered and the product’s capabil-
ity to withstand those stresses. Thus, field
failures will be eliminated.
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EST. We will discuss them in the order of descending
desirability.

Design Qualification EST. A product is tested near
the end of the design stage to see if it is robust with
respect to stress levels in excess of those likely to be
encountered in the operating environment. If
deficiencies are found, the root cause is determined and
corrective actions are taken to fix the underlying causes
of the problem. This is the most productive mode of
doing EST, because the benefits are realized over the
whole life of the product.

Manufacturing Qualification EST. A representative
sample of a product is subjected to EST, during the manu-
facturing ramp-up, to identify any deficiencies in compo-
nent quality or manufacturing processes. In addition,
design-margin deficiencies that did not show up in
design qualification EST may be found. The emphasis
again is on failure mode analysis (FMA) and corrective
action, so that deficiencies in the product can be quickly
eliminated before production volumes become large.

Production Sampling EST. For products requiring
high reliability, it is useful to continue to perform EST on
a sampling basis, to monitor production for process or
component quality variations, even after the products
have satisfactorily passed the design-qualification testing.
The emphasis continues to be on determining the root
cause of any problems found, and taking corrective
action to correct them.

oOngoing EST. Sometimes EST is performed with
the intention of doing good FMA, and quickly correcting
any problems found, but quality problems continue to
persist. For a high-reliability product, it may still be eco-
nomically feasible to continue to do EST on an ongoing
basis, with some degree of FMA and corrective action, but
this mode is certainly less desirable than the approaches
mentioned above.

ongoing Ess. Traditionally called environmental
stress screening (ESS), this approach is directed mostly
at sorting the good product from the bad, which is then
repaired. But little emphasis is put on FMA and taking
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Figure 3. A comparison of testing at specified
and accelerated stress levels illustrates that
product variations are better revealed at
heightened stress levels, because a larger sec-
tion of the failure distribution *‘tail’’ is exposed.
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corrective action. Although this mode may be suitable
for limited production volumes, where there is little
opportunity for product improvement, it is not nearly so
productive as the approaches mentioned above for
higher-volume products.

Stress Stimuli and Flaws. There are a variety of
stress stimuli that can be applied to a product as part of
an EST regimen. We will review the most commonly used
stimuli here, and note some of the types of product
deficiencies they are likely to stimulate to failure.

Elevated Temperature. Testing a product for an
extended period at an elevated temperature, or burn-in,
is probably the most common form of stress testing.
Marginal product designs often exhibit a temperature
threshold above which the product will not function satis-
factorily. Failure modes that involve chemical or diffu-
sion processes can often be effectively accelerated at ele-
vated temperatures. However, for many electronic prod-
ucts, there is a tendency to test the product only to the
nominally specified upper temperature limit. Testing
beyond the nominal temperature limit is productive,
however, since one can better assess the robustness of
the product.

Power Cycling. Turning a product on and off is
another common form of stress testing, and it is com-
monly done in conjunction with other types of stress test-
ing. The temperature transients that occur during power-
up can often stimulate thermo-mechanical defects. For
electronic systems involving possible variable conditions
resulting from an abrupt shut-down, on/off powering
also may reveal design deficiencies.

Temperature Cycling. A number of interconnection
and packaging failure modes may best be stimulated by
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temperature cycling. The higher transient temperature
conditions that occur during temperature cycling also
can reveal design deficiencies not normally found during
the slow transients associated with getting up to burn-in
temperatures. Cycling to low temperatures can also
reveal temperature-threshold problems not covered by
traditional burn-in tests.

Voltage Variations. Varying the voltage supplied to
an electronic system can reveal design-margin problems
and marginal performance of specific components. This
type of stressing often is combined with testing at tem-
perature limits, which increases the detection of margi-
nal conditions.

Clock Variations. Varying the clock rate can reveal
timing-margin problems. This type of stressing is often
difficult to achieve, however, because of the high degree
of integration of clocks in the product circuitry. Often,
special design provisions must be made for such tests to
be feasible.

Vibration and Mechanical Shock. Vibration or
mechanical shock stressing has traditionally been used
to reveal structural-support problems; problems in secur-
ing specific, often large or heavy, components; and con-
nectorization and cabling problems. In addition, prob-
lems with surface-mount solder joints are also increas-
ingly being addressed using vibration testing.

Elevated Humidity. Elevated-humidity testing is
usually done in conjunction with high-temperature test-
ing to reveal problems with corrosion or high-voltage iso-
lation breakdown. Extended testing is often required to
get results.

ESD and Power Surge. Specialized testing is often
done for electrostatic discharge (ESD) and power surges
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to check the adequacy of isolation and grounding
designs. Such testing is generally not performed on prod-
ucts that are shipped to the customer.

EMI Susceptibility. Electromagnetic interference
(EMI) testing also is done to verify design robustness,
though often only at ambient conditions. However, EMI
testing done in conjunction with temperature cycling can
reveal additional problems with leakage paths not found
under static conditions.

Types of Stress Failures. Products that are under
stress may fail in different ways. The most appropriate
way to perform EST on a product will depend on the
nature of the failure modes. We will now consider three
principal types of stress failures.

Threshold Stress Failure. A product typically
exhibits a statistically distributed strength to withstand a
given stress, as is illustrated in Figure 1. In the simplest
case, a failure occurs in a specific product sample when
the stress level exceeds the threshold strength of the
sample. Examples of the threshold strengths are the
mechanical strength of a brittle material, or the tempera-
ture level at which an electronic component begins to
malfunction. A screening process at a certain stress level
may sort out the weak products without damaging or
wearing out the good products, which possess a thresh-
old strength higher than the screening stress level.

Cumulative Stress Failure. Some failures occur
under the cumulative effects of repeated low-level stress-
ing. Although these stresses may be well below the level
that would cause immediate product failure, each time

they are applied they produce some irreversible changes
in the product. Thus, after repeated exposure to these
stresses, the cumulative change grows to a failure level.
Well-known examples of cumulative-stress failure are
electromigration in a device under high-current density,
and fatigue failure of solder joints due to extended ther-
mal cycling. Screening weak products by applying cumu-
lative stress is appropriate only when the product
strength of the main population is much higher than that
of the weak sub-population..

Combined Threshold-Cumulative Failure. Besides
threshold stress and cumulative stresses, a combination
of these may also stimulate certain failure modes. Thus,
a high peak stress might initiate an incipient failure that
later results in a hard failure due to cumulative stresses.
For example, a device with a cracked package may be
able to operate for a time, but may be vulnerable to
future failure due to subsequent corrosion. Thus, the use
of high stress to screen out weak products must be done
with caution. If the incipient failure, such as the cracked
housing induced by exceeding the threshold strength, is
not driven to an observable failure, a later field failure
may occur.

EST Implementation Issues

The following section discusses the selection of
an appropriate stress testing regimen, how one demon-
strates that the selected regimen is safe for a good prod-
uct, and alternate schemes for detecting faults stimulated
by the applied stress regimen.
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Figure 5. This illustration shows a bimodal product strength
distribution, shown as a solid line, having a weak sub-
population. This population is significantly lower in strength
than the main part of the product population’s strength dis-
tribution. This population also is weak relative to the distri-
bution of the maximum lifetime stresses, shown by the red
line, that the product may encounter during its life.

Stress Stimuli Selection. In planning an EST pro-
gram, one of the first tasks is to decide what stress stim-
uli should be employed in examining the reliability of a
given product. During design qualification EST, it is advis-
able to use a fairly wide spectrum of stress stimuli. How-
ever, in a production environment, where the cost of per-
forming EST can be quite large, it is advisable to focus on
those areas found to be of significance in design
qualification testing, or which address the types of failure
modes being found in the field for similar products.

Stress Level Determination. Once the relevant
stimuli have been selected, appropriate stress application
levels must be determined for a test regimen. During
design qualification EST, one of the primary objectives is
to verify that satisfactory design margins have been real-
ized. For example, let’s consider a printed circuit board
that is designed to operate as part of a highly reliable
system in a 0°C to 50°C environment. Guidelines estab-
lished for how the system performs above, or below,
these specified temperature limits regard 10°C beyond
the specified limit as “marginally robust,” 20°C beyond
as “acceptable” or “robust,” and 30°C beyond as “excel-
lent” or “very robust.” Margins should be product-
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specific and must be clearly established for each project.
It is useful to set targets for an acceptable design margin
for each of the stress stimuli applied to the product.

Alternatively, if robust design margins cannot be
verified, Gregg Hobbs, an industry EST consultant, has
suggested a procedure! for determining the appropriate
stress levels for a test regimen to be used in the manu-
facturing environment. In this procedure, stress levels
are incrementally increased until a significant
percentage—greater than 50%—of the sample size no
longer functions. Hobbs suggests adopting a stress level
that is approximately midway between the specified and
operational limits. At this point, it is useful to distinguish
between operational and destruct limits. The operational
limit is the stress level at which a product no longer func-
tions, but recovers once the stress level is reduced. The
destruct limit is the stress level at which a product fails,
but does not recover even when the stress level is
reduced.

Regardless of which method is used, determin-
ing the stress level for robust design must be viewed as
an iterative process. Hence, it may be necessary to
repeat the process through the following loop several
times:
= Stress and test product,
= Analyze failures,
= Take corrective action to eliminate the failures, then
= Re-test the improved design.

Safety Testing. EST should precipitate flaws in a
marginal product before it is shipped from the factory,
but it should not induce flaws or failure modes that nor-
mally would not be present in a good product. In addi-
tion, the useful life of a product should not be diminished
by EST. To prevent this from happening, safety testing
should be applied to the candidate regimen.

The preferred safety test method for a manufac-
turing stress test is to repeatedly apply a candidate stress
testing regimen “X” to a product until failure can be
shown to occur beyond some level, “Y,” where “Y” is
much larger than “X.” For example, suppose a candidate
regimen of 10 thermal cycles is proposed. Then, if exper-
iments are conducted showing that more than 1000 ther-
mal cycles are needed to eventually “break” the product,
one may reasonably conclude that the proposed regimen
of 10 cycles will not significantly reduce the useful life of
any good product.

In using highly accelerated stress testing, it is



also necessary to perform sufficient safety testing on
potentially combined threshold-cumulative failure
modes. This is needed to be assured that the elevated
stress levels are not causing incipient damage that can
lead to later failures due to the cumulative effect of a sec-
ondary stress. As mentioned earlier, the corrosion of
metal within a device package that has been cracked by
an elevated mechanical stress is an example of such a
concern.
The burden of doing safety testing is greatly
diminished as one gains experience, since the results
from safety tests for a technology used on one product
may later be applied to other products using a similar
technology. It is important to develop a mechanistic
understanding of the relationship between applied stress
conditions and observed failures, so that one can prop-
erly judge when it is appropriate to extrapolate previous
safety testing, and when additional testing is required.
Stimulation/Detection Schemes. In performing
EST, fault stimulation and fault detection may be concur-
rent or sequential. The three stimulation and detection
schemes are as follows:
= Passive - Unpowered stressing, with later fault detec-
tion.

= Static - Powered, but electrically non-functioning while
stressing, with later fault detection.

= Dynamic - Powered and electrically functioning during
stressing, with concurrent fault detection.

Intermittent failures tend to comprise a
significant percentage of overall failures. Therefore, one
should strive to do dynamic testing, if possible.~8 It may
be quite productive, however, to “precondition” a prod-
uct with a low-cost, passive- or static-stress regimen to
help precipitate failures, followed by an abbreviated
dynamic-stress test aimed principally at detection. Pre-
condition stressing may be done selectively to only those
elements of a system for which it is most productive.
However, the detection phase of EST generally is most
effective if it is applied to the smallest, fully testable part
of a system.

EST Economic Issues

The next section reviews some of the principal
factors that impact on the economic benefits and costs
associated with an effective EST program.

Benefits. A principal direct benefit of an EST pro-
gram is a reduction in warranty repair costs. For high-
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Figure 6. This contour plot shows the joint probability that a
specific product having strength ‘Y,” characterized by a
product strength distribution, will experience a lifetime max-
imum stress, ““X.”” The plot shows the part of the product
population that is subject to field failure (including infant
mortality of the weak sub-population and early wear-out of
the weak tail of the main population), and how the applica-
tion of EsT reduces potential field failures by finding weak
product before it is shipped.

quality products, however, a more important benefit may
be in meeting—or exceeding—customer expectations
for a highly reliable product, leading to increased sales
and market share. For certain products, such as comput-
ers or telecommunications systems that may be critical
to a customer’s revenue stream, a product failure may
result in substantial losses. The cost to the customer for
redundant capacity, or maintenance capabilities to avoid
such losses, can be substantial . For such situations, high
reliability can be a significant factor for a customer in
making a decision to buy a product. In other markets,
such as consumer products, a customer may buy a prod-
uct based principally on cost or features, provided the
reliability is acceptable.

In order to plan an appropriate EST program, it is
important to have a clearly defined reliability objective
for a product, and to understand the economic factors
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influencing that objective. This is particularly important
in setting a criterion for whether continued screening is
economically justified.

Additional benefits can flow from a well-planned
EST program. Accelerated stress testing can be used to
more quickly and economically achieve a target level of
reliability, rather than simply relying on more traditional
mild-stress testing techniques, such as burn-in at the
upper-specified temperature limit of the product. Finally,
and perhaps most importantly, the lessons learned from
performing EST on one product are often retained and
applied to future products. As a result, reliability
enhancement becomes more firmly ingrained in the cul-
ture of an organization when the results of reiiability
improvement efforts are more readily apparent.

Cost of EST. The cost of performing EST involves
the direct cost of doing the stress testing, as well as the
cost of repairing a defective product. An effective EST
program is aimed at product improvement and the asso-
ciated costs of performing failure-mode analysis, how-
ever, and taking corrective action to fix problems should
also be factored into the total EST program cost. For
design qualification and manufacturing qualification EST
programs, these latter costs for FMA and corrective
action may far exceed the more direct costs of perform-
ing stress testing and repair. Nonetheless, improving the
reliability of a product early in its life is the best way to
achieve highly leveraged economic benefits.

Optimizing the Application of EST. It is often difficult
to judge the most appropriate extent of an EST program,
since it is difficult to project the relationship between fail-
ures found through EST and the probability that these
failures would have occurred in the field. To illustrate
this difficulty, we return to a discussion of the statistical
distributions of a product’s strength and the stress
encountered in the field. Figure 5 shows a bi-modal
product-strength distribution which, for illustrative pur-
poses, has a significantly weak population that is distinct
from the main population. We will consider that the early
failures showing up in the bathtub curve in Figure 4 are
principally associated with this weak population.

Now consider Figure 6. This is a contour plot
showing the joint probability that a specific product of a
given strength will experience a maximum stress of a
given level during its product life (called lifetime maxi-
mum stress). The population lying to the lower-right of
the diagonal line is subject to failure in the field because
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the lifetime maximum stress level, “X,” exceeds the
strength, “Y.” The population to the upper-left of the
diagonal will not fail in the field because the strength
exceeds the lifetime maximum stress to which it is
exposed. Thus, even a weak product may survive a rela-
tively benign stress environment.

An object of EST is to precipitate failures in the
weak population. The appropriate stress level to achieve
this is shown as the solid horizontal line in Figure 6. As
seen in this figure, however, this stress level does not
catch the lower-right part of the main population that will
fail in the field because it happens to experience an
abnormally high-stress level. If we raise the EST stress
level to the level shown by the dashed line, in an attempt
to eliminate this part of the population, we then fail a
significant portion of the main population that, though
relatively weak, would nonetheless survive in a typical
stress environment. Thus, we see that the main popula-
tion must be very robust with regard to the stress levels
required to screen out weak and predominantly unreli-
able product. Otherwise, a stress screen may fail sub-
stantially more product than would fail in the field.

We can thus conclude that, to economically
achieve high reliability, a product must be robust with
regard to the stress levels encountered in an operational
environment. If it isn’t, stress screening may be a costly
way of trying to achieve high reliability. EST is principally
of value in helping to achieve a robust product through
product improvement and, if very high reliability is
required, in screening out a small, weak population that
is well separated from a robust main population.

Summary .

The use of EST is increasing rapidly among com-
mercial electronics companies. The concept of EST is the
application of accelerated stresses—usually beyond prod-
uct specifications—to stimulate potentially weak prod-
ucts to detectable failures. This is followed by root-cause
analysis and corrective action to eliminate the cause of
failures, thereby ensuring a robust product.
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