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Quality Improvement Using
Environmental Stress Testing

AT&T and otherleading manufacturers have developed techniques thatuse
environmental stresstesting to enhance the quality and reliability ofelec­
tronics assemblies. These techniques consist primarily ofapplying thermal,
vibration, and voltage stresses to components or assemblies during design
and manufacturing. Environmental stresstesting is a tool thatis used to
accelerate the detection ofproduct weaknesses. When coupled with
corrective-action programs, thistool also enhances product quality and reli­
ability. This paper discusses applications ofenvironmental stresstesting in
the electronics industry. It also reviews the results ofenvironmental stress
testing atAT&Ts Little Rock Operations Center inArkansas as applied pri­
marily to the manufacture ofcircuit-eard assemblies.
Introduction

The quality and reliability ofan elec­
tronics assembly is a function ofthe complex­
ityofits design, the quality ofits components,
and the quality andconsistency ofthe pro­
cesses used to assemble it.During product
designanddevelopment, onecan improve an
assembly's design margin androbustness by
usingaccelerated stress techniques, coupled
with failure-mode analysis (FMA) andcorrec­
tive action. (Design margin refers to an exten­
sionofthe specification limits for tempera­
ture,voltage, etc., to encompass a wider
range thana customer will apply to the prod­
uct.This makesthe assembly morerobust,
i.e., ableto tolerate wider variation in its oper­
atingconditions. Panell defines acronyms
and terms usedin this paper.)

During assembly, the weaknesses
caused by deficiencies inthe components or
in the assembly processes may degrade to
become early-life failures, typically within the
first sixmonths oflife. Usually, these weak­
nessesare mechanical defects, suchas a bro­
ken integrated-eircuit (Ie) wire bondor a
defective solderjoint, that often do notshow
upwhen the assembly is firsttested. How­
ever, because ofthe stresses that devices
encounter during assembly andshipment and
with the progression oftime, the defects can
showupas early-life or "infant-mortality"

failures. Byusingthermal cycling andother
stresses,onecan identify these latentdefects
before shipment.

Byitself, environmental stress
screening (ESS) canbe only partially effective.
Few, if any, environmental screening tech­
niques are lOO-percent effective at finding all
latentdefects. In addition, if nothing is done
to correcta problem at its source, the prob­
lemwill often persist, and ESS will continue to
misssomefraction oflatentdefects.

AnESS program is much more effec­
tive when combined with an aggressive FMA
andcorrective-action plan. AT&T prefers to
use the term environmental stress testing (EST)
when referring to suchan approach, to
emphasize the test and FMA andcorrective­
action aspects ofthe process. EST programs
should be coupled closely with total quality
management programs, which consist of
process-improvement teamsandpartnerships
with vendors, as well as other quality­
improvement tools. (Total quality manage­
ment is a management strategy thatconsists
ofheightened awareness ofcustomer require­
ments, continuous process improvement,
workforce empowerment, andmanagement
excellence.) AsFMA uncovers the causesof
the defects andthe teamswork to correct
them,infant mortality will be broughtunder
control. Onecanthen move from EST on
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Panel 1. Abbreviations, Acronyms, and Tenns

lOO-percent EST - environmental stress testingonall
assemblies

ASIC - application-specific integrated circuit
ASQC - American Society forQuality Control
CHMf- Components, Hybrids, and Manufacturing

Technology Society
circuit card- a flat boardthat holdchips (dual in-line

packages) and othercomponents on the topsideand
has printed, electrically conductive pathsin multiple
layersfor these components on its bottom side

constant failure - the assembly fails repeatedly witha
constant thresholdoffailure above or below 25°C,
yetwithin the established EST temperature range.
(Threshold refers to the temperature wherethat unit
repeatedly fails.)

CPU - central-processing unit
CRT - cathode-ray tube;often used to referto a

computer's entirevideo-display unitor monitor, not
just the tube

cycles to failure - the thermalcycle wherea failure
firstappears fora unitundertest

DIP- dual-in-line package
discrete - an elementary electronic device (suchas a

capacitor, diode, resistor, or transistor) that is con­
nectedas a singlepart

DRAM - dynamic random-access memory
early-life failures - failures that typically occurwithin

the firstsixmonthsofthe product's life
EPROM - erasable, programmable read-only memory
ESS - environmental stress screening; thermal, vibra­

tion, andvoltage stresses are applied to a com­
ponentor complete assembly duringits designor
earlyproduction

EST - environmental stress testing; testingwhile ther­
mal, vibration, andvoltage stresses are applied to a

lOG-percent ofthe assemblies to ESf on somepercentage
ofthe assemblies. (We refer to these as 10o-percent EST
andsample EST, respectively.)

EST During Product Design
It would be improper to discuss the manufactur­

ingapplications ofESf without firstexamining its applica­
tionto design.

Anelectronics assembly, suchas a computer
motherboard, is designed with operating specifications
in mind; forexample, an operating temperature rangeof
O°C to 55°C (degrees Celsius) andan operating voltage
rangeof4.75V to 5.25V (volts). Historically, designers
have tested newproducts to the design limits and nofur­
ther.The rationale wasthat nocustomer would operate

component or complete assembly duringmanufac­
ture, coupled with failure-mode analysis andcorrec­
tive action

FMA- failure-mode analysis; failure mode refersto the
way a device failed duringtest or operation inthe
field. The analysis usually leadsto identification ofa
failure mechanism that canbe tracedto a design,
materials, or processdefect

healerfailure - sometimes called a self-healer; the
assembly fails constantly or intermittently at all EST
temperatures, andthen beginstoworknormally at
all temperatures foran extended period oftime

IC- integrated circuit
IEEE- Institute ofElectricaland Electronics Engineers
IES- The Institute ofEnvironmental Sciences
intermittent failure - the assembly works sometimes

but fails other times, somewhat randomly
motherboard - main systemboardofa microcom­

puter; usually contains the central-processing unit
(cPU), random-access memory (RAM), support
chips, andexpansion slotsforplugging inother
circuit boards

pixel- picture element; the smallest display element
(usually, a dotor clusterofdots) on a video-display
screen

PC - personal computer
RAM - random-access memory
ROM - read-only memory
sample EST - environmental stress testingon some

percentage ofthe assemblies
SMT- surface-mount technology
SfRIFE testing- stress pluslife testing, performed dur­

ingdesign evaluation
UUT - unitundertest
Vee - main de circuit voltage

the unitbeyond those limits. Life testing wasdone on
tens ofunitsformonths at a time, typically at an operat­
ing temperature of55°C.

In 1982, the Hewlett-Packard Company began
experiments with a concept thataccelerated the process
oflife testingand referred to it as SfRIFE (for stress plus
life) testing. 1.2 The SfRIFE test process exposes products
to environments that are beyond the product's specifica­
tion limits. It servestwo purposes:
- STRIFE testing adds design margin and robustness,

as designs are changed to correct the faults itfound.
Hewlett-Packard found that the samefailure modes
that occuroutside the operating limits during design
evaluation ofsmall samples will occurlaterwithin the
specification limits ona largepopulation ofthe
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Figure 1. Each device type has a typical distribution of key

parameters. Here, we show the distribution of a device
operating parameter for a sample of 100 Integrated circuits,

before and after environmental stress testing (EST).3

productin the field.
- STRIFE testing can be coupled with planning for EST in

manufacturing. The effectiveness ofESf is enhanced
when temperatureexcursionscan be maximized, yet
still allow a unit to operatewithoutfailure. This proce­
dure provides greater stresses that increase the proba­
bility ofdetectinglatent defects. However, false fail­
ures are undesirable and mayoccur if one exceeds the
operating designlimits.

Key parametersofelectronic components can
driftwithtime.Also, withlarge quantities ofmanufac­
tured units,each device typehas a typical distribution
ofkeyparameters, as illustrated in Figure 1.3 These
parameters mayallbe within a device supplier'sspecifi­
cations. Butwhenthis device is combined withother
marginal devices in a circuitassembly, failures may
occurwithin the assembly's operatinglimits. The proba­
bility is small that one will get onlya few prototypes
whosekeyparametersare near their specification lim­
its.Therefore, marginal design issues maynot showup
if the unitsare tested onlyto the specification limits.
This factprovides the motivation to "designin"margins

ac timing

Production EST
For production lots, the failure rate of specific

infant-mortality defectsis typically less than 5000 ppm
(partsper million); i.e,0.5percent. This failure rate
makesdetection during STRIFE testing nearly impossible
becauseofthe small sample size. Therefore, 100-percent
EST is requiredduringearlyproduction. Later, with
aggressive FMA and corrective action, one can reduce
EST froma process that is applied to 100 percent ofpro­
duction to one that is applied to a sampling.

for temperatureand operating voltage.
In a STRIFE test program, one takessmall sam­

ples (typically, fewer than ten units) duringdesign verifi­
cationand tests them to the specification limits. Asa
next step, the temperature, voltage, and vibration (and
other factorsconsidered important by designers) are
increasedin steps beyondthe specification limits until
failures occur.Everyfailure is analyzed, and action is
taken to correct it.

Atsome point, the failure rate increasesdramati­
cally withsmallincreases in stress. Whenthis occurs,
the fundamental designlimits ofthe systemhavebeen
exceededandfurther stressing maynot makesense. In
one STRIFE test case, Hewlett-Packard has exposed a
commercial productto temperatureextremesof-55°C
and 125°C, eventhough the productis specified to oper­
ate at O°C to 55°C. Suchextreme temperaturesare envi­
ronmentsusually reservedfor rugged military products.

The Schmoo plot, a conceptthat wasfirst devel­
opedin the semiconductor industry, can alsobe applied
at the circuit-eard level duringSTRIFE testing. Schmoo
plotschart two keyvariables againsteach other to show
the interaction betweenthe variables.

This techniquecan be used to quantify and plot
designmarginfor use in EST development. Figure2
showshowa Schmoo plotcan be applied to an electron­
ics assembly, plotting test results (Le., pass or fail) as a
function oftemperatureand power-supply voltage.

In this example, the assembly passes all tests
within specification, yet has insufficient margin below
5.0V and above 60°C to pass EST. Corrective action
shouldbe taken that would allow the designto function
within the EST operating region (i.e., the larger shaded
area in Figure2).Aquickcheck can be madeby doing a
"four-eomer" test, i.e., by testingat the temperature and
voltage settingsat each comer ofthis region.
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Figure 2. This sample
Schmoo plot for a
computer mother­
board can be used to
establish maximum
and minimum tem­
peratures for a given
voltage level In fac­
tory applications of
EST. Clearly, design
corrections are
needed to enable this
device to function
within the EST operat­
Ing region. A quick
test using the tem­
perature and voltage
settings at the four
corners of this region
would verify the effec­
tiveness of these
corrections.
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Many in the electronics industry believe that EST
canneverbe conducted effectively on a sampling basis.'
However, sampling has been achieved anddocumented
byAT&T and IBM.5,6 Before sampling canbe imple­
mented, ESTmay be requiredforallunitsproduced over
a period of2 to 6monthsor formore than 10,000 produc­
tionunits to provide an experience base.

Asthe manufacturers ofelectronics assemblies
implement total quality management in their own facto­
ries and ensure that their suppliers do the same,
safeguards-such as sample EST-mayno longerbe
required. Thus,with total quality management, they
could go from lOO-percent EST (for the earlydesign and
early production) to no EST.

Technique. of Production EST. The two primary
techniques ofproduction EST in use today are thermal
cycling andvibration. Although both havetheir benefits,
the mostcommon technique applied in the commercial
electronics industry is thermalcycling. Therefore, we

have limited the discussion to that area.
Fourkeyparameters are used when discussing

thermal cycling:
- Temperature range (dT)
- Temperature rate ofchange
- Number ofcycles (n)
- Powered with test resultsmonitored versuspowered

only versusunpowered.
The maximum allowable operating-temperature

rangefora product in EST is determined duringthe
STRIFE process. This rangeshould at leastequalthe
operating-temperature specification rangeand, prefer­
ably, exceedthe low andhighends ofthe specification
rangeby lOoeor more.

The test-ehamber facilities will limit the tempera­
ture rate ofchange. Whena test-ehamber system uses
mechanical refrigeration with air as the heat-transfer
medium, the product rate ofchange (i.e., the rate at
which the product's temperature changes) typically will
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be limited to 5°C/minto 20°C/min (degreesCelsius per
minute). Forchambersthat are equipped to use liquid
nitrogen to assist cool-down, this changerate canbe
increased to 25°C/min to 40°C/min.7 Some companies
are investigating evenhigher rates ofchangethat use a
liquid medium."

In addition to increasing stress levels, high rates
ofchangedecreasethe amount oftimerequired to com­
pletea given numberofcycles, thus decreasing the work
in processand the capital investment in ESTequipment.

Whenan EST program is beingstartedfora new
product, it is difficult to know the correctnumberof
cycles, n, to use.Typical values for n will rangefrom 4 to
20. Onecanoptimize this numberby monitoring a large
population ofproduct through 20ESTcycles. The cycle
forwhich the dropout rate levels offas a function ofcycle
numbershould be selected as the optimum cycle run
timeforthat product.

The term cycles tofailure fora unitunder test
(UUT) refers to the thermalcycle wherea failure first
appears. To know the cycles to failure, one must test and
monitor results (i.e., temperature and device operation)
duringthe EST process. Many choosenot to monitor
because ofthe cost oftest fixtures. While unmonitored
EST canbe effective, experience shows that monitoring
can morethan double the ability of EST to identify margi­
nalproducts." Examples offailures that canbe found
only through monitoring are:
- Intermittent - the assembly works sometimes but

fails other times, somewhat randomly.
- Healer - the assembly fails constantly or intermit­

tently at allESTtemperatures, and then beginswork­
ingnormally at alltemperatures foran extended
period oftime.

- Constant - the assembly fails with a constantthresh­
oldoffailure above or below 25°C, yet within the estab­
lished ESTtemperature range. (Thethresholdrefers to
the temperature where that unit repeatedly fails.)

FMA and Corrective Action. Applying environmental
stress techniques is only the first step toward improving
quality and reliability. An evenmorecrucial processto
implement is that ofFMA andcorrective action.

During STRIFE testing, mostofthe corrective
actions are changesmadeto the design; forexample,
parts selection, mounting techniques, and layout.

During production EST, corrective actions are
typically changesmadeto the assembly processandwith
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the component suppliers. For products thathave been
through STRIFE testing, design changeswill be minimal.
Regardless ofthe cause, it is important to understand
the typesoffailures that ESTis expected to find. This
information can come from existing field dataor from
in-process data.

Many common problems are shared throughout
the electronics industry. For instance, mostassembly
defects related to surface-mount technology (SMT) canbe
tracedto the solderprocess. Lack ofcontrol overthe vol­
umeofthe solder-paste deposit canbe the causeofinter­
mittent solder-eonnection failures. Moisture absorbed by
large, plastic, tc packages cancreatedamaging stresses
duringsolderreflow. Improper control during the preheat
stageofwave soldering canalsodamage SMT capacitors
on the bottom sideofthe circuit card.Assembly problems
with through-hole components can often be tracedto bent
legs on dual-in-line packages (DIPs).

Experience at AT&T has shown that mostEST
failures in manufacturing are associated with compo­
nents.? Mostmature, high-volume components-such
as discretes, transistor-transistor logic, anddynamic
random-access-memory (DRAM) devices (1 megabyte or
smaller)-tend to be veryreliable. (Discretes are elemen­
taryelectronic devices-such as capacitors, diodes, resis­
tors, or transistors-that are connected as single units.)
Othercomponents-such as custom application-specific
integrated circuits (ASICS), hybrids (especiallyoscilla­
tors), and printed-wiring boards-need the mostatten­
tion. Also, whatmay seemto be an SMTsolderdefect
may, in reality, be causedbypoorsolderability ofa com­
ponentleador a boardsolderpad. (Solderability refers to
the ability ofthe leador padto be soldered.) Lead pla­
narity is alsocritical forSMTplastic-quad-flat packs and
plastic, leaded-ehip-earrier packages. Nonplanar leads
may result in intermittent contact between the leadand
the solderfillet.

Oncean EST program has been set upand
beginsto identify defects, it is crucial that FMA ofthese
defects be performed as soonas possible. If a supplier
problem is identified as the cause, then it is primarily the
supplier's responsibility to identify the design feature or
processstep that is responsible for the defect andtake
action to prevent recurrence. This action is necessary for
an ESTprogram to be mosteffective.

Accurate datacollection plays a critical roleina
program ofimprovement. While the causeofa lOOo-ppm



problem is beingtracked down, 999 goodpieceswill be
produced foreverydefective one. Notonly must every
defectbe recordedaccurately in a database, it is also
important to remove the part carefully, saveit, and docu­
ment its conditions offailure.

This points out the need for processteams (i.e.,
solder, assembly, etc.) and component engineering to
stayabreast of the EST results. Process-quality improve­
ment teams typically drive corrective action on all
process-related defects. Component teams typically col­
lectdefective parts and workclosely withthe suppliers
to identify the failure mechanisms, and define and com­
mitto the plansofaction required to prevent recur­
rence ofthe failures.

Production EST Studl•• at ATaT
Several studieshavebeen doneat AT&T to

determine the effect of EST on outgoing-product quality,
i.e., to measurethe quality of the productbeforeit leaves
the factory.v" This section summarizes the approaches
takenat AT&TsLittle Rock Operations Center, while the
nextsection summarizes the results achieved.

Efforts within AT&T weredirected to further
improving customersatisfaction. In addition, wewere
tryingto improve the existing card-level bum-in process
byusinghigher stress levels and by addingfunctional
testingto the process. Card-level bum-in consisted of
power-only (i.e., unmonitored) temperature exposure at
50°C to 70°C for 12to 72hours.

The productsstudiedwereterminal-eontroller
circuit-eard assemblies and computer motherboards that
wereassembled usingcombinations ofsurface-mount
and through-hole technology. All the productswerecon­
trolled by a microprocessor and included on-board test
diagnostics in firmware, i.e., software that is program­
medintoread-only memory (ROM).

The EST evaluation programincluded exten­
sive FMA of the defectsidentified, and closeinteraction
between component suppliers, lineengineers, and the
operators whowere responsible forcircuit-eard assem­
bly. In several instances, the designgroupbecamein­
volved in the analysis and corrective-action process.
Noproducts studiedfrom 1988 through 1991 had been
through a full STRIFE testing program duringdesign.

The ability to test assemblies while stress envi­
ronments were beingapplied enhanced the program's
success. Notonlycouldwedetermine the optimum

EST duration, wecould alsofind many intermittent and
temperature-sensitive failures that mightotherwise have
gone undetected.

Fecilltl•• Hardware and Software. During the first
quarter of1988, evaluation facilities were installed that
consisted oftwo thermal-eycling chamberswith roll-in
carts forassociated test fixtures. The chamberscould
holdup to 12fixture shelves, each ableto holdup to
16circuitcards. Eachchamberhad a single-stage, water­
cooled, 3D-horsepower compressor.

In 1989, the chambersand fixturing werere­
designed and additional chamberswere installed. The
chambercapacity wasincreased to 16shelves that could
holdup to 24cards each.Typical EST production runs
consisted of200 circuitcards.

In the original chambers, the average rate of
changeduringtemperature pull-down, as measured on
the productunder test with a full production load, was
9°C/minovera temperature range of80°C to O°C. When
the minimum temperature wasextended to -20°C, the
average rate ofchangedropped to 6°C/min. The pull-up
rate averaged lOoC/min from -20°Cto 80°C. The new
chamberdesign increased the pull-up rate to 18°C/min,
while maintaining roughly the same pull-down rate.

Akeyfeature of the systemdesigned byAT&T
has been the ability to test and logresults (i.e., passor
fail, time, and temperature) automatically while stressing
the assemblies. One series ofterminal-eontroller prod­
ucts relied on the communication ofself-test resultsover
a multiplexed data line. All video-eontroller products,
including PC motherboards, are tested usinga test board
that is referredto as a pixel counter. (Pixel standsforpic­
ture element. It is the smallest display element-usually,
a dot or clusterofdots-on a video display screen,such
as a CRT.) The pixel counter replaces the CRT bycounting
the video-pixel transitions duringonevertical sweep
madebythe CRT control circuitry in the UUT. Pixel
countsfor up to 16cards at a timeare then transmitted
to a computer, wherecustomsoftware compares the
countsforeach UUT to that ofvideo-eontroller cards that
are known to be good.

During a typical production EST run, a UUT is
tested and resultsare reported up to 150 timesoveran
8-to 12-hour period. Aseparatecomputer file is main­
tained foreach UUT,and resultsare recorded as a func­
tionoftimeand temperature. Results fora given UUTare
plotted to showtime, temperature, and pass or fail status,
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DI£G -2 -1 0 +1 +2 +3 +4 +5 +6 +7 +8
C 0 0 0 0 0 0 0 0 0 0 0 CY TIllS

23.6C 0 0 22:28
22.6C 0 0 22:31

-21.3C 0 0 22:49
-9.4C 0 0 22:55
-9.3C 0 0 22:57

0.5C 0 0 23:03
10.9C 0 0 23:12
20.0C 0 0 23:17
21.7C 0 0 23:20
30.1C 0 0 23:25
40.7C 0 0 23:33
49.2C X 0 23:39

Figure 3. Test results for each unit under test
50.6C x 0 23:41
59.6C X 0 23:47

(UUT) In the thermal-cycllng chambers were 68.9C x 0 23:55
-20.3C 0 1 00:15

maintained In a separate electronic file. -21.1C 0 1 00:17
-22.0C 0 1 00:19

(a) Typical plot of failure versus time and tern- 45.2C 0 1 00:22
65.8C X 1 00:26

perature for a single UUT, where 0 =pass and -21.4C 0 2 00:45
-22.1C 0 2 00:47

X =fall. The CY column Identifies the cycle -22.4C 0 2 00:50

number. This unit has a threshold of failure 46.0C 0: 2 00:52
64.4C X 2 00:56

equal to saoC. (b) A color terminal serves as a -21. 7C 0 3 01:15
-22.6C 0 3 01:17

monitor and provides real-time status Informa- -H.3C 0 3 01:20
50.3C 0 3 01:22

tlon about the current run. Each element In the 64.4C x 3 01:26
-21.7C 0 4 01:45

array on the terminal's display represents a UUT. -23.4C 0 4 01:48

The character In each array position Identifies
-5.8C 0 4 01:50
64.4C X 4 01:56

the card type, and appears In green If the unit -21.8C 0 5 02:16
-23.6C 0 5 02:18

passed the test. Other colors Indicate a failure. 8.1C 0 5 02:20

Data about the product under test appears to 0= pass x = fail
the right of the array.

(8)

Shelf position number

.."
~~

1 2 3 15 16 PRODUCT QTY FAIL~
.0
E 1 ; ; ; ; ; XYZ (;) 256 1
'"c:: •- 2(jj ; ; ; ;
s:

~ ~ ~

~
.2l 15E ; ; ; , ,
11ls:
(,) 16 ; ; ; , ,

....
~.

. = UUT pass

r~
UUT fails intermittently• = red UUTfails solid

blue UUT failure possibly due
to fixture

(b)

along with specific pixel counts. (Figure 3ashows a typi­
calplot. The temperature rangeforthe test servesas col­
umnheads,and the CYcolumn givesthe cycle number.
The 0 andxdenote passand fail, respectively, and are
determined by software from the pixel counts.)

Acolorterminal located next to eachchamber
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doorservesas a monitor andprovides real-time status
information aboutthe current EST run (Figure 3b).The
monitoring terminal displays an arrayof16horizontal
rows with 16columns. Each elementin the arrayrepre­
sents one UUT. Acomputer file foreach unitcontains a
pixel countforeach test ofthe unitin this EST run.Thus,



Pull-down: 70°C to O°C gOC/min
70°C to -20°C 6°C/min

Pull-up: -20°C to 70°C 18°C/min (new)
10°C/min (old)

Figure 4. The thermal stress studies conducted at ATaT fol­
lowed a thermal-cycle proflle similar to this one for temper.
ture (top) and power during step stress and rapid thermal
cycling. The heavy bars below the temperature curves show
when power was on during the cycle.

••

C,eleNC,clel

Product n ...... me of chII.......................
• Productpoweron

Step .....
(cycle 0)

-20°C
I- 1.5 hours --r-0.5~

hour
• •••••••••• ••

experiment, the productwasalsomanually tested at a
functional test bench at temperature extremes ofO°C and
BO°C, beforeand afterthermalcycling.

Although ten unpowered thermalcycles from
-20°Cto BO°C alonedid precipitate hard failures, many
defectswere found onlybecauseofthe testingdoneat
temperatureextremes. In addition, there wasno way to
verify the optimum numberofthermalcycles.

These issues becamethe maindriving factors to
automate the acquisition oftest datafromthe ESTpro­
cess, startingthe secondquarter of 1988.

....... "8. Byusinga product'sbuilt-in self-test
in the chambers,wecouldaddress both the high cost
ofdoingtemperaturetests on one unitat a timeand the
need for time-to-failure data during EST.

The productstudiedin Phase IIaconsisted of
three board designs. The boards measured 11 inchesby
14inches and contained more than 100 DIP integrated

each horizontal rowrepresents a pixelcounter,while
each ofthe 16positions in the rowrepresents a sloton
the pixelcounter.

The typeofcard being tested in a shelf-slotposi­
tionin the chamberappearsas a character in the corre­
sponding row-eolumn position ofthe monitoring
terminal's display. The colorofthis character identifies
the condition ofthe card being tested:
- Green for pass
- Yellow for intermittentfailure
- Red forhard failure (as opposed to an intermittent

failure); sometimes calleda solidfailure.
Inaddition, blue indicatesa UUT failure, but identifies the
slotas possibly a bad test position. It means that three
unitshavefailed in that slot in the last seven ESTruns. If
these units pass when retested in other slots,then the
test position is suspect.

TIIermIII Profile. All thermal-eycling ESTruns on
circuitcards followed the same basicguidelines. Apro­
file consistsoftwoparts: step stress and n rapidthermal
cycles, where n depends on the productbeing tested.

For step stress, allprofiles begin withan initial
test at 25°C in the chamber;poweris then turned off, and
the temperature is pulled down to -20°C.This represents
the first iteration of step stress. Afterat least one test,
the temperatureis increased lOoC, withpowerturned
off. Units are once againpowered on and tested.

This process is repeated up to the maximum set­
pointtemperature, typically 70°C to BO°C. (Eachproduct
family has a different setpoint.) The step-stresssequence
takes a maximum of2 hours.

When step stress has been completed, the
n rapid thermal cyclesbegin.Each cycle goes from
-20°Cto the maximum setpointand takes a halfhour to
complete. Poweris offduringthe temperaturepull­
down, and on during the pull-up. Figure4 showstypical
thermalprofiles used.

R....1ts of Thennal-Cycllng Studl..
Here, we summarize the results ofthermal­

cycling studies on five circuit-eard productfamilies. All
Phase I through IIIworkwas done in the two original
ESTchambers,while the Phase IV workwasdone in the
newchamberswitha higher temperaturepull-up rate.

....... I Study. Phase I wasdesignedto evaluate
the effectiveness ofthermal cycling withno power
applied to the product. As a separatepart ofthe
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circuits and300 bottom-side, discrete, SMT devices. Dur­
ingthe study, 5172 unitsweretested, usinga thermal
profile that consisted ofstep stress from -20°C to 80°C,
followed by25thermal cycles.

The failure rate was1.9 percentduringstep
stress, and 1.2 percentduringthe remaining 25cycles.
Inallthe internal studies, typically, 50to 65percentof
allEST defects are found duringstepstress.

Wedo nothave adequate space here to discuss
allthe failure mechanisms, but onewarrants special
attention. Although nota common causeoffailure, a
problem with oneVLSI device could have resulted ina
4G-percent field-failure rate foronecircuit-card design,
if the problem had notbeen detected in EST. This is just
oneexample ofa failure that could nothave been
detected without elevated temperature testing.

The device wasa commercial, 4G-pin DIP, serial­
communications controller that is used in several places
ona circuit card. Apolysilicon maskthat the supplier
hadbeen using forwafer fabrication forovertwo years
had a 0.2-llm (micrometer) wide short acrosstwo linesin
a static random-access-memory cell. Poorfault coverage
prevented the supplier from detecting the defect during
test. Because ofthe location ofthe short,failures
occurred only whenthe product wasoperated above
40°C. Thisworst-case example ofa catastrophic defect
would neverbecome a "hard"failure at 25°C, yet it pre­
senteda major risk forcustomers.

PhaseIIawasalso used to measure EST's effect
on the outgoing quality ofthe product beingmanufac­
tured at little Rock. The resultsofoutgoing-quality audits
before andafterEST implementation showed a two to four­
fold reduction in functional failures. The datapresented in
Figure 5areflects functional failures only anddoesnot
include visibly detracting features or mechanical defects
that do notcontribute to functional failure. In addition, this
phaseprovided a measure ofthe cycles to failure, which
wasthen used to optimize the EST duration at 16cycles
forsubsequent production. (See Figure 5b.)

Pha.. lib. Although the quality-audit data
acquired in PhaseIIawashelpful, field datawasneeded
to provide information to showif EST also affected our
customers' view ofthe quality ofour products. Another
product wasstudied usingthe pixel-counter design.
The product consisted ofthree circuit cardsthat used
through-hole technology andweredesigned around a
16-bit microprocessor.
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Initial production runswithout EST were tracked
to determine out-of-the-box and first-month failure rates.
(Out-ofthe-box failure meansthe product failed on its first
use.First-month failures are those that occurduring the
firstmonth ofoperation.) Then,production runs with EST
weretracked, andthe failure rateswerecompared.

Apopulation ofunitsthat had notbeenthrough
bum-in or EST wastracked to onecustomer. Thereafter,
allproducts to be shipped to this customer wentthrough
20thermal cycles from -20°C to 80°C while test results
weremonitored. An EST failure rate of9.9percentwas
measured forthese units.

The first-month quality measured showed a
fivefold improvement between the non-EST andEST units.
While this studypointed out significant field-quality
improvement, it also revealed that somefailures escape
detection in EST. Forexample, two 512-kilobyte EPROMs
(erasable, programmable read-only memories) failed in
the field. Here, EST testinghadbeen doneat Vee levels
of5.0V plusor minus 5 percent. This EPROM failure
involved degradation ofa gate oxide, which could have
beendetected at higherVee levels (i.e., 5.2V to 6.5V).

Otherexamples ofpotential failures that may
escape detection in EST are software-application failures
andfailures attributed to shipping damage or electrical
overstress.

Another failure mechanism, referred to as a
healer, wasfound in EST andwarrants discussion. The
interface between a 1-megabyte, DRAM, single in-line
memory module andthe socketfailed at a rateof
10,000 ppm (i.e., 1 percent). All EST failures occurred
within the firsttwo cycles. Bythe seventh cycle, the fail­
ures had totally healed, only to reappear intermittently
within a few days afterEST.

Asis true with mosthealers, an oxidized
mechanical interface that originally showed electrical
continuity at 25°C will openinonethermal cycle because
ofdifferences in the coefficients ofthermal expansion
between the module andsocket. With multiple cycles,
the oxides at the interface crumble and allow metal-to­
metal contact. After EST, with furtherexposure to air, the
interface reoxidizes and, onceagain, openselectrically.
This is a common symptom ofintermittent solderjoints.

....... III. The purpose ofPhaseIIIwasto evalu­
ate the feasibility ofEST sampling. Amature circuit-card
design thatwasmanufactured usingthrough-hole tech­
nology wasselected to evaluate sampling effectiveness.



Figure 5. Effect of
EST on the quality of
outgoing product.
(a) Quality-audit
results on a circuit­
card product family
before and after EST
was Implemented.
These results reflect
only functional
defects, and do not
Include visual or
mechanical defects.
(b) EST failure distrI­
bution for Phase lIa,
showing cycles to
failure for circuit
cards. The curve
shows the quantity
defective for each
f1ve-cycle Increment.
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The circuit card had 30integrated circuits and
129 discrete components, designed around an 8-bit CPU.
The EST profile consisted of20cycles from -20°C to
70°C, preceded andfollowed bya 25°C functional test.
While testingwasdoneon all UUTs in EST, fault coverage
waslimited to less than 30percent (i.e., fewer than
30percentofthe potential faults could be identified with
the electrical test in EST).

The purpose ofsampling is to reduce manufac­
turingcostswithout adversely affecting warranty costs
or customersatisfaction. Abreak-even pointforcosts
occurswhenthe EST-dropout rate falls and remains below

0.5 to 1.0 percent, depending on the costofthe warranty
and the cost ofperforming EST. 10The EST-dropout rate
canconsistently be reducedbelow these levels only if
aggressive FMAand corrective-action programs are car­
riedout successfully.

During March 1989, a sample ofthe product was
run in EST, wherea 2.5-percent dropout wasmeasured.
In September 1989, allofthis product begangoing
through EST. The plan called for 100-percent EST until the
dropout on 1000 consecutive unitswasbelow 0.5 percent.
This lower dropout rate occurred inJanuary 1990. EST
sampling beganat 50percentin February, andwas
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Figure 6. Phase III
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reduced to 25 percentin March andApril. The study
endedin May 1990 because the factory stopped manu­
facturing the product.

Figure 6atracksresultsduring the project, while
Figure 6bshows the corresponding outgoing-quality­
audit resultsforthe sameperiod. Before 100-percent EST
was implemented, the quality waserratic, averaging
O.82-percent defective. Even with 100-percent EST, the
outgoing-quality-audit resultsstill averaged O.32-percent
defective, which wasunacceptably highfora mature
technology ofthis complexity. Partofthe reason forthis
highfailure rate was the limited ability to test the assem-

bliesin EST. The quality-audit resultsdidnotachieve an
acceptable level until allthe major failure mechanisms
hadbeeneliminated.

Thiscrucial evidence aftertwo yearsofinvestiga­
tionsproved that the mosteffective partofan EST program
is notthe process ofstress testing, but rather the effective­
nessofthe actions takento rectify the problems found.

....... IV. The mostrecentinvestigation dealt
with EST on PCmotherboards that an outside supplier
assembled. The supplier shipped its product with a guar­
anteed out-of-the-box quality level ofunderO.5-percent
defective. More than 17,000 motherboards weretracked
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Rgure 7. Product flow for a PC motherboard. The supplier
had guaranteed an out~f·the-box quality level of fewer than
O.~rcent defective units.
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overa 4-month period to determine whatroleEST should
play, ifany. The studyalso provided a way to compare
EST failure mechanisms with thosefound duringthe out­
of-the-box test to see ifEST failures wereindicative of
true early-life defects. The goalwasto determine ifthe
EST precipitated defects that may notbe typical ofthose
thatcustomers see.

Figure 7 shows the product flow, and Figure 8a
shows the out-of-the-box quality and EST results. Atno
point in the 4-month studywasthe out-of-the-box quality
within the O.frpercent guaranteed limit Inaddition, EST
identified as defective another4 to 9 percentofthe units
thatwould otherwise have been shipped to customers.
As with the earlierstudies, extensive FMAwasperformed
onalldefects.

FMA resultsdidshowa correlation between failure
mechanisms seen at out-of-the-box test versus thosefound
in EST. Figure 8bcompares the quantities ofdefects in five
categories offailure at the two test points. Reference 9 dis­
cussesdetails ofspecific failure mechanisms.

Figure Sashows an anomalous failure peakfrom
weeks 8 through11. Thispeakresulted from a 4- to
6-percent failure rate forone lotofa 68-pin, plastic,
leaded-chip-carrier package. FMAuncovered damaged
topackage wire bondsand tracedthe causeto excessive
package moisture duringthe infrared-reflow-solder pro­
cess,which createdexcessive stresses inthe ICpackage.

While EST proved effective in identifying the exis­
tence ofthis failure mechanism, datapublished sincethis
study wasdonehas shown that EST mustnotbe used
simply to screenoutweak parts. 11 The datashows that
there is an evengreater risk offailure, independent of
EST, laterin the product's life.

Future Stud.... In future ESf studies, the failure
ratesand mechanisms found forenvironments with a
temperature rate ofchangeof lOoC/min to 20°C/min
will be compared to those found forenvironments with
liquids at 50°C/sec (degrees Celsius per second).

Efforts will continue toward improving the effi­
ciency ofthe FMAprocess, including closerpartnerships
with suppliers andagreements onfasterresolution of
problems.

Conclusion
Asuccessful manufacturing EST program begins

during product design usingSTRIFE testingtechniques.
Once introduced intomanufacturing, EST should immedi­
ately become a toolforproviding insightintocomponent

andprocessweaknesses. It should notbe relied onas a
screen, but as a process-control tool. Properuse ofthe
toolshould decrease the reliance on EST andincrease the
reliance on control ofassembly andsupplier processes
as a way to improve product quality andreliability.
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Figure 8. The PC motherboards were evaluated
overa four-month period at AT&T. (a) Failure
rate at AT&T. At no pointdid out-of-th.oox units
meet the supplier's guaranteed qualitylevel.
Also, another4 to 9 percentthat mighthave
beenshipped In systems were Identified as
defective during EST. (b) Quantities defective
before and after EST was Implemented. Failure­
mode-analysls results showed a correlation
between failure mechanisms during out-of·the­
boxtest and those found In EST.
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