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resin-glass cloth laminate

feet

square feet

cubic feet

gram

gallon

grams per centimeter cubed
acceleration force

Highly Accelerated Life Test
Highly Accelerated Stress Screen
Hewlett Packard

horsepower

hour

hertz

integrated circuit

in-circuit test

Institute of Electrical and Electronics
Engineers

institute of Environmental Sciences
inch
input/output

joule

XVi i



National Center for Manufacturing Sciences

Acronyms and Abbreviations (continued) _

JPL.

LESS
LEST
LN,y
LRU
m

2
m

Jet Propulsion Laboratory

Kelvin

kilogram

kilowatt

kilovolt

pound

Liquid Environmental Stress Screen
Liquid Environmental Stress Test
liquid nitrogen

line replaceable unit

meter

square meter

Mil-ESS Military Environmental Stress

min

MIRC

NASA

NCMS

NDF

POS

Screening
minute

Manufacturing Information Resource
Center

Nationa Aeronautics and Space
Administration

National Center for Manufacturing
Sciences

no defect found

proof of screen

ppm parts per million
PSD power spectral density

RELTECH Reliability Technology (to Achieve
Insertion of Advanced Packaging
Technology)

rms root mean square

SCSI  small computer systemsinterface

sec second

SMT surface mount technology

Tl Texas Instruments

UTC United Technologies Corporation

UUT  unit under test

% volt

VASE Vaue Added Screening Effectiveness

W watt

Microsoft and Microsoft Access are registered
trademarks of Microsoft Corporation.

FileMaker Pro is aregistered trademark of
Claris Corporation Incorporated.

Fluorinert is aregistered trademark of Minne-
sota Mining & Manufacturing Co. (3 M).

Teflon is aregistered trademark of El. du Pent
de Nemours and Company.
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Executive Summary
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Environmental Stress Screening (ESS) is an ef-
fective process for enhancing product reliability.
Its purpose is to surface latent defects by stress-
i.g electronic equipment so that hidden defects
or weaknesses, which can fail during normal
operation in the field, are forced to fail during
the screening process. ESS offers an opportunity
to discover and correct product weaknesses
early in the product life. The defense electronics
industry has been using ESS since the 1970s,
and more recently, it has been selectively applied
in commercial electronics industries. With the
drive towards lower product cost and even higher

product reliability, more efficient and effective
ways of performing ESS are being sought.

ESS 2000 was an industry collaborative project
sponsored by the National Center for Manufactur-
ing Sciences (NCMS) with the goal of identifying
and evaluating cost-effective ESS processes for
the 21 *' century. The ESS 2000 consortium con-
sisted of the following six organizations, repre-
senting sectors of the avionics/defense, commer-
cial, and aerospace markets:

+ Hamilton Standard, Division of United
Technologies Corporation (UTC)

« Texas Instruments Incorporated, Defense
Systems & Electronics (T1 DS&E)

+ Lucent Technologies (Bell Laboratories)

« Storage Technology Corporation
(StorageTek)

« The Aerospace Corporation
« Jet Propulsion Laboratory (JP1.).

Four ESS technol ogies/processes were evaluated
and compared by this team, with the participant
companies subjecting their productsto the eval-
uations. The four ESS technol ogies/ processes
WEre:

« Mititary Environmental Stress Screening
(Mil-ESS)

- Highly Accelerated life Test/ Highly
Accelerated Stress Screen (HALT/HASS)

« Electrodynamics Accelerated Life Test/Ac-
celerated Stress Screen (ED-ACLT/ACSS)

« Liquid ESS(LLESS).

Those project participants that evaluated prod-
ucts used their current ESS process as the base-
line for comparison to the results obtained from
the accel erated technol ogies/processes. Both the
baseline data and the results achieved with the
accel erated technol ogies/processes were in-
cluded in a database which was shared with each
team member. Both the cost of performing a
particular ESS process and its effectiveness
were evaluated. Where possible, the results were
evaluated using a Vaue Added Screening Effec-
tiveness (VASE) matrix. The VASE matrix pro-
cess organized data by failure mode or mechan-
ism and screening parameter to determine the
cost effectiveness of agiven set of stressesin
detecting a given failure mode. With thisinfor-
mation, a user can optimize the ESS process.

This study concluded the following:

« The better the understanding of the latent fail-
ure mechanisms of a product’ s technologies,
the greater the ability to select and tailor a
cost-effective screen.

« Products containing significantly greater piece
part- or die-level defects than manufacturing
or assembly defects were most cost effectively
screened using the LESS process. On the
other hand, products containing significantly
greater manufacturing or assembly defects
were most cost effectively screened usi ng the

HASS process. No single screening technology

Use and dissemination of the information contained m this
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appears to be the best for all products, manu-
facturing processes, and packaging technolo-
gies.

. Both HASS and ED-ACSS were more cost
effective than Mil-ESS when the maximum
throughput of the ESS chamber was used.

. Both military and commercial products can be
subjected to the accelerated environments of
HALT/HASS without damaging the products.

. For the products tested, exposure to the fluoro-
carbon fluids and rapid thermal ramp rates
occurring in the LESS process did not create
failuresin, or change the appearance of, the
products.

It is recommended that ESS information be
collected, analyzed, and shared across the
electronics industry in an ongoing collaborative
process to further improve product reliability
and reduce product costs.

XX
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1. Introduction
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Environmental Stress Screening (ESS) origi-
nated in the space programs of the 1960s with
product reliability as the ultimate objective.
During the 1970s, EESS was adopted by the de-
fense electronics industry as an effective process
for enhancing product reliability. Recently, ESS
is being selectively applied in commercial
electronics industries, with the cost of ESS
implementation also being a key consideration.

The purpose of ESS for electronic productsis to
expose latent defects. ESS stresses the hardware
using nondestructive methods, traditionally

temperature cycling and hardware vibration, to
expose any component and workmanship defects.
Defects are then repaired in the factory before
products are delivered to customers.

A survey by Deloitte & Touche indicated a large
gap in electronic product reliability between the
average manufacturers and world-class manu-
facturers (see Figure 1-1 ). In addition, a Gartner
Customer Requirements Survey ranked reliabil-
ity as akey customer “care-about” (see Figure
1-2). Product reliability is directly impacted by
ESS processes.

Perceived
Quality

Product
Durability

El Average Manufacturer

Conformance
Quality

Product
Reliahility

High
Performance

E1 Market Leader

Source: Roth, Aleda V. and Ronald J. Chapman (1991). “Competing in the Electronics Industry Benchmarking
World Class Performance.” Deloitte & Touche Research Report, San Jose, CA.

Figure 1-1. Gaining Competitive Advantage Through Product Quality

Highest 5
4
3
Ranking
2
1
Lowest 0
Reliability Service Technology
Performance Functionality Footprint
Price Vendor Upgradeability
Reputation

Figure 1-2. Customer Requirements Survey
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1.1 Background

During the preliminary phase of this program,
the participants performed literature searches
through the National Center for Manufacturing
Sciences (NCMS) Manufacturing information
Resource Center (MIRC), conducted nonpartic-
ipant electronics manufacturers site visits, heard
presentations from ESS equipment suppliers,
and shared participant ESS experiences. Some
of the program participants are active members
of the Institute of Environmental Sciences (IES)
Environmental Stress Screening of Electronic
Hardware Committee, Institute of Electrical and
Electronics Engineers (IEEE) Accelerated Stress
Testing Technical Committee, and the govern-
ment advisory board on Reliability Technology
to Achieve Insertion of Advanced Packaging
Technology (REL.TECH).

1.2 Program Structure

The ESS 2000 Project provided a highly desired
and needed mechanism to leverage the resources
of a broad-based industry consortium. The team
structure optimized the skills and resources of
theindividual participant companies (see Table
1 -1). The product diversification among the
participants enhanced the ability to demonstrate
dual-use (commercial/military) capability.

Representatives from the participant companies
met quarterly to manage the technical, financial,
and contractual performance of the project, to
act on team recommendations, and to accept

Table 1-1. ESS 2000 Project Participant Companies

Industry Sector Company

Avionics/Defense

« Texas Instruments Incorporated,
Defense Systems & Electronics

« Hamilton Standard, Division of
United Technologies Corporation

Commercial . Lucent Technologies

- Storage Technology Corporation

Aerospace . Aerospace Corporation

« Jet Propulsion Laboratory

project deliverables. The committee members,
listed in Table1-2, also led the project activities
and evaluations at their respective companies.

Tabl/e 7-2, ESS 2000 Project Steering Committee Personnel

Company Individual

Texas Instruments Incorporated,
Defense Systems & Electronics

Marvin J. Bellamy*

Hamilton Standard, Division of United | Charles V. DeSantis

Technologies Corporation

Lucent Technologies Ron  Silver

John Hess*
Charles Felkins

Storage Technology Corporation

Andrew Quintero

Mark A.Gibbel
* Industry Champion

The Aerospace Corporation

Jet Propulsion Laboratory

1.3 Technical Objectives

The objectives of the ESS 2000 Project were to
compare competing ESS technol ogies through
evaluation of these technologies using the
resources of participant companies and then
providing the results to the el ectronics industry.

The ESS 2000 Project consisted of Phases I, 11,
and 111 as shown in Table 1-3.

Table 1-3, Phases of the ESS 2000 Project

Phase Task

Established baseline for comparison of ESS
echniques currently used by NCMS members.
lhe Value Added Screening Effectiveness
VASE) matrix was developed during this phase.

‘base |

‘base Il | -valuated four alternative ESS techniques:

« Military Environmental Stress Screening (Mil-
ESS)

. Highly Accelerated Life Test/Highly Accelerated
Stress Screen (HALT/HASS)

« Electrodynamics Accelerated Life Test/
Accelerated Stress Screen (ED-ACLT/ACSS)

« Liquid Environmental Stress Screen (LESS).

Alternatives provided a benchmark for current
practices. The VASE matrix was used where

possible to correlate screen effectiveness and
associated costs,

‘base Il | Final project report and_industry communication.

1-2
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1.4 Technologies Evaluated

e Military Environmental Stress Screening
(Mil-ESS): Mil-ESS uses temperature cycling
and vibration stresses, which are normally ap-
plied in sequence, to precipitate latent product
defects. The screen is applied at the system or
line replaceable unit (LRU) level. The product
is normally powered and monitored during the
screen. This technology uses an electrodynamic
single-axis vibration table and an air thermal
chamber.

e Highly Accelerated Life Test (HALT)/
Highly Accelerated Stress Screen (HASS):
Both HALT and HASS use a combination of
rapid thermal cycling and vibration to precipi-
tate latent product defectsin lesstime than
traditional ESS. The HALT/HASS process
uses simultaneously applied stresses, which
include rapid rate of temperature change ther-
mal cycling as well as six degrees of freedom
pneumatically induced random vibration.
Other stresses, such as voltage and frequency
margining, can also be used.

Proponents of this technique claim a cost sav-
ings of at least one order of magnitude when
compared to traditional ESS techniques.
HALT isused during the product devel op-
ment stage to verify product robustness and to
establish HASS limits; however, it can be
performed again at any time to characterize
equipment performance. HASS is used during
the manufacturing process to verify product or
process integrity. The product subjected to the
HALT and HASS is nhormally powered and
monitored during the test or screen.

¢ Electrodynamic Accelerated Life Test/ Ac-
celerated Stress Screen (ED-ACLT/ACSS):
This technology, which is similar to the
HALT/HASS process described above, uses
an electrodynamic single-axis vibration table
and an air thermal chamber. The chamber is

National Center for Manufacturing Sciences

modified to provide rapid temperature ramp
rates. The product being screened is normally
powered and monitored during the screen.

. liquid Environmental Stress Screen
(LLESS): The Liquid Environmental Stress
Test (LEST) machine uses an inert fluid bath
for applying thermal stressto circuits. In this
process, circuit card assemblies (CCAs) are
immersed alternately between cold and hot
baths of a fluid such as Fluorinert®. Products
normally achieve thermal equilibrium with the
fluid bath within 1 min. Since the product can
be brought to the low--and high-temperature
extremes very rapidly, atypical LESS test
regimen (3 to 10 cycles) requires less than
1 hr, compared to several hours or days
needed for traditional air chamber ESS.

1.5 The Database

The raw data from the ESS 2000 Project was
gathered and stored in a shared project proprie-
tary database. The database allowed standard-
ized coding of data so that information from the
various Sources could be compared and analyzed.
The dataincluded: (1) failure summary reports,
(2) timeline events, and (3) product and process
descriptions.

The database linked data from various applica-
tions, such as Microsoft® Excel data sheets,
Microsoft” Word documents, and Microsoft
Access’ files, which could be automatically
opened from the database. The database was
created with FileMaker Pm’” and was intended
for the participant companies to use for future
reference with the potential for accumulating
new data for ongoing analyses. Block diagrams
representing the processes used to evaluate each
technology are supplied with the ability to “drill
down” to lower level details. More information
on the database is given in Section 6 of this
report.

Use and dissemination of the information contained in this
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1.6 Cost Model

The ESS 2000 Project cost model was used to
compare and contrast the costs of performing
various stress screens. When the cost model is
combined with the VASE matrix, screen attribute
costs can be determined and ultimately opti-
mized. The participants gathered cost data on
their respective ESS processes. This information
was combined and analyzed to compare the cost
differences among the four processes. More
information on the cost model isgivenin
Section 7 of thisreport.

1.7 Value Added Screening Effec-
tiveness (VASE) Matrix Process

The application of the VASE methodology and
process was derived from the work being done

at JPI. on physics-of-failure-based test. The

V ASE process was used as the method to
determine the effectiveness of the LESS and
HASS processes for Product 3. Application of
the VASE process enabled optimization trade-
offs among various design and verification
activities as well as optimization of screening
processes. Specifically, the VASE matrix or-
ganized data by failure mode and/or mechanism
and screening parameter to determine the ef-
fectiveness of a given set of stresses (or asingle
stress parameter) in detecting a given failure
mode and the number of those failure modes
present in a design.

The output of this process is shown in the VASE
application for Product 3 in Subsection 5.3.
More information on the VA SE processis given
in Section 8 of this report.

1-4
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2. Technology Overview
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The four Environmental Stress Screening (ESS)
technol ogies evaluated by the project team were:

« Military Environmental Stress Screening
(Mil-ESS)

« Highly Accelerated Life Test/ Highly
Accelerated Stress Screen (HALT/HASS)

« Electrodynamics Accelerated life Test/ Ac-
celerated Stress Screen (ED-ACLT/ACSS)

. Liquid ESS (LESS).

The subsections that follow, Subsections 2.1
through 2.4, provide an overview of each of
these technologies. Subsection 2.5 identifies the
samplesize and failure criteria applicable to
these technologies and their evauation.

2.1 Mil-ESS

Mil-ESS is defined as a process involving the
application of one or more specific types of en-
vironmental stresses to a product. These stresses

include air temperature cycling and random
vibration. The screen is applied at the system or
line replaceable unit (LRU) level. The stresses
are typicaly applied in sequence (e.g., random
vibration followed by thermal cycling or thermal
cycling followed by random vibration), and on
an accelerated basis but normally within product

performance specification limits. Characteristics
of Mil-ESS include:

.« Sequential stress application

. Tailored air temperature cycling within the
limits of -55° to +85°C’

« 51t015°C/rnin temperature ramp rates

. Tailored number of cycles, usualy in the
10 to 20 range*

' The temperature cycle profile is developed by reviewing
the. temperature limits in the equipment specification and
by performing thermal surveys to determine thermal
stabilization times at each extreme. The temperature
transition rate is identified by thermal survey.

e Tailored random vibration applied in a
single axis or sequentially applied in two
or three axes for aduration of 10 to 15
rein/axis*

¢ Continuous monitoring of function built-
in-test (BIT).

2.1.1 Temperature Cycling

This process typically uses temperature cham-
bers with an interior working volume from 32 ft*
(38in. W x 40 in. D x 36 in. H) to 125 ft* (78 in.
W x 58in. D x 48 in. H). The chambers have
multistage mechanical refrigeration (compressor)
systems for cooling and electric resistive heating
elements. They provide control of temperatures
usually over the range of -70° to + 170" C with
ramp rates of 5to 15°C/min.

Compressors and heaters require 480-VAC,
3-phase power, while the programmable tem-
perature controllers require 11 O-VAC, 60-cycle
power. Water is necessary for the secondary heat
exchanger for rapid removal of heat from the
chamber. Cornpressed air is also required to
secure the removable chamber floor and to
purge moisture from the chamber. Cornpressed
air requires 11 0-VAC power.

2.1.2 Random Vibration

The power spectral density (PSD) can be
tailored depending upon the product design. The
frequency range is normally from 20 to 2,000 Hz.

? 1" he number of temperature cycles is based on experi-
ence. with equipment of similar technology, complexity,
and maturity.

*The random vibration profile. is developed by using
vibration surveys, areview of the equipment vibration
specification, and actual end-use data, Every effort was
made to ensure that the profile selected would precipi-
tate workmanship-type failures while not damaging the
hardware under test.

Use and disseminationor the reformation containedin this
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« Simultaneous application of stresses

« Multiaxis random vibration

+ 20° to 60 °C/min thermal ramp rates

+ Power/frequency/voltage cycling

« Screen limits determined from HALT
results

+ Functional testing during screen.

2.2.3 Proof of Screen (POS)

POS is the process used to verify that: (1) the
HASS developed for a product does not damage
product, and (2) the HASS does not consume a
significant portion of the product’ s useful life.

2,3 Electrodynamics ACLT/ACSS
2.3.1 ED-ACLT

ED-ACLT isthe process in which products are
subjected to progressively higher stresslevels
(e.g., therma cycling, rate of temperature change,
vibration, power cycling, and product specific
stresses, such as clock frequency and voltage
variation). These stresses are not meant to simu-
late field environments, but to find weak linksin
the design and manufacturing processes through
extreme stimulation, which is well beyond the
expected field environments. ED-ACLT is used
during the product’s design cycle to detect the
inherent design weaknesses of a product so that
corrective actions can be taken at the design
level. The ED-ACLT process also provides
product robustness data for determining an ED-
ACSS. During ED-ACLT, the stress levels are
incrementally increased to find the product
operating limit, which is the point at which the
unit under test (UUT) stops operating within its
performance and product endurance limits.
Typical tests performed during ED-ACLT are:

e Cold temperature limit determination

¢ Hot temperature limit determination

Fast temperature cycling limit determination
Vibration limit determination

Combined environmental exposure.

2.3.2 ED-ACSS

ED-ACSS isthe process that involves the appli-
cation of combined environmental stresses (e.g.,
thermal cycling, vibration, power cycling, voltage
margining, and clock frequency) to a product.
The vibration stress is applied through a single--
axis autospectrum electrodynamics vibration
table. The stresses are applied on a highly accel-
erated basis and may exceed product specifica-
tion limits. The product is stressed to precipitate
to hard failure, latent or incipient defects or
flaws which, if not corrected, will probably
cause product failure in the use environment.
The ED-ACSS profileis developed from the
ED-ACLT and the POS processes.

Typical characteristics of ED-ACSS are:

« Simultaneous application of stresses

« Tailored temperature cycling within the
limits of -60°to+120°C

« 15° to 60 °C/min temperature ramp rates

« May include power cycling/frequency
variations/voltage variations

« User tailorable vibration autospectrum

« Random vibration applied by an electro-
dynamics vibration table in a single axis and
applied during the temperature cycling

« Functional testing during the screen.
2.3.3 ED Proof of Screen

POS is the process used to verify that: (1) ED-
ACSS does not darnage the product, and (2) the
ED-ACSS does not consume a significant
portion of the product’ s useful life.

2.3.4 Key ED-ACLT/ACSS Factors

The key technology factors associated with the
temperature cycling, random vibration, power
cycling frequency variations, and voltage
variations used in the ED-ACLT and ED-ACSS
processes are described next.

2-4
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2,3.4,1 Temperature Cycling

This process uses temperature chambers with an
interior working volume ranging from 32 ft’
(38in. W x 40in. D x 36 in. H) to 125 ft* (78 in.
W x 58in. D x 48 in. H). The chamber has a
cooling system consisting of LN, or acombina-
tion of complex multistage mechanical refriger-
ation (compressor) and LN, boost. Electric
resistive heater elements provide heating. These
systems provide control of temperatures over the
range of -70° to +170°C with ramp rates of 15°
to 60 °C/min usually obtained on the product
being tested.

Compressors and heaters require 480-VAC,
3-phase power, while the programmable close-
tolerance temperature controllers require 110-
VAC, 60-cycle power. Water is also required for
the secondary heat exchanger for rapid remova
of heat from the chamber when compressors are
used. Liquid nitrogen (LN,) is normally required
to obtain ramp rates in the 15° to 60 °C/min
range on the product. The LN,can be supplied
through alarge external tank or Dewar contain-
ers near the equipment. If Dewar containers are
used, a timely exchange of full Dewar containers
for empty containersis necessary to keep the
system in operation. If alarge external tank is
used, the equipment must be as close as possible
to the tank to reduce the quantity of expensive
vacuum tubing required and to maintain system
performance. Compressed air is not normally re-
quired for purging the chamber because the LN,
reduces the quantity of moist air in the chamber.

2,3,4.2 Random Vibration

The PSD istailored to the product design. The
frequency range is normally from 20 to 2,000 Hz
with vibration applied for 10to 15minina
single axis (the axis perpendicul ar to the plane
of the mgjority of the printed circuit boards).
Vibration surveys are performed prior to the
start of any screening regimen to ensure that
appropriate tailoring of the PSD level over cer-
tain frequency bands is accomplished to prevent
possible product damage. Electrodynarnic

National Center for Manufacturing Sciences

vibration tables are used, and once the frequency
spectrum is selected for screening, it is clearly
defined and repeatable.

Most of the vibration tables range from 2,000 to
18,000 pounds force and require 480-VAC,
3-phase power. Vibration table cooling of 1,000
cfmisnormally required to provide heat transfer
during operation.

2,3,4.3 Power Cycling and Frequency/Voltage
Variations

Cycling power, varying frequency, and varying
voltage may also be used to stressthe UUT. The
power to the UUT is sometimes turned off during
the cold ramp and during part of the cold soak to
expedite the transition times. Frequency and/or
voltage variation and power cycling are used to
increase the stresses at the piece part or die level.

2,4 LESS

The application of thermal shock is often used
for detecting latent flaws or weaknesses in elec-
tronic and mechanical devices and assemblies.
Successin finding these latent flaws may be
related to the rate of device temperature change.
Chambers that use inert liquids as the tempera-
ture-transfer medium are able to effectively
produce temperature rates of change (thermal
shock) in devices and assemblies that may reach
1,000°C/min. The detection of some latent
defects may be related more to the high rate of
temperature rise or fall than to time maintained
at temperature. In addition, the rapid changein
temperature permits the liquid stress test devices
(CCAs) to traverse one compl ete temperature
cyclein lessthan 6 rein, as opposed to typical

air temperature cycle times of 20 min or longer
for comparable heat loads. However, because of
difficulties in removing fluid from some open or
tunable components or assemblies, not all devices
may be suitable for liquid temperature testing.

The Liquid Environmental Stress Test (LEST)
chamber operates over a maximum temperature
range of -20° to +85°C, changing fluid from hot

Use and dissemination of the information contained in this
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to cold within each immersion tank, while keep-
ing the devices under test stationary (other LEST
chamber designs can operate over much wider
temperature ranges with different fluorocarbon
fluids). This has electrical test advantagesin
permitting test cables to remain shorter and
fixed in place within the test chamber, because
the CCAs under test remain stationary while the
fluid is changed around them. Other liquid test
machines have been designed to transfer their
test devices back and forth between a perma-
nently hot immersion tank and a permanently
cold immersion tank, requiring sufficiently long
and flexible cabling to follow all CCAs. Tem-
perature rates of change are very similar for both
types of LEST machine designs.

In the past, fluorocarbon liquids have been used
for vapor phase soldering and thermal shock test-
ing of individual components. In general, they
are nontoxic, nonflammable, have alow ozone
depletion potentia relative to many other chloro-
fluorocarbons (CFCs), and are electrically inert.
Because of these favorable properties, fluoro-
carbon liquids may be used as the heat transfer
medium for liquid environmental stress testing of
CCAs. The high heat capacities (0.25 g-cal/g-°C),
thermal conductivities (6 t0 7 X 10-9 W/cm-°C),
densities (1.7 to 1.92 g/em®), and dielectric
strengths (40 to 50 kV for aless than 1-in. gap) of
these fluorocarbon fluids help to achieve a higher
temperature time rate of change and a more
uniform temperature distribution for powered-
up CCAs as compared with an air medium.

2.4.1 LEST Facility

A novel LEST machine was utilized for the ESS
2000 Project.

2,4.1.1 Overview

LEST machines are designed to immerse
product alternately in hot and cold liquid baths.
Traditional LEST machines employ two immer-
sion tanks, one maintained at high temperature
and the other at low temperature. The product is
alternately dipped in one bath and then in the

other. Although very effective, this process does
require that any electrical cabling connected
between the product and stationary test equip-
ment is long enough to allow movement of
product between the two immersion tanks.

To minimize the cable lengths, anovel LEST
machine was devel oped and based upon the
results of fluorocarbon LEST trials on product
models and knowledge of factory stress testing
and throughput needs. This machineis different
from other previous liquid thermal shock
machines because it can accommodate a large,
functionally powered product that can remain
stationary during stressing. Either tank may be
used individualy for testing because the product
remains stationary while the hot and cold liquids
are interchanged within one or both of the two
immersion tanks. The new LEST machine has
the advantage of easier communications with
external test sets. Its thermal performanceis
essentially identical to older, traditional two-
tank LEST machines.

For the ESS 2000 Project, product placed into
the LEST machine consists of CCAS with active
and passive components and metal fixturing
with card guides to support and aign the cards.
A common backplane may also be attached to
allow for communications between the cards via
cables and interconnection paths within the
backplane itself. External cabling isused to
communicate with atest set outside of the LEST
machine.

The LEST machine, shown schematically in
Figure 2-4 and with close-up detailsin Figure
2-5, has the following:

. Accommodations to easily connect test
fixtures to external test equipment so that
products may be electronically tested during
thermal cycling

. Two separate test chambers (tanks), each of
which may be used independently to aternate
the thermal cycle of individual batches of
CCAs. Thus, while one chamber is being

2-6
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Figure 2-4. LEST Machine Overall Schematic

thermal cycled, afluorocarbon vapor recovery
process and test fixture unloading and rel oad-
ing can take place in the other chamber. The
working volume of each chamber is20in. x
19in. x 13iin.

Test fixtures that alow individua CCAS to be
conveniently loaded and unloaded, and align-
ment bars attached to the insides of the test
chambers for easy adjustment of the test
fixture positions.

A system for thermal cycling of the electronic
product by aternately pumping hot and cold
fluid into and out of one of the test chambers
at atime, while the second chamber is being
loaded or unloaded. Thisis done by using
separate hot and cold liquid reservoirs with
associated plumbing and fluid controls to the

two test chambers. The two test chambers can
then aternately stress the product.

. Controls for maintaining the working fluid at

the target test temperatures and for providing
continuous convection of the working fluid
around the product in the test chambers to
enhance heat transfer.

- Design features to prevent a significant loss of

fluorocarbon from the machine including:

- Minimization of hot fluid vapor loss

- Prevention of drag-out of working fluid at
the end of the thermal cycling regimen by
drying the product, test fixture, and
chamber prior to unloading

- Prevention of direct fluid losses due to
drips, spiils, etc., during operation.

Use and disseminationof the information contained m this
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« Mcans for removing contaminants from the
machine, including removal of

— Water and/or ice from the fluorocarbon
- Flux residues from the fluorocarbon

~ Any additiona contaminants that might
damage the product or degrade the
performance of the facility.

. Features to provide for safe operation of the
machine, including protecting operators from:

— Exposure to excessively hot surfaces

— Breathing potentially harmful machine
fumes.

2,4.1.2 Temperature Drift Between Immersions

The CCAS spend a short (approximately 30 see)
period in air between each hot and cold immer-
sion (see Figure 2-6). During this period when
the card components are not held at temperature
by the fluid, there may be a small increase in
their temperature after cold immersion and be-
fore hot fluid contacts the CCAs. Alternatively,
at the end of the hot immersion and before the
entrance of cold fluid, passive components will
experience asmall drop in temperature, while
active components may experience an increase
in temperature. The amount is strictly determined
by the amount of power being dissipated by
these components during the “in-air” period.

National Center for Manufacturing Sciences

This effect istrue for all LEST machines, and
acts to decrease the effective thermal shock step
size, but dots not appear to affect the thermal
shock ramp rate.

A nominal test procedure that would be
performed on electronic CCAS using a LEST
machine is shown in Figure 2-7.

After the product has been thermally cycled and
before it is unloaded from the machine, liquid en-
trained in the CCAS and the test fixture must be
removed by evaporation and reclaimed through
a vapor recovery system. The fluorocarbon vapor
pressure present within a test chamber’s interior
must be largely reduced before any reload or
unload operation is performed. A typical ambi-
ent and dew point temperature profile for an
LEST machine test chamber is shown in Figure
2-8. Aninitially high fluorocarbon vapor pres-
sureisfollowed by gradual reductionsin vapor
content as the air stream isfirst drawn through a
chiller for vapor condensation, then a heater to
promote fluid evaporation, then returned to the
test chamber. In this LEST machine design, the
vapor recovery function maybe performed in
one test chamber whileliquid thermal cycling is

being applied to CCAS in the other test chamber
(see Figure 2-9).

In Cold Fluid 1 30 sec |« In Hot Fluid »! 30 sec [« in Cold Fluid
in air (- 100 see) ‘ in air (~ 100 sec)
""" iz Powered Device,
85 Device Temperature d "+ - - |4 Unpoviered Dievioe r
—— L
(Actual) 1
! Device Temperature
(Ideal)

H
L
1

- «—Powered Device

t.7+-- 44— Unpowered Device
t NG 7
A A
Temperature [ |
. End Start
-
Time Cold  Hot
(Drain) (Fill)

Figure 2-6. LESS Temperature/Time Profile
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T
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Figure 2-7. Nominal Test Procedure on Circuit Card Assemblies Using a LEST Machine

Use and dissemination of the informiation contained in this
document are subject to reslrictions on the copyright page



National Center for Manufacturing Sciences

Chamber ambient temperature

— - Chamber dew point temperature

T
E
M
P
E
R
A High Vapor Reduced Vapor Low Vapor

Pressure Region-  Pressure Region - Pressure Region -
T initialevaporation continued evaporation _ steady state,

of product liguid of product liquid high temgerature
u intoafr. __ _ intoair & removalby  heating of product
R e T TS ~ _condensation. (air burn-in).
E / ! S~ ~ o o

/ S
l /
TIME

(usually on the order of 1/2 to 1 hour)
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2.4.2 LESS/LEST Considerations

LESS offers advantages to manufacturing and
design personnel because of its unique capabili-
ties, but it also carries some constraints that
limit its applicability to some applications. In
making the decision of whether to adopt the
liquid environmental stress test, three factors
must be considered:

1. Compatibility: LESS is most applicable
where the fluid can be circulated around the
piece parts, asin CCA screening, and can be
easly removed by air drying,. The compatibil-
ity of the electronic components on a CCA
with the fluorocarbon fiuid must be determined
when considering LEST during product
design. The CCA should not contain any mate-
rials that can be damaged by the fluid itself
nor any open devices that may entrap the fluid
and become detuned or inoperative even after
LEST has been completed. If these conditions
do not exist (e.g., many digital cards), then
the CCAS are candidates for LEST/LESS.

2. Time Allocated to Complete Environmen-
tal Stress Test (EST): The time allocated to
complete EST within the overall production
schedule may influence the choice bet ween air
and liquid EST. LEST may offer time advan-
tages because of its shorter cycle timesre-
quired for thermal shock testing. In addition,
I.LEST may obviate the need for vibration test-
ing under some conditions. If thisistrue, then
costs associated with providing custom vibra-
tion fixtures for specific CCAS maybe
avoided.

3. Capital Funding Available for Initial
Start-Up: Capital funding available for initial
start-up of EST facilities may influence the
choice between air and liquid EST. High-
volume air or vibration chambers may be com-
parably priced with larger LEST machines,
while small air or vibration chambers may
cost less than smaller LEST machines. An
analysis of initial costs versus savingsin EST
costs must be made for each application to
determine the appropriate choice between air
and liquid.

Use and dissemination of the information contained m this
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in summary, material compatibility, product vol-
ume, EST schedule, and initial capital funding
considerations help to decide when LEST isthe
appropriate choice for production and design
environmental stress testing.

2.5 Sample Sizes and Failure
Categories

The alternative ESS technol ogies were com-
pared on three different products:

. Product 1 was a low-volume production
military product

Table 2-1. Sample Sizes in the Evaluation

National Center for Manufacturing Sciences

.Product 2 was alow-yrolume producti on
commercial aerospace product

. Product 3 was a high-volume commercial
product.

The sample size of assemblies used in the eval-
uationisshownin Table 2-1. A list of relevant
board technologies tested is presented in Appen-
dix A. The failures found during the screens and
subsequent failure analyses were categorized by
failure mode or mechanism to alow comparisons
between ESS technologies. Table 2-2 presents
the categories and the definitions of each.

Description Technology Product 1 Product 2 Product 3

Tests Liquid ESS (LESS) Safety of Screen 7 CCAS 2CCAs 24 CCAS
HALT 5 CCAS and 1 Box* 2 CCAS *
Proof of Screen (POS) 1 Box’ 1 CCA =
Electrodynamics ACLT - 1CCA =
ED-Proof of Screen - 1 CCA =

Screens Military (Mil)-ESS 20 Boxes* 34 CCAS =
HASS 6 Boxes* — 3661 CCAS
ED-ACSS - 20 CCAS =
LESS 24 CCAS — 1555 CCAS

*Product 1 Box contains four circuit card assemblies (CCASs)

“HALT and Proof of Screen were run prior to the ESS 2000 Project

Table 2-2, CCA Failure Manifestation Categories

Term Definition _

DOA Dead on arrival—Product does not function properly upon power up and first functional test.

Margin A failure of the product that occurs repeatedly at set environmental conditions, These environmental
conditions are generally temperature and voltages, independently or in combination. Other environmental
conditions result in the proper operation of the product. The failure is typically detected with a function test

Precipitated A failure of the product that occurs as a result of environmental conditions. After precipitation of the failure,

the failure tends to occur at environmental conditions less extreme than the precipitating conditions. The
failure is typically detected with a functional test.

Margin - No Defect
Found (ND‘F‘)

A failure of the product that occurs repeatedly at set environmental conditions, T hese environmental
conditions are generally temperature and voltages, independently or in combination. Other environmental
conditions result in the proper operation of the product. The failure is typically detected with a function test,
Upon subsequent failure examination, the product failure is undetectable.

Precipitated (NDF) A

fafiterefahth@poduct that occurs as a result of environmental conditions, After precipitation of the failure,
the faifure tends fo occur at environmental conditions less extreme than the precipitating conditions. The
failure is typically detected with a functional test. Upon subsequent failure examination, the product failure
is undetectable.

NDF

Upon failure examination, the product failure is undetectable. Additional analysis of the failure leads to the

conclusion that the failure is an invalid random occurrence,

Us? and dissemination of the information contained m this

document are subject 10 restnctions on the copyright page
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3. Technology Evaluation: Highly Accelerated Life Test (HALT)/
_ Highly Accelerated Stress Screen (HASS)

HALT/H ASS technology evaluation compared a
baseline Military Environmental Stress Screen-
ing (Mil-ESS) process to the HALT/HASS proc-
ess. The objective was to determine if military
hardware can be subjected to the accelerated en-
vironments of HALT/HASS without damaging
product and whether or not HALT/HASS was a
more cost-effective screen.

The HALT/HASS process required that aHALT
and Proof of Screen (POS) be performed on rep-
resentative samples of each assembly that was
being considered for HASS. These tests were
performed on small sample sizes. Once the tests
were complete, the samples were considered non-
deliverable assemblies. HASS, like Mil-ESS, was
performed on production-deliverable assemblies.

The evauation began by collecting data on Prod-
uct 1 Mil-ESS baseline boxes. Next, Product 1
circuit card assemblies (CCAs) were subjected
to HALT. Following the CCA HALT, one
Product 1 box was subjected to HA1 .-T and then
POS. Finally, Product 1 boxes were subjected to
HASS. Data from the HASS process was then
compared to the Mil-ESS process. The manufac-
turing flow diagram for the test samplesis
shown in Figure 3-1 and is the same for both the
Mil-ESS and the HALT/HASS samples.

In the following subsections, the HALT and
POS evaluations are discussed first, followed by
Mil-ESS and HASS.

3.1 HALT

HALT was performed on five Product 1 CCAS
and one Product 1 box.

3.1.1 HALT Thermal and Vibration
Process

HALT thermal and vibration tests were per-
formed by step-siressing the test sample until

(=

y

Manutacture CCAs

Electrical Test

r

System Assembly

‘

L
R y
HI | Mi-ESS B ‘L f:

I

Acceptance Test

C End )
Figure 3-1. Product 1 Manufacturing Flow Diagram

operational and endurance limits were reached
or until levels were achieved that provided
sufficient design margin. The step-stress levels
used for this evaluation are shown in Figures 3-2
and 3-3.

Use and dissemination of the information contained m this
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31



National Center for Manufacturing Sciences

24°C

L .
0oC }
ety
20c]
-30°C|
-40°C | »
-50°C |

-60°C g

-70°C ;
-80°C
| A——

-90°C

Figure 3-2, Therms/ Step-Stress Levels

80
70
60 5, 0
0 [
44
40
Gms 40 36
30 — Gms Setpoint
2 0 /
20 . W
1
10
10 ————f.J—
0 + + + + +
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
Minutes
Figure 3-3. Vibration Step-Stress Levels (Z-axis)
3-2 Use and dissemination of the in formation contained m this

document are subject to restrictions on the copyright page



3.1.2 Fixtures

The fixtures that held the CCA test samples con-
sisted of an engineering box level housing. For
thermal cycling only, the housing was placed on
the table top as shown in Figure 3-4. For vibra-
tion only, or combined thermal/vibration, the
box was mounted directly to the vibration table
with two unistrut bars and four all-thread 3/8-in.
rods with locking nuts, as shown in Figure 3-5.

The CCA was inserted into its mounting slotin
the housing and locked down with CCA locking
wedges (see Figure 3-4). Box level testing used
the same fixturing technique (see Figure 3-5).

3.1.3 Test Procedures

The subsections below describe the procedures
followed to conduct the chamber thermal and vi-
bration surveys and product limit determinations.

3.1.3.1 HALT Chamber Therma Survey

A thermal survey of the chamber (with no prod-
uct installed) was performed using 40 type-T

thermocouples. Sixteen of the thermocouples
were located on an 8 x 8-in. grid located 6 in.

above the chamber floor. The second 16 thermo-
couples were on the same grid, located 18 in.
above the chamber floor. The last 8 thermo-
couples were on a 16-in. grid located 24 in. above
the chamber floor. The survey was conducted
bet ween temperature extremes of + 100° and
-65°C with a3-min soak at each extreme. The
thermocouple readings were recorded with a
Fluke Datal.ogger at 30-sec intervals.

3.1.3.2 HALT Chamber Vibration Survey

The layout of the chamber vibration tableis
shown in Figure 3-6; circled numbers indicate
the 81 mounting holes. A survey of the ampli-
tude verses frequency response on the table was
performed using four Endevco 2228C triaxial
accelerometers and a GenRad 25528 Vibration
Controller/Analyzer. Measurements were made
at 20 points covering an 8-in. grid of the table

National Center for Manufacturing Sciences

surface; labelsP 1to P20 on the figure show the.
location of these points.

The analysis was conducted over a frequency
range of 6.25 to 5,000 Hz using 800 spectral
lines of resolution resulting in a spectral band-
width of 6.25 Hz. Measurements of all three
orthogonal axes were made with the following
axis definitions:

« Z-axis oriented normal to the planar

surface of the vibration table

. Y-axis oriented along the surface of the
table from chamber side to side

.« X-axis along the surface of the table from
chamber front to back.

Each triaxial accelerometer was mounted on top
of a 3/8-in. by 16-thread hex head bolt that was
screwed into the mounting holes of the table and
locked in place with a3/8-in. nut. The bolts were
uniformly torqued to a minimum of 25 ft-1b.

3.1.3.3 Cold Thermal Limit Determination

The cold temperature limit test began with the
unit under test (UUT) being run at room temper-
ature to test diagnostics. The temperature was
then stepped down to O°C and held at that tem-
perature for 10 min minimum, and the UUT was
again tested to verify proper operation. The tem-
perature was then dropped in 10°C increments
until the endurance limit of the UUT or the

lower chamber temperature limit was reached,
Whichever occurred first.

3.1.3.4 Hot Thermal Limit Determination

The high temperature limit test began with either
the UUT being run at room temperature to test
diagnostics or by proceeding directly from the
cold limit determination. The temperature was
then stepped up to +45°C and held at that tem-
perature for 10 min minimum, and proper opera-
tion of the UUT was determined. The tempera-
ture was then stepped up 1n 10°C increments to
+170°C or until the product upper operational or
endurance temperature limits were reached.

Use and dissemination of the information contained m this
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Figure 3-4. Product 1 Fixture — Thermal Tests Only

Figure 3-5. Product 1 Fixture — Thermal/Vibration Tests
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3.1.4 Test Configuration and Equipment

HALT and HASS were al performed using a hot-

mock-up configuration. Each test or screen was

run with a complete and fully operational system.

The test sample was placed inside the chamber
and connected to the remainder of the system
outside the chamber with interconnecting cables.

A QualMark model OVS-3 chamber was used
for the HALT/HASS evaluations. This chamber
uses liquid nitrogen (LN>) for cooling and
electric resistive elements for heating. Vibration
is applied with pneumatic vibrators.

3.1.4,1 Test Sample Monitoring

Monitoring was performed by operating the test
sample and observing its response. The test set

and hot-mock-up system automatically moni-
tored the product for failures through built-in
test (BIT) circuitry. Visual observations were
also made.

3.1.4.2 Failure Criteria

Any failure of the hot-mock-up system to
perform to its requirements set a BIT fault flag.
Any visually observed incorrect system response
was also recorded as afailure.

3.1.5 HALT Results

« Chamber Thermal Survey: The chamber
survey was performed without product
installed to observe thermal stability of the
chamber at various temperatures. Survey
resultsare given in Table 3-1.

Use and dissemination of the information contained in this
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Table 3-1. Temperature Data Summary

Charmber Itiputt | Awenege Response |Extesnee Response
Temperature Temperature Temperature
(°C) (°C) (°¢)

“po | +102 +98 t0 +105
+50 +54 +51 to +58
0 -6 -2910 +6
17—
|_ -50 -41 | 640 -18

Product was then installed in the chamber and
the product response data was obtained to
determine the temperature cycling limits for
the product.

. Chamber Vibration Survey: As shown in
Figure 3-7, the vibration across the table is not
uniform; therefore, aHALT performed at one
point on the table may not result in the same

product response at another point on the table.
As aresult, the POS and subsequent HASS

must be performed at the same point with the
same product orientation.

3.1.6 Product 1 CCA and Box Results

Product 1 HALT was performed using engineer-
1,0 CCAs, which proved to be very robust.

30

Operational limits ranged from +95° to + 130°C
on the hot side, and from -65° to -90°C on the
cold side. The endurance limits could not be
found for the cold side due to the limits of the
chamber. The hot endurance limits ranged from
+ 150° to +170°C. Box level operationd limits
ranged from -65° to +85°C and endurance limits
ranged from -75° to +120°C.

3.2 Proof of Screen

The POS is used to verify that the HASS regi-
men, established during HALT, does not damage
the product. To gain this confidence, a test
sample was repetitively subjected to the HASS
cycle (Figure 3-8) until it had accumulated cycles
totaling one order of magnitude greater than the
HASS requirement without failure. The HASS
reguirement in the Product 1 evaluation was
four HASS cycles, therefore 40 cycles was the
target POS.

3.2.1 Fixtures
The fixture used for POS was the same as for

HALT described in Subsection 3.1.2. A POS
was performed on one Product 1 box sample.
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Figure 3-7. Vibration Survey Summary of Table Response
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3.2.2 Test Configuration and Equipment

The test configuration and equipment used for

POS were the same as for the HALT described
in Subsection 3.1.4.

3.2.2.1 Test Sample Monitoring

Test sample monitoring was the same as for the
HALT described in Subsection 3.1.4.1.

3.2.2.2 Failure Criteria

The failure criteria was the same as for the
HALT as described in Subsection 3.1.4.2.

3.2.3 POS Results

A Product 1 box POS was performed using the
HASS cycle illustrated in Figure 3-8. Of the four
CCAS in the box, one had also been subjected to
HALT prior to performing the POS. This CCA
failed after 35 HASS cycles. No other failures
were experienced. Since al of these CCAS were
repaired engineering assemblies and the one

failure that occurred was on a CCA that had also
been subjected to HALT, it was concluded that
four cycles of HASS should not damage product.

3.3 Mil-ESS Process

The requirement for the baseline Product 1 box

screen was to complete 10 min of random vibra-
tion (box is nonoperationa) in the axis norma to
the CCAs followed by four thermal cycles, with

the last two failure-free. Each of the four cycles
was ¢ hours in duration, The vibration and ther-

mal profiles are shown in Figures 3-9 and 3-10.
3.3.1 Fixtures

The vibration fixture used for the Mil-ESS
process on Product 1is shown in Figure 3-11.

3.3.2 Sample Size

The sample size for the Product 1 Mil-ESS
evauation was 20 production boxes.
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Figure 3-11. Mil-ESS Vibration Fixture

3.3.3 Test Configuration and Equipment

During thermal cycling, anautomated computer-
driventestset supplied power to each box and
automatically tested it. Manual testing at tem-
perature extremes was also performed. Vibra-
tion screening was performed without power
applied to the product. The vibration table used
was an Unholtz Dickie model TA 145 and the
thermal chamber used was a Thermotron model
F-125 CHV 25-25.

The automated test station contained a host
computer that tested performance of the UUT.
BIT circuitry in the test sample was also
activated. All failures detected set B IT flags
identifying the failed unit.

3.3.4 Mil-ESS Results

A total of 20 Product I boxes were sclected for
this baseline evaluation. Of thissample size, four
failures occurred, averaging (.2 failures per box.

3.4 HASS

‘I"he HASS procedure used on Product 1sub-
jected production boxes to atotal of four HASS

cycles (Figure 3-8).1f afailure occurred during a
cycle, the cycle was completed, the test sample
removed for analysis and repair, and the sample
returned to complete the four-cycle requirement.
No failure-free cycling wasrequired.Repaired
assemblies were retested under the same
conditions that surfaced the failure.

3.4.1 Fixtures

The fixture used for HASS was the same as that
used for HA | .T described in Subsection 3.1.2.

3.4.2 Test Configuration and Equipment

The lest configuration and equipment used for
HASS were the same as that used for the HALT

described in Subsection 3.1 4.
3.4.3 Test Sample Monitoring

Test sample monitoring was the same as that de-
fined for HALT in Subsection 3.1.4.1. Six Prod-
uct 1 production boxes were subjected to HASS.

3.4.4 HASS Results

01 the six production boxes subjected to HASS,
three ran failure-ftce, A total of four failures
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occurred on the other three boxes at CCA tem-
peratures of either -55° or +85°C: two during
temperature only and two with temperature/
vibration. This equates to 0.7 failures per box.
Baseline ESS resulted in 0.2 failures per box for
the 20-box sample.

Further analysis revealed that two of these fail-
ures at -55°C were design margin related,
exceeding customer product specifications by
23°C, and have never failed in thefield. The
screen was modified to account for this anomaly.
Removal of these failures from the analysis puts
the failures at two for the six boxes screened or
0.3 failures per box. For this small sample size,
it could not be proven statistically that failure
percentages differ.

3.5 Cost Analysis

Since an assumption was made that the product
yields through the different ESS processes would
be similar, the cost analysis became a study about
which ESS process cost less to run. A compari-
son of consumables, floor space, and chamber
volume for the chambers and vibration tables
used during this evaluation is shown in Table 3-2.
A comparison of the relative cost per unit/ box
screened between the Mil-ESS baseline process
and the HASS process is shown in Table 3-3.

3.6 HALT/HASS Conclusions

The conclusions are based on achieving similar
product yields through the Mil-ESS and HASS
processes. The Mil-ESS required performing

10 min of random vibration in onc axis followed
by four thermal cycles, with the last two being
failure free. HASS required four thermal/
vibration cycles. The conclusions for Product 1
based on Mil-ESS and HASS testing are:

« Military hardware can be subjected to the
accelerated environments of HALT/HASS
without damaging product.

+ Fixtures are much ssmpler and less costly for
HASS.

« The cycle time for screening product 1 could
be reduced by approximately 88% by using
HASS.

« HASS, with its accelerated environments,
uses a much shorter ESS duration, which
allows the throughput of the HALL.T/HASS
chamber to be significantly higher than the
Mil-ESS chamber, resulting in alower unit
cost for screened assemblies.

+ The percent of cost reduction for HASS is
driven by the production volume. Higher
production quantities result in much larger

cost reductions per unit screened than with
Mil-ESS.

Table 3-2. Comparison of Consumables

Item l Baseline | I HASS
Electricity per run | 481 KW-hr ' 72 KW-hr
LN, per run ' _ NA _[ 103 gal
Required floor space | 1 5_0ﬂ’I ) | 100 ﬂ’ N II
Chamber volume _ 64 fti_J 32 ft°

Use and disseminatian 01 theinformation contained n this
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Table 3-3, Relative ESS Cost Comparison

Boxes Screened Per Quarter
60 120 174 792

Case1| Case 2 ] Case3 | Casel | Case 2 | Case 3 | Casel | Case 2 | Case 3 | Case1| Case2 | Case3

Baseline Xl |X2= X2 = X3 |x4= x4 = X5 |x6= X6 = X7 |x8= x8 =
(3 boxes/run} 095x1 ]0.95x1 0.965 x 3 {0.965x3 0973 x5 [0.973x5 0.983x7 [0.983x7
HASS 0.8x1[0.846 x2 [0.775x2] 0.69x3 [0.718 x4 | 0.67x4 [0.644x5 |0.662 %6 |0,627x6|)39x7[0.397 x8 | 0.39x8

(2 boxes/run)

CostReduction | 20 | 154 225 31 282 33 356 338 37.3 61 60.3 61
Using HASS (%)

Notes: Baseline costs defined as xl - x8
HASS costs defined as a fraction of baseline costs

Case 1. New environmental equipment (Baseline and HASS)
Case 2. Baseline environmental equipment fully depreciated; new HASS environmental equipment

Case 3:  Baseline environmental equipment fully depreciated; HASS environmental equipment fully depreciated

Use and dissemination of the information contained in this 3-11
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4. Technology Evaluation: Electrodynamics Accelerated Life Test/

Accelerated Stress Screen (ED-ACLT/ACSS)

An evaluation was performed comparing the
ED-ACLT/ACSS process to the Military Envi-
ronmental Stress Screening (Mil-ESS) process
on Product 2. Product 2, which is manufactured
and screened in low quantities, is described
more fully in Appendix A. The evaluation in-
volved performing an ED-ACLT on the product,
aproof of screen (POS), and running the prod-
uct through the Mil-ESS and ED-ACSS.

4.1 Electrodynamics ACLT

The following subsections describe how the
ED-ACLT process was applied to a Product 2
assembly using temperature, rapid temperature
transitions, vibration, and combined tempera-
ture/vibration stressing.

4.1.1 Test Procedures

The five tests listed below and discussed in the
following subsections were performed during
the ED-ACL.T:

Cold thermal limit determination

Hot thermal limit determination

Fast thermal cycling limit determination
Vibration limit determination

EAEE SIS

Combined environmental exposure

One Product 2 unit was utilized for ED-ACLT.
This sample size was based upon the availability
of test unitsfor the project.

4.1,1,1 Cold Thermal Limit Determination

The test started by running the unit under test
(UUT) diagnostics at room temperature. The
temperature was then stepped down to -30°C
and held at that temperature for al0-min mini-
mum. The temperature was then dropped to
-50°C and held at that temperature for 10 min

minimum. The temperature was then dropped in
10°C increments until the chamber temperature
limit was reached. At each temperature incre-
ment, the following sequence was performed:

1. The UUT diagnostics were run a minimum of
three times with 28 VDC supplied to the
UUT.

2. Power to the UUT was turned off, and the
supply voltage was raised to 29.5 VDC.

3. Power to the UUT was turned back on, and
the UUT diagnostics were run a minimum of
three more times.

4, Power to the UUT was turned off. Thistime,
the supply voltage was lowered to 24 VDC.

5. Power to the UUT was turned back on, and
the diagnostics were run a minimum of three
more times.

This sequence continued for each temperature
step until the destruct limit or the limit of the
chamber temperature was reached.

4.1.1.2 Hot Thermal Limit Determination

The high-temperature limit test began by run-
ning the UUT diagnostics at room temperature.
The temperature was then stepped up to 80°C
and held at this temperature for a 10-rein mini-
mum. The temperature continued to be stepped
up in 10" C increments and held at each temper-
ature for al0-min minimum. At each tempera-
ture increment, the five-step sequence described
in Subsection 4.1.1.1 for the cold-temperature
limit test was performed for the high-
temperature limit test.

This sequence continued for each 10°C step
until 160°C was reached. The hot thermal test
limit was set at 160" C in order to stay at least
20" C below the liquidus temperature of the
eutectic tin-lead solder.

Use and dissemination of the information contained in this
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4,1,1.3 Fast Thermal Cycling Limit Determination

The test was started at room temperature, and
then the temperature was ramped down to -50°C.
The ramp rate was programmed to get to temper-
ature as quickly as the system would allow. The
liquid nitrogen (LLN») boost was used, and the
UUT was allowed to dwell at the temperature
extreme for 15 min. The temperature was then
ramped up to 120" C and the UUT was allowed
to dwell at this temperature for 15 min. This
procedure was repeated for three thermal cycles:

1. Thefirst cycle wasrun with a28-VDC power
supply to the UUT. The power was cycled
off/on two times during each dwell.

2. The second cyclewas run at 29.5 VDC.
Power was again cycled off/on two times at
each temperature dwell.

3. Thethird cyclewasrun at 24 VDC. The
UUT power was again cycled off/on two
times at each dwell.

After reviewing the thermocouple data for the
first cycle, it could be seen that the chamber
temperature controller started throttling back at
about -35°C and +105°C. This throttling caused
the 1JUT to not quite reach the program tem-
perature extremes. To help the UUT reach the
extremes, the temperature controller was
programmed for all future runs to overshoot the
desired temperature by 10°C for 12 min prior to
the 15-rein dwell. The desired temperature cycle
was then set to -60° to +130"C and th,test

continued for three additiona cycles.

When the UUT reached room temperature after
the third cycle, the cold setpoint was decreased
by 10“C, the hot setpoint was increased by 10"C,
and the test continued for three additional cycles.
This procedure was repeated through the tem-
perature range of -70° to+ 150°C. (Note: the
low-end temperature was limited to -70°C by
the 11 mits of the thermal chamber.) The average
ramp rate from cold to hot was 24 °C/min, while
the average ramp rate from hot to cold was
16°C/min, as measured at the product.

4.1.1.4 Vibration Limit Determination

The vibration step-stress test began with a 10-rein
dwell at 0.01 g*/Hz input (3.4 Gins, 20 t0

2,000 Hz bandwidth) at the vibration table. The
vibration supply was increased in the following
sequence:

1. To 0.04 g’/Hz (6.8 G,y for 10 rein, then
2. T00.06 g’/Hz (8.4 Gue) for 10 min, then

3. T00.08g%/Hz (9.7 Gus) for 10 rein, and
finally

4. To 0.1 g’/Hz (10.8 Gyy) for 30 min.

The UUT diagnostics were run continuously with
28 VDC supplied to the UUT (see Figure 4-1).

4.1.1.5 Combined Environmental Exposure

The UUT was exposed to successively higher
thermal stresses in combinat ion with vibration.
The initial vibration table input was set at

0.1 g?/Hz (10.8 Gn). Theinitial thermal stress
temperature range was set at -70° to + 140°C.
The temperature dwells at the cold and hot
extremes were 27 min. The last 10 min of each
temperature dwell included vibration. The rate
of temperature transition was set to go asfast as
the chamber would allow with the LN, boost.
The UUT diagnostics were run continuously.

The supply voltage was set at 28 VDC and two
thermal cycles were run. The temperature range
was then increased from -70° to + 150" C with
the same vibration input and sequence. The
UUT diagnostics were continuously run again.

The supply voltage was set at 28 VDC and 10
test cycles were completed using the
-70° to +150"C temperature range.

4.1.2 Test Configuration and Equipment

During 13 D-ACLT, the Product 2 unit was con-
nected to atest station and supplied with various
inputs (power, low level, frequency, communi-
cation) and loads. The environmental testing
was performed in a Therrnotron model F-32

4-2
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Figure 4-1. Product 2 Vibration fnput

therma chamber with aDS-4001 e ectrodynamics
vibration table. The chamber was retrofitted

with an additional heat and LN,boost system.

The chamber used open-coil Nichrome heating
elements for positive temperature changes and a
cascade refrigeration system with two 15-hp
compressors for negative temperature changes.

The I.N, boost system, using a1.N, Dewar con-
tainer plumbed with a vacuum tube to the top of
the thermal chamber, was used to boost the
cooling ramp rates. The chamber incorporated a
nozzle that sprayed the LN, toward the back of
the chamber between the resistance heaters. The
chamber air was ported so that the hot or cold
air circulated down the sides of the chamber and
was recirculated by two ¥%-hp propeller-type
fans located at the top center of the chamber.

The electrodynamic vibration system included a
double-ended gap, low-profile, air-cooled elec-
trodynamic vibration table. The vibration table
can provide up to 4,500 pounds force over the
frequency range of 20 to 2,000 Hz. The chamber
was capable of providing both thermal cycling
(-70° to+160°C) and single-axis electrodynamics
random vibration (> 10.8 G, over 20 to

2,000 Hz).

500 2000

4.1.2.1 Test Sample Monitoring

The UUT was continuously monitored during
the ED-ACLT and POS. A test station was used
to determine the status of the UUT. Thermo-
couples and accelerometers were installed on the
UUT and on the test chamber. Power on/off
cycling and power supply voltage margining were
performed as described in Subsection 4.1.1.1. A
diagram of the test setup is shown in Figure 4-2.

4.1.2.2 Failure Criteria

The test station contained a host computer that
commanded the unit to run test diagnostics and
read the results. Eighteen different diagnostic
tests were run during each diagnostic cycle.
These diagnostics provided coverage for approxi-
mately 90% of all failures that occurred. The
host computer compared the results to predeter-
mined limits of operation. If the limits were not
exceeded, the unit was considered good and the
test diagnostics continued to run. This continued
until the test was completed or power was manu-
ally turned off to the UUT. If afailure occurred
during the test, the failure data, including the
exceeded limits of operation, was sent to a
printer for a hard copy. This data was then used
to troubleshoot the failure to the root cause.

Use and dissemination of the information contained in this
document are subject to restrichons on the copyright page

4-3



National Center for Manufacturing Sciences

Thermal Chamber

Simulated Loads and

!

[ . Product ]

1] 11

l Vibration Fixture

Monitoring Circuitry

Electrodynamics Vibration Shaker

Figure 4-2, ED-ACL T Test Setup

4.1.3 Summary of Results

The failure modes precipitated during the ED-
ACLT were asfollows:

+ The operating temperature limit for the unit
was found to be 146°C, at which point the
UUT failed an analog-to-digital (A/D) circuit
range check during the hot temperature oper-
ating limit test. Thisfailure was caused by a
pressure sensor circuit going slightly out of its
tolerance range due to the hot temperature
environment. When the temperature was
dropped, the circuit went back into range and
the unit continued to operate with its set
tolerance limits.

+ A failure was precipitated in a through-hole-
mounted ceramic capacitor. Two leads were
broken during the -70° to+ 140°C combined
environment test.

« Two other failures were precipitated. One was
abroken 28-VDC wire at an electromagnetic
interference (EMI) filter (which connects to
the output side of the filter); and the second
was a Teflon® capacitor that exhibited an
open internal to the component. Both occurred
during the -70° to + 150°C combined
environment test.

All three of the precipitated failures were deter-
mined to be related to the high vibration levels
associated with the test environment,

4.2 Proof of Screen

POS was performed on Product 2 to determine
if the proposed ED-ACSS screen consumed a

significant portion of the product’s useful life.

4.2.1 Test Procedures

The POS was developed by analyzing the data
obtained from the ED-ACLT. The POS profile
consisted of thermal cycling from -60° to
+120°C with programmed 27-min cold and hot
temperature dwells and ramping the thermal
chamber asfast as it would go. These profiles
were set based upon the high and low tempera-
ture limit determination tests.

The thermal cycling was combined with

0.06 g*/Hz random vibration (8.4 Gy, 20 to
2,000 Hz bandwidth) for 5 min at both the hot
and cold temperature dwells during every third
thermal cycle for the first 100 thermal cycles.
After 100 thermal cycles, the vibration was ap-
plied in the same manner as for the POS profile
described above, except that the vibration was

4-4
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applied for 5 min at each hot and cold tempera-
ture dwell instead of at every third therma cycle.
The UUT test diagnostics were run continuously
and the supply voltage was set at 28 VDC.

4,211 Sample Size

One Product 2 unit was used for the POS. This
sample size was based upon the availability of
test unit for the project.

4.2.1,2 Test Configuration and Equipment

The POS test configuration and equipment were
the same as described in Subsection 4.1.2.

4,2.1.3 Test Sample Monitoring

The test sample was monitored in the same
manner as described in Subsection 4.1.2.1.

4.2.1.4 Failure Criteria

The proposed screen was considered to be usa-
bleif the UUT exhibited no wear-out failures
for the first 100 cycles of the environment des-
cribed above. This number of cycles was calcu-
lated to represent less than 5% of the product’s
useful life.

4.2.2 Results

The test unit was exposed to atotal of 150
thermal cycles. The total vibration exposure. was
in excess of 13.8 hr, with half at the cold tem-
perature and half at the hot. A sample of the

140
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thermocouple data collected is shown in
Figure 4-3.

One UUT failure was precipitated during the
128th thermal cycle, 4 to 5 min into the vibra-
tion portion of the hot-temperature dwell. The
failure wasin the A/D circuit. It was determined
that the A/D failure was caused by the failure of
a Teflon capacitor. The capacitor exhibited an
open interna to the component, Radiography on
the part confirmed that the internal capacitor had
broken away from the leads. This failure was of
the same type that occurred during the ED-
ACLT.

Following the POS, the Product 2 test item was
nondestructively disassembled to the subassem-
bly level and visualy examined for any evidence
of internal or external deterioration. None was
detected.

Based upon the POS, atrial lot of production
Product 2 units will be subjected to the ED-
ACSS. The ED-ACSS profile will consist of
five thermal cycles from -60° to+ 120°C with
8.4 G, vibration input to the UUT for 5 min
during the hot and cold dwells of the second and
fourth thermal cycles. By performing the screen
on atrial basis, the screening effectiveness of
the units subjected to the ED-ACSS environ-
ment can be compared to the current production
sequential thermal cycle followed by vibration
environmental stress screen.
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Figure 4-3, Proof of Screen Thermocouple Response Data (Cycles 23-32)
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4.3 Mil-ESS
4.3.1 Test Procedures

The process used to manufacture and test
Product 2 for the Mil-ESS evaluation involved:
manufacturing the printed circuit card assemblies
(CCAs) and running them through an electrical
test; and then assembling the system and run-
ning it through electrical, Mil-ESS, and accep-
tance testing (refer to Figure 4-4). The Mil-ESS
process included 10 thermal cycles from -55° to
+85°C followed by 10 min of random vibration
at 0.01 g%/Hz in the plane perpendicular to the
printed circuit card assembly (see Figures 4-5
and 4-6).

4.3.2 Sample Size

Mil-ESS test data was collected on 34 units. This
sample size was selected based upon the product
availability during the project time frame.

4.3.3 Test Configuration and Equipment

During the baseline ESS process, Product 2 was
connected to atest station and supplied with
various inputs (power, frequency, and communi-
cation) and loads. The temperature cycling was
performed in an Envirotronics thermal chamber,
and the vibration was performed on an Unholtz-
Dickie Corporation 560 model electrodynamics
vibration table. The temperature chamber used
open-coil, electric-resistive heaters for positive
temperature changes and a cascade refrigeration
system with two 15-hp compressors for negative
temperature changes.

4.3.4 Data Acquisition

The Product 2 test station contained a host com-
puter that commanded the unit to run test diag-
nostics and read the results. Eighteen different
diagnostic tests were run during each diagnostic
cycle. These diagnostics constituted coverage
for approximately 90% of the potential compo-
nent failures on the CCAs. The host computer
compared the results to predetermined limits of

4-6

operation. If the limits were not exceeded, the
unit was passed and the test diagnostics con-
tinued to run. This continued until the test was
completed or power was manually turned off to
the UUT. If afailure occurred during the test,
the failure data, including the exceeded limits of
operation, was sent to a printer for ahard copy.
This data was then used to troubleshoot the
failure to the root cause.
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Figure 4-4. Product 2 Mil-ESS Manufacturing Flow Diagram
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4.4 Electrodynamics ACSS

An ED-ACSS is scheduled to compare the
effectiveness of running ED-ACSS versus the
baseline ESS process. As of thiswriting, the
trial has not been completed.

4.4.1 Test Procedures

The manufacturing process used on Product 2 in
the ED-ACSS evaluation will be the same as for
the Mil-ESS evaluation (see Subsection 4.3 and
Figure 4-7). The ED-ACSS used on Product 2
will include five thermal cyclesfrom -60° to

+ 120" C with 0.06 g’Hz vibration input to the
product (see Figure 4-8). The Mil-ESS to be
performed after the ED-ACSS will be used to
determine if any defects escaped the ED-ACSS
process.

A total of 20 Product 2 units will be subjected to
ED-ACSS.

4.4.2 Test Configuration and Equipment
The test configuration and equipment used for
the FD-ACSS will be the same as for ED-ACLT
(see Subsection 4. 1.2).

4.4,3 Data Acquisition

The same Product 2 data acquisition procedure
will be used for the ED-ACSS as for the Mil-
ESS (see Subsection 4.3.4).

4.4.4 Data and Failure Analysis Results

Yields of Mil-ESS temperature cycling are
shown in Table 4-1.

Table 4-1. Product 2 Mil-ESS Yield

Statistic Mil-ESS
(including No Defect Found)
Number of Cards Screened 34
Number of Cards Failed 9
Yield 73.5%

Manufacture CCAs

o

Electrical Test

T S

System Assembly

Electrical Test

1

ED-ACSS

Electrical Test ‘

L

Mil-ESS

B

Accgptareree Tests!

&

Figure 4-7. Product 2 ED-ACSS Manufacturing
Flow Diagram
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Figure 4-8. Product 2 ED-ACSS Profile

The failure analysisidentified card and comp-
onent failure modes. The failure symptoms were
analyzed prior to the debug process by review-
ing the failure printout from the test station. The
product CCA was then disassembled from its
housing and electrically tested. The debug
process involved isolating the failure to a given
circuit. Theindividual circuit was then trouble-
shoot manually to identify one or more suspect
components. A visua inspection was then per-
formed, followed by additional electrical testing
to identify the item that failed. A subsequent
electronic component failure analysis was
performed, when applicable.

The test yield from the temperature cycling por-
tion of the Mil-ESS was 73.5% (nine failures),
while the test yield from the vibration portion of

the Mil-ESS was 10070 (O failures). Subseguent
in-process electronic testing after ESS but prior
to product shipment revealed ayield of 92%
(three failures). These three failures appeared to
have been precipitated during the vibration por-
tion of the screen, but were not able to be
detected, The final acceptance test, performed at
room temperature and using tighter circuit toler-
ances, was able to detect these failures. By in-
creasing the vibration stress, the environmental
stress screen may be able to detect these escapes.

Figure 4-9 shows aPareto chart of the failures
that occurred in Mil-ESS.

A Product 2 failure summary for the Mil-ESS
processisgivenin Table 4-2.
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document are subject to restrictions on the copyright page

4-9



National Center for Manufacturing Sciences

4 - - 100%
1 90%
3 1 80%
] 1 70%
/ 1 60%
Count 2 A 1 50%
./ 14 0%
. 1 30%
1 20%
1 0%
0 —— ; 0%

Margin Precipitated NOF Margin (not Precipitated

reproducible) (not
. reproducible)
Failure

Figure 4-9, Product 2 Pareto Chart of Mil-ESS Failures

Table 4-2. Product 2 Failure Summary for Mil-ESS

Failure | % of Failures | 7 of Total
CCAs Tested
' Margin 445 118
[ Precipitated | 33.3 l 8.8
NDF 22.2 | 69

4.5 Cost Analysis

The costs per unit to perform the baseline Mil-
ESS, the ED-ACSS alternative, and the HASS
alternative were compared for Product 2 using
the cost model developed. The following
assumptions and parameters were used in the
model for Product 2:

« Since product was not run on all of the differ-
ent screens, an analysis was performed to de-
termine if the yields would be similar. Vibra-
tion input levels were adjusted for ED-ACSS
and HASS to provide responses at the circuit
card assembly natural frequency similar to the
Mil-ESS vibration responses. Based upon
these types of analyses, it appeared likely that
the yields will be similar.

- The consumables, floor space, and chamber
volume needed fo each screen are given in

Table 4-3.

Table 4-3. Product 2 Comparison of Consumables
and Floor Space

Item Mil-ESS FED-ACSS5| HHASS
Electricity/run (kW-hr) 651 182 90
LN,/run (gal) 0 52 147
Required floor space (ft?) | 418 343 196

« Since the product yields through the different
ESS processes were assumed to be similar,
the cost analysis became a study about which
ESS process cost lessto1 un.

« The cost model was run for three cases (1, 2,
and 3):
- Case 1: New environmental and test
equipment purchased

-- Case 2. Mil-ESS equipment fully depreci-
ated; new ED-ACSS or HASS
equipment purchased

- Case 3: All equipment fully depreciated.
The product was grouped into three different
guantities (A, B, and C). The three groups of

product were then run for each case through
the screen per quarter:

- Qty A: 60 units tested/quarter

- Qty B: 150 units tested/quarter

4-10
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- Qty C: Maximum quantity of product that
could be tested on the equipment

with th,screen identified (150 units

for the Mil-ESS screen and 465

units for the ED-ACSS and HASS).

The results given in Table 4-4 show that no
single screen was best for all cases.

However, when the equipment was used to

capacity, both ED-ACSS and HASS provided a

lower-cost process than the currently used Mil-
ESS process.

4.6 Conclusions

The following conclusions can be drawn from
the Mil-ESS and the ED-ACLT/ACSS testing
on Product 2:

e The ESS duration could be reduced by 78%
by using ED-ACSS instead of Mil-ESS.

¢ The use of Dewar containers for supplying
LN, for the ED-ACSS is hot recommended
because of the frequency of changeout.

Table 4-4. Product 2 Cost Model Analysis Results

National Center for Manufacturing Sciences

The following conclusions can be drawn from
performing the cost analysis on Product 2:

+ For Case [-Quantity A, equivaent low-

throughput volumes, all three screens had a
similar cost/product screen.

+ When using the maximum throughput of the

chambers and new equi pment is purchased,
both the ED-ACSS and HASS processes pro-
vide alower-cost aternative to the Mil-ESS
process, with the ED-ACSS process having a
slightly lower cost to perform than HASS.
This lower cost was primarily from the in-
creased throughput of the ED-ACSS and
HASS equipment over that of the Mil-ESS
equipment,

When equipment costs are not included in the
analysis (i.e., they are fully depreciated), the
ED-ACSS and HASS processes provide
lower-cost alternatives. This lower cost was
primarily from the reduced run cycle time of
ED-ACSS and HASS. The shorter run cycle
time reduced the amount of electricity and
L.N> consumed.

Case Capital Qy | Quantity | of  py peg: ED-ACSS* | HASS' | Lowest Cost
No. Equipment Group | Units/Quarter

1| All new equipment A 60 X1 1.03 X, 0.99X,, |HASS

! B 150 Xig» (X,= 054 xI) | 104X, | 105X, |Mi-ESS

! c Max. capacity | X,., (X.= 0.54 X,,) 0.65 X,, 0.70 X, |ED-ACSS

2 | New Equipment — A 60 Xon, (X5 = 053 X,.) 191 X,, 1.83X,, |Mi-ESS

2 |ED-ACSSand B 150 Xze (X5 = 0.36 XI)) 157 X*, 1.58 X,y | MIl-ESS

2 | HASS only c Max. capacity | Xy, (Xsc=0.36 X;3} | 0.99 X, 1.06 X, |ED-ACSS

3 | All equipment fully A 60 Xz, (X3, = 0.53 x1,) 0.94 X, 0.83X;, |HASS

3 | depreciated B 150 Xag 1 (Xg5 = 0.36 X,4) 0.99 X, 0.98 X, | HASS

3 c Max, capacity | Xy, (X;c=0.36 X;,) | 0.79X;. 0.86 X;. | ED-ACSS

“Where X, through X, represent the cost per unit to run the Mil-ESS for the case shown.
Use anddissemination 01 the information cantained inthis 4-11
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5. Technology Evaluation: Liquid
__ Stress Screen (LESS)
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Environmental

As partof the ESS 2000 Project,a comparison
between LLESS and Highly Accelerated Stress
Screen (FIASS) was performed. The objective of
this comparison was (0 evaluate the relative
merits (capabilities and costs) of the two tech-
nologies. Two phases of work contributed to

this portion of the investigation.

The first phase, safety of screen, i nvolved a
comprehensive examination of the Liquid
Environmental Stress Test(1LEST) machine and
its corresponding LLESS process for possible
deleterious effects upon well-]]alllifac{lIite~l
circuit card assemblies (CCAS). To maximize
technology diversity, Products 1, 2, and 3 were
evaluated inthisportionof the testing. Details
are given in Subsection 5.1.

The second phase involved subjecting alarge
quantity of productto both LESS and HASS (o
evaluate and compare the two technologies.
Because of the large sample sizes required, only
Produc 3 (further describedin Appendix A)

was involved with this portion of the analysis.
Detailsare givenin Subsection 5.2.

Traditionally, 10 thermal cycles have been used
in production L.ESS. Althoughl.ESS may be run
with fewer cycles and consequently shorter test
duration, i cycles was adopted as the Environ-
mental Stress Screening (F:SS) duration for all
liquid production screening performed during
Ibis project.

5.1 Safety of Screen

The safety of screen was used to verify that
LESS docs not damage product. To gain this con-
fidenice, test samples were subjected to a mini-
mum of 100 1.ESS cycles (shown inFigure 5-1).
This screen involved initial quantification of the
operating performance of the product, exposure
of (he product to varying degrees of liquid ther-
mal shock, subsequent testing of the product,

and a reevaluation of the product’s operating
performance.

120
100 14 1 Cycle -4'20” >
80
60- —e—1LM109
o —-- PAL22V1 0
& 40 LM7815
g X UC1625
20 --X--FLUID
0
-20-
| L e e e S L e o e o o e
$ 82 8 ¥ 8 Y8 yYge Ty LS8 yVYS T8RS
v L v e v ~ K~ o2 w2 2 2 2 2 T g § & &
S 6 &8 6 &6 &6 O b6 o 0 6 &6 &6 &6 &0 o o o o & o o
Time
Figure 5-1. Generic Safety of Screen — LEST Temperature Profile
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Since an objective of the LESS safety of screen
evaluation was to maximize technology diver-
sity through involvement of muitiple products,
no test procedures, sample sizes, and test confi-
gurations were alike. Included in the subsequent
safety of screen sections are brief descriptions
associated with each product.

5.1.1 Test Procedures

Product 1 test procedure involved initial power-
on tests at ambient temperature to verify proper
operation. The LEST machine was then cycled
up to 100 cycles. The product was nonopera-
tional during some. of the cycles.

In the case of Product 2, two assemblies were
tested in the LEST machine. One assembly was
exposed to 50 thermal cycles, and the other
exposed to 300 thermal cycles. The assemblies
were normally powered during the testing, how-
ever, power to the unit was cycled off, then back
on during every second or third cold soak.

Product 3 was exposed to a range of LEST cycle
counts of 10, 50, 100, and 200. To avoid any

possible deleterious effects by outside sources, a
control group was included, which did not

experience thermal cycling.

Although the actual number of LEST cycles
varied between products |, 2, and 3, common
elements exist. All cards were subjected to the
following testing process.

. Initiate test at room temperature

. Hot fill/dwell at +80°C (~90-sec duration)
. Drain hot fluid (~30-sec duration)

. Cold fill/dwell at -20°C (~90-sec duration)
. Drain cold fluid (-46-see duration)

. Repeat sequence for each additional cycle.

A graph of temperature versus time during a
LEST safety of screen cycleis shown in Figure
5-1. Although the temperature profile is based
upon product 1, it is consistent with those seen
on Products 2 and 3. This consistency is due to
the properties of the fluid (see Appendix B for
details).

5.1.1.1 Sample Size

The sample size of the liquid thermal shock
evaluation was limited to card availability and,
as aresult, did not have statistical significance.
For product 1, atotal of seven fully operational
CCAs and three printed wiring boards were sub-
jected to liquid thermal shock. For Product 2,
two production CCAS were tested. Product 3
used 28 CCAs in its tests; 24 witnessed some
quantity of LESS cycling while 4 served as the
control group. (A list of the relevant board tech-
nologies tested is in Appendix A.)

5.1.1.2 Test Configuration, Equipment, and
Fixtures

Product 1 was connected to a system hot mock-
up with extender cables. A test set, which was
placed next to the chamber with extender cables
long enough to connect to the product, was used
to apply power and control the system. For
Product 2, the assembly was removed from its
aluminum housing and connected to atest sta-
tion supplying various inputs (power, frequency,
communication) and loads. Product 3 was
mounted in a specially designed fixture and
connected to an exterior-mounted power supply.

5.1.1.3 Test Sample Monitoring

Product 1 performance was verified with the test
set pasg/fail indicators and with visual monitoring
of the video. Product 2 was normally powered
during testing; however, power to the unit was
cycled off, then on during every second or third
cold soak. The unit under test (UUT) was con-
tinuously monitored during the safety of screen,
except during power cycling. For Product 3, no
monitoring was performed during the safety of
screen. The cards were, however, powered with
their standard 5.1 VDC.

5.1.1.4 Failure Criteria

Correct operation of Product 1in a system con-
figuration was determined by both the system
and the test set built-in test (BIT) functions and
visual monitoring. For product 2, 18 different
diagnostic tests were run dui ing each diagnostic

5-2
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cycle. The results were compared by the host
computer to predetermined limits of operation.
If the limits were not exceeded, the unit was con-
sidered good and the test diagnostics continued
to run; otherwise, this data was then used to
troubleshoot the failure to the root cause. For
Product 3, the operation of the cards was charac-
terized in afull factorial temperature and volt-
age test prior to and after the safety of screen.
Any significant changes in the operational per-
formance of the cards resulting from the safety
of screen were detected by changesin the full
factorial test outputs.

5.1.2 Safety of Screen LESS Results

For Products 1 and 3, no failures occurred
during the LESS cycling. During subsequent
testing, one failure of Product 1 occurred at the
960 hr of a1,000-hr life test, This failure was
the result of moisture absorption by resistors
after prolonged exposure to the 85°C/85% rela-
tive humidity environment and not attributed to
the LEST machine. Product 3 suffered no
performance degradation due to LESS.

Product 2 experienced failure during the safety
of screen because of a partially enclosed sensor.
This failure was the result of an incompatibility
with the liquid thermal shock fluid. Products
that could retain fluid may not be compatible
with the LESS process.

An analysis of the LEST safety of screen prod-
uct performance data indicates that no product
experienced any measurable adverse effects due
thermal cycling up to 300 cycles. Visud inspec-
tion indicated no damage to the boards as a
result of the testing; however, certain compo-
nents did temporarily retain the LESS working
fluid. Thisdid not have an adverse long-term
impact on the product.

5.2 LESS Versus HASS Evaluation

Product 3 used for this portion of the evaluation
was an existing product with an existing HASS

National Center for Manufacturing Sciences

process. Consequently, the project team found
no benefit in repeating the Highly Accelerated
Life Test (HALT) and accepted the existing
HASS process.

To obtain unbiased data, baseline HASS and
LLESS data were collected simultaneously. Data
from Product 3 was used for this portion of the
analysis due to its high-volume availability.

5.2.1 Test Procedures

The processes for performing HASS (the base-
line process for Product 3) and LESS were very
similar, as illustrated in Figure 5-2.

Ceo—

Cards instaging area

Log serial numbers of
cards to be tested

I

-

test equipment and screened.

Cards placed in HASS or LESS]

~ [ Firstfiail cards subjected
Kdwerification mun

Did the verification
run identify any failed

Cards de‘wered topost N, Ng —
smeenmg test process

Yes

Cards delivered to failure aria:
iysis for problem identification
Land correchon ’

Figure 5-2. Product 3 HASS and LESS Manufacturing
Flow Diagram
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In particular, the methods of logging and prepar-
ing cards for screening did not differ between
the processes. Although the process by which
the cards are prepared for screening was very
similar for HASS and LESS, the actual screen

profiles differed significantly, as shown in
Figures 5.3and 5-4.

5.2.1.1 Sample Size

A sample size of over 1,500 CCAS was selected
to alow astatistically significant analysisto be
performed. During the test, 1,555 cards were
subjected to LESS and 3,661 cards to HASS.

5.2.1.2 Test Configuration, Equipment; and
Fixtures

The HASS chamber used for thisinvestigation
was aQualMark OVS-4. It contained a j6-ft®
vibration table and used liquid nitrogen (LN2)
cooling. The proprietary Product 3 vibration
control system was used in conjunction with a
JC Systems FastTRAC 620 temperature
controller.

Four Hewlett Packard (HP) 6633A system
power supplies provided power to the product.
The power supplies were controlled through an
HP 1B bus with an HP 7 15/33 Apollo Work-
station. Custom software based upon the HP Vee
programming platform controlled the operation
of the chamber and the testing of the cards.

The LEST chamber, model EST3 (2)-10 OWC,
used for this investigation was aL.ucent Tech-
nologies system. It was manufactured by ESPEC
Corporation for Bell Laboratories. (Refer to
Subsection 2.4.1.1 for LESS equipment details.)

The unique environments of the HASS and
LESS environments required the development
and manufacture of unique card fixtures. For
HASS, the fixture was designed to contain 23
CCAs. Conditioned air was directed through the
top and exited at the base of the fixture. Vibra-
tion was transmitted from the table to the
product through the fixture.

The LEST machine contained two test cham-
bers, each holding one test fixture. The test fix-
ture design accommodated a maximum number
of cards while allowing easy access. Each fix-
ture contained 10 cards, resulting in a maximum
throughput of 20 cards per run.

5.2.1.3 Test Sample Monitoring

The CCAS were functionally tested once per test
step during the screen. During functional testing,
10 tests were performed, resulting in approxi-
mately 90% coverage of the board components.

5.2.2 Data and Failure Analysis Results

To ensure the accuracy of the data interpretation
and to allow for proper comparisons between
LESS and HASS, significant data analysis was
required. Data analysis manifested itself in data
reduction and failure categorization.

Data reduction was performed to compare the
LESS and the HASS data. Factors such as card
randomization, holiday testing shutdowns, and
process errors were taken into account.

Failure categorization constituted the second
phase of the data analysis. (Refer to Section 2,
Table 2-2, for terms and definitions.)

The cards rejected during LESS and HASS
screening followed the standard company manu-
facturing procedures for rejected material. These
procedures included database entries for all cards
that failed and were sent to failure analysisin
order to track the card and record failure infor-
mation. The failure symptoms (failure type,
temperature, and voltage) of each card were ana-
lyzed before the failure analysis process began.

The failure analysis method for the card de-
pended upon the results of the failure symptoms
anaysis. The fallure analysis process always
involved an initial visual inspection of the failed
card, followed by specific test techniques appro-
priate for the conditions in which the failure
occurred.

5-4

Use and dissemination of the information contained m this
document are subject to restrictions on the copyright page



National Center for Manufacturing Sciences

80--
70
60-
50 -
40-
30|
20 -
10-
0--
-10- |
-20- |

Temperature °C)

_40"L I

Time (minutes)

Vibration on -------
(10 Gr)

BB - - m sttt
Voltage (V) 5,2

Figure 5-3. HASS Profile

80~

60-

Temperature ("C)
20

20 _LL_._L_L{_____

B

Test Step (each step is 2 min in duration)

Voltage (V)

s
[ Y-

0

Figure 5-4. LESS Profile

5-5
Use and dissemination of the information contained m this
document are subjact to restactions on the copyright page



National Center for Manufacturing Sciences

The failure analysis team was occasionally
unable to duplicate the HASS failure using the
tools at its disposal. Consequently, the failed
cards were re-subjected to the HASS process.

(In the case of LESS failures, the cards were
also subjected to a subsequent HASS process).

If the card passed the “failure analysis HASS,” it
was set aside for more detailed failure analysis.

All actions to determine failure mode and root

cause were recorded in afailure analysis spread-
sheet and used in subsequent analyses. The data
was then downloaded to the ESS 2000 database.

5.3 Summary of Results

Data from the Value Added Screening Effec-
tiveness (VASE) matrix process was used to
generate four types of results:

1. Table5-1 isthe VASE matrix for the HASS
process.

2. Table5-2 isthe VASE matrix for the LESS
process.

3. Table 5-3 isthe top-level VASE matrix,
which presents confidence level estimates of
the detection effectiveness of HASS as com-
pared to LESS for the tall-pole failure modes.

4. Table5-4isaVASE matrix that presents the
confidence level estimates for HASS versus
LESS for each of the failure manifestation
categories. The data collected for statistical
comparisons of the relative effectiveness
between HASS and LESS for Product 3 was
analyzed for:

+ Overdl yield (Table 5-5)

« The way the failures manifest themselves
(Table 5-6)

+ The specific failure modes or mechanisms
detected by each screen (Table 5-7)

« The particular stresses that were determined
responsible for surfacing each defect in
HASS and LESS (Figures 5-5 and 5-6).

At the highest level of analysis, the two scl-tens
exhibited similar yields (percent passing).
Although the yields at the highest level of the
HASS and LESS processes were statistically
identical, the breakdown of the failures that make
up these yields were not, as described below:

+ Dead on Arrival (DOA): DOAs accounted
for 0.9% and 0.65% of the total number of
CCAs tested in LESS and HASS, respectively.
The higher DOA count in LESS was attrib-
uted to the additional handling, packaging,
and transportation required by the Product 3
process prior to screening at the LESS facility.

« Margin Failures: The evaluation team could
not reject the null hypothesis that HASS is
equal to or more effective than LESS testing
for failures that manifest as margin “failures’
to the 96% confidence level.

« Precipitated Failures: The evaluation team
could not reject the null hypothesis that HASS
isequal to or more effective than LESS test-
ing for failures that manifest as precipitated
“failures’ to the 63% confidence level.

+ No Defect Found: This failure mode repre-
sented 0.3% of al CCAStested in both LESS

and HASS for failures that manifested
themselves as no defect found,

Comparing the ratio of the failuresto the total
sample sizes for margin failures, HASS was
more effective than LESS (0.9% versus 0.45 %)
at precipitating margin-related failures. This
greater effectiveness was believed to be attrib-
uted to the differences in the thermal character-
istics of the screens. In particular, the higher
thermal capacitance of the LESS fluid resulted
in more uniform product temperatures during
LESS testing as compared to HASS testing. As
aresult, some component temperatures during
HASS ran dlightly hotter, and some dightly
cooler than in LESS, given the same thermal
ambient conditions. These temperature differen-
tials were believed to affect the performances of
the components so that their interoperability was
compromised.
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Table 5-1. Product 3 VASE Matrix for HASS Process
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Table 5-3. VASE Matrix Comparison for HASS and LESS Processes [1] (by Tall-Pole Failure Mode)
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Ho—=H5SSits el @ thettier than HASS 99% 86% 94% 68% | 18%
Notes: [1] The Dead-on-Arrival category was not included in data
{2] The significance of the categories “Failure-Not-Reproducible” and “Unknown” is not clear.
Table 5-4. VASE Matrix Comparison for HASS and LESS Processes
(by Faifure Manifestation Modes)
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Table 5-5, Product 3 HASS/LESS Overall Yield Table 5-6. Product 3 HASS and LESS Failure Comparison
Statistic HASS | LESS HASS LESS
Percent of CCAS | Percent of CCAS
Number of cards screened | 3661 1555 Failure Failed  Total Failed | Total
Number of cards failed 60’ 23 Tested Tested
Yield 98.36% | 9852 | DOA 28.6 065 378 0.9
Confidence interval (95°/0) 0.5% 0.7% Margin 39.3 09 | 189 0.45
Escapes (estimated)* 0 0.12% NDF 13.1 03 16.2 0.39
‘ Includes NDF does not include DOA or design Precipitatied! 14.3 0.33 10.8 0.26
errors. . T
. . Precipitated! (nom 12 0.08 135 0.32
.* Escapes into HASS (from LESS) reproduitits) s o
Margin (non- 3.6 0.03 27 0.06
reproducible)
5-8 Use and disseminationo! the information contained in this

document are subject to restrctions on the copyright page



Table 5-7. Product 3 Normalized Comparison Between HASS and LESS [1,2]
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Screen Failure Modes and/or Mechanisms (Precipitated and Margin Failure Only)
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[2] Dead-On-Arrival and No-Defect-Found failures have been removed for this comparison.
[3] Entries shown for LESS have been “normalized” by multiplying actual counts (Table 5-2 entries)
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In summary, from Table 5-3:

e The null hypotheses that HASS testing is
equal to or more effective than LESS testing
for failure modes related to part parameters
and solder joints cannot be rejected at the
confidence levelsindicated in Table 5-3.

e The null hypotheses that LESS testing is equal
to or more effective than HASS for stuck bits
and open trace in board cannot be rejected at
the confidence levels indicated in Table 5-3.

e The choice of screens can be largely affected
by failures that were either false positives
(No Defect Found) or nonreproducible.

As shown in the VASE matrices, Tables 5-1
through 5-4 and 5-7, the failures were categorized
according to failure modes or mechanisms.
HASS was found to be 2.5 times more effective
at precipitating manufacturing workmanship
failures (i.e., cold solder joints) than 1.LESS. This
large difference was attributed to the use of

vibration during the HASS screen which the
1.ESS screen does not provide.

Finally, LESS was about 12 times more effec-
tive at precipitating component-related failures
(i.e., die contamination) than HASS. The high
thermal ramp rates of LESS appeared to be the
significant factor that HASS could not replicate.
LESS also precipitated board copper failures
that HASS did not identify.

The VASE matrices show the failure modes or
mechanisms and the environmental stress or
stresses necessary to precipitate these failure
modes or mechanism. Also, the last column of
Tables 5-1, 5-2, and 5-7 shows cost figures for
the various environmental stresses specific for
the Product 3 process. The VASE matricesin
Tables 5-3 and 5-4 present another way to exa-
mine the data discussed earlier in this section. In
Tables 5-1 and 5-2, however, the granularity of
the type of screen isincreased. Instead of

5-10
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showi ng the rel ationship between the screen and
the failure mode or mechanism, the VASE ma-
trices relate the stresses (i.e., cold temperature,
vibration, etc.) of the screens to the failure mode
or mechanism. Viewing the data in this way, it
is possible to identify the most “capable’ stresses
for the failure modes or mechanisms of interest.

By analyzing the existing ESS process for Prod-
uct 3, significant improvements were proposed
for the Product 3 HASS screen. In particular, the
screen cycle time and LN2 consumption could
be reduced by 50 and 66%, respectively. Given
the significant volume of Product 3 CCAS pro-
duced, these reductions, if successful when
implemented, would result in significant cost
savings over the existing screening process.
Figure 5-7 shows the enhanced HASS profile.

5.4 Cost Analysis

A cost analysis was performed to determine
which process was most effective during
screening (see Table 5-8).

5.5 LESS Conclusions

Based upon the results described above, several
conclusions may be drawn for Product 3:

. The HASS process surfaced nearly al failures
in the first thermal cycle, whilein the LESS
process, failures were distributed over the 10
cycles used.

Table 5-8. Screening Cost Effectiveness

National Center for Manufacturing Sciences

« LESS was about 12 times more effective at
precipitating part- or die-related latent defects
than HASS. This difference maybe attributed
to the significantly higher thermal change
rates associated with LESS.

. Application of the VASE methodology and
process indicates the potential for process
optimization. In particular, a potential run
cycle time reduction by 50% and an LN
reduction by 66% seems achievable.

80

A
1

40 | /
Temperature (°C) -

40~

10 7
Vibration (Grms) 5-3 l
0
Voltage (V) 2 Sg __J_IJ_I_L[__FIJ__,
48
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T

Figure 5-7. Enhanced HASS Profile Generated from
HASS VASE Matrix

Volume in Units 1
5,000 10,000 , 15,000

Case 1 Case 2 Case 3 | Case 1 Case 2 Case 3 | Case 11T Case 2 l Case 3 |

HASS xI | x2=083x1|083x:| 3 |[xa=086x3|086x3| x5 [x6=089x5]089x5]

LESS 1.12X1 1.34x2 [ 0.76 X 2 | 1.09X3 1.26x4 080x4|108x5] 1.22x6 |083x6|

LESS Savings [ (15) (51) 73 | (6 (40) 63 | ©0) ‘ (33) ‘ 56 ‘

or (Cost), %

Notes: x(n) = Cost to perform baseline screen for the cases and volumes shown

Case 1: New environmental equipment

Case 2: Baseline {HASS) equipment fully depreciated; new LEST equipment

Case 3: All equipment fully depreciated
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. The HASS and LESS exhibited virtually

identical overall processyields of 98.36 and
98.52%, respectively.

. LESS and HASS durations used were ap-
proximately the same. The throughput of the
CCAsin HASS, however, was higher due to
the greater capacity of the HASS machine
compared to the LEST machine.

. The increased thermal capacitance of the
LESS working fluid is believed to have
resulted in smaller temperature variations
across the product than in HASS.

. HASS was 7.5% less expensive to perform

than LESS. Given similar yields between
1LESS and HASS, HASS is less expensive if
purchasing new equipment, and LESS is less
expensive if using fully depreciated equipment.

. H ASSwas 2.5 times more effective at pre-

cipitating manufacturing latent defects (i.e.,
cold solder joints) than LESS. This difference
may be attributed to the use of vibration dur-

ing the HASS screen which the LESS screen
does not provide.

. The safety of screen process showed that

LESS had no detected adverse effects on the
technologies tested up to 300 thermal cycles.

5--12
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6. The Database
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The raw data from the Environmental Stress
Screening (ESS) 2000 Project was gathered and
stored in a shared project proprietary database.
The database allowed standardized coding of
data so that information from the various sources
could be compared and analyzed. The datain-
cluded: ( 1) faillure summary reports, (2) timeline
events, and (3) product and process descriptions.
The database linked data from various applica-
tions, such as Microsoft” Excel data sheets,
Microsoft® Word documents, and Microsoft
Access” files, which could be automatically
opened from the database. The database was
created with FileMaker Pro™ and was intended
for the participant companies to use for future
reference with the potential for accumulating
new datafor ongoing analyses. Block diagrams
representing the processes used to evaluate each
technology are supplied with the ability to “drill
down” to lower level details.

6.1 Participant Baseline Processes

Since the participants represented a variety of
industries (see Subsection 1.2, Table 1-1 ), it was
important to understand the baseline testing phi-
losophy of each organization. Each participant
procures, manufactures, inspects, qualifies, and
accepts hardware according to its own unique
reguirements. This section of the database high-
lighted the basic philosophy of each participant
company that supplied product for the study.
Block diagrams of the evaluating participants
current baseline ESS methods are in the Tech-
nologies Studied section of the database for
comparison purposes.

6.2 Product Descriptions

A short description of the products subjected to
each ESS method is included in the database.
Part count, part types, power, weight, dimensions,
and hardware function are some of the descriptive
elements supplied. More detailed descriptions
can be found in various portions of this report.

6.3 Participant Baseline Process
Data

Data was extracted from three of the project
participants factory data collection processes to
record a baseline of current methods and effec-
tiveness for the technologies in practice at each
facility. This data did not play a direct role in the
ESS evaluation, but was gathered in case any
questions arose during the analysis phase of the
project.

6.4 Safety of Screen Data

The results of the safety of screen activities are
summarized in subreports that are accessible
from the Reference Files section of the database.
The subreports identify the applicability and
utility of the various aternatives evaluated.

6.5 Evaluation Data

The data gathered during the aternative ESS
evaluation phase was stored in the same part of
the database as the baseline data, but was coded
so that it could be easily parsed. Although the
statistical sample sizes for this data varied, each
participant’ s experience and ESS process
expertise provided valuable lessons learned. The
assumptions and observations made during this
phase are summarized in the database. The
Value Added Screening Effectiveness (VASE)
matrix (see Section 8 of this report) can be
accessed by opening the appropriate VASE file
in the Files Section of the database. Other reports
are available that can also provide information
on test effectiveness, failure mode trends, and
other summary information.

6.6 Reference Files

Numerous data sheets, subset databases, com-
ments, documents, scanned images, subreports,
and others were generated during the project.
Each file is accessible directly from the database

Use and dissemination of the in formation contained m this
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by selecting the file of interest from afileslist,
then clicking the open button.

6.7 Lessons Learned from the
Development of a Standard
ESS Database

The usefulness of the database containing the
necessary data to evaluate ESS methods would
be extremely valuable for the continued im-
provement of the way in which industry selects
and improves the proper ESS techniques for
products. To maximize the collaborative knowl-
edge of al of industry requires the coordination
of the data necessary to perform evaluations.

The EESS 2000 Project acquired data from the
participant companies. Although this data was
similar, a great effort was made to merge the vari-
ous data sources into a single uniform database.
A standard set of data requirementsin the form
of an electronic datainterchange (EDI) template
would have solved this problem, and the data
would have been extremely easier to collect,
collate, and analyze. The project did establish a
common set of terms and data requirements;
however, when the data was retrieved from exist-
ing databases, the mapping of that data was very
time intensive. Again, the data gathering would
have been a minor task if EDIs had been in place.
Although the database has simple summaries,
the time saved in combining the data could have
been better spent developing analytical tools.

6-2
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.Cost Model
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The Environmental Stress Screening (ESS) 2000
Project cost model was used to compare and
contrast the costs of performing various stress
screens. When the cost model is combined with
the Value Added Screening Effectiveness
(VASE) matrix, screen attribute costs can be
determined and ultimately optimized, The parti-
cipants gathered cost data on their respective
ESS processes. This information was combined
and analyzed to compare the cost differences
among the four processes.

To determine the ESS cost per unit/box for each
ESS technology, the following assumptions and
parameters were used in the model:

« A three-year quarterly time period was used
for calculating costs. The actual cost per unit/
box was determined by dividing the total ESS
costs for the three-year period by the total num-
ber of units screened during the same period,

« Labor in man-months was input by quarter (a
total of 12 quarters for the three-year period)
for technician support to run the test and engi-
neering support for any test equipment prob-
lems. The yearly salary in direct dollars was
also input for both technician and engineer.

« Thetime period chosen for capital deprecia-
tion was 10 years. Items associated with capi-
tal depreciation were: chamber cost in dollars,

vibration table cost in dollars, and test equip-
ment cost in dollars. Three different cases
were chosen for comparison purposes.

— Case 1: The cost of new environmental
equipment was included in the first quarter
for each ESS technology and allowed to de-
preciate over the chosen three-year period.

- Case 2: Baseline environmental equipment
was assumed to be fully depreciated (cost
not included) while the alternative environ-
mental equipment was considered to be new,
included in the first quarter, and allowed to
depreciate over the chosen three-year period.

Case 3: The environmental equipment for
each ESS technology was considered to be
fully depreciated (cost not included).

« Consumables input into the model were elec-

tricity in kilowatt-hours per run and liquid
nitrogen (LN,) usage per run in galons. The
cost per kilowatt-hour and per gallon of LN,
were also input.

+ The costs of facility installation and fixturing

for vibration and temperature cycling were also
included in dollars during the first quarter.

- The maintenance costs in dollars associated

with the chambers and vibration tables were
included in each of the 12 quarters.

Use and dissemination of the information contained m this
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8. Value Added Screening Effectiveness (VASE) Matrix Process

The application of the VASE methodology and
process was derived from the work being done
at Jet Propulsion Laboratories (JPL) on physics-
of-failure-based tests [1, 2, 3, 4].* The VASE
process was used as the method to determine the
effectiveness of the Liquid Environmental Stress
Screen (LESS) and Highly Accelerated Stress
Screen (HASS) processes for Product 3. Appli-
cation of the VASE process enabled optimiza-
tion trade-offs among various design and verifi-
cation activities as well as optimization of
screening processes. Specificaly, the VASE
matrix organized data by failure mode and/or
mechanism and screening parameter to determine
the effectiveness of a given set of stresses (or a
single stress parameter) in detecting a given fail-
ure mode and the number of those failure modes
present in adesign. The output of thisprocessis
shown in the VASE application for Product 3 in
Section 5.3.

8.1 VASE Subprocesses

The VASE process has four major subprocesses:

1. Failure data classification
2. Cost determination

3. Optimization

4. Closed loop feedback.

in one form or another, these processes take
place in most organizations. When the VASE
processisimplemented, it smply ties them all
into asingle linked process enabling optimiza-
tions to be made.

8.1.1 Failure Data Classification
Subprocess

The failure data classification subprocess in-
volves classifying the data in three ways and then
summarizing the datain these classifications.
Thefirst category isthe way in which the failure

# Numbersin brackets indicate references listed in
Subsection 8.2.

manifestsitself. For example, the article under
test fails after having been exposed to a particular
stress (or set of stresses) or only fails under a
certain combination of stresses. The second
category addresses the failure code, mode, and/or
mechanism that was detected during the ESS
and subsequent failure analysis processes (e.g.,
open, short, out of timing, etc.). The last cate-
gory identifies the stress or combination of
stresses that were responsible for detecting each
failure code, mode, or mechanism. The data was
summarized for each classification.

Latent defects are typically precipitated by the
application of a more severe stress or set of
stresses. Two categories of latent defects were
considered: precipitated defects and margin
defects. For precipitated defects (i.e., hard fail-
ures), the order in which the stresses were
applied was usually relevant; however, margin
failures were independent of stress order. Mar-
gin failures were typically timing failures or out-
of-specification performance types. The process
for determining which stress or combination of
stresses were responsible for detecting a flaw
was easy for margin-type failures.

8.1.2 Cost Determination Subprocess

The function of the VASE process, in the con-
text of the ESS 2000 Project, was to determine
the value added by performing a given screen.
The top-level metric used to determine value
added by a screening process was the cost-per-
defect-detected. To do this, failure prevention
and/or detection data was linked to data for the
cost of the activity being evaluated. The project
cost model was executed by all participant com-
panies to determine their individual costs for
performing the baseline and aternative ESS
processes under evaluation. The overall value
added by a screening process was determined by
dividing the number of defects detected by the
cost of detecting defects.

Use and dissemination of the information contained in this
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8.1.3 Optimization Subprocess 2. Allocate total screen cost. Use the test time
line (and the cost model) to allocate the total
The output of the cost determination subprocess cost to perform a screen among the stresses
was @ top-1 evel metric on the cost-per-defect- determined in Step 1. The output of this will
detected. In the optimization subprocess, one of be the cost to perform or create the individual
two options was taken: (1) optimize the screen stresses per product under test.
(i.e., minimize cost-per-defect-detected), or
(2) compare the cost to detector pre\/ent a 3. Link failure classification data to cost data.
defect at various pointsin the life cycle of the Link the cost data of Step 2 to the effective-
hardware versus detecting it at ESS. For this ness data from the failure classification
project, optimizing the effectiveness of the process by multiplying the costsidentified in
Product 3 screen was examined (see Table 8-1). Step 2 by the number of articles that under-
The steps to optimize a given screen are: went test, then divide by the number of

defects detected in the test population.
1. Divide screen into its constitutive parts. Use
the stress classification process to identify the 4 Rank the cost effectiveness of the various
appropriate constitutive parts. stresses. List the stresses in order of the cost-
per-defect-detected from lowest to highest.

Table 8-1. Product 3 VASE Matrix for HASS Process

; . ) Defect
Number of Failures Found per Failure Mode/Mechanism Costs
fe)
[=]
=
x >
- s| 2
g e S| 2
AR I - q 2 =l £
{ASS Stresses Plus Functional Failures (i £ m b x o 3
Dead-On-Arrivals) = <] 8 s o
o Blels|=e e o gl & o
2 tls|2|s ol % = = s (<
& S|18|8|> elelg @ 5 ol ® 5
i SlE|?lsl=|2]|=]|E]| > R - 5 2 &
s|e lelilzlslal2]|ls|Elel=]|=]B 5192
o|2|d cls|eld|slslzlo|5|s|128|8lE]lelel 2
clzlels(zsl2ls =222 x|a|Blc|E|e|2|E| 568
s HE I E H EE R B N E
“unctiona! Test (DOA) 3 2|1 I LN DRI IO O I I R L I (ad ISR
Sold Level 2| 4 _ [ B S . —| _l__ 12 $7(
Jold/Low Voltage 3 2 I O O O O O O O . 6_ $7(
Jibration or Hot/Vibration o _ 1 A I N O e _1_ i I I O O l_ _ 6 $55¢
4ot Level or Ramp Rate ]2 = ) 2 = 5 $33!
;0ld/High Voltage 1] = 2 ] - 3 $14(
-lot Level 2 — = ) 2 $41!
4oVHigh Voltage 2 I N O [ O [ (O O S I I I O 2 $211
Cold/Negative Ramp 1 1] | = | i $21
-lot/Low Voltage _ 21 [ I N (O N U (O I I R IO (O IO 2 $21
Ramp Rate _ L [ N O R O O I I [ I I O I 1 $4r
Hot Dwell or Hot After Vibration _ — U =) ] - 1 $83
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fotal Failures per Mode Found by All Knob | 13| 1| 9] 3| 2| 4] v | 3| 1] 1| 2| 9 1] 4] 1] 1] 1| o] 671 $200
NOT E: There were six failures in the Failure Analysis Database where no HASS data was available
8-2 Use and dissemination of the informatior contained m this

document are sudject to restrictions on the copyright page



5. Make trade-off decisions. Identify candidate
stresses/combination of stresses that have a
high cost-per-defect-detected or stresses that
detect failure modes/mechanisms that can be
more cost effectively detected by other
stresses.

6. Implement trade-off decisions. implement the
findings of Step 5 to obtain an optimal solu-
tion. In some cases, it may be more cost
effective to detect defectsin an earlier or
later activity. If the cost effectiveness of these
earlier or later activities has also been ana-
lyzed by the VASE process, then optimiza-
tion trade-offs can be made among the whole
set of activities or screens. In other cases, it
may be more cost effective to increase the
screening strength (i.e., stresslevel) in one
test while eliminating it in others.

8.1.4 Closed-Loop-Feedback Subprocess

To measure the effectiveness of the changes
made during the optimization subprocess, the
VA SE process should be integrated into the data
collection system. Thiswill then provide the

National Center for Manufacturing Sciences

metrics necessary to optimize cost effectiveness
over a long-term basis.
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.Conclusions and Recommendations

The Environmental Stress Screening (ESS) 2000
Project participants identified and evaluated four
ESS technol ogies/processes:

« Military Environmental Stress Screening
(Mil-ESS)

« Highly Accelerated Life Test/ Highly
Accelerated Stress Screen (HALT/HASS)

« Electrodynamics Accelerated Life Test/Ac-
celerated Stress Screen (ED-ACLT/ACSS)

. Liquid ESS (LESS).

Each of these technol ogies was shown to have
some advantages over the other technologies.
The key in selecting a cost-effective approach to
ESSisto understand all the factors necessary for
the decision on which technology to use. These
factors include:

+ Test philosophy to be used

« Ability to detect and determine the root
cause of faults

« Packaging technology used

« Type of flaws anticipated

« Product yields

« Amount of test labor

« Volume of product being screened

+ Cost of consumables

« Cost of equipment, its maintenance, etc.

Since these factors vary with each company, the
results can also vary as to which screening tech-
nology is most cost effective. However, based
upon the work performed in the ESS 2000
Project, some general conclusions and recom-
mendations are provided here.

9.1 Conclusions
The project team reached the following conclu-
sions from this study:

. The better the understanding of the latent fail-
ure mechanisms of the product technologies,

the greater the ability to select and tailor a
cost-effective screen.

+ Products containing significantly greater piece
part or die level defects than manufacturing or
assembly defects were most cost effectively
screened with LES S. On the other hand, prod-
ucts containing significantly greater manufac-
turing or assembly defects were most cost ef-
fectively screened with the HASS. No single
screening technology appears to be the best
for al products, manufacturing processes, and
packaging technologies.

. Both HASS and ED-ACSS were found more
cost effective than the Mil-ESS when the
maximum throughput of the ESS chamber
was used.

« Both military and commercial products can be
subjected to the accel erated environments of
HAILT/HASS without damaging the product.

« For the products tested, exposure to the fluoro-
carbon fluids and rapid thermal ramp rates
occurring in the LESS process did not create
failuresin, or change the appearance of, the
product. Product compatibility with LESS was
observed when the product contained materi-
alsthat were undamaged by exposure to the
fluid, did not entrap fluid, or cause improper
product operation.

9.2 Recommendations

« ESS information should be collected, analyzed,
and shared across the electronics industry in a
col laborat ive process to improve industry
knowledge of product reliability and reduce
product costs.

e The applicability of Vaue Added Screening
Effectiveness (VASE) to other manufacturing
processes (i.e., in-circuit test (ICT] and func-
tional test) should be examined.

Use and dissemination of the in formation contained in this
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. Field failure data should be obtained to further
verify the effectiveness of the ESS processes.

. The interactions between failure mechanisms
and environmental stresses should continue to
be investigated.

. An industry-wide vehicle for exchanging ESS
data should be developed.

9--2
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Appendix A: Product Descriptions
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Al. Product 1

Product 1 consists of four circuit card assemblies
(CCAYS) housed in an auminum housing or box.
The approximately 8 in. x 18in. CCAs are 8

to 12 layers thick and are made of FR-4 Tetrall
material. Each card contains approximate y 900
through-hole components, which are conformal
coated. The CCAs are flow soldered according
to MIL-STD-2000, Rev. A. The assembled box
weighs approximately 35 Ib. Circuit card
component types are shown in Figure A-1, and
the components list is given in Table A- 1.

A2. Product 2

Product 2 consists of a single CCA housed in an
aluminum housing. The unit is 12.2 in. x 9.2 in. x
2.8 in. high and weighs 5.4 Ib. The unit power
dissipation is 21.9 W. The CCA consists of eight
layers. The board material is a high-temperature
epoxy, in accordance with MIL-S- 13949, type
GFG, which has a glass transition temperature
between 150° and 200°C. The surface finish of
the CCA is plated and reflowed tin-lead. The
CCA has a localized heat sink or therma plane
bonded to it for heat sinking some higher power
dissipating devices. This local heat sink is located
in the 1/0 connector area of the card. The CCA is
aType 1l assembly consisting of both surface
mount devices and through-hole devices. The
percentage of through-hole versus surface mount
devices is shown in Figure A-2.

The CCA has 728 electrical parts. The percentage
of each part type is shown in Figure A-3. A com-
ponent type list is shown in Table A-2. Plastic
encapsulated components are used throughout
the assembly. Large components, for example,
large cylindrical capacitors, are bonded with an
epoxy material to the CCA for structural rigi-
dity. The topside surface mount components
were assembled onto the card by either hand
soldering or convection reflow soldering in air.
The bottomside surface mount components and
the through-hole components were assembled
by wave soldering in air. Second assembly com-
ponents were assembled by hand soldering. The
CCAS were conformal coated with an acrylic
conformal coating material.

A3. Product 3

The boards used in this phase of testing perform
serial-to-SCS| data conversion for hard drive
assemblies. The boards, measuring 6 3/16 in. by
55/8in., are constructed of FR-4 material and
consist of six layers: two ground planes and four
signal layers. The boards are populated by the
component types and information shown in
Table A-3.

Product 3 undergoes atypical combination
surface mount technology (SMT)/through-hole
manufacturing and test process. Figure A-4
shows a high level manufacturing flow diagram
of this process.
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Tab/e A-1. Product 1 Component Type List (Continued)

Package
Style

Package
Type

8 CDIP

T0-3

TO-39

DO-13

DO-204

DO-35

DO-41

DO-7

CAN

CAN, Brass

CAN, Mumetal

14 BBDIP

14 CDIP

14 CDIP

16 CDIP

16 CDIP

16 SBDIP

20 CDIP

28 CDIP

36 SBDIP

8 CDIP

8 CDIP

8 CDIP

84 PGA

T0-3

T0-39

T0-4

T0-46

T0-8

T0-99

14 CAN

8 CAN

Axial Lead

Axial Lead

Axial Lead

Axial Lead

Radial Lead

Radial Lead

SIP

ROD

8 CAN

9 CAN

TO-18

TO-205

T0-39
T0-72

Through Hole
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Military/industry/ Part Part Hermetic/
Commercia! Type Technology Non-Hermetic
Military Digital IC Bipolar Hermetic
Diode, SEMI Silicon
Inductor Audio “Non-Hermetic
Linear IC >MOS Hermetic
Jipolar
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Sipolar
‘MOS
ipolar
Hybrid
Bipolar
BIFET
CMOS
Bipolar
Oscillator srystal
Relay JPDT
Resistor Nirewnd
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Table A-2, Product 2 Component Type List

Package
Style

Chip Package
Type

Military/Industry/
Commercial

Hermetic (H)/
Non-Hermetic {(NH)

1206 Chip Capacitor

1210 Chip Capacitor

1505 Chip Resistor__

14 Sole

16 SOIC

208 PQFP

28 SOIC

28 SOJ

32 PLCC —

44 PLCC

850IC

Diode

DPAK

SOT 23

SOT 89

SMT

Military NH-Ceramic

Commercial NH-Plastic

Industry

Commercial

Diode

16 CDIP _-

8 CDIP

8 MC

TO-5

TO-46

14 DIP

Capacitor

Diode

RF/EMI Filter _—

Fuse

Diode _

Resistor

Inductor

Transformer

Capacitor —

TO-220

T0-247 —

Through Hole

Military

jH
H-Cerdip

H-Metal Can

H-Metal Case

NH

NH-Plastic

Industry

Military

A-4
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Table A-3. Product 3 Component Type List

Package
Style

Chip Package
Type

Military/Industry/
Commercial

Plastic/
Hermetic

60 pin connector

Through Hole

14 Sole

0603 Resistor

2512 Resistor

0805 Resistor

1812 Capacitor

1206 Capacitor

0805 Capacitor

Diode - Schotty

1206 Inductor

EMI falter

32S0IC-J lead

8 SOIC - Gull Wing

32 PLCC

Crystal Oscillator

14 Resistor Pack

20 PLCC

28 PLCC

80 PQFP

160 PQFP

20 Sole

208 PQFP

?4 S0IC

SMT

Industry

2|astic

Seramic

°lastic

\/A

Plastic

National Center for Manufacturing Sciences

Manufacture CCA

[ _

In Circuit Test

v

Highly Accelerated
Stress Screen

Emulated Testing

L

Ship Final Product

r

Y
( End

)

Figure A-4. Product 3 Manufac-
turing Flow Diagram
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Appendix B: Thermal Considerations for Liquid Environmental

_ Stress Test (LEST)

The information in this appendix was contri-
buted by Paul Englert of Lucent Technologies.

One of the main goals of the Environmental
Stress Test (EST) is to stress product to precipi-
tate flaws in weak product so that these flaws
may be corrected before shipment to a customer.
One way that thermal stressing can precipitate
flaws is by creating stresses in circuit card joints
such as solder joints, wire or ball bonds on chips,
or wired connections. Electronic components
and circuit cards are usually made of materials
that have different coefficients of thermal ex-
pansion (CTE). The CTE of a material describes
the change in length per unit length for atem-
perature excursion, and is given in units of parts
per million per degree Centigrade or Fahrenheit
(pp/°C or ppm/°F). For example, the electronic
module shown in Figure B-1 has components
with cases made of ceramic (CTE =6 ppm/°C)
mounted on a heat sink of aluminum

(CTE = 23 ppm/°C).

As the environment that the module residesin
undergoes a temperature change, the aluminum
heat sink will tend to expand more than the cera-
mic portion of the component, Much research

.. Ceramic comnonent case ;
(coefficient of thermal expansion =6 x10 / C)

work has shown that stresses proportional to the
temperature change will arise in the compo-
nent’s solder joints [Hall 1987; Clech and Augis
1989; Kotlowitz 1987]. (References are listed at
the end of this appendix.) The key finding of the
solder joint research can be summarized by the
following expression:

Force = F = K L Ao AT, Stress=FIA [EQ. 1]
Here,

F=  shear forcein the solder joint

K= stiffness of the component in the long-
est (diagonal) dimension from its
neutral (center) axis

L= longest dimension from the neutral
axis to a corner lead

Act = CTE difference between the ceramic
case and the aluminum heat sink

AT = change in temperature from the initial
ambient condition

A = joint's projected area onto a solder pad
on the substrate.

Much of the past research work has focused on

the fatigue failure that may result in good

Flange for screw attachment
of component to heat sink

solder joints

Aluminum heat sink

(coefficient of thermal expansion =23 x10°/°C)

Figure B-1. Circuit Card Module With Coefficients of Expansion for Materials

Use anddissemination 01 the information contained in this
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quality solder joints after many daily thermal
excursions that occur throughout the life of a
product. However, if flawed joints exist on a
circuit module, Equation 1 may be used to esti-
mate the stress that will be transmitted to joints
during afew EST cycles. Thus, for agiven
circuit module, arelatively higher temperature
change from ambient conditions will lead to a
relatively higher stress in the component’s
solder joints.

Figure B-2 illustrates the thermal profile for a
circuit module similar to the one in Figure B-1
subjected to LEST. A total of 20 cycles were
applied to the module, and a magnified view of
one of the LEST thermal cyclesis exhibited.
Note that the low-mass solder joint heats up and
cools down faster than the component, and the
component heats and cools faster than the large-
mass heat sink.

Thus, for brief periods of time in each thermal
cycle, there is a substantial temperature rate of
change and an attendant temperature difference
between the circuit module constituents. These
large thermal ramps create large stresses not
typically seen in normal usage environments and
help to expose weaknesses in component attach-
ments. If the same circuit module were exposed
to air-based rather than liquid-based EST, the
temperature change rates would be much more
gradual and the stresses in joints would tend to
be lower.

However, the primary advantage of LEST
versus air-based thermal stressing restsin the
ability to reach temperature extremesin a much
more compressed time. To demonstrate this
point, assume that we have an aluminum cube
that is 2 in. on each side. Suppose that the alu-
minum cube at some temperature is suddenly
submerged into a flow stream at a different
temperature. For materials with a high thermal
conductivity such as aluminum, the heat transfer
from the fluid to the object can be modeled with
al umped capacitance model [Incropera and
Dewitt 198 1].

The heat transfer from convection of fluid flow-
ing over the cube must balance the internal heat
transfer needed to change the cube’s temperature.
The following differential equation describes the
energy balance:

Force=F = KLAM AT, Sress= F/A

dr
-12A(7-T.) = me=— [Eq. 2]

Here,

11= heat transfer or convection coefficient

A= surface area of the block

T=  actua temperature of the block at any
point in time

T.. = temperature of the fluid

m =  massof the block

¢=  the specific heat of the block

dT/dt = time rate of change of the block’s
temperature.

The differential equation may be solved by using
the conditions that the initial block temperature
is T, and the fluid temperature remains at 7...

The resultant expression for block temperature is:

Force= F = KL A0t AT, Sress= F/A
T
ANT - T,) = mcg’——
dt

—hA
T T

e [Eq. 3]
Ti-T, 4

Theratio hA/mc in the exponential expression is
known as the thermal time constant and is an
indicator of how fast the block can reach

thermal equilibrium with the fluid.

Figure B-2 shows the actual thermal profiles of
the 2-in. aluminum cube to both aliquid and air
flow stream. The LEST machine described pre-
viously was used to provide liquid convection,
while an air-based thermal chamber was used to
transfer heat to the cube. It isinteresting to see
that the LEST machine helps the block reach
63% of its overall temperature change in less

B-2
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Liquid tihenmmal shock regimen applied to product (20 cycles shown)
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Magnified view of oneliquid thermal shock cycle applied to product.

‘Component Solder Joint
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Figure B-2, Thermal Profile of Circuit Module (From Figure B-1 When Exposed to LEST)
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time than compared with air. Sixty -three percent
of the overall temperature range corresponds to
one thermal time constant; therefore, one can
extrapolate a heat transfer coefficient from the
numerical datain Figure B-3.

+ The mass of the auminum cube is 0.35 kg, the
specific heat of auminum is 903 Jkg ‘C, and
the surface area of the 2-in. cube is 0.016 n’.

+ Inthe case of air, the block’sinitial tempera-
ture was 20°C and the ambient air temperature
was 80°C. Thus, th_resultant air convection
coefficient was

h =60 W/m’K = 10 Btu/hr ft° °F.

+ Inthe case of liquid, the block’sinitial tem-
perature was - 10°C, the liquid temperature was
70°C. Thus, the resultant liquid convection
coefficient was

h = 183 W/m’K = 32 Btu/hr ft'*F.

So, the LEST machine was three times more
effective in transferring heat to the block than
the air machine.

In afurther comparison of the heat transfer
performance of fluorocarbon liquids versus air,
Incropera and Ramadhyani developed models
for the heat transfer that would occur when
fluorocarbons flow over electronic chipsin a
channel [Incropera and Ramadh yani 1994]. If
we utilize the thermal conductivity of Flourinert
FC-70 at 90°C and the O. S-in. chip length, the
heat transfer coefficient estimate for their tests
varies between 27 and 35 Btu/hr ft**F (or 153
to 199 W/m? K) depending on the power dissi-
pation. These theoretical estimates of the heat
transfer coefficient march up well with the
experimental results tabulated for the 2-in.
aluminum cube immersed in our LEST machine.

Another work was performed to estimate the
heat transfer rates attainable with air throughout
an array of electronic components [Moffat et al.
1985]. To achieve a heat transfer coefficient in
air near the lower bound of the liquid heat

transfer coefficient (determined previously to be
27 Btu/hr ft*“For 150 W/m’ K), one needs to
maintain an air velocity of at least 7 m/sec
(1,380 ft/min) on the surface of each component
on the circuit card. Such high air velocities are
difficult to maintain over circuit cardsin atypi-
cal air EST chamber because of high pressure
losses.
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Figure B-3. Comparison of Thermal Response of Aluminum Block to Liquid and Air Flows
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