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The Principles of
Standardization

Notice

IPC Position
Statement on
Specification
Revision Change

Why is there
a charge for
this standard?

In May 1995 the IPC’s Technical Activities Executive Committee adopted Principles of
Standardization as a guiding principle of IPC’s standardization efforts.

Standards Should: Standards Should Not:
« Show relationship to Design for Manufacturability « Inhibit innovation
(DFM) and Design for the Environment (DFE) * Increase time-to-market
e Minimize time to market » Keep people out
 Contain simple (simplified) language * Increase cycle time
* Just include spec information * Tell you how to make something
* Focus on end product performance  Contain anything that cannot
¢ Include a feedback system on use and be defended with data

problems for future improvement

IPC Standards and Publications are designed to serve the public interest through eliminating
misunderstandings between manufacturers and purchasers, facilitating interchangeability and
improvement of products, and assisting the purchaser in selecting and obtaining with minimum
delay the proper product for his particular need. Existence of such Standards and Publications
shall not in any respect preclude any member or nonmember of IPC from manufacturing or sell-
ing products not conforming to such Standards and Publication, nor shall the existence of such
Standards and Publications preclude their voluntary use by those other than IPC members,
whether the standard is to be used either domestically or internationally.

Recommended Standards and Publications are adopted by IPC without regard to whether their
adoption may involve patents on articles, materials, or processes. By such action, IPC does
not assume any liability to any patent owner, nor do they assume any obligation whatever to
parties adopting the Recommended Standard or Publication. Users are also wholly responsible
for protecting themselves against all claims of liabilities for patent infringement.

It is the position of IPC’s Technical Activities Executive Committee (TAEC) that the use and
implementation of IPC publications is voluntary and is part of a relationship entered into by
customer and supplier. When an IPC standard/guideline is updated and a new revision is pub-
lished, it is the opinion of the TAEC that the use of the new revision as part of an existing
relationship is not automatic unless required by the contract. The TAEC recommends the use
of the lastest revision. Adopted October 6. 1998

Your purchase of this document contributes to the ongoing development of new and updated
industry standards. Standards allow manufacturers, customers, and suppliers to understand one
another better. Standards allow manufacturers greater efficiencies when they can set up their
processes to meet industry standards, allowing them to offer their customers lower costs.

IPC spends hundreds of thousands of dollars annually to support IPC’s volunteers in the
standards development process. There are many rounds of drafts sent out for review and
the committees spend hundreds of hours in review and development. IPC’s staff attends and
participates in committee activities, typesets and circulates document drafts, and follows all
necessary procedures to qualify for ANSI approval.

IPC’s membership dues have been kept low in order to allow as many companies as possible
to participate. Therefore, the standards revenue is necessary to complement dues revenue. The
price schedule offers a 50% discount to IPC members. If your company buys IPC standards,
why not take advantage of this and the many other benefits of IPC membership as well? For
more information on membership in IPC, please visit www.ipc.org or call 847/790-5372.

Thank you for your continued support.
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Guidelines for Accelerated Reliability Testing
of Surface Mount Solder Attachments

1.0 SCOPE

This document provides guidelines for accelerated reliabil-
ity testing of surface mount solder attachments and for

cyclic loads during large temperature excursions or high
frequency cycles at low temperatures. Also discussed are
the acceleration factors, the acceleration transforms, and

evaluating and extrapolating the results of these accelerated statistical considerations.

reliability tests towards actual use environments of elec-

 Section 5, “Design for Solder Joint Reliability”

tronic assemblies. Background and design information is This section details the various design parameters that
provided for an understanding of the accelerated test pave a primary influence on solder attachment fatigue

issues.

1.1 Purpose The purpose of accelerated reliability test-
ing is to provide confidence that the design and the

reliability. All aspects of the solder joint formation are
addressed including component size, lead stiffness, coef-
ficient of thermal expansion, solder joint uniformity, as

manufacturing/assembly processes are capable of meeting well as solder composition, grain structure and the value

the intended goals of product performance. These guide-
lines provide adequate commonality and validity for accel-
erated reliability tests:

» To allow comparison of results from different test pro-
grams

» To provide the generic technical understanding of the

underlying issues necessary to the design for adequate

reliability
 To permit the analytical prediction of reliability based on
a generic database and technical understanding

that conformal coating or compliant layers provide to the
attachment system.

 Section 6, “Manufacturing Processes”

This section provides the relationship between the assem-
bly and attachment processes, including their control and
verification, and the resultant defects or potential defects
from the original processes or touch-up, rework or repair
actions. Material properties of solder (including volume),
components, printed boards, adhesives and conformal
coatings are discussed as to their interrelationships and
the impact that these characteristics have on the manufac-

* To reduce cost and avoid time-consuming testing of every tring processes.

design iteration

» To establish practical alternatives to replace the exces-
sively long test durations necessary to verify reliability of
products subject to severe use environments or low fail-
ure tolerances

1.2 Document Organization This document has been
organized to provide the reader with consistent information
on the various aspects of reliability and identifies the

parameters that need to be addressed. Each section serve

a specific function in the reliability description chain.

* Section 7, “Accelerated Reliability Testing”

This section deals with the goals of accelerated testing to
produce a failure in the shortest time using techniques
intended to simulate the use environment in order to
establish the appropriate confidence level of product per-
formance. Various types of stress cycling are reviewed
and correlated to damage mechanisms. Also discussed is
the need for developing a strategy which includes a test
Jlan, sampling methodology, test vehicles, and failure
mode analysis.

Where appropriate, references are provided as to where® Appendix A, “Step-by-Step Example”

additional information may be obtained.

* Section 3, “Requirements”
This section provides an overview of the concepts of reli-
ability and all of the characteristics that need to be con-
sidered in the validation of a product design. Included are

This section shows illustrations of applying the pnnmples
detailed in the information provided in this publication.
Numerical examples are provided that highlight the rela-
tionship of the various parameters. :

* Appendix B, “References”

the definitions of the appropriate terms, as well as generic This section provides reference to published mformatlon

models for fatigue life and failure probability, manufac-

that has a bearing on solder joint reliability and is refer-

turing process flow, use environments, and testing meth- enced in the body of the text of this document. Details are

odology.

 Section 4, “Surface Mount Solder Attachment Fatigue
Behavior and Prediction”
This section deals with the fatigue life models for solder
joints including their behavior when subjected to multiple

shown as to Title, Author, and Publisher.

* Appendix C, “Bibliography”
This section provides references to additional published
information that could be of use to the practitioner. The

references are organized.into thrgﬂwm&nts
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1) Accelerated Life Testing
2) Solder Joint Metallurgy and Etching
3) Vibration and Shock.

2.0 APPLICABLE DOCUMENTS

The following documents, of the issue currently in effect,
form a part of this specification to the extent specified
herein.

2.1 IPCt

IPC-T-50 Terms and Definitions for Interconnecting and
Packaging Electronic Circuits

IPC-PC-90 General Requirements for Implementation of
Statistical Process Control

IPC-TM-650 Test Methods Manual

IPC-ET-652 Guidelines and Requirements for Electrical
Testing of Unpopulated Printed Boards

IPC-R-700 Suggested Guidelines for Modification,
Rework, and Repair of Printed Boards and Assemblies

IPC-TA-720 Technology Assessment of Laminates

IPC-SM-782 Surface Mount Land Patterns (Configurations
and Design Rules)

IPC-SM-786 Recommended Procedures for Handling of
Moisture Sensitive Plastic IC Packages

IPC-MS-810 Guidelines for High Volume Microsection
IPC-S-816 SMT Process Guideline & Checklist
2.2 Joint Industry Standards?

J-STD-001 Requirements for Soldered Electrical and Elec-
tronic Assemblies

J-STD-002 Solderability Tests for Component Leads, Ter-
minations, Lugs, Terminals and Wires

J-STD-003 Solderability Tests for Printed Boards
2.3 Military

MIL-HDBK-217

MIL-STD-810

2.4 Other Publications

American Society for Testing and Materials

ASTM E340-68 Standard Methods for Macroetching Met-
als and Alloys

ASTM E407-70 Standard Methods for Microetching Metal
and Alloys

International Tin Research Institute
ITRI Pub #580 Metallography of Tin and Tin Alloys
ITRI Pub #708 Metallurgy of Solder Joints in Electronics

3.0 REQUIREMENTS

The reliability of the solder joint attachment of electronic
components surface mounted to circuit board substrates
requires explicit attention in the design phase, as well as
during manufacturing. During use, surface mount (SM) sol-
der joints can be subjected to a variety of loading condi-
tions which can lead to premature failure if inadequately
designed. The following loading conditions could exist
either singly, sequentially or simultaneously:

a) cyclic differential thermal expansion,
b) vibration (transport),

c) thermal shock (rapid temperature change causing tran-
sient differential warpages) during cooling from solder- :
ing operation or from severe use environments,

d) mechanical shock (high acceleration) from severe use
conditions or accidental misuse.

While vibration, thermal shock and mechanical shock aré
possible in practical applications, they are the exceptions
rather than the norm; the failure mechanism of primary
concern for SM solder joint reliability is cyclic differential
thermal expansion/contraction causing fatigue damage. It
should be noted that the resistance against failures induced
by vibration fatigue, thermal shock and mechanical shock
depends primarily on solder joint strength; this is not the
case, however, for thermal fatigue failure resistance.

These thermal expansion differences result from changing
temperatures due to power dissipation internal to the com-
ponent and differences in the coefficients of thermal expan-
sion (CTE) in combination with system internal or external
temperature variations caused by component or system
load fluctuations or on/off cycles, by diurnal cycles, or by
seasonal changes. During operation, SM solder joints can
be subjected to considerable cyclic strains caused by differ-
ent thermal expansions of:

1. The surface mounted components and the substrates to
which they are solder-attached.

2. The solder and the materials (component, lead, sub-
strate) to which it is bonded.

To ascertain that the solder joint attachment of SM circuit
assemblies meet reliability expectations in their intended
use environments, it is necessary to produce a generic reli-
ability data base using accelerated fatigue tests and to con-
firm the reliability for some specific applications. Because
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of the time dependent creep and stress relaxation propertiess.1.9 Design Service Life Fully functional duration of
of solder, the cyclic damage and the fatigue life in acceler- operation of a piece of equipment which is exposed to
ated testing are not generally equivalent to those in opera-expected environment conditions.
tional use. Thus, to utilize the results from accelerated ) .

. . . . 3.1.10 Environmental Stress Screening (ESS) A screen-
fatigue tests, an acceleration transform is necessary. This

) ) . in rocedure employing environmentall enerated
allows valid comparisons of results from different acceler- gp ploying . ) ) y 9
o ) stresses to cause overstressing of ‘weak’ elements of an
ated test conditions and more importantly, allows the

. . assembly to the point of failure to prevent these latent
extrapolation of these accelerated test results to predict the ) . : . .

oo . defects from reaching field service and possibly causing
reliability of the product in use.

field failures. The environments producing these stresses

3.1 Terms and Definitions Terms and definitions used M& O may not, be related to environmental conditions

herein are in accordance with IPC-T-50, except as other- experienced by the product during service. Once having
wise specified. failed, the elements can be detected and either repaired,

o _ _ _ replaced, or discarded; and perhaps redesigned for future
Note: Any definition denoted with an asterisk (*) is @ product. ESS needs to be accomplished without significant
reprint of the definitions in IPC-T-50. damage to the ‘normal’ elements of the assembly. ESS is

_ _ not an accelerated reliability test.
3.1.1 Accelerated Reliability Test A test in which the

damage mechanism(s) of concern for operational use is3.1.11 Expected Design Life Life intended for a product
(are) accelerated to cause failures in less time than in ser-by its designer.

vice. The test acceleration results from shorter cycle peri- )

ods and/or more severe loading conditions; however, the 3-1:12 Fatigue Ductility Exponent - Exponent used in the
introduction of extraneous damage mechanisms must beCOffin-Manson low-cycle fatigue model to define the char-
avoided. The service life can be characterized by applica- acteristic slope of the curve defining cyclic life versus

tion of appropriate acceleration factors or transforms. cyclic visco-plastic strain energy.

3.1.2 Acceptable Cumulative Failure Probability Maxi- 3.1.13 Highly Accelerated Stress Testing (HAST) A

mum percentage of defectives/failures at the end of the stress test used to simulate corrosion related failures

service life within acceptable limit. mechanisms under electrical bias while subjected to an
accelerated stress combination of temperature and humid-

3.1.3 Bathtub Curve Methodology for quantifying reli- ity. HAST may be used in the context of components and

ability when the failure rate is plotted against time. The assemblies, but is not an accelerated reliability test for sol-
result often follows a pattern of failure known as a bathtub der attachment.
curve. Three periods are apparent. These periods differ in

the frequency of failure and in the failure causation pattern. 3-1.14 Hysteresis Loop A diagram of the stress-strain
behavior of solder joints obtained during a loading cycle

3.1.4 Burn-In Test A test in which finished product is  from zero to a positive maximum, to zero to a negative
routinely subjected to normal, perhaps worst-case but still maximum, and back to zero—the area of the hysteresis
realistic, operational environments. In purpose it resemblesloop is a measure of the fatigue damage per cycle. -

the shakedown cruise of a ship. Burn-in is not an acceler- ) . o
ated reliability test. 3.1.15 Infant Mortality Failure during burn-in, initiat

functional testing, and/or early in service associated prima-
3.1.5 Creep The time-dependent visco-plastic deforma- rily with manufacturing process or quality related prob-
tion as a function of applied stress. lems. g

3.1.6 Coffin-Manson Model A predictive model which ~ 3.1.16 Limp Home Capability Ability of equipment to
relates the number of cycles to failure to the applied plas- function at a minimum level despite limited internal func-
tic strain. tional failures.

3.1.7 Cyclic Differential Expansion Expansion differ- 3.1.17 Manson-Coffin Plot A graphic representation
ences developed due to the differences in coefficients of which relates the number of cycles to failure to the applied
thermal expansion and cyclic temperature changes duringplastic strain for both plastic and elastic behavior of a
operational use or temperature cycling tests. material.

3.1.8 Cyclic Temperature Range/Swing Temperature 3.1.18 Maximum Cyclic Strain Range The total strain
amplitude between maximum and minimum temperatures range experienced after complete stress relaxation during
occurring in operational service cycles or temperature exposure to cyclically induced thermal or mechanical

cycling tests. deformations. Documents
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3.1.19 Mean Fatigue Life The life at which one-half of = 3.1.32 Weibull Distribution A statistical description of
a given sample of items has failed. the distribution of product failure primarily useful in
wearout situations.

3.1.20 Mechanical Shock A rapid transfer of mechani-

cal energy to a System_, which reSL_”tS in a_significant 3.2 Reliability Concepts and Understanding In the con-
Char_lge in stress, velocity, acceleration, or displacementiey; of this document it is important to have a working
within the system. definition of reliability:

3.1.21 Process Qualification A special test(s) performed Reliability is the ability of a product (for this document
to validate a process capability in terms of producing a the products are surface mount solder attachments) to

product capable of meeting performance specifications. function under given conditions and for a specified
period of time without exceeding acceptable failure lev-

3.1.22 Process Verification Ongoing evaluation of pro- els.

cesses involved in the manufacturing of a product to assurempiicit in this definition is the fact that the reliability of

process optimization or to eliminate process deviations. g solder joints is determined by wearout (fatigue), i.e.,
on a time-to-failure plot (the “bathtub curve”). Figure 2
3.1.23 Random Steady State Period of useful opera-  shows individual “bathtub” reliability plots for SM solder
tional life during which failures occur seemingly at random attachments and for a “typical” electronic component with-
at a low rate weakly related to product complexity. out the solder attachment. Figure 3 shows the same infor-
mation in the form of cumulative failure probability plots
3.1.24 Reliability The ability of a product to function  for the component and the SM solder attachment. The life
under given conditions and for a specified period of time of the solder attachment is primarily characterized by the
without exceeding an acceptable failure level. right ascending part of the curve, where the failure rate
rapidly increases with time due to wearout. This directly
3.1.25 Solder Attachment The collection of solder implies that manufacturing quality cannot increase the

joints (solder connections) associated with a component. inherent reliability of a design in a given use environment;
however, inadequate manufacturing quality can reduce this

inherent designed-in reliability by increasing infant mortal-

3.1.26 Stress Relaxation The time-dependent decrease . .
ity failures.

in stress due to the visco-plastic deformation as a function

of applied displacement. Manufacturing introduces variability into the product. This
variability encompasses ranges of all the properties for all
3.1.27 Thermal Cycling (See 3.4.1) Exposure of assem- the materials in the product, ranges in the dimensions of
blies to cyclic temperature changes where the rate of tem-parts due to tolerance, compositional variations and non-
perature change is slow enough to avoid thermal shock. homogeneities, fluctuations in processing parameters, etc.
In good quality manufacturing these variabilities are con-
3.1.28 Thermal Shock (See 3.4.3) Exposure of assem- trolled within ranges that will not significantly degrade
blies to rapid changes of temperatures causing transientProduct performance. Manufacturing of lesser quality can
- temperature gradients, warpages, and stresses. As a rule dhtroduce larger variabilities and/or defects, which can sig-
- thumb, rates of temperature change in excess of 30°C/nificantly reduce product performance.

“ minute are required. _ N .
B q Superimposed on these product variabilities (materials,

processing, etc.) are differences in the actual use environ-
ment, as well as reliability (fatigue) distributions. Even
product that is nominally identical when subjected to iden-
tical loading conditions will show a statistical failure distri-
bution. Since accelerated reliability testing is time-
3.1.30 Visco-Plastic Strain Energy Density A measure  consuming and costly, it is typically carried out on a rather
of the total energy input into a cyclically loaded structure small number of samples. To capture representative product
defined by the boundaries of a hysteresis loop for the yariabilities and their effect on reliability requires the test-
applied stress versus strain over a single load cycle. ing of a sufficiently large number of samples to include
these variables. The controlled introduction of artificially
3.1.31 Wwearout The process where the occurrences of created defects that are assumed to have a significant reli-
failures rise steadily as the product deteriorates due to ability impact would serve the same purpose but is difficult
accumulating (fatigue) damage. to achieve in practice. ocuments
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3.1.29 Vibration A periodic, typically elastic, motion of
- a structure in alternately opposite directions from the posi-
; tion of equilibrium.
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Figure 2 Generic reliability “bathtub” curves comparing electronic components and surface mount solder attachment

The reliability “bathtub” curves in Figure 2, as well as the for SM solder attachments, the “infant mortality” and
resulting cumulative failure probability plots shown in Fig- “random steady-state” failure regions are rather unimpor-
ure 3, need some explanation. The “infant mortality,” tant since the failure probabilities are very small even
“‘random steady-state,” and “wearout” regions are defined assuming order of magnitude errors. Significant however,
by which of these three failure modes dominate. The curve is the experience-based observation that the “random
intersections in Figure 2 delineate the extent of these steady-state” failure rate estimate given in MIL-HDBK-
regions. 217 is too high by perhaps two or three orders of magni-
tude. Figures 2 and 3 imply that the reliability of electronic
components is determined by the “random steady-state”
failure region. In contrast, the reliability of the SM solder
attachment is established by the “wearout” failure region.

Except for the SM solder attachment wearout regions, the
values plotted are rather “soft.” Hard data does not exist in
adequate quantities for either the component or solder
attachment “infant mortality” and “random steady-state”

regions. These plot regions are based on experience andrhe cumulative failure probability of a component and its
observed trends and some published information. The g\ solder attachment is the sum of the component and the
steady-state” region for components depends to a large gttachment failure probabilities. Thus an electronic assem-

extent on the complexity of the component; chip compo- py is more likely to fail due to component failure in the
nents would fail well below the indicated bathtub band and gport-term and due to solder joint failure in the long-term.

very complex, high 1/O chip carriers would fail at higher

rates.
: 3.3 Reliability Assurance Surface mount solder joint

For.SM solder attachment, no evidence exists that showsreliability requires explicit attention in the design phase as
that the “random steady-state” failure region even exists; it well as in manufacturing. An overview of the processes
is entirely possible that “infant mortality” and “wearout”  leading to reliability assurance is outlined in the Figure 4
form the entire failure rate history. It should be noted that flow chart. Documents
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Figure 3 Generic cumulative failure probabilities for electronic component and surface mount solder attachment

3.3.1 Generic Understanding of Solder Attachment whereas high acceleration tests are a “quick and :‘dirty"
Technology Solder is unique due to its temperature-, compromise necessitated by the reality of the time and
time-, and stress-dependent behavior. For instance, eutecti¢esources required for the low acceleration testing. -

tin-lead solder readily creeps and stress relaxes aboveFor accelerated tests, it is imperative that the failureé occur
20°C, whereas below —20°C solder has long-term load ' P ‘

bearing capabilities similar to other metals. The higher the as the result of accelerating the proper failure mechanisms.

temperature above 20°C and/or the higher the stress IeveITh.ermal shock .testlng does not accelerate the long-term
. fatigue mechanisms of concern for most surface mount
the faster the solder will creep and stress relax.

applications, and can result in misleading conclusions. The
A generic understanding of the reliability and failure driving, underlying mechanism causing most of the long-
mechanisms for a given surface mount attachment technol-term fatigue damage results from the creep and stress-
ogy is the first step toward designing and assuring productrelaxation behavior of solder. Therefore, accelerated fatigue
reliability. For this, a generic database is required. testing must include well defined dwell times at the cycle
Although failure mechanisms based on cyclic or monotonic extremes to allow for some, albeit incomplete, creep and
overstressing can occur, the most common reliability threat stress relaxation. The incomplete cyclic creep and stress
comes from stress-relaxation based fatigue damage. Arelaxation in accelerated test cycles is in contrast to most
fatigue failure database must be based on a combination ofactual field operation environments, where sufficient time
low acceleration and high acceleration tests. is usually available for essentially complete creep and
stress relaxation. Thus, the significantly smaller fatigue

In thi§ context, low accelieration tests produce mean—ti.mes—d(,imag|e for accelerated test cycles must be accounted for
to- failure of the test vehicles that are about 10 to 20 times with a fatigue acceleration transform.

shorter than actual life in field use. High acceleration tests

are about 100 to 500 times shorter. The higher the testThe low acceleration tests shown in the leftmost column of
acceleration, the less the test results are representative oFigure 4 call for a highly accurate mimicking of use con-
performance at field conditions. Thus, low acceleration ditions, with acceleration factors of ten or twenty. For
tests should closely mimic expected field conditions, example, if the design life.is tweENRGLIANRESIng
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can be accelerated to the point of completion in about one vehicles are run through high acceleration reliability testing
year. Low acceleration tests are necessary to provideand some through the verification process. This qualifica-
generic, accurate, “benchmark” results. tion activity is relatively complex due to the number and
variety of processes used to manufacture and assemble

High acceleration tests typically require isothermal )
electronic hardware.

mechanical cycling. These tests can provide acceleration

factors up to about 500 for mean-time-to-failure (MTTF) process control parameters and process capability identifi-
fo.r the test, rellat|ve to the field MTTF. This is accomo- cation are necessary to provide the link between reliability
plished by. testing at e_Ievated temperat.ures (above 2_0 C)and consistent product. Since each manufacturer has
andr apP'y'”g the cycllchlo?dsd_mechar:ugalIy. tl)\/lechanlcsl unique combinations of processes, the process control and
cycling 'S, necessgry as the oa. Ing tec. plqug, ecause erE]ualification are different for each manufacturer. In order to
mal c;yclmg requires substantial transmo'n times betweep ensure that a process is well understood, a manufacturer
the high and low temperature extremes in order to avoid g 14 characterize those aspects of the process that have

thermal shock—mduged fallqres not reprgsentatlve of tlhe the most significant impact on product performance. A
stress-relaxation fatigue failure mechanism. These high

acceleration tests bear relatively little resemblance to use
conditions, and the results are useful primarily for relative

properly constructed “Design of Experiment,” which

evaluates the key variables of the process including their
) , : interaction, is paramount to establishing process capability.
comparisons. However, by performing both _h'gh and low IPC-PC-90 provides the requirements of the systematic
acceleration tests for comparable test vehicles, the low path for establishing process capability. J-STD-001 pro-

acceleratlorj tests can serve as reliability b_en_chmarks for\ides the mechanism for evaluating performance to a stra-
the more highly accelerated tests. Thus, a limited numbertegic plan

of the time consuming low acceleration tests, in combina-
tion with the much quicker high acceleration tests, can The “Process Qualification” step in the second column
provide a complete database. from the left in Figure 4 also establishes the process veri-

Although the reasons for microelectronic device failures fication parameter windows which assure product consis-

are many, the major cause of failure for solder joints of tency within the process qualification parameters.

surface mount components is low cycle thermal fatigue. ‘
High cycle fatigue due to vibration can also make some 3.3.4 Process Verification Many factors can affect the
contribution to fatigue damage. Thus, the surface mount manufacturing process and may cause changes in the per-
technology (SMT) solder joint failures are primarily due to formance of the product in its intended application. A prop-
the thermal/mechanical stresses. erly characterized process identifies the key variables and

The frequency of the thermal cycles for low cycle thermal establishes _the apprqpnate upper a.lr.]d lower control hmts
of those attributes which play a significant role on the qual-

fatigue usually ranges from a few cycles per hour to one . Lo ,
cycle per day or less. The frequency range of equipment ity and reliability .aspects qf the product. I the_ process

vibration is typically from between 10 Hz to 2000 Hz, chfanges, a value judgment is requwed_ o _determlne the_ SIg-
which results in over one hundred thousand cycles per day.mﬁcance of the change and to determine if the change is an

The fatigue damage in vibration is primarily in high-cycle expected variation, a noise factor, or an out-of-control
fatigue. condition.

) H | understandi ined h Ongoing process verification using production boards, pro-
3.3.2 Design The general understanding gained from the o, “test vehicles, or test coupons that represent the

accelerated fatigue tests must be translated into reliability design concepts, together with statistical process control

dEslltgn llr_w;orrgan_on Fh?t cant_ be use(;i f?r ;De_s%:l f?r Re"f' and touch-up/repair feedback, is needed as proof that the
ability.” The design Information Needs 1o be In the form o process is meeting its projected capability.

simple engineering tools that allow the non-expert designer

to assess whether a design meets its reliability require- Monitoring of product performance through destructive
ments. Prior to the “Design for Reliability” in the right-  and nondestructive evaluations verifies the relationship

most column of Figure 4, the use environment, the between the design, the design reliability expectations and
expected design life, and the acceptable cumulative prob-the manufacturing processes.

ability of failure at the end of this design life must be
established. Although no generic or standard process verification proce-

dure has currently been identified which serves the purpose
3.3.3 Manufacturing Process Qualification The capa- to an adequate degree, verification of the adequacy of the
bility of the manufacturing process sequence to produce aprocess is an ongoing activity. The frequency of testing and
reliable product needs to be established in the processthe type of tests invoked should be commensurate with the
qualification of production test vehicles. Some of the test maturity of the design and.the sta € ulén
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3.4 Damage/Failure Mechanisms The elastic-plastic yielding portion of the loading response
is followed by a temperature- and stress-level-dependent
3.4.1 Thermal Cycling Damage Mechanisms The pri- stress relaxation/creep response of the solder joint. Given

mary damage mechanism in thermal cycling is the creep/ enough time, which can be minutes at the higher tempera-
stress-relaxation-enhanced fatigue of the solder joints. Fig-tures and days at the lower temperatures, the stresses in the
ure 5 is a stylized representation of the visco-plastic strain attachment system, of which the solder joints are a part,
energy, proportionally represented by the area of the cyclic will essentially completely relax resulting in the maximum
hysteresis loops in a stress-strain diagram, expended in ongossible plastic deformation strains in the solder joints.
fatigue cycle. This visco-plastic strain energy causes Dwells beyond this time will not induce further fatigue
fatigue damage which accumulates from cycle to cycle. damage; however, at elevated temperatures the detrimental
When loaded from a zero-stress, zero-strain condition, thegrain growth in the solder continues.

solder joint first undergoes elastic deformation followed by
plastic yielding if the loading continues beyond the yield
strength of the solder. It has to be noted, however, that for
solder there is neither a truly elastic deformation nor is the
yield strength defined in any physically real sense. The

elastic deformation-yielding lines are simplified lineariza- . o
y g b Tests” for which the loop areas are significantly smaller

tions of the non-linear stress-strain response that is highly . " A

. ..~ than the corresponding loop areas for conditions allowing
dependent on temperature, loading rate, solder composmoncom lete stress relaxation. This signifies considerably less
and grain structure. Further, the yield strength is a defined P ) 9 y

) : . 7 o . fatigue damage per cycle for those accelerated cyclic envi-
artifact for engineering purposes; its definition for solder is
. . ronments. As a consequence, the number of accelerated test
equally highly dependent on several variables some of

which are controllable (i.e., temperature), and some which cycles_ cannot be directly equivalent to the number of
) : operational cycles.
are not (i.e., grain structure).

The primary complication in the damage mechanism arises
from the fact that in many applications and, by definition,
all accelerated tests, the dwell times are insufficient for
complete stress relaxation. The effect of this is illustrated in
Figure 5 in the hysteresis loops labeled “Accelerated

Yield — | eadless, Field Use

Ty Strength — Leaded, Field Use

===== | eadless, Accelerated

Testing
===== Leaded, Accelerated
Shear Testing
>
Strain

...Shear. Stress

>
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Figure 5 Cumulative fatigue damage
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Figure 5 also shows the essential difference between stiffcracks. For solder joints experiencing non-uniform strain
leadless solder attachments and compliant leaded SMand stress distributions, such as castellated solder joints, a
attachments. Compliant leaded attachments work becausesingle major crack will lead to failure. For solder joints
the lead compliancy keeps the maximum stresses in thewith uniform strain and stress distribution, such as column-
solder joints significantly below the “yield strength.” It  like joints, many multiple cracks will form with one finally
should be noted that not all leads are compliant in this con- failing first.
text. The.dlagonal lead stiffness should be below 100 Ib/in; 3.4.2 Vibration Damage Mechanism Vibration induced
above this value, leaded SM attachments become an unde;_. o
. : . failures of surface mount solder joints are fundamentally
fined hybrid between leadless and compliant leaded attach- . : . .
. . . different from thermally induced failures. During thermal
ments. While the lead compliance effects complicate the

i . . . cycling, the solder joint is loaded by thermal expansion
analysis, they substantially reduce the accumulating cyclic . - . . .
. ) ) . mismatch. The solder joint strains are dominated by plastic
fatigue damage even for identical strains at complete stres

. ) havior in I relaxation during th le hol
relaxation. Given the stress-level dependence of the stressb.e avior induced by stress relaxation during the cycle hold

: . ime. In contrast, vibrations at relatively high frequencies
relaxation rate and the lower stress levels for solder joints . . C .
. . . (over 30 Hz), result in elastic behavior in the joint. Stresses
with compliant leads, complete stress relaxation for com-

. o are generally smaller and failure occurs over many cycles
pliant leaded solder attachment takes significantly longer. . 9 y S . y cy
in the same manner as classic high cycle fatigue in struc-

It should be noted that symmetric hysteresis loops as tures.
shown in Figure 5 are possible in thermal cycling only if
the low temperature dwell times are significantly longer
than the high temperature dwells; symmetry, however, is
typical for isothermal cycling where the loads are mechani-
cally induced.

Vibrations are periodic motion of a body about an equilib-
rium position. This type of motion is encountered in many
applications including automotive, aerospace and military
applications. Consequently, electronic enclosures or struc-
tures utilized in these environments are also subjected to
The solder joint behavior described in Figure 5 pertains to vibration. Vibrations are transmitted to the printed circuitry
temperature cyclic environments above about —20°C. Thethrough the chassis or primary structure of the enclosure.
temperature region from about —20 to +20°C is the bound- Relative motion between the board and its edge brackets
ary between primarily a creep/stress relaxation response ofresult in deflections of the board. The stresses induced in
the solder to applied loads at the higher temperatures, andsurface mounted solder joints are primarily a function of
a primarily stress-driven solder response at the lower tem-the radius of curvature of the board occurring as a result of
peratures. The damage mechanism described in Egs. 3 anthe deflection and the position of the part on the board.

4 is for temperature cyclic environments above about

. . - Generally, the magnitude of the stresses or cyclic stress
—20°C, which are the more typical use conditions. y 9 y

amplitude induced by vibration are relatively small. This in

For applications in which the stress relaxation and creep in combination with the high frequency motion or high strain

the solder joint is not the dominant mechanism, such asrates induce elastic behavior in the joint. The rapidly

low temperature applications with component operating changing loads do not allow for stress relaxation. In addi-
temperatures of less than 0°C and/or high thermal/ tion, the elastic modulus of solders tends to increase with
mechanical frequency application with frequency of greater increasing frequency of loading or increasing strain rates.
than 0.5 Hz or half cycle dwell times of less than 1 second, This favors elastic behavior.

the direct application of the Coffin-Manson fatigue rela-

However, very high stresses can be induced in solder joints
tionship (see Section 4.3.5) is advised. y g J

under certain conditions. If the frequency of the external
Solder joints seeing large temperature swings significantly driving force approaches the natural frequency of the
through the temperature region from —20 to +20°C, in board, large board deflections will occur. Hence, large
which the change from stress-to-strain driven solder stresses will be induced in joints at certain board locations.
response takes place, do not follow the damage mechanisniThe natural frequency is simply the frequency at which the
described in Egs. 3 and 4 [1]. The damage mechanism issystem will vibrate under free conditions. When the exter-
different than that for more typical use conditions and is nal driving frequency approaches this frequency a resonant
likely dependent on overstress and recrystallization consid- condition occurs. Generally, electronic equipment is tested
erations. over a frequency range representative of the application to
ensure there are no undesirable resonant frequencies inher-

As the fatigue damage accumulates, the grain structure of = =" .
ent in the design.

the solder joints coarsens. After about 25 to 50% of the
fatigue life of the solder joints is consumed, microvoids or Although the bulk stresses are elastic, failure occurs due to
cavitations form at grain boundary intersections. These highly localized plastic behavior. Small stress concentra-
microvoids grow into microcracks which, with further tions or defects on the surface of the solder or at interfaces
accumulating fatigue damage, grow and coalesce into largeinduce localized plastic strains. At ﬁﬁﬂm,eﬁtSstal
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structure of individual “grains” of the solder is oriented so mum rate necessary to induce thermal shock. The results of
that maximum applied shear stresses exceed the criticalthese two types of testing are generally not correlatable,
stress necessary to induce slip in easy slip planes. Undereven through some design measures will prolong life under
cyclic loading conditions intrusions and extrusions occur. both conditions. Consequently, thermal shock testing for

Eventually well formed intrusions or persistent slip bands purposes of evaluating surface mount solder joint reliabil-

form microcracks. ity is only appropriate if thermal shock is indeed a field

The microcracks grow and coalesce into one larger crack. condition encountered by the product.

Crack propagation is generally transgranular as opposed ton some specifications, the definitions of thermal cycling
“intergranular” cracking observed in creep dominated ther- and thermal shock are not fully differentiated; the rates of

mal fatigue. Stable crack grOWth occurs by striation forma- Change are more C|Ose|y associated with what we are call-
tion until the joint can no longer withstand the applied jng thermal shock.

load. Failure of the joint subsequently occurs when the

joint is no longer structurally and electrically viable. This 3.4.4 creep Rupture of Solder Joints Creep rupture
process generally occurs in a large number of cycle$ (10 refers to a condition in which a solder joint has a fixed load
or greater) and is termed high-cycle fatigue as opposed toapplied to it. The application of the load creates an initial
low-cycle fatigue (18 cycles or less) resulting from cyclic  deflection in the solder joint. As time increases, the solder
strain amplitudes large enough to cause substantial plasticin the joint will creep. This results in an increase in deflec-
yielding strains; the range in between is a mixed mode.  tion while the load on the sample remains constant. Creep
rupture occurs when the solder cannot support the applied

3.4.3 Thermal Shock Damage Mechanism In thermal
load any longer and fractures.

shock, the extremely rapid temperature changes (about
30°C/minute and above) result in warping of the surface When the solder joint fractures in creep rupture, the time to
mount assembly. The warpage is caused by large transienfailure can be plotted for a range of applied initial loads or
thermal gradients induced by the rapid temperature changedeflections. The latter would be the condition the solder
when the boards are plunged into a new thermal environ- joint sees when components are soldered to a board and the
ment. The warpages result in tensile and shear stressegoard is put into a bent shape creating a constant strain on
where the tensile loading dominates over the steady stateeach solder joint. If the board remains in this bent shape,
expansion mismatch. Thus, even assemblies with matchedhe solder joints could fracture in creep rupture. Analysis of

coefficients of thermal expansion will exhibit solder joint  the fracture surface would most likely show the usual duc-
failures when subjected to thermal shock. The thermal tile rupture/fracture surface characteristic of solder.
shock loading mechanism is summarized in Figure 6. . o o
. ) While creep rupture is similar to stress relaxation in terms
Thermal shock conditions can arise from several sources. ¢ 4 underlying mechanism, stress relaxation is the con-
Examples of these are as follows: dition that occurs when the solder joint is subjected to a
1. Rapid changes in external environment, e.g., sun-to-fixed deflection. As time increases, the stresses in the sol-
shade in space. der joint undergo relaxation, but the deflection remains
2. Sudden and large changes in power status. constant. The decrease in load at fixed deflection results in
; the elastic strains in the solder joint being converted into

3. Various manufacturing/repair processes, e.g., reflow, . )
' plastic permanent strains.

vapor decrease, rework, repair, etc.

The distinction between thgrmal Shoc_k and Fhe_rrnal CyCIm_g 3.5 Application Considerations The reliability of a sur-
is not always addressed in designing reliability experi-
ments. There is a fundamental difference between thermal
shock and thermal cycling. The primary differences arise
from the mechanism of loading. Thermal shock tends 10 \jqq jife. The reliability of a surface mount attachment, of
result in multiaxial sta'\tes qf stress dominated by tensile course, also depends on the assembly design parameters
overstresses and tensile fatigue. On the other hand, as P'€including the number and mix of components), which will

viously discussed, thermal cycling results in shear loads o jeait with in the section on Design for Reliability.
and failure occurs from an interaction of shear fatigue and

stress relaxation. Thermal shock is performed in dual 351 service Environment In Table 1 worst-case, but
chamber test equipment whereas thermal cycling is per-regjistic, use environments for SM electronic assemblies

formed in single chamber cycling equipment. Dual cham- are shown in nine major use categories. These use environ-
ber arrangements may produce temperature transition ratenent categories are listed in order of increasing severity

face mount assembly is dependent on the service environ-
ment, the expected cyclic service life, and the acceptable
cumulative failure probability at the end of the cyclic ser-

in excess of 50°C/minute. without consideration of the number of expected service
Most single chambers generally do not produce transition years. It should be noted that the cyclic temperature range,
rates even close to 30°C/minute which is roughly the mini- AT, is not the difference between.the emnis
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