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INTERNATIONAL ELECTROTECHNICAL COMMISSION

PROCESS MANAGEMENT FOR AVIONICS -
AEROSPACE AND DEFENCE ELECTRONIC SYSTEMS
CONTAINING LEAD-FREE SOLDER -

Part 22: Technical guidelines

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization f i 3 ising
al|l national electrotechnical committees (IEC National Commlttees) The i mote
international co-operation on all questions concerning standardization in the e 5. To
this end and in addition to other activities, IEC publishes International > it ions,
Technical Reports, Publicly Available Specifications (PAS) and Guides [ € S “IEC
Plublication(s)”). Their preparation is entrusted to technical committees; a at{ona M) i psted
il the subject dealt with may participate in this preparatory wqg N non-
gpvernmental organizations liaising with the IEC also partlmpate i bsely
wlith the International Organization for Standardization (ISO)AT d by
apreement between the two organizations.

2) The formal decisions or agreements of IEC on technical matlers & v &S possible, an internafional
cpnsensus of opinion on the relevant subjects since gash\te i vttee has representation from all
iterested IEC National Committees

3) IEC Publications have the form of recom i internatiQnal use/and are accepted by IEC Nafional
Committees in that sense. While all reasonable effqrt o-ensdre that the technical content of IEC
Plublications is accurate, IEC cannot be i the way in which they are used or fof any
nlisinterpretation by any end user.

4) In tions
transparently to the maxi i i ] i i icati . i %ence
bptween any IEC Publication d{ i i ed in
the latter

5) IEC itself does not provyide rmity
apsessment ser any
services carried @

6) A

7) N and
n and”IEC National Committees for any personal injury, property damape or
o) tsoever, whether direct or indirect, or for costs (including legal fees) and
e ication, use of, or reliance upon, this IEC Publication or any othefl IEC
P

8) A ative references cited in this publication. Use of the referenced publicatigns is
irdi ct application of this publication

9) Attention is”drawn_to the possibility that some of the elements of this IEC Publication may be the subjgct of
p not be held responsible for identifying any or all such patent rights

A PAS/is a technical specification not fulfilling the requirements for a standard, but made

avaitabte-to-the—publie-

IEC PAS 62647-22 has been processed by IEC technical committee 107: Process
management for avionics.

The text of this PAS is based on the This PAS was approved for
following document: publication by the P-members of the
committee concerned as indicated in
the following document

Draft PAS Report on voting
107/131/PAS 107/139A/RVD

Following publication of this PAS, which is a pre-standard publication, the technical committee
or subcommittee concerned may transform it into an International Standard.
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This PAS shall remain valid for an initial maximum period of 3 years starting from the
publication date. The validity may be extended for a single 3-year period, following which it
shall be revised to become another type of normative document, or shall be withdrawn.

This PAS is based on GEIA-HB-0005-2 and is published as a double logo PAS. GEIA,
Government Electronics and Information Technology Association, has been transformed into
TechAmerica Association.

@%
o
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INTRODUCTION

0.1 General

This PAS is intended for use by Aerospace and High Performance (AHP) electronics system
Customer, i.e., aerospace and defence vehicle integrators, operators, and regulatory
organizations, and their Suppliers, i.e., system Original Equipment Manufacturers (OEMs) and
system maintenance facilities as they incorporate Lead-free (Pb-free) solder or Pb-free piece-
parts and board finishes.

PAS
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manufacturin
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This|
alloy
elec
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2Ag

A good deal of the information desired for inclusion in this technical guidelines document does
not exist. A large number of Pb-Free investigative studies for aerospace and high reliability
electronic and electrical systems are either in progress or in the initiation stage. The long
durations associated with reliability testing necessitates a phased release of information. The
information contained herein reflects the best information available at the time of document
issuance. It is not the goal of this PAS to provide technical guidance without an understanding
of why that guidance has technical validity or without concurrence of the technical community
in cases where sufficient data is lacking or conflicting. The PAS will be updated as new data
becomes available.

Further complicating matters is the fact that no single alloy across the supply base will be
replacing the heritage Tin-Lead eutectic alloy and that it is not likely that qualification of one
alloy covers qualification for all other alloys. Given the usual requirement for long, high
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performance electronic service lives, any Pb-Free alloy must have predictable performance
when mixed with heritage Tin-Lead alloys. Pb-Free alloys containing elements such as
Bismuth (Bi) or Indium (In) that can form alloys having melting points within the equipments
operating temperature range must be considered very carefully before use. Although Pb-Free
solder alloys are still undergoing some adjustments, it appears that the Sn-Ag-Cu family of
alloys will be used for surface mount assembly and either Sn-Ag-Cu, Sn-Cu or Sn-Cu-Ni (Sn-
Cu stabilized with Nickel) alloys will be dominant in wave solder applications. In addition,
some applications are using the Sn-Ag alloy family [1][2] [3].

The majority of the Pb-Free solder alloys being considered have higher melting temperatures
than Tin-Lead eutectic solder. In order to make use of the Pb-Free solders, changes to the
molcliing compound, die attach and printed circuit board insulation systems are )bging

intrg ing
tem but a
signffi igher
meltr driven
a s|gnifi i i i i iof/shock
asse

The Pb-
Freg ¢ Pb-free alloys|can
varyf sation performande of
the pecific solder matgrial
and ¢ e acceleration factqr is
bety i iti ‘ plication. i mtion of the results of a h¢ad-
to-hpe i i icipated service conditions |with
resp » S i prior to thermal cycling shpuld
be ¢ acticularly as it relates to changdgs in
solder microstructure. Mod Pb-
Freg the
varipus piece-parts and

While there is m 2 1238 techi A .g., - ing,
therg is less mf&%} q i i the
vibration and shog : 8 ring
vibration/shock test r S i the
Sn- ds to the mterfaces between the solder alloy and| the
subgtrate i esS. \ T.f reased amount of Tin in Pb-Free alloys increases |the
intefmetallic\ thickn Copper substrates are used. In addition, when Nickef or
electrolegs\Ni osphorous) substrates are used, the increased Copper in| the

e formation of intermetallics on the nickel interface, which are |less
robyst than Sn=Cu\ or~Sn-Ni intermetallics that are typical of Tin-Lead solder jojnts.
Mechanical tes ls to-date suggest that a robust assessment of Pb-Free alloy assefnbly
in vjbratieaxand shgck environments will need to include thermal aging for interface |and
microstructural stabilization prior to any dynamic mechanical testing. Alloys other than BAC
shoyldbe assessed to determine their vibration and shock performance characteristics.
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Part 22: Technical guidelines

Scope

inued performance quality, reliability, safety, airworthiness
dability, maintainability, and supportability of high perfo
sequently referred to as AHP) both during and after the tra

evious experience with Pb-Free aerosy
tronic syste specific references to solder alloys and g

brials, and tk

PAS-62647-1, Aerospace and defence electronics systems containing lead free sold

Part

the
and
p-1),
er.

ace
ther

.IThe

any

ent.
tion

er —

1« Lead free management

IEC/PAS 62647-2, Aerospace and defence electronics systems containing lead free solder —
Part 2: Mitigation of the deleterious effects of tin

IEC/PAS 62647-3, Aerospace and defence electronics systems containing lead free solder —
Part 3: Performance testing for systems containing lead-free solder

IEC/PAS 62647-21, Aerospace and defence electronic systems containing lead free-solder —

Part 21: Program management —

to lead-free electronics

Systems engineering guidelines for managing the transition
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IEC/PAS 62647-23, Aerospace and defence electronic systems containing lead free solder —
Part 23: Rework and repair guidance to address the implications of lead-free electronics and
mixed assemblies

GEIA-STD-0005-1, Performance standard for aerospace and high performance electronic
systems containing lead-free solder

GEIA-STD-0005-2, Standard for mitigating the effects of tin in aerospace and high
performance electronic systems

GEI&AHB-0005-T Program managen the

trangition to lead-free electronics

GEIA-HB-0005-3, Rework and repair handbook to address the i [ free
elecfronics and mixed assemblies in aerospace and high performange gl RC 3

GEIA-HB-0005-3, “Aerospace and defence electronics system§ containing-lead free solder —
Partl 23: Rework and repair handbook to address the implications of\lead-free el&ctronics|and

GEIA-STD-0006, Requirements for
Components

onic

ARINC Project Paper 671:
2006.

16,

Spra

MIL Electrical (for coating printed circuit assembl|es),
Inac
IPC ) t Tin Whiskers Theory and Mitigation Practices Guideline, March
2006.

IPC/JEDEE~J-STD-801D, Requirements for Soldered Electrical and Electronic Assembllies,
Feb| 2005!

IPC/JEDEC J-STD-002B, Solderability Tests for Component Leads, Terminations, Lugs,
Terminals and Wires, February 2003

IPC/JEDEC J-STD-006B, Requirements for Electronic Grade Solder Alloys and Fluxed and
Not Fluxed Solders for Electronic Soldering Applications, January 2006.

IPC/JEDEC J-STD-020C, Moisture/Reflow Sensitivity Classification for Non-hermetic Solid
State Surface Mount Devices, July 2004.

IPC/JEDEC J-STD-033B, Handling, Packing, Shipping and Use of Moisture/Reflow Sensitive
Surface Mount Devices, October 2005
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IPC/JEDEC J-STD-609, Marking of Symbols and Labels of PCB Assemblies and Piece Parts
to Identify Lead (Pb) and other Materials

IPC-A-610, Acceptability of Electronic Assemblies, Revision D, February (2005)

IPC-CC-830, Qualification and Performance of Electrical Insulating Compound for Printed
Wiring Assemblies, Revision B, August (2002)

IPC-TM-650, Test Methods Manual Method 2.6.25 Conductive Anodic Filament (CAF)
Resistance Test: X-Y Axis November 2003

IPC11066 Marking, Symbols and Labels for Identification of Lead-Free and Other Reportpble
Materials in Lead-Free Assemblies, Components and Devices, January

IPC11752 Materials Declaration Management, February 2006
IPC

IPC nted

Circ
IPC
IPC
IPC

IPC
Soldg

JESP97 Markir@
Conjponents, an S

3

bunt

lies,

For

3.1
alloy composition
all Tjoy campositions are stated as weight percent. For instance 63Sn-37Pb corresponds|to a

mixfure 063 % by weight of Tin(Sn) and 37 % by weight of Lead(Pb)
3.2
alloy 42

refers to a nickel-iron controlled-expansion alloy containing 42 % nickel that is often used as a
lead-frame material in electronic packages

33

Ag, Au, Bi, Cu, Ge, In, Ni, Pb, Sb, and Sn

refer to the elements Silver, Gold, Bismuth, Copper, Germanium, Indium, Nickel, Lead,
Antimony, and Tin, respectively

3.4
AHP
Aerospace, High Performance Systems
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3.5
assemblies
are electronic items that require electrical attachments, including soldering of wires or
component terminations; examples include circuit cards and wire harnesses
3.6
AR

acrylic resin conformal coating

3.7

CAF

refe
Met

3.8

CALCE

the

3.9

cLgcC
refer

3.10

me

3.11

cregp
refef

3.12
CSA

refef

pach

3.13
CTH

refer

dire
in th
duri
qua

3.1

critical
iterjcor function, if defective, will result Sy

's to Conductive Anodic Filaments that form in printed wiring boards. _See IPC-TM
hod 2.6.25

University of Maryland Center for Advanced Life Cycle Engineexing nsortiu

t primary objective, or affect safety

ntifyplated through hole stress

650

m

lity,

onic

the
ESes
PCB
dto

customer
refers to an entity or organization that (a) integrates a piece part, soldered assembly, unit, or

syst
syst

em into a higher level system, (b) operates the higher level system, or (c) certifies

the

em for use. For example, this may include end item users, integrators, regulatory
agencies, operators, original equipment manufacturers (OEMs), and Subcontractors

3.15
dicy cure

refe

rs to the use of dicyandiamide (dicy), as a curing agent for epoxy resins
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3.16
EM

refers to electromigration of the PCB metallization. Resistance to electromigration testing is
typically performed between electrically biased conductors at elevated humidity and

temperature

3.17
ENIG
refers to Electroless Nickel Immersion Gold Printed Wiring Board Finish

3.1

ER

epoxy resin conformal coating

3.19

eutectic

a eytectic or eutectic mixture is a mixture of two or more metalg the
lowgst melting point, and where the phases simultaneously crystallize n at
this [temperature. A non-eutectic mixture will exhibit a pa 5 i both
liquid and solid phases are present prior to reaching the mjxts

3.20

FR4

refefs to Flame Retardant laminate with
epoxy resin

3.21

FickK’s law

refefs to the classic diffusive™Mas bl to
the ¢oncentration gradjent™ S

3.22

fillet lifting <>

refe[s to a separatiop’that.e s between a solder fillet and a PCB pad where the solder fillet
has|the appeara i ifted™Voff the PCB pad. The fillet lifting is caused by| the
formjation of a low meglti i ving
a lafge pasty range. yer
that|allows t i

3.23

high perfor or product

requires continued_petformance or performance on demand, or equipment down time capnot
be tplerated; or end-use environment may be uncommonly harsh, and the equipment thust
fun%?ion when required, such as life support or other critical systems

3.24
HALT and HAST
refers to highly accelerated life test and highly accelerated stress test, respectively

3.25
HASL
refers to the Hot Air Solder Level PCB surface finish

3.26
incubation period

in the context of Tin Pest formation refers to the time required at cold temperature to initially

form the brittle gray (a) Tin phase from the ductile white (B) Tin phase
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3.27

inoculation

in the context of Tin Pest formation refers to practice of facilitating the white (B) Tin to
gray (a) Tin phase transformation by using seed particles of the gray Tin phase on the white
Tin to reduce the nucleation barrier energy associated with the transformation

3.28
ICP
refers to Inductively Coupled Plasma/Mass Spectrometry based chemical analysis

3.29
Imn] Ag or Im Ag
refefs to an immersion silver printed circuit board finish

3.3

JCAA

refefs to the Joint Council of Aging Aircraft Organization y
Defgnse. JCAA and JGPP have performed extensive Pb-freg sold

3.31
JGRAP
refefs to the NASA lead Joint Group on Pollution
the Pb-free solder testing that was completed wi

3.32
KirKendall void formation
refefs to voids induced in a diffusjon
intefdiffusion coefficients

3.33
lead
for the purposes Of thi g itthenelement “Lead” is implied, it will be stated eithgr as
Pb, fas Lead (P as ead. § a piece‘part terminal or termination “lead” is referred to,
such as in a flat"pad inine>package, the nomenclature lead/terminal or Igad-

terntinal will be useq

3.34
Lea¢l-Free ok Pb-Fre
is defingd as e { % by weight of Lead (Pb) in accordance with Waste Electrical|and

is a [line replaceable electronic unit

3.36
May
indicates a course of action that is permissible within the limits of this document

3.37

MSL

is the moisture sensitivity level rating of a plastic encapsulated electronic device as it relates
to soldering

3.38
Non-Eutectic
See Eutectic mixture definition


https://iecnorm.com/api/?name=24ce234f7db0422d90c560a9a09a68b2

PAS 62647-22 © IEC:2011(E) - 15—

3.39
OSP
refers to Organic Solderability Preservative finishes used on PCBs

3.40
PCB

stands for Printed circuit board, which is also commonly referred to as a Printed Wiring Board

(PWB)

3.41
PEM

refefs to a plastic encapsulated microcircuit

3.42
peritectic
in a|peritectic reaction, a solid phase and a liquid phase react on cooling
solid phase

Slgele e’a

3.43
piege-part

is defined as an electronic piece part that is not no
and|is normally attached to a printed wiring board to(perf

3.4
PW

(PCB)

3.4
PT

is thie act of resto g ional capability of a defective article in a manner that precly
compliance ¢ pplicable drawings or specifications

3.47
rewprk
is the act of ssing non-complying articles, through the use of original or equivd
prodessing.in.a maanér that assures full compliance of the article with applicable drawing
spegifications

new

tion

bard

een

des

lent
s or

3.4
RMA
refers to solder flux type: Rosin, Mildly Activated

3.49
RoHS

refers to the legislation enacted by the European Union on the Restriction of Hazardous
Substances, EU Directive 2002/95/EC, which places a restriction on the use of certain
hazardous substances in electrical or electronic equipment sold or used in the European
Union after July 1, 2006. These substances are lead, mercury, cadmium, hexavalent

chromium, polybrominated biphenyls, and polybrominated diphenyl ethers
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3.50

SAC

refers to the family of Pb-Free alloys containing Tin, Silver and Copper used in surface mount
technology or sometimes in wave solder processes. The alloys typically have a composition
near the eutectic (Sn95,6Ag3,5Cu,9)

3.51

SAC-L

refers to low Silver content SAC alloys that are not eutectic compositions. These alloys have
increasingly been used for BGA interconnects

3.5

shopld

indigates that, among several possibilities, one is recommended ag itable,
withput mentioning or excluding others; or that a certain course of not
necgssarily required; or that (in the negative form) a certain course ed but

not prohibited

3.53
SIR
refe
resi

rical

3.54
SM1

u
r or alloy ref;

Cu-

with

3.59

solder ball technology

identifies a family of components that employ solder balls or bumps to make mechanical and
electrical connections between components and printed circuit boards. Examples are ball grid
arrays (BGA), flip chip, and chip scale interconnections

3.60

soldered assembly

is an assembly of two or more basic parts interconnected by a solder alloy. A Lead(Pb)-based
soldered assembly is one in which the solder alloys are solely Lead(Pb)-based. A Lead-free
soldered assembly is one in which the solder alloys are solely Lead-free
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3.61

supplier

refers to an entity or organization that designs, manufactures, repairs, reworks, or maintains a
piece part, unit, or system. For example, this includes original equipment manufacturers
(OEMSs), repair and rework facilities, Subcontractors, and piece part manufacturers

3.62
system
is defined as one or more units that perform electrical function(s)

3.63
Ty l
is the decomposition temperature of a PWB laminate

3.64
Tg
is thie glass transition temperature of a PWB laminate

3.6
tin ilhisker

is a|spontaneous crystal growth that emanates fro
kink
shor

ical,
with

3.66
TSC
refe

3.67
um
is a
com

o-meter or one millionth of a meter and is

3.68
unit

3.69
UR
uret

3.70
XY
pargxylylene resin conformal coating (Also known by the trade name Parylene)

4 Approach

The guidelines given here are intended to be used in conjunction with IEC/PAS 62647-3
(GEIA-STD-0005-3) and GEIA-HB-0005-4 to demonstrate that the solder materials and
processes used in a given application will be reliable. They include

e identifying potential failure modes and mechanisms related to the solder materials,
piece-part types, and processes;
e ascertaining the program environmental and operating requirements;

e reviewing the details of the assembly solder process, solder stress, metallurgy,
temperature capability, and solder pad/terminal attachment strength;
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e selecting data sources or designing tests to evaluate the reliability of the selected
materials and processes, with respect to the potential failure mechanisms, in the
application;

e analyzing data or test results, and comparing them with program criteria.

The guidelines described here address the majority of concerns regarding the use of Pb-Free
solder in aerospace systems. The list is not exhaustive however, and other guidelines may be
required for specific applications, service environments, and materials. The guidelines
described here are not, by themselves, sufficient to assure the performance, reliability,
airworthiness, safety, or certifiability of any given system in any given application. To provide

suc?{_asman.ae_th_mmmam_mnludenctmnal, performance, and life tests,
musjt be run per the program contractual requirements. The methods to convert data from|one

set pf environmental conditions to another are described in IEC/PAS 6z (GEIA-STD-
0005%-3) in conjunction with the guidelines given in the subsequent sectign

5 [General Pb-Free solder alloy behavior

The|three main Pb-free solders are based on the Tin ri
(SAC) families of alloys. Sometimes small alloy add|t|ons e to
thege basic alloys in an effort to alter dissolution, ifi pical propertieg or
wetting characteristics. The melting point of pure Sn/s 23 ) .4 %) and the additign of
37 %Pb to the Sn reduces the melting temperature\to the i int of 183 °C (361|°F).
Sim{larly, the addition of Ag and Cu {g i emperature but not to| the
samle extent as Pb. The Sn95,6Ag3,t alloy melting temperatufe is
217)2 °C + 0,2 °C (423 °F + 0,36 °F) [4 dlloy melts at a temperatufe of
2271°C (441 °F) [5], and the Sn96,5Ag3;% acti 221 °C [5]. These Pb-free sqlder
melfing temperatures are considerably hig an Su-Pb eutectic. The higher mejting

¢d-Cu

temperature of Pb-free alloys, results iR a 30 ° : increase (54 °F to 72 °F increasg) in
prodessing temperature 4 d S peratures used to process heritage Sp-Pb
alloys. Higher melting,te ' in i ased amounts of base metal dissolytion

(seq section Copper Dissojut i ed/shrinkage stresses on components dyring

cooling. An additjgnal he SAC alloys have generally been found t¢ be
stronger and m € eritage Sn-Pb solders at typical electronic|use
temperatures [2] [$1.

The

Sn-f
den

of u
soliqifi
facil
of 1
liquidh\Sn was observed during slower solidification rates for SAC alloys having 3.5 an
wt % Ag g 0 change the
mechanical response of the system. The AgsSn mtermetalhc plate may stop or re-direct a
crack propagating through the solder joint during environmental testing (such as thermal
cycling). If the plate is in the same direction of the shear load, life can be reduced [10], but it
is more common to see randomly oriented plates throughout the solderball in larger joints.
The presence of Ag;Sn plates is of greater concern for flip chip and wafer scale chip pack
solder joints [11]. The volume fraction of 3-Sn dendrites in the solidified solder is dependent
upon cooling rate and alloy composition [12]. The grain size of the B-Sn is relatively large with
respect to the solder joint size. A BGA solder joint can be comprised of as few as 10 to 30 B-
Sn grains and even fewer for wafer level chip scale package and flip chip joints [13]. Since
dispersed intermetallics in a SAC alloy tend to increase the hardness and stiffness of the
solder, a greater volume fraction of Sn dendrites generally results in a solder joint with
decreased stiffness. Reduced solder stiffness can be beneficial in some high stress shock
applications because the solder does not impart as much stress on the pad intermetallic or
the pad laminate interfaces. Presently, some investigators are evaluating SAC alloys with
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reduced Ag and Cu content (SAC-L) from the eutectic such as Sn98,5Ag1,0Cu,5 in an effort to
obtain improved drop shock performance of BGA assemblies. Unfortunately, the melting
temperatures of SAC-L alloys are greater than the traditional SAC alloys and their thermal
cycling characteristics require evaluation.

5.1 Elevated temperature

At elevated temperatures, accelerated intermetallic growth, grain growth and redistribution of
constituents within the solder joint occur via solid-state diffusion mechanisms. The majority of
Pb-Free solder alloys being considered have substantially higher Tin content than the Sn-Pb
eutectic solder, resulting in a greater availability of Tin to form intermetallics. The intermetallic
layef development generates property discontinuities that may influence the load carnying
capabilities of the solder joints during dynamic testing. Intermetallic gro o unassempled
PCH'’s, or product that has already been fielded, can adversely affect ability of the
PCH for initial assembly, or the entire module for repair or modificatio

5.2 Low temperatures

At low temperatures, the principle concerns are the ductile~rit e transition temperature|and
Tin Pest (e.g., Tin Plague). The Sn-Ag, SAC, and Sn-Cu te exhibit dugtile-

brittle transition behavior that differs substantially fro;xSn<Pb solder samples
[14]] While the fracture toughness for the bulk Pb-Fyee a S ted b Ratchev were higher
than Tin-Lead eutectic, the Pb-Free alloys exhibi uore~pronounced, change in
fracfure toughness with temperature ag compa i d eMtectic alloy. It is unclefr if
the fracture toughness characteristics/observed & eS tested by Ratchev wpuld
also| be evident with solder joint size g [ rimakcycling tests to -55 °C [15] havg not
revegaled a brittle SAC solder fracture sux . he present time, a systematic
test|of Pb-Free alloy vibration and shog \cold temperatures is not availablg.

Eledgtronic equipment that | ilized N catiops having prolonged low tempergture
exposure may be susceptib \ Qe allotiopic transformation of white (B) Tin, which
has |a body-centered tg 3 (a) Tin, which has a cubic crystal is known
as Tjin Pest or TipAPlague.”Thi of wu occurs below 13,2 °C. Above this temperafure,
white (B) Tin i 3 rm. \H is potentially a menace to Pb-Free solder jqg mts
because the cry g y i esults in a 26 percent increase in volume, cfack

allif
gengration, and byitt ~NMhe increase in volume and accompanying cracking
» lop fractured and powdery regions on the surface.|The
pregence of s to promote further transformation of the white (B) Tin
whigh can a QUSH ignificant amount of the metallic Tin to convert to the byittle
gray Tin /§j jOi .
with| theNnitiatj i est. Solder with 40 % Pb is seldom affected by Tin Pest provjded
that|inoculationith\previdusly transformed gray Tin is avoided [16].

During thexoperating life of electronic piece parts, Tin-rich joints will be subjected to
temperature excursions (typically between -55 °C to 125 °C) with the colder temperatlres
being\cohducive to the allotropic transformation of the Pb-free solder joints. It is likely that the
incubation time Is reset each 1ime the TIn IS exposed 1o temperatures above the
transformation temperature. However, once powdery Tin Pest has formed, oxidation and a
phase transformation kinetics prevent the reformation of a continuous white (B) Tin metal
again.

An early reported instance of Tin Pest was described by Fritzsche [17] where the
disintegration of some blocks of Banka pig Tin was observed after exposure to the Russian
winter of 1867-8, when the temperature during January fell as low as —38 °C (-36.4 °F). The
blocks of Tin had disintegrated into granular crystalline pieces and coarse powder. (Note: The
typical composition of Banka Tin is 99.950 Sn, 0.007 Sb, nil As, trace Pb, nil Bi, 0.018 Cu,
0.045 Fe, nil Ag and nil Sulfur [18].) The growth phase of Tin Pest is typically much shorter
than the incubation period. The transformation may occur after a long incubation period at
temperatures below 13 °C (54 °F), the rate of transformation being highest at —-30 °C (-22 °F)
[16]. Subjecting the Tin material to a mechanical load that results in a residual tensile stress
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considerably accelerates the process. Some possible sources of tensile stress in Pb-free
assemblies include bending of leads and thermomechanical stresses encountered during
thermal excursions. Mechanical treatment decreases the nucleation time due to an increase in
the number of reaction sites. Becker [19] noted that annealing and oxidation tend to increase
the nucleation time. Becker usually made his Tin Pest observations at 0 °C (32 °F)
presumably to minimize the effect that temperatures above 13 °C (54 °F) would have on the
transformation nucleation and rate data. Tin Pest nucleation is encouraged through
inoculation with a Tin [20] and elements or compounds having a diamond cubic crystal
structure similar to a Tin such as InSb, CdTe, and Ge [19]. The transformation is dependent
upon the impurities and alloying elements of the Tin. The incubation time of Tin Pest is highly
variable.

Tin pest is not a new problem with Lead-free solder. Bornemann [21] foGnd~that Pbj.in| the

amaunt generally found in solder, will not prevent Tin Pest from eve IIy octurring given
enoligh time and cold enough temperatures. The work by Bornema e of the
variability associated with the transformation. Bornemann stored fgur\un-inosulated purg Tin
spe¢imens in clean sealed vials at —73 °C (-99.4 °F). One trans N S| qQnthsand the
othgr three showed no visible traces of transformation after fouq ) nemanmyalso fqund
that| Pb, in the amount generally found in solder, will not  eventyally
occurring. (Note: Bornemann went through extensive effor i 9 Qf experiments to

ensuUre that the Tin surfaces were oxide free.) The additi 3 0.1 per cent by
weight of Sb or 0.05 per cent by weight Bi added to £ inhibited the transformation.
Thefe is presently one commercially available patented P 8 pitaining Sb, which|has
a cgmposition of 96.2 % Tin, 2.5 % Silver, 0. y 0.5 % Antimony. There [is a
possibility that the results of the Borng ’ i 04 change in the ASTM|B32
solder specification. The role of antim i Vi f Tin Pest in Sn-Pb alloys is
discussed in J-STD-006B Section 6.1. s”by stating that the minimum
reqyirement for antimony in Tin-based i 3t necessary, presumably because ng Tin

Pest has been observed in Tin-Lead al oys

Althpugh Tin Pest ha
kinetics are still poorl

- [25], the nuclegtion
ear what the incubation time is for norr]\ally

prodessed solderjoints. T S as~heen\found under laboratory conditions in Sn-0J5Cu
alloy bulk test .Ji drmation was also observed on 0.010 inch thick
inoclulated solderfoif °C (-40 °F) [23]. Williams [23] found that| the
trangformation occk il¥ineints soldered with pure Tin than in joints soldered with
Sn-FPb alloy. Th joints soldered at high temperature (204 °C (367 °F) above| the
liquidus), disse . erided to transform more readily than joints formed at Igwer
temperature . the liquidus). Recent experiments by Sweatman evaluateq the
role|of i iNies | purity Pb-free solder alloys (Sn-3Ag-0.5Cu, Sn-4Ag-1Cu,|Sn-
0.7¢u-0805 ers)\on the nucleation and growth of Tin pest and found that Pb arld to
a legser extent. B\vand Ag impurities appeared to suppress the transformation of B-Tin to d-Tin
[24]] In the first{phase of the evaluation by Sweatman [24], Pb-free alloys were formulated
from 99.9 ‘percen ree nines” pure Tin, placed in contact with an a-Tin nucleant |and
D.99
Lirity
— vel of
0. 031 % foIIowed by Sb at 0 006 % and As and Bi at 0 004 %. The second phase of the
Sweatman evaluation [24] assessed the addition of 0.01 % Pb, Bi, Ag, Zn, In, P, Au, Al, Cu,
Ge, Ni, Sb, Ga, and Fe alloying materials to 99.99 % pure Tin in contact with a-Tin for up to
30 hours and found that Pb at the 0.01 % level appeared to suppress the transformation while
0.01 % Fe significantly promotes the transformation. Sweatman suggests that since Pb occurs
naturally in primary Tin at around the 0.03 to 0.01 % level, which is still well below the 0.1 %
limit of the RoHS directive, there can be some confidence that tin pest will not occur in a Pb-
free alloy made with standard 99.9 % “three nines” pure tin. The effect of alloying additions to
Tin on the promotion or inhibition of Tin Pest is provided in Section 8, Table 3. With long
exposure at low temperature of electroplated pure Tin coatings on Copper, it is possible to
encounter transformation, but not with hot dip coating [25]. Bornemann [21] evaluated the
transformation of electrodeposited Tin and Tin alloys on steel panels. The pure
electrodeposited Tin coatings 0.0002 inch thick (5 um), whether inoculated or un-inoculated
began to show evidence of transformation after about four days at — 73 °C (- 99.4 °F). Becker
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[19] found that reflowed electrodeposited coatings exhibited different Tin Pest formation
characteristics. During exposure to —-73 °C (-99.4 °F), the inoculated specimens exhibited
transformation in 4 days while the un-inoculated specimen took 14 months. The Tin-Zinc
electroplated samples (79.3Sn-20.7Zn, 0.0005 inch (12.7 um) thick) did not exhibit
transformation after two years at —73 °C (-99.4 °F) for either the inoculated or un-inoculated
samples. Later, Becker [19] attempted to directly deposit thin gray Tin films onto substrates
using electro deposition or evaporation, but he was unsuccessful. Becker was however able
to obtain Tin Pest on inoculated thin films of Tin.

While Tin Pest has been reported under laboratory conditions on test samples, real solder
joints have not exhibited Tin Pest. Tin-Silver (Sn-3.5Aq) solder has a long history of use in

highl reliability applications and Tin Pest has not been an issue. Recent testing of Sn-0.{Cu-
0.09Ni or the Sn-3.8Ag-0.7Cu solder joints evaluated in the JCAA/JG-PP -67
to 2p7 °F) thermal cycling testing did not exhibit Tin Pest after over 400 15].
The|thermal cycling data suggests that the incubation time clock may,b $ i the
solder is exposed to temperatures above the gray to white transitio srature. Tin
Pest resistance of real solder joints has been evaluated over a.12 5 ; Tin
Pest was observed [26]. Similar evaluations have been perfortned™h BCH and
they have not observed Tin Pest transformation in either~ipogulate real
solder joints [27].

In sbtmmary, Tin Pest in solder joints may be a field i d to
extremely cold temperatures (e.g. -40 °C) continu .g. rder
of gl year). These applications may regqui \ & . s of
lead-free solders are likely to result A lwill
havg¢ some Tin Pest resistance [15] [2¥4 ons

are pot expected to have an issue. Long

5.3 [ Temperature Cycling

Creg¢p-fatigue models ee alloys’being considered are at various leve|s of
completeness. An as \ ‘ igue reliability to the service environments, in
many cases, pre c ngendue to the long test durations. Invariably, spme
acceleration fac@' i ature difference or reduced dwell time, is reqyired
to complete the a reasonable amount of time. The thermal cy¢ling
perfprmance of gAR stermined by its ability to survive upper and Igwer
temperature limi [ R)time required to transition between the temperature limits,|and
the gwell timesat tf

High peprforn tions have historically relied on =55 °C to +125 °C thermal cy¢ling
testing to~provide nfidepce that equipment will function reliably once it is in service. It|has
already been blished'that, Pb-Free eutectic SAC solder does not perform as well as [lin—

Lead under(high>s thermal cycling conditions (large temperature difference and/or large
thermal expansion Coefficient mis-match driven solder joints) [28]. Implicit in any thefmal
cyclng discussion is that the printed circuit board used to connect the Pb-Free technology
piece*pdrts is reliable. The PCB plated through holes and traces must be able to withsfand
the higher temperature Pb-Free solder reflow and rework stresses and go on to perform
reliably in test and service.

There has been, and will continue to be, considerable debate on why solders perform
differently under different thermal cycling conditions. There are many factors influencing
solder life that interact in complicated ways that are not completely understood. While the
understanding of the Sn-Pb system has improved greatly over the years, the study of this
system has revealed that several other factors may also be important contributors to solder
fatigue. In addition to the obvious need to define thermal cycling temperature extremes, dwell
time (at hot and cold) and ramp rate, the following must also be considered during an
assessment of solder fatigue:

e solder joint oxidation

e stress distribution in the solder joint
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e manufacturing process history
e conformal coat type
e non-linear package and PCB properties over temperature

e PCB surface finish, etc.

All these factors combined, influence the long-term solder life in service and may or may not
be accounted for in accelerated testing and modeling of heritage Sn-Pb solder [29] [30] [31]
[32]. At the present time, there is no indication that any of the aforementioned solder life
factors will be eliminated with the introduction of Pb-Free technology. To the contrary, a few
more_factors have been added; such as Sn crystallographic orientation [13], Cu-Sn-Ni terpary
intefmetallics [33], and ENIG interfacial concerns [34]. In addition, some phenomena that may
have¢ always been present but were not a concern with Tin—Lead, suchi as yoiding-at| the
Cu/Cu3Sn interface [35] [36] [37] [38], will need to be understood in greater defajl)when|Pb-
free|solders are used.

Generally, the thermal cycling test results indicate that for higf
better in thermal cycling than SAC alloys and that under small
temperature cycle) that the SAC alloy performs better i
closer examination of the Bartelo data [28] reveals that dwe
aforementioned statement. In the case of Bartelo’s

cycllng, SAC outperformed Tin-Lead for the 7 and 2 mip
112|minutes, SAC reliability was comparable to kLea
thermal cycling data is lacking and fe ok
gregter than 60 minutes, a few exce
mod
the
res
care
with

preted properly requires documentation of |test
IEC/PAS 62647-3 (GEIA-STD-0005-3), which

For
utiliz
5.3.

e\of the solder occurs during thermal cycling. In cases where
aiflure can occur at the intermetallic interfaces when weak

Typ
high

temperature and the alloy type. The result of any stress testing needs to be evaluated in the
context of the acceleration factor between the test and the intended use environment.
Acceleration factors of Pb-Free solders vary from conventional Tin-Lead with changes in
temperature extremes, ramp rates, or dwell times. These factors must be considered in order
to ensure that a representative amount of damage occurs during the cycling. The other impact
is that the different piece-parts on the same assembly will undergo varying degrees of stress
relaxation due to the dependence of relaxation time on the applied stress. Validated model(s)
will be required to translate thermal cycling results to service environmental conditions.

5.3.3 Ramp Rate

IPC-9701 recommends that the ramp time be less than 20 "C per minute. It may be beneficial
to accurately control the ramp rate between comparative tests because significant stress
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relaxation can occur during the ramp. In addition, thermal cycles having longer ramp times
may be able to use shorter dwell times.

5.3.4 Dwell Time at Elevated Temperature

Continued testing is in process to validate model performance at longer dwell times.

5.3.5 Dwell Time at Low Temperature

Dwell time sensitivity at low temperature has not been experimentally evaluated by many
researchers. Modeling suggests that the majority of damage at cold occurs due to yielding
due|to the slow creep rates present at low temperatures. The influence of lowpnnean

temperature on reliability is being investigated by CALCE [46]. A mod assessment of
stress relaxation time for chip components was presented by Grossgn \(The sfrain
remaining in a 2220 chip capacitor solder joint after 10 minutes at — was 4(2 %

and|after 8 hours was still 1.8 %. (Note the maximum possible &trai orted t¢ be
5.6 V6.)

5.4 | Rapid Mechanical Loading (Vibration/Shock)

WitH
in d

e has been done
of interest for| the

mai ree SAC solderg are
exp he PCB pads, potenfially
causi ihterfaces, and non-sqlder
(Co , there will be an increased
sengitivity to the presence of voids in the ex_orat the interfaces. Another aspect of usipg a
stiffer solder is that the rellab|I|ty will pe ansitive\to voids located in the solder o1 the
inteffaces. Typically, vibra ) is” not an issue on piece-parts |with
relatively flexible leaded ter S parts or quad flat packs). Under rppid
loading conditions, so|derNis qulte strongsand stiffvand the load is transferred to the lepds,

whigh typically have a|s secti he solder, so that the leads will experignce
fatigue failure before . TF najority of the concern with vibration and shock
loading is with \ O Ps) piece parts, piece-parts with stiff lepds,
leadless devices \(g.g ye surface mount chip parts. Mechanical shock|test
perfpbrmance of Pbd y 3 een found to be less than Sn-Pb solders particujarly
whe ed [33) or where there is a tendency to form Copper voids at
the

Fron m the JCAA/JG-PP vibration testing on BGAs, the combination of
eutg Ab balls always outperformed the combination of Pb-free solder |with

Sn-3.
worki
com

. For other component types, the results were mixed. It is|the
opinipon that, given the propensity for Pb-Free alloy to form intermefallic
poundssand/orwids that could result in brittle interfaces, it seems appropriate that high

performance electronics include assembly thermal preconditioning prior to dynamic
mechanical testing. Unfortunately, systematic studies of thermal preconditiohing

6 System Level Service Environment

Given that Pb-Free solder alloy performance in a particular assembly is not guaranteed to be
better than Tin-Lead solder alloy, the best way to provide an accurate assessment of the Pb-
Free alloy reliability is to begin with a comprehensive understanding of the electronic service
environments. The results from high performance testing such as JCAA/JG-PP [49] have
yielded mixed results for some piece-part types. It is unlikely that a heritage assembly can be
converted to Pb-Free solder without a re-design activity. In low stress solder joints, SAC alloy
performs better than Tin-Lead eutectic. As the solder stress is increased, Tin-Lead out
performs SAC. It is clear that each application needs to be individually evaluated when Pb-
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Free solder alloys are being considered. It is likely that some design adjustments to reduce
solder strain will be needed on some applications to implement Pb-Free solder.

6.1 Service Environment

The system level requirements imposed by the aerospace vehicle manufacturer on an OEM
electronics system Supplier are intended to ensure reliable operation of the equipment in
service for its expected lifetime. To demonstrate that the system environmental requirements
are met, a series of tests and analyses are performed. The tests performed often stress the
equipment to greater levels than would be encountered in service to ensure design margin or
to accelerate testing (reduce test time). The strategies employed to establish margin or to
accglerate testing must exercise the failure mechanisms expected in service without
intrgducing non-relevant failure mechanisms.

The|solder joint reliability is determined by its ability to survive acc vice
environments. To perform the reliability analysis, the solder joint engiroxmn i rom
the pssembly level analysis whose boundary conditions are obfai ' and
the vehicle level environments. Extensive discussion on the f{ ) i : t of
surface mount assemblies is given in IPC-9701, Performane e JoJek tion
Requirements for Surface Mount Solder Joints. Many of i0ci 701
are ppplicable to the evaluation of Pb-Free alloys. Thg 2 epts
are plso applicable; however, Pb-Free alloys have differ tion
timegs, and creep-fatigue models than the heritag PAS
62647-3 (GEIA-STD-0005-3) and mod S coypare Pb-free and Sp-Pb
fatigue test results.

In the following paragraphs, the specjs i required for the assessment of|Pb-

Freg solders alloys in aerospace envir 0 c jned. Depending upon the individual
application, there may be 3 ¥’required to substantiate the Pb-Free
alloy soldered assembly.

6.2 Electronics/El ica 3 mal Environments

Stegdy state a@
provides the basi¥ f

ehits of the equipment utilizing the Pb-Free alloy

i ermination. The steady temperatures are used for
inte\:Lmetallic growth a irkendall void’formation, while the cyclic environments will be dsed
to d i Fatigue life of the electronic/electrical system. The [RU
leve i S ombination with the power dissipation and the cooling degign,
must be use ermine the PCB assembly temperatures driving the sqlder

thermo

6.2.1 i lectrical Equipment Steady Temperatures

A range of-operating temperatures that includes the fraction of time the equipment will be at
the yarious temperatures and the state of power dissipation within the box should be provjded
as ig described in Annex A.

6.2.2 Electronics/Electrical Equipment Temperature Cycling

The thermal cycling performance of a Pb-Free alloy is determined by its ability to survive
upper and lower temperature limits, the ramp time required to transition between the
temperature limits, and the dwell time at the temperature extremes. A series of thermal
cycling environments that captures the spectrum of cycles that equipment will be exposed to
throughout its life should be provided. The thermal cycling environment should be specified
for both “operating” and “un-powered storage” conditions as described in Annex A.

6.3 Vibration and Shock

Vibration and Shock performance of Pb-Free solders for some piece-part types is less than
Sn-Pb. Accurate representation for the service conditions would prevent unnecessary costs
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during the Pb-Free implementation. Thermal preconditioning may be required as part of this
service life assessment to simulate intermetallic growth.

6.4 Humidity

No special considerations beyond the normally specified humidity testing are required. Care
must be used when using zinc or indium bearing solder alloys due their corrosive tendencies.
In these alloys, the zinc and the indium are the species that corrode.

6.5 Other environments: Salt Spray, Fungus, Cooling Air Quality, and Fluid
_Qo_m_p_afihilify

No $pecial considerations beyond the normally specified testing are req ishes
are [not prone to whisker growth in most environments. However, rapi : Iver
dendrites or, in some cases, silver whiskers may form in the presengeé\of H{S{found in spme
casg¢s where the environmental air pollution contains SO,) d finish
perfprmance evaluations in sulfur bearing atmospheres gting in
accgordance with ASTM G85 Annex A4) has not been extensively eva

6.6 | Other Special Requirements

No data is available for acoustic vibration or pyrosho

7 High Performance Electronics

The| Joint Group on Pollution Preventief (JG<PR ircraft

(JCAA), conducted a multiyear evaluation f POxFre . ili pest
pradtices for printed circyit board t ick an P sign,
assembly and piece-part<ha [ , mé&qitoring and failure analy5|s as outlined in |PC-

9701. The test plan inglude
The maI Shock from

tandard high performance environmgnts:
ycling (-20 to +80 °C and -55 to +125|°C),
Vibrption, Mech Salt Fog, Surface Insulation Resistahce,
EIectrochemwaI@ i ombined Thermal/Vibration Environments. |The
thermal cycling 3 ginute hot and 10 minute cold dwell times (after
asseémbly tempera 7 ) ough preliminary results are available, the prin¢ipal
investigators are > ing conclusions from the data until the failure analysis
and|modeling activti s beenTtompleted. As has been observed in previous studies) the

resylts are< mixed. Pb-Free exhibits better performance than Sn-Pb |and
sometime DPOS| ound to be the case. Modeling will be needed to properly
comfparé.the Rbland \Pb-Free alloy performance and correct for the stress relaxgtion
diffgrences™eabserved H{e various piece-parts and thermal cycling conditions. A summafy of

JCAA/JGPPtesting associated with Sn-Pb and Pb-free finish/solder alloy mixing is givgn in
Section 8 5yafter the/mixing of alloys discussion.

In 20064 the results of thermal cycling test performed by CALCE were presented in a BAC
modeling paper [51]. The test design of experiment (DOE) matrix included temperature
differences, mean temperatures, and dwell times. The study evaluated the performance of
ceramic leaded chip carriers on glass epoxy PCBs with three solder alloys, Sn95,5Ag3,8Cu,7,
Sn96,5Ag3,5,) and Sn63Pb37. Dwell times of 15 and 75 minutes were evaluated for various
temperature cycling ranges and mean test temperatures (e.g,. cycles of 0 to 100 °C (32 to
212 °F), =25 to 75 °C (-13 to 167 °F), 25 to 125 °C (77 to 257 °F), etc.). Sn-Pb outperformed
Pb-free solder at the highest tested cyclic mean temperatures, which had a peak temperature
of 125 °C (257 °F). However, Pb-free solder was more reliable than Sn-Pb solder at peak
temperatures under 100 °C (212 °F) regardless of dwell time. Finally, the reliability of Pb-free
solders showed much stronger dependence than the Sn-Pb solder on the cyclic median
temperature.

The thermal cycling performance of A30C5 and A40C5 for —55 to +125 °C (-67 to 257 °F)
thermal cycling exposure was assessed on ENIG finished PCBs for a variety of component
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types [45]. The thermal cycling performance of A40C5 was better than the A30C5. The Land
Grid Arrays package (LGA 64) exhibited some degree of interfacial fracture at the ENIG board
interface with the ENIG exhibiting signs of a moderate level of black pad corrosion.

8 Solder Joint Reliability Considerations

The reliability of a solder joint is dependent upon the integrity of the solder in the joint and the
metallurgical interfaces to the leads and pads. Particularly for SMT assemblies, due to the
limited solder volume present, the solder joint reliability is strongly influenced by the final
solder alloy composition and microstructure, the shape of the solder surface and the terminal-

to-splder interfacial strength. Mixing of Pb-free and Sn-Pb finishes are a significant
congideration with assemblies with a 20 year maintenance plan. Some issy associated |with
finish compatibility and mixing are introduced here and are then di and
sumlmarized in Sections 9, 10, and 11.

Fingl Solder Joint Composition

Thelinitial composition of the solder used to form the joint j tent
duripg the soldering process as the pad metallization and ved
into|the solder joint. The amount of dissolved piece : not
signfficantly alter the final alloy composition but mdy effect thie, final sglder joint mechanical
prof that
hav ing a
chaI pad
met the
joing i d to
valid the
factprs considered in the test protocol § i - - -0P05-
3).

While the final solde jO nent
metallization on & htly.
With BGA and ball
comlposition becausg ihted
sold hen
mixi

In & S ) only
recq AiRe and, Indium bearing Pb-free alloys tend to corrode readily in nmoist
envi tion
mayj . As
the ring
that|the pproper materials are utilized. X-ray Fluorescence (XRF) spectroscopy measurement

techinigues are presently being used as a means of verifying aIon and finish compositipns.
the

wetting characteristics of Pb-free alloys also need to be considered.

Solder Wetting and Final Joint Shape

The solder stress-strain distribution within the joint is often determined by the final solder joint
shape, which is defined by the solder wetting and the resulting solder free surface shape. The
wetting angles for Pb-Free alloys are greater than Sn-Pb alloys [53][54]. Greater wetting
angles are indicative of poorer spreading and less metallurgically bonded area resulting in
potentially weaker joints. The addition of Ag to Sn and Sn-Cu alloys significantly decreases
wetting in solder drop spreading experiments [55]. Although Pb-free solders do not wet as
well as the heritage Sn-Pb solders, not all solder configurations are impacted by this issue.
Solder geometries, such as ball grid arrays, are usually not dependent upon wetting angle as
long as the entire pad is metallurgically wet. In contrast, piece-parts with leads, particularly
those with stiff leads, which depend upon the heel fillet geometry for strength, are expected to
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be more sensitive to wetting variations. Quad flat packs soldered with SAC alloy exhibited
premature failures during thermal cycling from -55 to +125 °C (-67 to 257 °F) that was
attributed to solder process variability (e.g,. insufficient solder volume, insufficient heel fillet,
solder voids, etc.) [15] [56]. Chip piece-parts and leadless ceramic chip carrier solder joints
may be less prone to wetting variation because any solder that does not wet up onto the
vertical surfaces will tend to increase the solder thickness under the device. The final
consideration in assembly performance is the reliability of the interfaces. Lead-free process
variability should be minimized before beginning extensive reliability testing. Some quick
process quality checks include: lead terminal pull testing, cross-sectioning, HALT/HAST
testing, and vibration/shock.

Strepgth of the PCB and Component Interfaces

The| piece-part and pad interface strength is typically dependent
strength. The stress imparted upon the interface is dependent upo
load application rate. Under slow loading conditions, such as therm§
to cfeep and the resulting interfacial stress is lower than during
rapig loading such as vibration or shock, the solder does not |

loads will be observed on the interfaces. Nickel-Tin inter
Copper-Tin intermetallics [57]. Another source of reducedi is the presence
of vpids near the interfaces. Voids result in reduced sir e metallurgically
bonged areas. Some investigators have found voiding i S strate adjacent td the
Cu3n intermetallic [35] [36] [37] [38].

Thel|laminate integrity under the solde is i ese interfacial stresses|and
will pe discussed in the piece-part and ! XJBhistaqpicis under considerable study in
the jndustry at the present time. Mec qdifications may be needed to redquce
vibrttion and shock loads of Pb-free jotats, to “prevent damage to the underlying
laminate material (e.g., PCB\BGA

8.1 | Mixing of SolderAllo

As the Pb-free
congerns to the
and|Sn-Pb finished 4

congideration for/A y or

unintentionally mixed life
and|during repair de
Sonfe cgm i itk Pb-free surface finishes are given in Table 1 and in the remaiping

he assessment of piece part and PCB finishes is extended in
i-Sections 9, 10, and 11. A finish process compatibility matrix and a relative
nmary are given in Tables 6 and 7.

parggraph
gredter detai
prodess reliability

Piedeiparts and PCB finishes used in high performance applications often requirg an
aSS OOIIICIIt Uf T;II VVh;O:\CI PIUPCIIO;ty GIIGl T;II pcot I;O:\. Thc ;Illpabt Ul T;II VV:-I;O:\CI all Tln
pest formation due to elemental additions into Pure Tin are given in Tables 2 and 3. A
detailed discussion of the Tin whisker and Tin Pest propensity for the various piece-part and
PCB finishes is given in Tables 4 and 5.

8.2 Pb-free Terminations in Tin-Lead Joints

One result of the WEEE/RoHS directives and the responding piece-part fabricator initiative is
the introduction of piece-parts with Pb-free surface finish terminations into existing traditional
Tin-Lead soldering processes. The variety and compositions of the Pb-free surface finishes
being delivered into the electronics industry is extensive. Many of these piece-part materials
will find their way into the inventory of aerospace and defense assembly processes under
government acquisition reform initiatives. Additionally, the banning of Tin-Lead surface
finishes could reduce the Supplier base and adversely affect the readiness of some critical
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missions. Electronics assembly design teams must be knowledgeable on the potential impact
of the Pb-free surface finish piece-part and pad interface on solder joint integrity.

Recent test results indicate that Sn-Pb finished PCBs with SAC alloy solder BGAs exhibits
poor thermal cycling performance [Reference [15] Figures 38 and 39] when the Pb
concentrations are low (e.g., flux only rework of a SAC BGA on a Sn-Pb finished PCB pad).
Earlier testing on CLCCs suggest that the fatigue life of SAC solder is improved with the
addition of some Pb [74]. The addition of Pb in SAC changes the solder composition and
affects the fatigue performance. The presence of Pb in SAC expands the considerations of
property changes on the reliability of the solder alloy. The impact is not universal — solder
joint__integrity degradation can_range from slight-to-severe depending upon the use
environment.

the amount of sires solder joint
older joint
ifugtion

The| amount of Pb versus solder joint volume,

whether spdcific
parameters result|in a
is not possible at|this
pact product integrity. If
2 igue exponents need tp be
ed te ts conditions to service conditjons

heVvmixed alloy (Sn-Pb/Pb-free) systems
pure material sets for highly stregsed
aste and Sn-Pb BGAs soldered with BAC

Sn-Pb) had no failures after 1000 thermal shock cygles.
etallygy BGA combinations were also seen in the —-55°C to
alcyele test (see reference [15] Figures 6 and 7). In addition,

earl Sn-Pb BGAs soldered with SAC (reference [60] Figure x) in
the °F) thermal cycle test (Note: SAC BGAs soldered with Sp-Pb
wer . il stressed chip scale package (CSP) thermal cycling testing,| the
mix hinafions did not perform as well as the non-mixed soldered CSPs [61].
In afditi ompositional complications associated with the addition of more elements|into

ixed metallurgy performance is also affected by processing time |and
peraturerprocess’ controls, as discussed later in this section.

Underrrework conditions  the JCAALIGPP testing revealed some poor thermal cyéling
performance at the lower limit of Pb contamination in SAC BGAs. Testing of SAC BGAs
soldered with flux only to Sn-Pb HASL (hot air solder level) finished PCBs exhibited poor
thermal cycling reliability. The solder failed with a fracture near the pad interface where Pb
had accumulated along Sn grain boundaries near the interface [See Reference [15] Figures
38 and 39].

Those tests that have evaluated the mixed metallurgy configuration have found that it is much
better if the Pb-Free alloy and the Sn-Pb are well mixed. The solder process temperature and
time above Sn-Pb liquidus are important considerations when assembling BGAs with SAC
balls to PCBs using Sn-Pb solder paste. It has been found that, in order to have a well mixed
final SAC/Sn-Pb metallurgy, solder time/temperature process parameters may need to be
tailored beyond the standard Sn-Pb solder profiles. It can be very difficult to practically
implement the tight process temperature windows on large complex assemblies. If mixed (Pb-
free/Sn-Pb) ball metallurgy is being considered, the fatigue exponents need to be developed
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that will allow extrapolation from accelerated tests conditions to service conditions for the
range of solder joint compositions that the process will yield.

The melting points of SAC alloys are generally toward the upper limit of the Sn-Pb solder
processing temperatures. The Pb-free BGA ball composition variations influence the melting
temperature. In cases where improved drop shock performance is desired, SAC with reduced
Ag content (e.g., SAC with 1 %Ag, melting point = 226°C (439°F)) is used instead of the near
eutectic SAC composition (e.g., SAC with 3 %Ag, melting point = 220°C (428°F)). SAC balls
attached to a PCB with Sn-Pb solder can have various microstructures, depending upon the
maximum soldering temperature of the solder joint, the time above liquidus, and the ratio of
deposited Sn-Pb paste to the SAC BGA volume. These factors will determine the degree of
SAJ ball and Sn-Pb paste solder alloy mixing. It is generally desirable to have a SAC ball|that
is completely molten such that it will form a well mixed alloy upon solidification, As discus$sed
belgw, the thermal cycling performance of the SAC Ball and Sn-Pb pasie is genehally lower
than either the SAC Ball/SAC Paste or the Sn-Pb Ball/Sn-Pb paste dombifationsX\Howgver,
ther , G

Whg In
som ' 82]xSame \of the drawbacks
ass(
q rcuit
¢ Insufficient collapse of the bals\during n susceptible to pacKage

at are difficult to inspe¢t.

¢ Variation in joint microstructurexn homoygener lead to poor fatjgue

characteristics.

Chupg [62] and Maire [6 S i vere
soldered with near eutectis N e f Kxed.
Chupg utilized Sn-Pb ~ rom
—-40(°C to +85 °C (— bme
amdunt of crac@ °F),
howgver, the ob Both
investigators agree ons
pre

Non rmal
cycl ycle
religbili 5PP
test e poor thermal cycling performance at the lower limit| Pb

/SAC BGAs mixed metallurgy rework assemblies with Sn-Pb PCB pads
125 °C thermal cycling tests. See section on Tin-Lead in Pb-free joints.

cong¢entration.it
during the =55 °C to

In spme“’cases, the Sn-Pb solder temperature profile can be increased slightly to ensure dood
mixing. However, there are cases where the temperature Timitations of heritage Sn-Pb piece-
parts may not allow solder process temperature increases. There is another way to achieve
the desired results. Mixing can be achieved through a combination of increasing the amount
of Sn-Pb solder paste printed onto the PCB and increasing the time above Sn-Pb liquidus
during soldering. Snugnovski found that Sn-Pb solder will dissolve solid SAC BGA balls with
solder temperatures below 220 °C (428°F) as long as the proper ratio between Sn-Pb paste
and SAC ball mass is obtained [64].

Uniformly mixed SAC BGA balls attached to PCBs using Sn-Pb solder were evaluated in
thermal cycling [65] [56]. These assemblies successfully completed 2000 thermal cycles from
-55 °C to +125 °C (—67°F to 257°F).
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8.2.2 Flat pack and chip device Pb-free Terminations in Tin-Lead Joints

The majority of Pb-free finishes (see Table 1 and Table 8) are compatible with Tin-Lead alloys
and will not impact solder joint reliability. The most common finishes are pure Tin, high Tin
content alloys with Silver and/or Copper, and Nickel/Palladium/Gold over copper alloys or low
coefficient expansion leads/terminations. Detailed solder joint reliability considerations
associated with several finishes are discussed next.

8.2.2.1 Pure Tin (Matte Tin and Bright Tin)

A very common Pb-Free finish is pure Tin [3]. There are many different matte Tin and bright
Tin [plating finishes in use in the various elecironic componenis (microcircuits, connecjors,
resistors, capacitors, axial leaded devices, relays, switches, etc.). Tin plati characterl 5tics

can|vary greatly from Supplier to Supplier. Process chemistry and co ting
prodesses is critical in determining solderability and Tin whiskerirg a See
IECIPAS 62647-2 (GEIA-STD-0005-2) and JP002)). Pure Sn finishg ) rgically
comjpatible with Sn-Pb assembly solder alloys. The Sn finishes appl i thin
enoligh that they will dissolve completely into the bulk solder ddring.reflob ting
point of Sn is not attained. Since Sn-Pb eutectic solder already co ' 3 ipal
effe¢ct of soldering to pure Sn terminations is a slight Sn enrishgen i oint
comjposition. The properties of Sn-Pb solders change I| S variati Nt in
com|203|t|on [66]. In bright Tin or thicker matte Tin i ield
solder voids during reflow in some solder joint geom

Oneg fetting than Sn-Pb finighes
if the ) is made of a pure Tin finighed
part in-p ability at the time of assembly.
Brig i ini i i difficulty due to the presence of| co-

dep i and/can also exhibit degradation ofl the

8.2.2.

Bisn [ icdlly gdde i inngmounts of 2-4 % by weight. Mixing Sn-Bi finighes
with fSCu i

8.2.2.

Sn-C
Tin,|the
Silve
durg
because thisi

etallurgically compatible with Sn-Pb solder. Similarly to nmatte
result in minor enrichment of Sn and some added Copper|and
. There are some indications that Sn-Ag-Pb solders are more
SnePb, solders [67]. The electrodeposited Sn-Cu finish should be avojded
ish has a very high propensity for whisker growth [68] [69].

8.2.2.4 Ni/Pd/Au

The Taimtenance of AU concentration I the finat sofder joint 15 stiff Tequired to ensure that
Gold embrittled joints do not form. There may be some instances with Pd bearing finishes,
where Pd can diffuse into the solder joint resulting in the formation of brittle Pd-Sn
intermetallics. Palladium has been used since 1989 as a termination finish on microcircuit
leads and many Pd finished components have been fielded [70]. In some cases, the formation
of a Pd-Au-Ni-Sn intermetallic near interface can reduce durability [45]. PdSn4 has the same
brittle characteristics as AuSn4 intermetallic. [71]. For applications in high moisture or
corrosive environment, if the Ni/Pd/Au is cracked during lead-forming, stress corrosion can
result [3]. In a typical solder joint, this amount of gold contributed to the solder joint is
negligible and the conventional 3 % gold concentration limit will not be exceeded.

8.3 Tin-Lead Terminations in Pb-free joints

The introduction of Tin-Lead terminated components in a Pb-free solder system is likely
during the early stages of Pb-free assembly processing while the piece-part supply stream
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still contains Sn-Pb terminated components. In addition, fine pitch leaded piece-parts have
been granted an EU exemption and will be permitted to use Sn-Pb finish [72].

8.3.1

First

Ball Grid Array Tin-Lead Terminations in Lead-free Joints

it should be noted that heritage Sn-Pb BGAs were not designed to be capable of

withstanding the higher Pb-free solder process temperatures and that maximum temperature

capa

bilities of the Sn-Pb BGAs should be assessed prior to soldering at Pb-Free solder

temperatures. As was mentioned in Section 8.2.1, industry has two opposing camps on the

mixe

d metallurgy issue and that specific factors such as PCB thickness, reflow temperature

profile, testing parameters result in a level of performance variability such that a general

statgment of the mixing issue is not possible at this time and the user needs to investigate

thei

to JCAA/JGPP findings discussed in Section 8.2.1, Wickham’s [56] evaluati

design more fully to determine how mixing will impact their product jntégrity. In_confrast

n-Pb BGAs

soldered to PCBs with SAC solder showed comparable reliability tg 6 BGAS soldered
with| Sn-Pb-Ag solder (Note: failures for both of these configuratighs, were\observed in| the
BGA die region between 1000 and 2000 thermal cycles from —55 to X\]2: °H)).

8.3.2 Flat pack and chip device Tin-Lead Terminations~i

Surface mount solder fillet lifting is possible during soldering” processes [73],
res{ting in low strength solder joints. Generally hog ; tamigation of SAC sqlder
joints did not adversely impact solder joint reliability in 459 to’+ 67 to 257 °F) thefmal
cycling and vibration for the majority of compo 2 65]. Thermal cycling tegting
from] —-40 to +125 °C (-40 to 257 ¢ cgadiess ip” carriers showed that| the
addition of small amounts of Pb (~0° . o ‘depending upon the assembly tedted)
impfoved the thermal cycling performs 1 8Cu,7 and Sn96,5Ag3,5| but
decineases the reliability of Sn-0.7Cu [7

8.4 | Bismuth Effects

The[addition of Bismulf to yield a solder joint which has imprgved

religbility [74] [75 ' i ,
melfing point (ry g , ' i ies.
melfing point of the tg S and the solder can lose strength during hot misfsion

that when Bi is mixed into Sn-Pb solder, a|low
6rm, particularly at the grain boundaries. |The

environments. Tragé amosun ere found to have a detrimental effect on solder life of

Bismuth containiig 's Ag3,4Bi4,8 and Sn92,3Ag3,4Cu1,0Bi3,3) and resultgd in
catastrophic failure 3\ er joints where the joints essentially turned into a powder
aftey 835 the cycles ) to +125 °C (—40 to 257 °F) [74]. Since AHP products haje a
20 year ce i \ pair depot infrastructure that will have both Sn-Pb and Pb{free
alloy cokfigurabions ignificant amount of time, Bismuth bearing solder alloys are npted
as g concer_im} AS,62647-1 (GEIA-STD-0005-1). However, there are some piece-garts

that|are only-awailablg with a Sn-Bi lead termination finish, preliminary testing suggests |that
trace amounts of Bijn Sn-Pb joints are not detrimental to solder life in this case. The pregent

J-ST

D-006 solder alloy specification allows 0.1 % Bi in Sn-Pb solder.

The Various combinations that may be encountered are:

Sn-Pb-Bi-X solder joint where there is sufficient amounts of Pb and Bi and the Sn-Bi-
Pb ternary alloy can form. The risk that Sn-Pb-Bi ternary alloy can form is greatly
reduced if Bi bearing alloys having significant Bi concentrations are not used.

Bismuth based Pb-free solder alloys with “Pb contamination”. The presence of trace
amount of Pb in a Bismuth based Pb-Free solder alloys (SACB) solder joint were found
to cause a measurable reduction in solder joint integrity that is most likely due to the
deformation of the soft Pb phase that segregates along the Tin grains [76]. (Ref:
Kayria [75] showed the phase and the segregation. The user needs to determine the
level of risk.)

Tin-Lead based solder alloys with “Bi contamination”. Some piece-parts are being
provided with Tin-Bismuth plating finish. The Bismuth concentration in the plating is
typically 2 to 5 weight percent and only ~ 3 um (120 microinches) thick. There has
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been some indication that Sn-Bi finishes used on Alloy 42 lead-frames that are
soldered with Sn-Pb will exhibit some reduction in solder joint thermal cycling fatigue
life compared to a Sn-Pb finished lead termination soldered with Sn-Pb solder [77]
[78]. Sn-Bi finished Copper lead-frames soldered with Sn-Pb solder, have exhibited
comparable thermal cycling reliability to Sn-Pb finished Copper lead-frames soldered
with Sn-Pb solder [78]. Other testing has shown good thermal cycling performance with
SOIC14/16 (small outline integrated circuit) packages (Note that the type of lead
material was not reported) [65]. Further testing is in process [76].

Provided that uniform solder reflow processing is followed to ensure that Bi segregation does
not occur, it |s expected that there is little risk of formmg the Sn Bi-Pb ternary eutectlc (96 °C

.|Applications should evaluate Sn-Bi Iead te
use lenvironment.

8.5

Varipus combinations of solder aIon and
free| evaluation for militapyN\and hig

37Pp, Sn-3.9Ag-0.6Cu ( ving

secﬂons discuss the ion)
resUylts for the mixed a

8.5.1 Vibrati@

The inish
had g Lead-free solder alloys (SAC and SACB). Results from
vibr BGA-225 components with Sn-Pb balls assembled with Sp-Pb
pas RPb ballg” assembled with either Lead-free paste (with the SAC phste
showi ance) [48]. With regards to the CLCC-20 components, in those
casq S a inish was Sn-Pb combined with either Sn-Pb paste, SAC paste or
SAQ bination of SACB paste/Sn-Pb finish performed the best. Bismuth alloys

compined with ‘tragce @mounts of Lead (Pb) have been shown to fail prematurely in thefmal
cycllng dueto the formation of a low melting ternary 16Sn32Pb52Bi alloy (m.p. 96 °C (204 °F)
[74]). Either the ternary alloy is not vibration sensitive or the formation of the ternary alloy |was
suppressed somehow by the large amount of Lead (Pb) in the final joints (approx. 17 % by
ICP (Inductively Coupled Plasma/Mass Spectrometry) analysis). The large amount of Lead
(Pb) in the solder joints is due to the large amount of Sn-Pb solder held by the castellations
on each CLCC [48].

8.5.2 Thermal Shock Testing

The results from thermal shock testing, TSOP-50 component with a Sn-Pb component finish,
indicated that the only TSOPs to have significant failures were those with a Sn-Pb finish and
soldered with SACB. The early failure of the TSOPs soldered with SACB is presumably due to
the formation of a low melting ternary 16Sn32Pb52Bi alloy (m.p. 96 °C (205 °F)). The amount
of Pb in these solder joints was approximately 3 % as determined by ICP spectroscopy. This
result is in contrast to the CLCC data, where large amounts of Lead (Pb) contamination had
only a slightly negative effect on the reliability of SACB [59]. In those cases where the CLCCs
were finished with Sn-Pb and were combined with either SAC paste or SACB paste, the Lead
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(Pb) contamination in the final solder joints had only a slightly negative effect on the survival
times of the solder joints (see Figure 31 of JCAA/JGPP thermal shock test report [59]). This
was unexpected because Bismuth alloys combined with trace amounts of Lead (Pb) have
been shown to fail prematurely in thermal cycling due to the formation of a low melting ternary
16Sn32Pb52Bi alloy (m.p. 96 °C (205 °F)). In addition, trace amounts of Lead (Pb) (0.5 %)
have been shown to have a positive effect on the survival times of CLCC SAC solder joints
subjected to —40 to +125 °C thermal cycling [74]. The large amount of Lead (Pb) in the CLCC
solder joints in this study (approx. 17 % by ICP analysis) appears to have a very different
effect on solder reliability than do trace amounts of Lead. The large amount of Lead (Pb) in
the solder joints is due to the large amount of Sn-Pb solder held by the castellations on each
CLCC [59]. For BGA-225 components, Sn-Pb balls assembled with SAC paste failed on six

out pf a tofal of Zb BGA’S. No WelIbull analysSiS was done SIince the number of fallures |was
less| than 25 % of the population. These failures suggest that using—S 5 in
compination with SAC solder is to be avoided. In comparison, only one fz hen
SA(QB paste was used with Sn-Pb balls [59].

8.5.3 Combined Environments

For |Combined Environments Testing, BGA-225 componenjs_wi ) S with
Leagl-free solder alloys (SAC and SACB), it was shown th@at Tin-L life
perfprmance of Tin-Silver-Copper while the number o c Refre, 6 ples
failed (N63 values) are similar. Dility
perfprmance of Tin-Silver-Copper-Bismuth when use in-Silve ead
BGA-225 components [82]. For the CLCC-20 co g bars
to improve the reliability of the Tin-Silex-Coppe jQi Tin-
Leagl appears to degrade the reliability i For
the TSOP-50 components, the presence of 3 S Dility
of the Tin-Silver-Copper solder joint. rely
degrade the reliability of the Tin-SilveriCo

8.6 [ Pb-Free Solder and

The|solder joint metallurg ixed
Sn-Pb/Pb-free blies. nder
accelerated ther CH tors
are |reported for su 2 ixed
assemblies, we ¢ op proven models for Pb-free solder joints first. Using| the
JCAA/JGPP data\Ostern as~developed a Coffin-Manson type equation that accurately
predicts the feliakj S e solder joints for plastic BGAs and leadless SMT devices |84].
The|Norri | ation model with constants similar to those of Sn-Pb solden are
also| shewn it tIRe JCAA/JGPP data [85]. Additional testing and analysis are needed bgfore
a validated i gloped for Pb-free assemblies, and later for mixed Sn-Pb/Pb{free
asse¢mblies.
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Table 1 — Review Of Piece-Part Surface Finish And Potential Concerns
Surface Finish Potential Impact Concern(s)
A number of piece-part fabricators utilize surface finishes that contain Pd. Pd has
been shown to be flux sensitive and has a relatively slow diffusion rate into Tin-

Palladium (Pd)

Lead solder alloys in comparison to other metals. A slight increase in solder
process temperatures (e.g., 5 to 10 °C (9 to 18 °F)) and extending the solder

process dwell time have been used to compensate when using Pd surface

finishes

in Tin-Lead soldering processes. Pd thicknesses in the 0.51 to 0.76 um (20 to 30
uinch) range has been shown to cause solder joint embrittlement due to the

formation of PdSn4 microstructure phase.

Sotd—tas—a :UIIH traditron—of bc;lly utitzed—as—= p;cuc part surface—fintstrfpr some
piece-part styles. Au has a propensity to embrittle solder joints dug to the
formation of the AuSn, microstructure phase when the Au content exceedg 3 % of
the solder joint [86]. Some investigators suggest that the Au limjt-lies from 2 to 7
weight percent [6]. Thin Au platings used on BGA S and-fipChip ppckages
Gold (Au) result in Au concentrations typically less than 1 % Goldl plating
thicknesses in the 0.025 to 0.51 um (1-2 g prone to
solderability problems for some piece-part er Syst¢ms, the
intermetallic compound formation is mor innthe '§n-Pb syptem. In
smaller volume SAC joints (300 um diameter bahg\'wi diameter Au/Ni
pads), re-deposition of (Au,Ni)Sn, {e}w\eﬂk i as’closely associated with the
migration of Cu from the bulk solder te.the m&u
The introduction of SAC sold e primayy sdlder attachment |material
has also led to the introductign of, loys a piece-part surfade finish.
Tin}-Silver-Copper (SAC) These SAC surface finishes are typj a “hot dipping” procgss. The
interaction of a SAC syrf TinzN_ead solder is not fully understood

although initiak soldep/jejnt feliab
joint integrity proklerks.

r solder

Bright Acid Ti “bright”
Bright Acid Tin (Sn) appearance, pact on
solderability| and whisker
phenomena.
My studies hat matte Tin can produce Tin whisker phgnomena
nde atte Tin also has a greater potential of| having
to the formation of Tin oxides in comparison to Tin-Lead

e
solderabjlity\prob
&r ce finighes.

Maltte Tin (Sn) N

Palladium-Silver (P4-Ag)
Palladium-Platinump<Silye

crhodjed” piece-parts such as surface mount chip capacitors or pie
tellations. These finishes can be “dissolved (e.g., leached)
due to dissolution of the surface finish into the solder joint dy
solder process resulting in degradation of the pi

ced solderability as compared to Tin-Lead finishes.

gand Pd>Rt-Ag surface finishes are commonly used as surface finishes on

ce-parts
off” the
ring the
Ece-part

ination/solder joint interface. Pd-Ag and Pd-Pt-Ag surface finisheq exhibit

(Pgq-Pt-Ag) <\

Bigmuth (B

Tin, Lead and Bismuth can form low melting microstructure phases that wo
a detrimental impact on solder joint reliability. The industry is currently co
solder joint integrity investigations to determine the severity and consequ
the interaction of Bi and Sn-Pb solder in high performance electron
conditions. Testing suggests that small amount of Bi introduced into Sn-P
joints from a Sn-Bi electroplated lead termination finish (1-5 % with a thic
~ 3 um (120 uinches)) does not present a reliability issue. Increasing the B
in a Sn-Pb solder joint can result in solder joint integrity degradation. The

ild have
hducting
bnces of
ics use
b solder
ness of
content
re have

been _concerns nv'r_\rneend that solidification prnfiln: need to validated to

ensure

that low melting point Tin-Lead-Bismuth composition alloys would not segregate

into interfacial sites.
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9 Piece-parts

9.1 Materials

The J-STD-609 specification defines an e-code system that should be used to communicate
the piece-part terminal finish. Although the e-code definitions do not capture all the attributes
needed to perform a Tin whisker assessment, they will allow designers to quickly identify
piece-parts with pure Tin finishes. Other systems may be necessary to capture attributes such
as matte Tin or bright Tin, Nickel under plating, and base lead/terminal material. (Note IPC-
609 is merging JESD97 and IPC-1066 standards.)

9.2 [ Temperature Rating

The|higher soldering process temperature requirements of Pb-Free 3 iven
an ipcrease in part soldering temperature capability of surface mogdnt\devices i rom
230]°C to 260 °C). It is not appropriate to assume that the presence of igceqpart
and|pad interface finish is always accompanied by a 260 °C m4d ility.
The|l maximum temperature capability should be verified fo e to

solder stress damage, such as those having large silicon dig, thin o‘ S BGAs. Piece{part
solder temperature capabilities should be communicated Al if they are b¢low
the pormally expected value for a particular assembly type {e.g-Xa 26 °C max temperdture

Piede-parts not typically used in co i@ i€s such as hybrid circpits,

optital device, larger a g oscillators, optocouplers,
medhanical relays, special RF devices, ¢! q 8 reviewed for their solder tempergture
capability

9.3 | Special consider

As the elimination of Pb ¥ pi Fin and Zinc finishes may be used instedd of
Sn-Pb plating. The s strat g type, the thicknesses involved all drive Whisker
formation. Tin i K d finishes (not hot dipped galvanized) have poth
demlonstrated thevVabih pronorinced metal whiskers particularly when the base
material is steel K “Zie’whiskers were a problem in raised floor data centers
whefe air conditigning W distri via sub-floor passages and the floor tiles were made of
galvianized stesl, Wing air carried Zinc whiskers to sensitive locations causing electyical
shoints [88] i Q nprized of metal parts, frames or shells, should be reviewed to
ensyre in ¢ platiig be avoided internally or externally where a metal whigker
religbility ists

9.4 [ Plastic)Enc lated Microcircuit (PEM) Moisture Sensitivity Level (MSL)

Moigture _Jsensitivity level of the plastic encapsulated microcircuits and other plastic
encapsulated piece-parts such as capacitors and resistor networks are often re-assessed for
Pb-free soldering temperatures. In some cases, piece-part suppliers may be raising MSL for
Pb-free soldering and may not maintain the MSL rating for the lower Sn-Pb soldering
temperature. If the assembly manufacturer is using Sn-Pb eutectic solder, they may face
increased MSL maintenance cost associated with the Pb-free MSL level. Some of the parts
standards related to moisture sensitivity and handling are: ANSI/J-STD-020, Moisture/Reflow
Sensitivity Classification for Non-Hermetic Solid State Surface Mount Devices, and ANSI/J-
STD-033, Standard for Handling, Packing, and Shipping and Use of Moisture/Reflow Sensitive
Surface Mount Devices.

9.5 Terminal Finish

Devices with a pure Tin terminal finish should be stored in a humidity controlled or desiccated
packaging to preserve solderability. ANSI/J-STD-002, Solderability Tests for Piece-part
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Leads, Terminations, Lugs, Terminals, and Wires. The metallurgical stability of Lead-free
lead/terminal finishes as compared to Tin-Lead finish is presented in Table 1.

Table 4 — Piece-part Lead/Terminal and BGA Ball Metallization Tin Whisker
and Tin Pest Propensity

Piece-part Terminal Metallization (1) Whisker Propensity (2) (3) (4) Tin-Pest Propensity (4)

(For applications with a duration
greater than a year at cold
temperatures.)

Sn-(3-5)Rb Low5) Low5)

Sn- (B7-40) Pb Low (5) None

Sn Reflowed Medium-High (6) Low (7)

sn Blight Electrodeposit High (8) HigW\)\ \

sn Matte Electrodeposit Medium-High (6)(9) High (7\ )
Sn Matte _Electrodeposit with Nickel Low NN\V
Unddrplating «

sn-B| (2-4 % Bi content in terminal Medium-High (6) \%e\\\0.1>
platirlg) (10)

Antinfony Bearing (11) No Data ( m M@Oﬁ

SAC [dipped Medium (6) (\\// /\ N Short Term (12)

Sn-Clu plated finish High B (O |wigh (12)

Sn-Cli dipped finish High\Q) \ High (12)
Ni/Pd/Au electrodeposit Norie None

\ \\\) N
cBGh/BGA/CA Ball Q ‘( N
Sn-3{Pb ball alloy e\ >/ None
(incldes Sn-36Pb-2A8) b/\ &

103n-90Pbba||a||o§\) Q \ \Qo%\ None
<

sn-Cbailalloy Lo 13) High (12)
SAC poall alloy < \ Lofv (13) Low (12)

Cu Wire Cqumg/(M\ \ \ No Data No Data

NOTES for,

(1) Alloy n &s weight percent
(2) IEC/PAS 62 erospace and defence electronics systems containing lead free solder — P3rt 2:
Mitigation” of thevdeleterious effects of tin” (GEIA-STD-0005-2) provides guidance on finishes and risk
mitigation methods. There is presently significant effort being directed toward understanding the Tin whisker
drowth mechanism. Generally, the substrate material, plating parameters, the presence of Nickel
underplating, annealing and reflowing the finish also influence the whisker growth but long term testing is
still underway. For the purposes of this table, the base lead termination material is taken to be Copper.
Base materials such as brass (Copper and Zinc alloy) have a high propensity for Tin whisker formation and
have actually been used to create Tin whiskers in very short times. Nickel under plating is recommended if
brass lead termination material is used.

(3) “Recommendations on Lead-Free Finishes for Piece-parts Used in High Reliability Products “, iINEMI Tin
Whisker User Group, Herndon, VA USA, Version 4, Updated December 2006.

(4) See Tables 2 and 3 Elements Promoting and Supressing Tin whiskers and Tin pest.

(5) The risk is considered low for the heritage Sn-Pb finishes. Small Pb whiskers have been observed on the
JCAA/JG-PP -55 to +125 C thermal cycling testing.

(6) Medium-High Risk corresponds to those finishes that iINEMI recommends be tested in accordance with
JESD 201 to verify that the finish has a relatively low tendency for whisker growth. In some cases, other
mitigations such as Nickel underplating may be necessary to reduce whiskering to a low risk level.
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(7) Spergel [25] evaluated tin coated copper wire for up to 5 years at -40 °C (-40 °F) to -55 °C (-67 °F). Spergel
found that fused tin finished copper wire had a low propensity for tin pest formation while the
electrodeposited tin finish had a high propensity for pest formation. [see Section 5.2].

(8) iINEMI [80] suggests that dipped Sn-Cu finish may or may not be effective reducing tin whiskers. In
electrodeposited layers Cu in Sn promotes rapid whisker formation [See Table 2]

9) NEMI recommends a matte Tin plating thickness greater than 8 um for whisker mitigation however, thick
matte platings may be susceptible to voiding during soldering.

(10)  Bi finishes may need to be restricted on low volume Sn-Pb solder joints in cases where the total Bi content
of the joint becomes 0.2 to 0.5 wt % in typical SMT solder joints. Bi also can accumulate to undesirable
levels in wave solder pots.

(11) | Antimony greater than 1000 ppm needs to be reported in accordance with HAZMAT as referencedpin|IPC-

1752
(12) | Alloy additions to high purity 99.99 % Tin were evaluated by Sweatman [24) d Ni
demonstrated a propensity for Tin Pest formation. Long term Tin pest test data § d on

(13) | Tin whiskers have not been identified to be an issue on bulk Pb-free a{foys™ A S.

(14) | The Copper wire column typically uses a wire that is 10 mils in di 0.05
um Sn. (ref. Cole, M. et.al., “Lead-free Card Assembly and Rewd urnal
Vol. 17-1 (2004).

9.6 | Assembly stresses

Increased processing temperatures ca PN\incx sseg on the piece-parts dyring

manufacturing processing and upon ceoling. fesult in excessive warpage

or internal damage. Devices having large silicon di inear dimensions such as area

arralys, connectors etc., should be eval

If the piece-part has a
hot solder dipping to r
in damage to t i

configuration, it may be possible to ufilize
inals with Sn-Pb solder. Solder dipping can r¢sult
e die is large or pre-existing delamination is
pregent [89]. ( microscopy (CSAM) is typically used to determine
internal package e molding compound and various internal featdres,
e.g.| the die, dig ad-frame.) It was unclear if the devices that exhibited

increased delaminati ¢ ad similar delamination tendencies after surface mpunt
soldtring. There exist: potential risk in exposure of the base-metal of the lead frame at
corners, espe ‘ ead frames owing to their concave geometrical shape [89].|The
docym 000§ is being written to provide requirements for solder dipping pigce-
parts. A’ s {ppingprofect is nearly completed [90]. The control of preheat and cool down
of piece-parts : e thermally induced stresses associated with the solder dipping

prodess [91]. It noting that an increasing number of components with leads are bging
proVided-with a dipped SAC finish by the Suppliers.

10 Printed Circuit Boards

Circuit cards provide the means necessary to interconnect the piece-parts mounted on them.
With the industry moving to Pb-Free solder, a number of bare printed wire board issues
(laminate material, trace width, plated-through-hole size, external finish, external copper
thickness, etc.) must be addressed when designing for Pb-Free assembly. Higher processing
temperatures are required for Pb-Free soldering. The guidance outlined by iINEMI [92] states
that while laminate materials used for assembly with Sn-Pb have been used successfully in
lower complexity assemblies at Pb-free (i.e., SAC) processing temperatures, there are issues
in using these materials for complex, thermally challenging products at Pb-free process
temperatures. Moving to higher temperatures increases materials sensitivities and a number
of parameters (e.g., thermal decomposition (Td), glass transition temperature (Tg), time to
delamination (see IPC-TM-650 2.4.24.1) and coefficients of thermal expansion in-plane
(CTE(x-y)) and out-of-plane (CTE(z)) must be reexamined. More testing and evaluation is
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required before a new laminate material can claim to be compatible for assembly with Pb-free
materials intended for high reliability systems. After initial material selection, the manufacturer
will need to validate acceptable performance of the PCB materials under the service
conditions. INEMI provides potential test methods for validation of performance, which include
conductive anodic filament (CAF), rework simulation, and thermal/temperature cycling. iNEMI
recognizes that the validation methods presented are not all encompassing, as Pb-Free
technologies mature and more field data is gathered, there will be a greater understanding of
the Pb-Free PCB design constraints. In addition, the point application of heat and dwell time
associated with hand soldering can result in printed circuit board damage such as pad,
laminate and plated through hole damage. Further discussion regarding the use of
supplemental PCB solder process assessment coupons is presented in Section 11.1.

10.1 Plated Through Holes

A plpted-through hole (PTH) in a printed circuit board is defined as rical
conmection is made between internal and/or external conductive patte plating \af metal

on the wall of the hole”. Some of the factors driving PTH reli rial,
ovelall PCB thickness and PTH diameter, soldering tempera ents
and|the subsequent field stresses. Thermo-mechanical strg h in
out-pf-plane (z-direction) CTE between the PTH metal and<he tam i It in
the failure of the PTHs. Failure of a PTH constitutes 2 i i ipUi be
caused by fracture of the plating material at the barrgl, > and-barrel junction, or
delgmination of the plating from the PWB

Bar¢ printed circuit board materials £eqtire 3 typical “dicy cured” FR4
materials in order to support Pb-free s ) ' ) ity Packaging User’s Gfoup
has [completed a study of via reliability al cycling after various Sp-Pb
and , with different numbers of reflow
prof ed thermal cycles. The boards in|this

test j 3, & . (Nlote thatva repair heat cycle may require up|to 3
refld i 3 al, one for site dressing, and one for |part
repl . 3 v i es_thick, did not contain internal nonfunctipnal

pads, i i and\laminate materials. After reflow, the boards Were
subj i i for8008 thermal cycles over a 95 °C (203 °C) temperdture
rang . Nata from this testing showed that all PCB lamihate
materi im€ ewcapipatible exhibited considerable variation in reliablflity.
The i the /differences in material performance related to plated
thro tedlty in relating material properties directly to the resujting
plate is highly recommended that high reliability and/or long life
applicatigrs |clude some quantifiable fatigue life evaluation of materials prior to speciflying
the i ks t. Drill hole wall roughness and plating quality continued to be|key
pargmeter ol pldted through hole reliability. Additionally, for higher aspect fatio
plategd through<holes) the tensile strength and elongation properties of the PTH Copper
appe¢ared to\be sigrificant variables affecting long term reliability. The number of reflow cyfcles

reflaw
occur through the life cycle of the product.

10.2 Copper Dissolution

Many of the Pb-Free solder alloys cause greater Copper dissolution than the heritage Sn-Pb
alloys during soldering [94]. The phenomenon that is taking place during the dissolution is a
solvent/solute interaction. Given enough time, the liquid solder solvent will dissolve the
Copper solute until it reaches saturation. Although the Pb-Free SAC was formulated to
contain Copper in an effort to reduce Copper pad dissolution, at a given processing
temperature it has the ability to “dissolve” Copper until the solubility limit is reached. The
dissolution process is basically a concentration driven diffusion/convection process. Solid
metal substrate dissolution by liquid Sn is a very complex phenomena that is dependent upon
the solid and liquid materials, temperature, contact time, and liquid velocity. It is not clear
what role intermetallic plays in the dissolution process since the liquid solid boundary cannot
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be observed directly due to the opacity of the liquid metal. In some cases, transient solid
phases can form and re-liquefy [95].

During surface mount soldering, the volume of liquid solder solvent is limited by the volume of
the deposited solder paste and, in the case of BGAs, the BGA solder ball volume. Early in the
Pb-free transition, Copper was added to Sn-Ag eutectic alloy to reduce Copper pad
dissolution during surface mount soldering [96] [97]. Recently, deSousa et.al. [98]
recommended increasing the Cu concentration in SAC BGAs to 1 %Cu, which the
investigators felt was a level where pad dissolution was minimized but there was still enough
dissolution occurring to obtain good wetting. Dissolution is not unique to Pb-free solder; some
older Sn-Pb immersion dissolution studies of Copper wire [99] [100]and flat foil coupons [101]
sugd;est that significant dissolution is also possible when liquid Sn-Pb solder exposure is

prolpnged.
WaVe and fountain soldering are more likely to dissolve PCB pad metaNjzati 3 the
larger volume of solder available for dissolution. The solder iR th in facts
confinuously as a solvent that will completely dissolve the Coppe ; iven
enoligh time. While the PCB is in contact with the solder bper
congentrations continuously impinges on the PCB Coppe rial,
eroding the pad. For Pb-free SAC, it was determined that ipt is
the most susceptible Cu dissolution location [102]. The knee hx i initia] Cu
thickness layer compared to the pad, but the rate of/Cu di iomd G i ex)
surface as compared to the pad and/or the inner_ bakrel wall: i itis
possgible for a good solder fillet to for . nee
location. Solder bridging over the di res.
no.impact fo functlonality because eijther
le}
ave,
gtion
d to
sesses, then there must be enough njetal

nair/ leferent Copper plating processes {from

uce |fferent Copper plating densities, which shpuld

are likely to play an important role in Copper

or electrodeposited Ni) significantly improves| the

A ion with Gold plating can promote improved wetting

the\ ENIG finishes have historically been susceptible tp a

ote: “Black pad” phenomena on ENIG finishes is thought to
o_phosphorops content in the Nickel plating, the immersion Gold plating
a) a k . In addition, Ni-Sn intermetallics have
intermetallics. In some designs, a mixture of PCB finishes on the
Some Suppliers are evaluating the use of Copper pads for| the
IG for the plated-through-hole regions requiring high dissoldtion
a Sn-0.7Cu-0.05Ni alloy in fountain soldering on a thermally massive
showed slightly greater dissolution rates as compared to Sn-Pb [103]. In some cafses,
imphnoving pre-heat prior to soldering can reduce liquid solder contact time signifiCérntIy

reduetrg-aissetution:

10.3 PCB Laminate Materials

Material selection will need to be carefully considered when designing for Pb-Free assemblies
[93]. Lead (Pb) containing assemblies have been around for more than 50 years, are well
understood, and are very forgiving during the soldering and assembly process. Pb-Free
solders require higher processing temperatures and materials must be selected to assure low
stress, compatibility of piece-parts to substrate material, mechanical characteristics, board
finish and Tin whisker mitigation. The higher temperatures required for Pb-Free processing
requires materials to be selected and matched to the thermal expansions of the assembly
components. Good material selection and thermal expansion matching directly affects the
integrity of the finished product. Both the glass transition temperature and the decomposition
temperature should be considered when evaluating a PCB laminate material. Fiber debonding
and Conductive Anodic Filament (CAF) formation should be assessed for PCB laminates
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subjected to increased Pb-Free soldering and rework temperatures. There has also been an
issue with laminate strength under BGAs. In some cases, PCB pads exhibit laminate cracking
under the BGA solder pads after soldering and/or after rapid mechanical loading [58] [104].
The cracks are typically located in the resin rich layer between the copper pad and the glass
fiber bundles. In this failure mode, the copper trace connecting the BGA solder pad to the
adjacent PTH eventually fractures and creates an open circuit condition. Resin fractures
where the pad has been weakened but where there is still electrical continuity are difficult to
detect without cross-sectioning.

10.3.1 Coefficient of Thermal Expansion

Configurations requiring controlled thermal expansion PCB construction in order to matcH the
thermal expansion of low CTE piece-parts may exhibit greater warpage /and\plated 'thrqugh
holg stresses during Pb-free soldering and rework.

10.4 Surface Finish

The|PCB finish should be communicated to the repair facility uging ned
in IRC-1066. Various Pb-Free finishes have emerged. The ke i ious
face

board surface finishes such as shelf life, multiple assem ol
topglogy, test probe characteristics, etc,. are summa \ 2 6f IPC-7095A. A
summary of the Tin whisker and Tin pest propens 8s of «arious Pb-Free PCB
finishes is given in Table 5.

Eledtroless Nickel immersion Gold [IRC- yti c -Ni- hary
intermetallics when used with Cu beariny ( 2 i imity. [This
intefaction is also possible in Sn-Pb sglders 9 Z i i ige =
125|um not
necgssarily be governed b iti NCER an\gradi ipti on
Fickls Law. One investigatorfouyid that a C X plate was transported through solig Sn
to ap adjacent Ni plate to fe 2 i-Sy din
the Bn separating the olate : n- Cu Ni intermetallics have lower strepgth

maybe less durable than Sn-Pb soldered jgints

than Sn-Cu or S
during mechanl ¢ \ been some work suggesting that the thefmal
cycling performaneé ¢ S|I er content SAC alloy (SAC-L) chip scale package sqlder

joings is improved a Ni : ¢e finish is used instead of Copper [107]. The Nickel
surface finishes, ically hdve lower vibration and shock performance than Copper
[109].

Immlersio 4553Nis a ‘metallurgically compatible finish to Cu, Sn, Pb, and Ag begring
solder altays. l\ , ility of Pb-Free alloys in surface mount applications is such tha{ the

deposited solderrallay ddes not generally wet out to the extents of the pads, leaving pon-
jon Ag coating at the edges. Caution should be exercised when ufsing
Silver in_assemblies”exposed to sulfur bearing atmospheres. Immersion Ag is considernably
thinner. than typical plated Silver finishes that have exhibited Silver migration tendencigs in
the past’under voltage biased humidity conditions. Silver thickness should be monitored|and
controlled. Tmmersion Ag surface Tinish performs adequately In estsand 1s not
readily prone to dendritic growth in presence of high humidity. However, ENIG and OSP are
superior in the water droplet conditions simulating condensation and are less likely to
electromigrate under those circumstances [109]. Conformal coating should prevent liquid
moisture contact with Immersion Silver finishes in most cases (Note: All polymer coatings are
permeable to molecular moisture. Good conformal coat adhesion is needed. If separation
between the assembly and the coating occurs, liquid moisture will eventually accumulate in
the gap if sufficient moisture is present in the surrounding atmosphere).

Immersion Tin(Sn) [IPC-4554] is a metallurgically compatible finish to Cu, Sn, Pb and Ag
bearing solder alloys. The immersion Sn thickness should be at least 1 um thick to ensure
adequate solderability [IPC-4554]. Immersion Sn differs from electrolytic Sn used on Sn
plated piece-parts. Immersion Sn has not been shown to produce whiskers when exposed to
the classic acceleration methods used for electrolytic Sn. However, whiskers have been
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grown on immersion Sn coated features after some time at ambient conditions and not as a
result of exposure to heat, vacuum, pressure, humidity or bias voltage [IPC-4554]. JP002
suggests that the primary source for whisker growth is film stresses associated with the
growth of CugSns. Whisker length has been reported to be significant in vias, with lengths
measured to be 150 um. Whiskers of much smaller lengths have been recorded growing off
the edge of surface mount (SMT) component pads, as well [110] [JP002] [IPC-4554].
Immersion Sn plating Suppliers have implemented specific Tin whisker mitigation protocols as
part of their chemistry (e.g., alloy elements, additives, organic content control, etc.) that are
expected to reduce Tin whisker risk. The industry continues to work on a test method
designed to quickly indicate the susceptibility of a deposit to whisker growth. Whiskers
forming on the Immersion Sn will not be an issue in cases where Tin-Lead solder completely

wet -Pb
solders, most of the Lead- free solders do not wet much beyond the location_of thenpripted
solder paste. PCB pad and/or solder stencil print adjustments may be 0 completely

ng term storage and rework/repair capability improves, O
in the future. Although the solder joint reliability is good,
exposed Copper [111], which may be susceptible to
rkability issues. OSPs are fully compatible with all sol

Table 5 — PCB Metallization Tin Whisker and

N\
PCB [Metallization Tin WhidkeNPY6pe sit@ Tin-Pest Risk
<\\§e\e otes (1)(2) (cold applicatfons)
sn-Jto 5wt % Pb NLow N O~ Low
Sn- 37 to 40 wt % Pb Electroplated and Fused( N(one \ Low
Sn- 37 to 40 wt % Pb Hot Air Sy{’c}e\r Lev/el\ NBQe\ Low
Sn-Cl HASL N N sh (3 No Data (4)
Imm g (PCB) (5) Mn on surface) None (No Sn pn
surface)
Imm Bn (PCB) Low-Medium (6) No Data (7)
Au/N| Electroplate or E ctr ess None None
P/Iminersion Au)
Orgahic Soldera/.ky res rv None None

NOTES for Table 5

(1) IES/PAS ace and defence electronics systems containing lead free solder — Pgrt 2:

(2) “Recommend
Whisker User Gr

n Lead-Free Finishes for Piece-parts Used in High Reliability Products “, iINEMI Tin
p, Herndon, VA USA, Version 4, Updated December 2006.

(3) iNEMI [80] suggests that dipped Sn-Cu finish may or may not be effective reducing tin whiskefs. In
Mwwmmmﬁw i i i i "Tin

Whiskers Studied by Focused lon Beam Imaging and Transmission Electron Microscopy," J. Appl. Phys.,
Vol. 92, No. 1, pp.64-69, July 2002.

(4) Cu in high purity 99.99 % Sn Promotes Tin Pest (See K. Sweatman et al [24]). Williams [23] found some tin
pest transformation on 99.98 % Sn after it was soldered to copper at 204 °C (400 °F) above the liquidus and
attributed this to the increased Cu content in the Sn. Spergel [25] did not observe tin pest transformation in

dipped wire.

(5) Silver is susceptible to the formation of Silver Sulfide Dendrites

(6) See Section 10.4. The Tin whisker risk for Immersion Sn differs from electrolytic Sn used on Sn plated
piece-parts.

(7) See Section 5.2. If the Sn coating is hot dipped on Copper, Spergel Tin indicates that the Tin pest risk is
low but not with electrodeposited Sn. For thin Sn film configurations, Tin pest has been observed by
Bornemann [21] and Becker [19] under laboratory conditions. No long term Tin pest testing is available for
Immersion Sn finish (fused or not) over Copper.
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10.5 Pb-Free PCB Qualification

PCB laminate and construction integrity qualification requirements are evolving. PCBs being
considered for Pb-Free solder processing should be tested for plated through hole and inner
layer integrity at the reflow temperatures expected in the proposed process and also be
subjected to solder float testing with all solder alloy(s) that will be used. The Supplier should
qualify the Pb-free laminate materials and the plating process to the thermal exposure levels
that are expected during soldering and rework processes. Both decomposition (T,) and glass
transition temperatures (T,) as well as time to delamination need to be considered when
choosing a laminate. PCB %oard solder float temperature requirements for Pb-free PCBs are
I|kely to mcrease from 260 °C to 288 °C (500 to 550 °F) It is expected that these

req age
assg¢ssments of PCBs after multiple Pb-free solder reflow exposures have iffgrent
Pb-free laminates have varying levels of performance [104].

10.

Thefe are a number of issues to consider when designing piec ) Free
Solger. A thorough understanding of the Pb-Free solder properties an p Less

Brial
D be

awa discussions shpuld
incly maximum rgflow
tem , S N d cireuit- board (PCB) finishes.
Early i i jineerin help ensure success. There
are > b 1o
acc( . In spme

i and

inst
rewI
11

The are given in J-STD-001 with the printed cifcuit
boa 2 PC-2221 and IPC 7095. Many of the IPC standprds
havg¢ changed or/axe\in the'process™ of changing to provide Pb-free design guidance [112].
The |ntroduct|on of Rb ree- f|n| and alloys has significantly increased the numbgr of

pOS$i a Each combination requires some level of crpss-
comjpatibili S . VatioUs Pb free finishes can be used in different solder processes
and ] X igh level summary of the various component and PCB progess
comfpatibih iakjlity’considerations is given in Tables 6, 7, 8, and 9.

11.1 PCB-.Proces dicator Coupons

A dissolution assessment coupon for PTH technology PCBs is a useful way to ensure |that
adequate dissolution resistance is verified for each lot of PCBs. The dissolution assessment
coupon is one means of determining if a particular PCB can be subjected to solder fountain
repair(s) after the initial assembly wave soldering process has been done. It may also be
beneficial to incorporate a surface mount wettability coupon (e.g., as defined in IPC-6012B)
that would be manufactured at the same time as the production PCBs. The coupon would be
stored along with or remain attached to the main PCB to assess solder wettability for
applications requiring long term storage. Patterns should be representative of the piece-part
technology used on the board. (e.g., a decreasing pitch pattern).

11.2 Solder Inspection Criterion

IPC-A-610 has been updated to provide visual guidance for Pb-Free acceptance criterion. Not
all combinations of solder, lead/terminal finish, and processes are captured for the various
joint configurations. Individual programs may need to establish/define requirements regarding
the suitability of the various joint configurations and appearances. Presently, fillet lifting for
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PTH solder joints (not SMT) is allowed because it does not significantly reduce the solder
joint strength. In some instances, the thin gap of the lifted fillet may be undesirable because it
could tend to accumulate or trap contamination or be difficult to conformal coat.

11.3 Fluxes, Residues, Cleaning and SIR issues

Pb-free solder fluxes and higher processing temperatures may result in residues that are less
soluble and more difficult to remove. Surface insulation resistance (ref. IPC-9201) should be
used to assess cleaning effectiveness. Flux residues may also present conformal coat
adhesion issues if not removed.

@%
o
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12 Module Assembly Considerations

12.1 Connectors and Sockets

Little work has been published regarding Pb-free soldering of connectors. Warpage conditions
of PCB edge and long SMT connectors may be exacerbated due to the higher processing
temperatures.

The connector contacts and bodles should be rewewed for the presence of pure Tin and Zinc

reag
Preg Ider
pres Tin
plat at whisker growth is
stress dependent. Compliant pins act as a stres . i ihstances, the residual
stresses supplied by the compliant pi i growth of Tin whisker$. In
part|cular, compliant pin connectors{pressed_into(immersi il finished PCBs shoulq be
avoided unless suitable Tin whisker ri tigation X d. Press fit connectors and PICBs
having noble metal finishes have been st ke successful with increased considergtion
for tfe mechanical press fit system (elg., i S ibility, lubricity, insertion force, hole
integ@rity, tolerances).
12.21 Heatsinks/Modu
The| addition ofheatsi antially alter the solder stresses. Heatsinks |can
signjficantly sti@h 1 or’ the piece-part mounting surface coefficient of
thermal expansiory. assembly is asymmetric, bending can occur dyring
thermal cycling, ic case the stress on the piece-part solder joints. Thick
stiff der strain during thermal cycling, but usually have Igwer
stra ck as compared to thin flexible boards and/or piece-partg. In
g of a thermal interface material used on top of an area grray
comlpone ermal cycle reliability of the part. Therefore, thermal gycle

qualificatiqgn testingiof a part that is to be used with a heat sink should be performed with the

hea{ sink attaghed [N 3]}

12.3 Conformal Coating

Conformal coating [IPC-CC-830, MIL-1-46058] application over pure Tin finished conductofs is
one of the Tin whisker mitigation options given in IEC/PAS 62647-2 (GEIA-STD-0005-2).
Although conformal coating must be used in conjunction with other mitigation techniques, it is
frequently employed in high reliability assemblies. Conformal coating can influence the solder
fatigue behavior of an assembly. Conformal coatings are available in a wide range of
hardnesses and Tin whisker mitigation effectiveness [114] [115]. Conformal coatings generally
have a much higher coefficient of thermal expansion than solder. Conformal coating can
increase solder stress during thermal cycling [30] [116] [117], particularly if the coating is
rigid, the piece-part has a stiff lead termination geometry and the coating bridges the gap
between the piece-part and the PCB. The relative rigidity of common conformal coating
materials are shown in Table 10. Compliant conformal coating usually results in reduced
solder stress as compared to the rigid conformal coating. Assemblies used for thermal cycling
testing and environmental stress testing should be conformally coated if the conformal coat is
expected to effect the thermal cycling reliability of the assembly.
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Table 10 — Relative Rigidity of IPC-CC-830 Conformal Coating Categories

Coating Type Rigidity/Stiffness
XY (Paraxylylene) High

UR (Urethane) Low to High

ER (Epoxy) Medium to High
AR (Acrylic) Low to Medium
Sl (Silicone) Low

The|conformal coating should be evaluated for coverage, particularly on
of Igads/terminals and other features if intended for use in Tin whisker .~Confofmal
coaj{ng viscosity and spray configuration are key factors in controlling coverage: ving
musft also be evaluated. Conformal coating has been shown to extin initigted
arcing as the coating decomposes (e.g., burns) [118], but it hat| the
decomposition by- products could support the arcing event undg

13 |Manufacturing Resources

Congiderable information on the application and reli ein
many handbooks. A partial list follows as:
¢ Lead-Free Electronics, edited b \Ga . iley-IEEE, NY Press, 2006
(3]
¢ Implementing Lead-Free Electroni . wang, McGraw-Hill Professipnal
Engineering, NY, N {
¢ Handbook of Pb- y foy”Microelectronic Assemblies, K. Pulftlitz
and K. Stalter, M K
¢ Electronics\Ma sive
Material Hill,
NY, NY, 200
¢ Lead-free Solde rials

14 |Aerg

14.1 Insulati

Pb-Iee may-not bed critical issue with cable/harness soldering. Parrish [122] suggests|that
because of the type of heat sources commonly used in cable and harness applications,|and
the |ntimate operator control of hand soldering operations, cable harness Pb-free soldering is

t ] H H +H + i DL _f DD | =N £l Lol i
no nmedarry do oliygrirearit (<10} Toouv do LIL>AnLL B >4 ~d LA~ = J mracvimme LA~ARAYA A4 QUITUTTITTY vV 1ere

temperature sensitive piece-parts and internal elements can be degraded with increased
temperatures.

14.2 Cable Connectors

Cable connectors should be assessed using the same criterion that are mentioned in the
module assembly Section 12.1, Connectors and Sockets. The connector contacts and bodies
should be reviewed for the presence of pure Tin and Zinc plating and assessed for metal
whisker risk, both internal and external to the connector body. As with the electronic module
connectors and sockets, Tin plated contacting surfaces not surrounded by insulating materials
should be avoided. Of particular concern are un-mated test connectors that may form Tin
whisker shorts. Tin plated brass without a Nickel barrier in undesirable. Tin over brass has
been frequently used to grow whiskers in very short times for experimental purposes.
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14.3 Wire Terminals

1(E)

It is possible to form thin solder regions over corners of terminals and wires. If the thickness
of Pb-Free solder in these areas approaches the thickness obtained from fused Pb-free solder
on component leads, Tin whiskers may form. In almost all cases, the large spacing between
conductors associated with these configurations effectively eliminates the Tin Whisker

shorting risk.

14.4 Splices

During the transition, communication with the splice Supplier will be needed to ensure that the

soIdEr alloy and surface finish are known. There are no anficipated technical compafibility
issups between Pb-Free wire and splices.

14.9 Sleeving

Tenlperature rating of sleeving should be adequate for the Pb-free te fatures
reqgyired for soldering.

15 |Rework/Repair

Congiderable effort has centered on rework/repair, i i ount to aerospace
maimtenance. During the creation of t e prese i decided that the reyork
topi¢ required a separate document. A 62647-23 (GEIA-HB-0D05-
3) hps been written to address the topic of xe andirepair. Much of the text below is bging
congidered for the rework and repair decu its~edmpletion, this section wil] be
revised. Due to higher unit costs and fewer, S nplex parts, aerospace organizatjons
musft rework or repair products mstea . As a result, consortia have heen
studying the rework/repajr’i b- free Solder Study which investighpted
the jmpact of rework/repa contrast to Sn-Pb assemblies and| the
NEM!I consortia on Pb

Alsq to be note@ \ S ic Epgineering Committee of the Avionics Maintengnce
Conference issuance . ct Paper 671, which states that “mixing Pb-free and|Pb-
base¢d solder proce ingle soldered assembly is undesirable and should be
avoided.” This | 3 ance ork and repair over a 20 year service life because of
the $trong po iN g\Pb-frée and Pb-based solders.

The|ne L M stable solder joint under harsh environmental conditions, high
stress and_shes i and long term storage presents a set of requirements that|are
signfficantly ém most commercial applications. It is well documented [that
prodessing (cond during soldering can significantly affect the microstructure |and
religbility -ofsthe joint. While methods for repairing assemblies using Sn-Pb solders are |well
established, limited data is available for re-work and repair of Pb-free solder procesging,
espgcially when the resulting joint is a combination of Sn-Pb and Pb-free solders [123] [[124]

[125T.

The JCAA/JG-PP study [49] looked at various configurations of reworked assemblies with the

following tests:

e Thermal cycling —20°C to 80°C and —-55°C to 125°C
e Combined Environments

e Vibration

e Mechanical Shock

e Thermal Shock

e Salt Fog
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Humidity
SIR
EMR

With regards to reworked solder joints, the following was concluded by the JCAA/JGPP study:

Rework operations have the potential to reduce the reliability of both Pb-free and Sn-
Pb solders

Results from individual tests (combined environments, thermal cycling, and vibration
testing) should not be used alone to make definitive decisions on Pb-free reliability.

Results from this study should be taken as a whole.

The impact of Sn-Pb contamination on the Pb-free solder alloy reljabilityN\ i | For
SAC, Sn-Pb contamination can either increase or decrease re iabNi i pon
the amount of Pb contamination. For SACB, Sn-Pb conta i imental

effect on reliability. The topic of mixing is discussed in fur atail N ion 8.1,
Mixing of Solder Alloys. Under high-stress conditions, Sp<t T y Pb-

free. For low stress conditions, Pb-free outperforms Sn-
NEMI 8 ) the
2005 study [126], determined that elevated Pb-free Sl S ' SSi Lires
can|cause significant quality and reliability conce W g isti ihate
systems (originally designed for conventional Sp~P . ded

the following:

¢ high
< hted
L rmal
tion

PCB

sensitivity in the
High tem
solder mask a

Mcdall [127] acko edg ; iquid Tin i ici i i bper
and|other me i ion). i just
incregase the\tempers g . i i , ili the
rew{rki d gt i i ici er’s
ability to~keep R th the
use | of various reates potential compatibility issues between alloys. It will be

impgssible for,'a~xewopk technician to visually identify which alloy has been used on a dfiven

PCH.

Solder alloys
with| one_another to avoid creating an uncontrolled alloy. Adjusting an alloy piece-pa

sed in initial manufacturing and on the bench-top must be compa’Fble
by

0.5 tocan change joint wetting and strength characteristics, as well as melting points.

The use of nitrogen-assisted soldering equipment mitigates some problems associated with
using Lead-free solders. First, it creates an inert environment around the solder tip, reducing
the potential for tip oxidation, which would reduce its ability to transfer heat and hold solder.
Second, it assists with the soldering process at the PCB level by purging oxygen from the
immediate area, reducing or eliminating oxidation on the worksite. This not only reduces the
amount of flux required, but also helps improve wetting and spreading, and leaves a shinier,
less-grainy finish. In the process, care must be taken to prevent the nitrogen flow from cooling
or disturbing the solder joint. Excessive flow during solidification may cause a "cold solder
joint," eliminating the beneficial aspects of the non-oxidizing shroud.
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