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Implications of Pb-Free Microelectronics
Assembly in Aerospace Applications

Andrew A. Shapiro, Member, IEEE, J. Kirk Bonner, Oladele A. Ogunseitan, Jean-Daniel M. Saphores, and
Julie M. Schoenung

Abstract—The commercial microelectronics industry is rapidly
implementing Pb-free assembly strategies and it should be mostly
Pb free within the next decade. This trend is driven by existing
and proposed legislation in Europe and in Japan, which has
already led a number of firms (including AT&T, IBM, Motorola,
Hewlett-Packard, and Intel) to adopt Pb-free implementation
programs. This is another sign that the microelectronics industry
has become truly global. Following Moore’s law, progress in
microelectronics is brisk but not uniform: in many cases, com-
mercial industry is ahead of the aerospace sector in technology.
Progress by commercial industry, along with cost, drives the use of
commercial off-the-shelf parts for military and space applications.
We can thus anticipate that the U.S. aerospace industry, which is
not subject to foreign legislation, will, at some point, be forced to
use Pb-free components and subsystems as part of their standard
business practices. In this paper, we provide a snapshot of the
commercial industry trends and how they may impact electronics
in the aerospace environment. Impacts will be felt in the areas
of reliability, assembly methods, cost drivers, supply chain selec-
tion, and alternative materials selection. In addition, we look at
different strategies for implementation. The questions we address
include the following: Should companies immediately embark on
a program to convert all of their electronics to Pb free? Should
they phase it in instead, and if so, over what time frame? Should
companies try to comply with industry Pb-free standards? What
requirements should flow down to subcontractors and component
suppliers? Legislation is pending in a number of states that may
affect these decisions and their timing. The U.S. Environmental
Protection Agency, through some university programs, is exam-
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ining the implementation of Pb free as well. Finally, we present
data from a portion of a recent NASA project that focuses on
finding suitable alternatives to eutectic Sn–Pb solders and solder
pastes and on determining suitable processing operations in
assembling printed wiring boards. The world is moving toward
implementation of environmentally friendly manufacturing tech-
niques. The aerospace industry will be forced to deal with issues
related to Pb-free assembly, either because of the progressive
scarcity of eutectic Sn–Pb solder or because of legislation. This
paper provides insights into some of the key tradeoffs that should
be considered.

Index Terms—Aerospace industry, assembly, environmental
testing, lead alloys, pollution, soldering, tin alloys.

I. BACKGROUND

I T IS NOW widely recognized that lead is a highly toxic sub-
stance. Exposure to lead is known to cause neurological, re-

productive, renal, and hematological disorders [1]. Children are
especially at risk, as early high blood lead levels can adversely
affect their development. Therefore, lead is no longer used as
an additive in gasoline or in paint sold in the United States. In
addition, an effort was made to implement comprehensive lead
battery recycling programs [2]. Most recently, CRTs have been
categorized as universal waste because of their lead content, and
they can no longer be disposed of in California landfills [3].
These changes were brought about by government regulations,
which have allowed a progressive phase out or a thorough recy-
cling of lead in various sectors.

However, international endorsement of these regulations is
spotty at best [4], [5]. For instance, leaded gasoline is still used
in many countries despite the well-documented adverse effects
of lead. There is a clear correlation between the continued use
of lead in gasoline and the internalized concentration of lead
in humans at levels that have been shown to produce cognitive
impairment and other symptoms of ill health in many countries
[6]. Similarly, regulatory strategies for recycling lead batteries
vary across state and national boundaries [7]. This has caused
a number of developing countries to become the recipients of
hazardous wastes in general and lead-containing wastes in par-
ticular. With increasing globalization and free trade agreements,
poorly conceived environmental protection initiatives contain
loopholes that defeat the purpose of regulation or erode cor-
porations’ incentives to participate in voluntary environmental
initiatives.

In this paper, we focus on the potential discontinued use of
lead as a solder material in electronics. Electronic devices such
as computers, printers, cell phones, PDAs, and fax machines,
as well as large electrical appliances such as televisions, VCRs,
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refrigerators, and dishwashers, all contain Sn–Pb solders that
are used primarily for interconnecting and packaging elec-
tronic components and assemblies, such as on printed circuit
(or wiring) boards. In the United States alone, approximately
10 900 tons of refined lead was used for soldering in 1998 [8].
This solder is metallic and typically has a composition of 37
wt% Pb–63 wt% Sn, and a melting point of 183 C.

With the decreasing lifespan and increased use of both con-
sumer electronics and large appliances, there has been a sub-
stantial growth in lead containing waste electrical and electronic
equipment (WEEE, or e-waste). In 1998, e-waste represented
over 6 million tons of waste or approximately 4% of the munic-
ipal waste stream. This volume is expected to increase by 3% to
5% annually, so it could thus double in the next 12 to 15 years
[9]. This implies that the amount of lead contained in municipal
waste will likely increase.

The rest of this paper is organized as follows. In the next sec-
tion, we review the status of proposed and existing lead legisla-
tion in various countries, with a particular focus on the European
Union (EU), Japan, and various U.S. states. In Section III, we
analyze current industry trends and consider various strategies
for implementing Pb-free electronics and their implications for
aerospace applications. Section IV gives an overview of a cur-
rent Jet Propulsion Laboratory (JPL)/NASA example of a relia-
bility study. Section V concludes.

II. CURRENT POLICY STATUS

Several countries have enacted legislation designed to mini-
mize the environmental risks linked to the disposal of e-waste,
especially risks resulting from the toxic heavy metals contained
in this waste. In Europe, Denmark was the first country to
eliminate lead entirely from industrial activities. The Nether-
lands and Sweden followed suit with their own respective
legislations. In an effort to harmonize these efforts, the EU
has adopted two directives to deal with e-waste and to foster
environmentally friendly manufacturing [10]; a third directive
is under consideration.

Japan has also been progressive about enacting waste man-
agement and recycling legislation [11]–[13]. The combined ef-
fect of their laws is to encourage reuse and recycling of waste
and to control the amount of lead released into the environment.
Japanese manufacturers, who have a history of being environ-
mentally conscious even without legislation, have converted the
Pb-free initiative into a marketing opportunity, and they have al-
ready made major strides toward achieving Pb-free products. A
new initiative that would phase out lead from electronic prod-
ucts by 2005 is under consideration [14].

As of May 2002, 11 countries already have take-back laws for
electronics, requiring manufacturers to take-back their products.
Within five years, we expect 28 countries to have such laws.

In the United States, electronics manufacturers are discussing
a national take-back plan that includes federal legislation. If
this industry-sponsored plan is not adopted, more action will
be needed at the state or federal levels. Currently, 24 electronics
bills are under consideration in ten states. In addition, there are
38 pending toxic metal-related restriction bills, ten of which af-
fect electronics [15].

A. Situation in the EU

A number of different member countries of the EU have al-
ready enacted their own legislation and adopted economic mea-
sures to deal with e-waste, typically with a focus on recycling.
For example, Norway has had a recycling law since 1999, and
the Netherlands’ law came into force in 2000. Recycling pro-
grams also exist in different German regions. For lack of space,
we focus here on what was done at the EU level. Currently, each
European produces on average approximately 14 kg per year of
e-wastes. Currently, 90% of these wastes are landfilled or incin-
erated without any pretreatment [10]. It is estimated that around
40% of all lead in landfills and 50% of lead in incinerators come
from e-waste.

To address the growing e-waste problem, two European
directives have been ratified and a third has been proposed.
These directives have been in the making at least since 1996
(see the European Parliament Resolution of Nov. 14, 1996
[A4-0364/96]). The objective of these directives is to improve
the environmental performance of this sector of the economy
by applying three principles: prevention, recovery, and safe
disposal of waste. Moreover, producers are held responsible
for any pollution resulting from their activities. Unlike the
Japanese legislation, the scope of these directives covers all
electronic and electrical equipment.

The first directive (the WEEE directive) focuses on recycling
and on allocating responsibilities for managing e-waste. It sets
a collection target of 4 kg per person per year (approximately
8.8 lb). Distributors have to accept old equipment back from
consumers who are buying new products; they cannot charge
consumers. Producers are responsible for the costs of processing
used equipment, for recycling, and for disposal. In addition, ex-
isting producers are made responsible for the costs of dealing
with the current stock of e-waste. This directive is supposed to
become effective on 1 July 2006, although beginning 13 Au-
gust 2005, consumers are allowed to return their WEEE to col-
lection facilities free of charge. Member states of the EU had
until 13 August 2004 to implement this directive [16].

The second directive, named “Reduction of Hazardous Sub-
stances” (RoHS), focuses on prevention and explicitly restricts
the use of several hazardous substances in e-waste. It proposes
to ban the use of Pb, Hg, Cd, hexavalent Cr, polybromi-
nated biphenyls (PBBs), and polybrominated diphenol ethers
(PBDEs) in EEE by 1 January 2006, but some exemptions
have been granted.1 This legislation has caught the attention of
manufacturers throughout the world, as they do not wish to lose
their market share in Europe.

Finally, the third directive, which is still under consideration,
deals with design. Its goal is to prevent the use of materials
problematic for the environment during the end-of-life phase
of a product. It also addresses issues of maintenance, repair,
reuse, and upgrade. To minimize environmental impacts, it tries
to minimize energy use and the emission of pollutants during
the useful life of a product.

1“Medical equipment systems and monitoring and control devices, including
thermostats and smoke detectors, are exempt from provisions dealing with
product restrictions, including the substance bans, and collection from and
education of private households” [17].
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B. Situation in Japan

An increase in waste volume and the decreasing capacity of
existing final disposal sites, combined with a lack of new sites,
and the emergence of e-waste legislation abroad have been the
main driving forces behind the adoption in Japan of new e-waste
legislation. It is important to note that current Japanese legis-
lation focuses on waste reuse and recycling and not directly
with toxic substances in electronic products. The decision by
Japanese manufacturers to eliminate lead from the solder they
use is instead a consequence of European legislation [14].

Among the many recycling laws passed in Japan over the
years, the most relevant one for e-waste is the 2001 revision
of the Law for the Promotion and Effective Utilization of Re-
sources to include PCs, copy machines, and small accessories
such as mice. Manufacturers are now required to design prod-
ucts that promote the 3Rs—reduce, reuse, and recycle—and
since October 2001, the cost of recycling must now be included
in the purchase price of computers. By contrast, recycling costs
range from $25 to $37 for computers purchased before October
2001. The Japan Post is the main collection agency for this pro-
gram, so consumers can either drop off computers at post offices
or arrange for pickup. In 2003, the collection of used data pro-
cessing equipment (computers, printers, etc.) totaled 9280 tons
(down 10% from 2002), and the recycling rate for data-collec-
tion and telecommunications equipment was 87% [18].

Another law, which took effect in April 2001, targets four
types of home appliances (television sets, refrigerators, washing
machines, and air conditioners), but it does not include PCs.
Manufacturers and importers are responsible for recycling
e-waste. Collection is done through manufacturers, but also
through distributors (when a new product is purchased) and
local government centers. The initial recycling target is approx-
imately 50 to 60% by weight for the different products targeted,
but this target is expected to increase over time. Recycling
is not free for end users: they need to pay a recycling fee,
which for TVs, refrigerators/freezers, washing machines, and
air conditioning units is respectively $22, $37, $22, and $28;
collection fees range from $3 to $242 [19]. It appears that these
fees may not be sufficient to cover actual recycling and disposal
costs, but more experience is needed. Because previously users
did not have to pay recycling or collection fees, the number of
products collected during 2001 is expected to actually decrease
by 25% compared to the recycling rate before the implementa-
tion of this new law, a trend consistent with economic theory. In
addition, a small increase in illegal dumping has been observed,
although precise figures are not available.

The direct involvement of manufacturers in recycling in Japan
and the adoption of tough new laws in the EU seem to have had
positive feedbacks on designers who are progressively taking
into account recycling and end of life considerations at the de-
sign stage [19].

C. Situation in the Western USA

According to the Institute for Local Self-Reliance, approxi-
mately 75% of obsolete electronics are currently being stored

2This corresponds to an exchange rate of =Y 124.44 for $1. Numbers are
rounded to the nearest dollar.

until there is an agreement on how best to manage them [20].
Collection and recycling programs for e-waste have been orga-
nized in a number of states. We review here the situation in the
western states. More information about the rest of the country
can be found on the Web page of the National Recycling Coali-
tion [21].

Arizona—The Arizona Department of Environmental
Quality started funding the City of Phoenix Appliance/Elec-
tronics Collection and Recycling Program in 2001. Initial
funding was used for purchasing two vehicles and some equip-
ment for the collection of appliances, including computers and
monitors but not televisions. It costs $10 per visit to have a
truck pick up old appliances, which are then taken to a recycling
facility (after refrigerants are removed, if necessary). During
the first ten months of the program (July 2001 to May 2002)
approximately 350 tons of appliances were collected.

California—California has recently realized the magnitude
of the e-waste problem. According to San Francisco Supervisor
S. Maxwell, there are approximately 1.2 million computers and
TVs stockpiled in people’s homes in the nine Bay Area coun-
ties, and about three-quarters of a million more units are pro-
jected to become obsolete each year [22]. Because of concerns
about lead in CRTs, California has banned their disposal in land-
fills. For recycling, the state recently passed the California Elec-
tronic Waste Recycling Act (CEWRA), also known as SB20.
Prior to this state legislation, industry players such as Best Buy,
Dell, Hewlett Packard, Gateway, and Sony had already imple-
mented various recycling initiatives. For instance, Gateway of-
fered qualified buyers a rebate of up to $50 when they purchased
a new PC and donated or recycled their old one [23].

Colorado—In Colorado, different cities (e.g., Boulder and
Fort Collins) have created collection centers or organized the
collection of used electronic equipment. At the state level, the
Governor’s Office of Energy Management and Conservation
(OEMC) has organized recycling events at 15 different Col-
orado sites. The OEMC was aided by the Computer and Elec-
tronics Recycling Task Force, a public–private group formed by
OEMC. Collection events were held April through September
of 2002. OEMC and its partners hoped to collect 300 000 lb of
obsolete computer equipment. A small fee ($5 for individuals
and $15 for businesses) was charged for large items; small items
(e.g., computer mice) were accepted for free.

Oregon—The Oregon Department of Environmental Quality
(DEQ) is teaming up with local governments, the electronics
industry, nonprofit organizations, the U.S. Environmental Pro-
tection Agency (EPA), as well as state and local governments
from eight western states to form the Western Electronic Product
Stewardship Initiative. This group seeks to develop a voluntary
plan based on a product stewardship approach (an agreement be-
tween producers, sellers, and users for sharing the responsibility
for reuse and recycling) to minimize the environmental impacts
of electronic products and keep them out of the waste stream.

According to the DEQ, approximately 3.5 million computers
have been sold in Oregon since 1982. It is estimated that about
half are unused or in storage. As many as 700 000 new com-
puters are now sold annually in Oregon, and about half a million
are disposed of (approximately 10 000 tons) [24]. Developing a
comprehensive and efficient system to deal with e-waste will be
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a major challenge, as the collection, reuse, and recycling of elec-
tronics in the United States has not kept pace with this rapidly
growing waste stream.

D. Policy Options

An outright ban on lead-based solders may not be the best
policy to limit human exposure to lead. Recycling policies sim-
ilar to those for lead batteries or for general e-waste, which rely
on economic instruments and education campaigns, may pro-
vide similar health benefits at a lower cost for both industry
and society. With no current legislation pending at the federal
level regarding the use of lead-based solders in the electronics
industry, an investigation of the implications of national and for-
eign lead control initiatives for the U.S. economy and public
health policy is urgently needed.

Governments could adopt a number of policies to help tackle
the e-waste problem [20]. Although these policies are more far-
reaching than just the Pb-free issue, they are proactively de-
signed to prevent the most severe forms of pollution resulting
from e-waste, and they provide some alternatives to the immi-
nent change to Pb-free metallurgy. This issue is already on the
horizon with the second (RoHS) and the third EU directives
dealing with e-waste. These policies include the following.

• Mandating the use of labels on all materials, especially
hazardous materials. The goal of this measure is to fa-
cilitate the recycling and disposal of materials. Some
states (e.g., Vermont) require manufacturers to label cer-
tain mercury-containing products. This type of measure
should be universal.

• Changing the taxation of virgin products and (if neces-
sary) providing financial incentives to promote the recy-
cling of materials typically found in obsolete e-waste.

• Charging a fee at the point of sale and investigating the
feasibility of deposit-refund systems. This type of mea-
sure presents several advantages. First, it guarantees a
steady source of funds for recycling and/or disposal of
e-waste if this money can be deposited in a separate trust
fund. Second, a refund would reward good behavior on
the part of consumers who are “doing the right thing,” i.e.,
bringing obsolete equipment to recycling centers. Third,
we know from experience (e.g., see the Japanese experi-
ence above) that charging owners of obsolete equipment
is a disincentive to recycling which can lead to illegal
dumping.

• Setting up local collection sites. It is important, in order
to avoid illegal dumping and the resulting social costs, to
offer costumers easy and convenient access to collection
centers for waste.

• Investigating the feasibility of an extended product re-
sponsibility (EPR) agreement with industry. EPRs seek
to promote environmental improvements by extending
the responsibility of manufacturers to various parts of its
product life cycle, especially potential recycling and final
disposal. EPRs are typically nonprescriptive, and they
can be implemented through a variety of instruments.
By internalizing the potential external costs linked to the
end-of-life of a product, waste is typically reduced and so
are the associated social costs. Motivating manufacturers

to look at the entire life cycle of a product is likely to
foster better overall design because it incorporates envi-
ronmental considerations, at a possibly lower cost to the
manufacturer. A number of different factors should be
considered. They include the scope of the application of
the principle; the range of producer responsibilities; the
implementation of the proposed policies (infrastructure
and funding mechanisms), as well as products that are ex-
cluded; and finally, consideration of the existing backlog
of products that need to be recycled. The implementation
of an EPR is a necessary step to implement the design
for the environment philosophy promoted by industrial
ecology. For example, New York State has proposed
take-back legislation that would require manufacturers
of electronic equipment to establish collection and/or
disassembly centers with a recovering rate target of at
least 90%.

III. COMMERCIAL INDUSTRY TRENDS

A. Materials Selection

Because of international legislative pressure, alternative al-
loys to tin–lead are being considered. Favorite alloy systems
contain tin (Sn), silver (Ag), bismuth (Bi), copper (Cu), indium
(In), antimony (Sb), zinc (Zn), gold (Au), and/or germanium
(Ge). Various studies have shown that some of these alterna-
tives also pose environmental and/or public health concerns,
especially if the entire life cycle is considered [25]–[29]. A com-
plete life cycle analysis of lead-based and Pb-free solders is cur-
rently underway at University of Tennessee in conjunction with
the U.S. EPA [30].

Desired Attributes—The specific attributes for manufacturing
with alternative alloys to the standard eutectic Sn63–Pb37 most
commonly found in industry can be defined in light of several
specific soldering processes. The three primary forms of solder
found in standard industrial processes are: 1) wire solder for
hand soldering; 2) bulk molten solder used in wave soldering
processes or solder pots; and 3) solder pastes for surface mount
assemblies usually used with IR, convection, or vapor phase
reflow.

The attributes for an alternative alloy should ideally be
amenable to all three assembly processes. These attributes
include a melting point close to 183 C, a narrow plastic
range, adequate wetting, adequate mechanical and physical
characteristics, compatibility with existing fluxes, no toxicity,
and low dross formation [31]. Although desirable, it is not
a necessity that the alternative alloy be compatible with all
processes. Each assembly method can use its own alloy suited
to its specific needs; however, the alternative alloys would need
to be compatible with circuit board and component finishes
which are often common to more than one process.

Alloy Alternatives—Current Pb-free alloys being considered
by the industry are shown in Table I.

Of the candidates listed above, two alloy ranges appear to
be preferred [31]: SnBiAg and SnAgCu. Ge alloys have fallen
out of favor due to higher melting points and the brittleness of
their intermetallic structures. For a number of reasons discussed
below, the SnAgCu alloys appear to be the solder of choice for
most applications.
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TABLE I
CURRENT Pb-FREE ALLOY ALTERNATIVES

Alloy costs and availability also play a role in the selection
of alternative alloys. Costs for metals like In or Ag are signifi-
cantly (two orders of magnitude) higher than the other alterna-
tive metals in Table I [28]. As a result, these metals are unlikely
candidates or must represent only a very small percentage of the
alloy.

Bi Alloys—SnAgBi alloys have the distinct advantage of
having both a reasonably good melting point (210 C) and very
good wetting characteristics. Two difficulties associated with
bismuth are that it forms a low melting (96 C) SnPbBi eutectic
if lead is present [28] and it creates undesirable stresses during
its phase transformation on particular types of solder joint con-
figuration which can fail almost instantly. The ternary eutectic
formation is problematic because most available components
still have thin layers of SnPb compounds to facilitate assembly
in existing manufacturing processes. Because the component
market is global, there are very large inventories. Moreover, as
there are thousands of suppliers involved, it will take some time
before all remnants of lead are gone from the system. Until
then, there is a significant danger, with bismuth compounds,
of forming alloys that will melt under normal use. In addition,
nearly all bismuth is found with lead, so problems linked to its
extraction are similar to those of Pb. Finally, there is little data
on the toxicity of bismuth metal, which could turn out to be
problematic.

SnAgCu Alloys—A number of ternary SnAgCu compounds,
very near the eutectic at about 95%Sn, 3.5%Ag, and 1.5%Cu,
are commercially available. Fig. 1 shows this region of the
SnAgCu phase diagram [32]. The eutectic composition has
been patented as well as several near-eutectic compositions
[33]–[35]. Many companies are exploring additional alloys that
are also near the eutectic composition. This off-eutectic ap-
proach is of little consequence because diffusion of the metals
used on the boards or components during processing will tend
to make the alloy off-eutectic anyhow. The primary difficulty of
the SnAgCu system is its high melting point at 217 C, which
complicates processing.

B. Pb-Free Paste Attributes and Development

Solder pastes consist of four constituents. The predominant
constituent is the alloy itself, generally small spheres of metal,
which represent 85%–90% of the composition by weight. The
other constituents are the flux, used for oxide scavenging and
surface energy reduction (wetting), a rheology agent, used for
making the paste flow during the screen-printing process, and
a solvent. The main attributes determining the success of paste
formulation are flux compatibility and wetting to a variety of
metallizations. Issues encountered during the development of

Fig. 1. The primary Pb-free alternative, SnAgCu, Sn-rich portion of the
ternary phase diagram [28].

Pb-free pastes also include compatibility with screen-printing
processes, shelf-life, working-life, and segregation [31]. These
processes have been resolved to differing degrees by different
vendors and SnAgCu pastes are currently being used in com-
mercial production.

C. Assembly Methods

The most noticeable impact of the alternative alloys selected
is on the assembly processes. The main alternative alloys being
considered all require higher processing temperatures. Typical
process temperatures are about 20 C–35 C higher than the
melting point of the alloy and some of the polymeric materials
used for components, staking, and boards can sustain damage by
going above their (glass transition temperature). This issue
can be addressed by switching to slightly more expensive com-
ponents and materials. The impact on the equipment used for
assembly will probably be minimal, as most of it can be run
20 C–35 C higher. Most assembly methods should not differ
much from those for standard SnPb eutectic solders. The pro-
cesses do affect the diffusion of the substrate and component
metallizations into the solder alloy, which will have an impact
on its properties. Characterization of processes and new process
controls will need to be established to limit the formation of gen-
erally unfavorable intermetallic structures.

D. Reliability

Reliability will probably be the most significant factor for the
aerospace industry if it converts to Pb free. Since the military
and aerospace companies have the option of a phase-in strategy,
there is time for them to collect data in this area. If a Pb-free
strategy is selected, a number of issues related both to the se-
lection of a new alloy and to the higher processing temperatures
involved will need to be examined. The new alloys have not been
thoroughly characterized, particularly for military and space en-
vironments. Substantial work has been performed by companies
for commercial environments, but little has been done for the ex-
treme conditions encountered in military and space applications.
Very little long-term reliability data exist for military and space
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environments. The physical characteristics of the material, par-
ticularly fatigue properties, will be different from standard SnPb
eutectic. Some of the implications follow.

The interaction of the new alloy with the substrate and com-
ponent metallizations plays a significant role. This is particu-
larly important because of the intermetallic structures formed
by solders and Au, Ni, and Cu bonding interfaces. The dif-
fering amounts of interface metallizations will diffuse differ-
ently, forming different intermetallics, all of which will need
reliability testing.

The components used in assemblies have not been reliability
tested for processing at the higher temperature ranges. The cur-
rent lifetime data does not take into account the resulting ad-
ditional stress. Residual stresses on the components themselves
could be a problem, as well as the additional stresses related to
the cooling of the components at the end of their processing.
The components may also have internal characteristics that are
not designed to withstand higher processing temperatures.

An additional reliability risk is the residual degradation of
materials, such as polymers or magnetic materials used in the
circuit assembly. The reliability of these materials again has not
been characterized at higher processing temperatures. The for-
mation of tin whiskers is another concern that has been around
for quite some time [36]. It is one of the manifestations of metal
movement, in the form of a growth of a whisker-like crystal,
typically perpendicular to the metal surface, thought to form in
the presence of a mechanical strain field. It is a mode of failure
common to high-tin solder joints of various kinds. The SnAgCu
alloy under consideration is primarily tin, and to some extent it
behaves like tin with some impurities. The mechanisms of tin
whisker growth have been examined in detail [37]. Tin whisker
growth relating to the surface finish of Pb-free components is
one area of concern where substantial studies are currently un-
derway at NASA [38]–[40].

Finally, in addition to the reliability risks mentioned above,
the interactions between different types of risks also needs to be
carefully considered. For example, the fatigue characteristics of
the new alloy and the underfill epoxy characteristics for a ball
grid array (BGA) may be acceptable individually, but the com-
bined characteristic of the new alloy with the underfill epoxy
may not be sufficiently reliable. All of these factors need to be
considered and tested before implementation into the military
and space environment.

E. Cost Drivers

The cost drivers for military/space and commercial appli-
cations are likely to be substantially different because of the
volume of parts manufactured. Cost drivers fall into three cat-
egories: 1) initial development costs; 2) production operating
costs; and 3) reliability and qualification costs.

Initial development costs should be similar for military/space
and commercial applications. The drivers for commercial op-
erations will be in the increased energy consumption during the
production phase. Commercial entities are concerned with costs
of a fraction of a cent per device. The more important cost to the
military/space side will be reliability testing and qualification
for several reasons. First, the number of parts over which the
cost of testing is amortized will be substantially smaller (tens as

opposed to tens of millions). Second, the cost of space qualifi-
cation of a product and process is typically very high because
of the additional rigor of tests and the significant documentation
involved.

F. Supply Chain

The supply chain is also critical. If the supply chain mem-
bers are shared with commercial industry, which may happen in
the future, they may already have gone to Pb-free materials and
processes. In this case, the standard materials and coatings used
for lead-based assembly may no longer be available. Also, if the
assembly operation is going Pb free, the supply chain must have
its materials and processes developed and qualified to be com-
patible with the ultimate Pb-free assembly operation.

In order to address this particular issue, several companies,
such as Hewlett-Packard (HP), have comprehensive supplier
management programs. HP’s approach involves expectations
for their supply chain partners regarding planning, cost impact
notification, reliability impact information, labeling, and design
rules for manufacturability and testing. HP has been making
progress along these lines and has supplier specifications that
are RoHS compliant [41], although it is not known how many
suppliers are currently granted exemptions. Schedule elements
include collection of supplier plans, integration of plans with
current and expected legislation, a schedule rollout and supplier
requirements, and Pb-free qualification [42].

G. Industry Activity

The U.S. electronics industry has a great deal at stake if it
does not comply with the need to eliminate lead-based solder
from its exports. California, with a high technology job base of
over 900 000 people, hosts the largest proportion of industries
responsible for manufacturing lead-containing electronics prod-
ucts in the United States. California alone exported $67.5 bil-
lion in high-tech goods in 1999, which represented over 56%
of California’s total exports [43]. Thus, from the perspective of
trade and economic strength, it is imperative that alternatives to
lead-based solder be identified and used. However, from the per-
spective of disposal and occupational health, it is not clear that
currently available alternatives are better for the environment,
because they also rely on heavy metals that can impact human
health [28], [29], [44].

The industry has put significant work into the implementation
of Pb-free solder. To date, the most comprehensive investigation
of Pb-free solders has been conducted by the National Center for
Manufacturing Science (NCMS) [45]. The $10.5 million NCMS
project was a collaborative effort of 11 public and private insti-
tutions, including AT&T/Lucent Technologies, the U.S. Navy,
GM-Delco Electronics, Ford Motor Company, GM-Hughes Air-
craft, the National Institute of Standards and Technology, Rens-
selaer Polytechnic Institute, Rockwell International, Raytheon,
Hamilton Standard Division of United Technologies Corp., and
the U.S. Department of Defense. The focus of this study was to
evaluate a set of more than 70 candidate alloys that are potential
substitutes for Sn–Pb solder for safety, reliability, nontoxicity,
and cost-effectiveness. Other institutional coalitions that have
investigated the potential of Pb-free solders in the electronics in-
dustry include the National Electronics Manufacturing Initiative
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(NEMI), the Center for Advanced Vehicle Electronics, and the
C.A.S.H. Project (ChipPac, Alpha Metals, Sanmina, and HP).
The conclusion of nearly all of these studies was to proceed with
implementation of an alloy near the eutectic SnAgCu composi-
tion [46]–[48]. These corporate research coalitions have been
sustained by the common product design goal of finding alter-
natives to Pb-free solder in response to foreign legislative and
market forces.

H. Industry Implementation Strategies

Companies can adopt a variety of strategies, including: 1) im-
mediate implementation; 2) a phase-in approach; or 3) no imple-
mentation at all (“wait and see”). If larger companies like HP
or IBM do initiate implementation and if their supplier chains
follow, the impact on the above strategies could be significant.
The do-nothing approach may present a higher risk if the sup-
plier chain starts to phase in a Pb-free system. The U.S. can no
longer ignore all of the Pb-free activity around the globe. The
companies that are prepared and already have programs in place
will suffer the least and are likely to end up with a competitive
advantage.

HP, for example, adopted the phase-in approach. HP has an
active program looking at alternatives to lead in its electronic as-
semblies in anticipation of legal and regulatory developments.
HP has taken an industry standardization approach involving its
supply chain, contract manufacturers, original equipment man-
ufacturers, and consortia. HP’s goal is to develop and demon-
strate reliable environmentally responsible alternatives. HP is
considering cost, availability, regulation and credible scientific
evidence of improved environmental performance compared to
tin–lead. HP is working with industry and the scientific commu-
nity to investigate the environmental characteristics of Pb-free
alternatives [41], [42].

Many other companies have also adopted a phase-in ap-
proach. A number of Japanese companies have already
implemented Pb-free programs and turned the environmental
friendliness of their products into a marketing advantage. By the
end of 2001, Hitachi was Pb-free, as were all of Matsushita’s
consumer products, and Sony had eliminated lead from all but
its high-density products. In addition, Toshiba was working on
Pb-free mobile phones, NEC was planning to make Pb-free
motherboards, and Fujitsu was trying to phase out all lead
from electronics [34]. European companies such as Nokia and
Thompson, and American companies such as Motorola and
Intel, were following suit.

If this trend continues, military and space companies
will have difficulty procuring devices that are suitable for
lead-bearing systems and will eventually be forced to go along.

I. Differences Between the Aerospace and Commercial
Industry

Commercial applications and aerospace applications have
somewhat different driving forces. The commercial industry is
mostly driven to Pb-free by market forces. Efforts by Japanese
companies to implement Pb-free assembly processes, and
the European ban of Pb in many applications, have put pres-
sure on U.S. manufacturers to follow suit. In addition, most
commercial assembly processes use epoxy–fiberglass-type

materials for printed circuit boards, which is less forgiving
toward higher processing temperatures than polyimides. The
aerospace industry would not migrate to Pb free unless there
was a compelling reason to do so. A compelling reason would
to be that the manufacturers of solder products may cease
offering Sn–Pb products. Because of this possible availability
issue, the effects of converting to Pb-free solders need to be
well understood.

IV. AEROSPACE RELIABILITY STUDY EXAMPLE

About three years ago, NASA funded a project to begin
searching for suitable Pb-free solder candidates under the aegis
of the NASA Electronic Parts and Packaging (NEPP) program.

The objective of this NEPP task is to investigate the relia-
bility of lead-free solder alloys in space applications. One goal
is to study the compatibility of lead-free solder alloys with the
comparable surface finishes of surface mount components in-
cluding chip capacitors, chip resistors, and advanced packages
such as BGA, flip chip, or chip scale packages for NASA ap-
plications. The surfaces finishes of the components tested are
described in Section IV-B below. A reliability database is being
developed. Another goal is to obtain the mechanical material
properties of lead-free solder alloys to understand the behavior
of solder joints and the role of composition on reliability. This
project is divided into two phases, an evaluation of four alloys
and a further evaluation of two down-selected alloys.

A. Evaluation of Pb-Free Alloys Phase I

The first phase of this JPL project deals with determining the
most feasible candidates to replace eutectic tin–lead and suit-
able processing operations in assembling printed wiring boards.
Four lead-free solder pastes were selected based on an extensive
literature search (see Table II).

Two printed wire boards (PWBs) per solder type were assem-
bled using the four different solder pastes, resulting in a total
of eight assemblies. See Fig. 2, which shows a bottom and top
view, respectively of the test PWB.

Pertinent Process Information—The following JPL process
information is pertinent to the discussion.

Rosin-based fluxes and pastes were used to produce all elec-
tronic hardware. Using the terminology of Mil-F-14256, the
classification of these products is rosin mildly activated (RMA).

The solder paste was applied using a semiautomated screen
printer ensuring that the paste was deposited in a uniform and
consistent manner. Only stainless steel stencils were used in
conjunction with a stainless steel squeegee. All boards were
visually inspected for proper paste deposition after the stencil
operation.

A laser-based solder paste height and width measurement
system was used with a resolution of 2.5 m (0.0001 inch).
This system provides real-time information on the uniformity
of solder paste deposition. All boards were subjected to this
measurement prior to the reflow operation. A batch vapor phase
reflow operation was employed to create the solder joints of
the surface mount technology printed wire assemblies (SMT
PWAs). The SMT PWAs were thermally profiled. A thermo-
couple was then attached to the PWB and to a microprocessor-
based data logger connected to a computer. Thermal profiling
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TABLE II
Pb-FREE SOLDER ALLOYS FOR TEST

Fig. 2. Bottom and top view, respectively, of the test PWB.

is done to eliminate thermal shock during preheat and reflow.
The reflow operation consisted of a vapor phase reflow machine
using a constant boiling perfluorocarbon material (Galden from
Ausimont Corp., Milan, Italy) PWAs.

The PWAs were preheated to remove paste volatiles and to
initiate the activation stage of the paste. The reflow liquid, which
boils at a constant temperature, minimizes the possibility of
overheating the PWAs during reflow and ensures that the vapor
blanket performs a uniform and consistent soldering operation.
For eutectic Sn–Pb and Sn77.2In20.0Ag2.8, a perfluorocom-
pound with a boiling point of 216 C was used.

B. Assembly Process
Double-sided test PWBs with footprints for various chip com-

ponents and IC packages, including BGAs, were assembled.
The BGAs were then daisy-chained. Various mechanical pack-
ages were subsequently selected for the test and acquired. Com-
ponent package types used were

• chip resistor, 0603 package (24 each per board); 100% Sn
finish;

• chip resistor, 1206 package (18 each per board); 100% Sn
finish;

• small outline transistor (SOT) 23 package (two each per
board); 100% Sn finish;

• small outline IC (SOIC) 20 package, 50-mil pitch (two
each per board); 98%Sn/2.0%Cu finish;

• plastic leaded chip carrier (PLCC) 68 package, 50-mil
pitch (one each per board); 100% Sn finish;

• quad flat pack (QFP) 100 package, 25-mil pitch (one each
per board); 100% Sn finish;

• quad flat pack 208 package, 20-mil pitch (one each per
board); 100% Sn finish;

• BGA 225 full array package, 1.5-mm ball pitch (one each
per board); 95.5%Sn/4.0%Ag/0.5%Cu finish;

• BGA 352 area array package, 1.27-mm ball pitch (one
each per board); 95.5%Sn/4.0%Ag/0.5%Cu finish.

C. Assembly Conditions

PreAssembly Inspection and Test—Prior to assembly, all the
BGA pads on the PWBs and all BGA components were checked
to ensure the daisy-chain integrity. All eight PWBs and one
sample of each component were tested with a scanning acoustic
microscope (SAM) to obtain a signature prior to assembly.

PWB and Component Preparation—All PWBs are cleaned in
an Accel centrifugal cleaner using Vigon A200 chemistry avail-
able from Zestron Corp. Viagon chemistry consists of a 20%
solution of a blend of alcoxypropanols and amine compounds
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TABLE III
FOUR Pb-FREE SOLDER PASTES USED

in deionized (DI) water with 1% corrosion inhibitor and 0.1%
defoamer. The cleaning cycle and its parameters were

• purge the wash chamber with nitrogen gas for 1 min;
• wash cycle of 5-min duration using the alcoxypropanols

and amine compounds solution heated to 50 C;
• rinse cycle of 10-min duration using DI water heated to

50 C;
• dry cycle of 5-min duration using air heated to 180 C;
• vacuum oven bake cycle for 8 h at 100 C.
Except for the BGAs, the leads of the components used were

tinned with Sn/Ag bar solder.
Screen Printing—PWBs were screen printed with four dif-

ferent pastes, as shown in Table III.
The printing parameters are

• stencil type—stainless steel with foil thickness of 7 mils;
• squeegee type—metal blade;
• squeegee pressure setting—5.6 kg;
• squeegee speed—15 mm/s.
Paste height is measured using three-dimensional laser-based

measurement system.
Component Placement—Components were then placed on

side 1 using an automated placement machine. A split vision
rework system was used for component placement on side 2.

Solder Paste Reflow—Two types of vapor phase systems
were employed to reflow the solder pastes. Both consist of an
infrared preheating zone followed by a constant temperature
boiling vapor zone.

Pastes 1, 2, and 3 (listed in Table II) were reflowed using a
bench top vapor phase system containing the perfluorocarbon
material with a boiling point of 240 C. Paste 4 was reflowed
using a stand-alone system containing the perfluorocarbon ma-
terial with boiling point of 216 C.

A thermal profile was generated for each system. The as-
sembly is preheated to approximately 158 C at the rate of
0.88 C/s followed by vapor phase reflow. The dwell time above
liquidus is 62 s.

Post Reflow Cleaning—All PWAs are cleaned in the cen-
trifugal cleaning system using the cleaning cycle.

Cleanliness Test—All PWAs were tested for ionic level using
an Ionograph 500 tester. The cleanliness levels recorded by the
Ionograph were summarized in Table IV.

All PWAs were baked in a vacuum oven at 70 C for 30 min.
Visual Inspection, SAM, and X-Ray—All PWAs were in-

spected under a microscope at 12 magnification. The solder
flow generally appeared to be good except that the solder
appeared grainier compared to Sn/Pb solder joints. The solder

TABLE IV
IONIC CONTAMINATION LEVELS

joints containing indium were even grainier than the other three
types of joints.

SAM analysis performed on test boards and components was
used for ascertaining if damage occurs to boards during pro-
cessing. The boards themselves processed satisfactorily at the
higher temperatures. However, some of the plastic BGAs had
experienced delamination, indicating the necessity of baking
them prior to reflow.

Environmental Testing—Twelve additional PWBs were as-
sembled and thermal cycled. Four PWBs were assembled with
Sn95.5Ag3.8Cu0.7 and four with Sn96.2Ag2.5Cu0.8Sb0.5
(Castin). An additional four were made from SnPb eutectic.
The assemblies were thermal cycled from 55 C to 125 C
for 100 cycles. All assemblies passed continuity testing.

D. Evaluation of Pb-Free Alloys Phase II

During the second phase, 12 of the same test PWBs as used in
Phase I (Fig. 2) were utilized. The second phase of this project
down-selected to two of the pastes from Table II:

Paste 1 Sn95.5Ag3.8Cu0.7 (near eutectic 217–218 C);
Paste 2 Sn96.2Ag2.5Cu0.8Sb0.5 (near eutectic

217–218 C).
These two solder alloys were preferred to Pastes 3 and 4 be-

cause they are more suitable for reflow operations. The indium
containing paste was considered undesirable for two reasons.
First, it has a wide pasty region, which is not particularly good
during reflow. Second, indium is very scarce.

Four PWAs per paste were assembled along with eutectic
Sn/Pb Sn63Pb37 183 C as a control, giving a total of
12 PWAs. These assemblies were then subjected to thermal cy-
cling between 55 C and 125 C for 100 cycles. The set of
lead-free PWAs described above were subjected to the afore-
mentioned thermal cycling. After 100 cycles, the PWAs were
taken out of the thermal chamber and observed both visually
and under 30 magnification.

E. Conclusions for the JPL/NASA Assembly

• No problem was encountered during the printing process
with Pb-free paste. The printing was uniform for all
PWBs.

• A longer delay was required for the first three pastes
during the reflow process. This was due to the higher
melting temperature of the solders.
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• Although the solder fillets appeared to be generally good,
the solder joint appeared grainier than those formed by
Sn63/Pb37 solder.

• Sn95.5Ag3.8Cu0.7 and Sn96.2Ag2.5Cu0.8Sb0.5 passed
100 cycles from 55 C to 125 C with no signs of
cracking.

V. CONCLUSION

Legislation and policy decisions are currently driving the
global commercial electronics industry to Pb-free processes.
Many commercial companies are already implementing Pb-free
strategies for their products. With pressure for military and
space programs to use commercial-off-the-shelf parts, there
will be strong motivation for them to also go Pb-free.

The replacement alloy has been selected by commercial
industry and preliminary testing looks promising but com-
plete reliability testing and space qualification still need to
be performed. A number of strategies can be used, including
immediate implementation, phase-in, and no implementation.
Commercial industry has a large number of examples to follow.

ACKNOWLEDGMENT

The authors would like to thank the multi-investigator initia-
tive of the Executive Vice Chancellor at the University of Cal-
ifornia, Irvine, for administrative support. The authors would
also like to thank the editor and two reviewers, whose helpful
suggestions contributed to significantly improving this paper.
All remaining errors are the authors’ responsibility.

REFERENCES

[1] D. R. Juberg. (2001) Lead and human health: An update. [Online]. Avail-
able: http://www.acsh.org/publications/booklets/lead_update.html

[2] H. A. Sigman, “A comparison of public policies for lead recycling,”
RAND J. Econ., vol. 26, no. 3, pp. 452–478, 1995.

[3] (2001) Fact sheet: Managing waste cathode ray tubes. Dept. Toxic
Substances Control (DTSC), CA. [Online]. Available: http://www.
dtsc.ca.gov/docs/hwmp/docs/HWM_FS_CRT-EmergencyRegs.pdf

[4] J. Nriagu, Bucking the trend: Increased lead content of gasoline in
sub-Saharan African counties (seminar). Irvine, CA: Univ. California,
2002.

[5] V. M. Thomas, “The elimination of lead in gasoline,” Annu. Rev. Energy
Environ., vol. 20, pp. 301–324, 1995.

[6] V. M. Thomas, R. H. Socolow, J. J. Fanelli, and T. G. Spiro, “Effects of
reducing lead in gasoline: An analysis of the international experience,”
Environ. Sci. Technol., vol. 33, no. 22, pp. 3942–3948, 1999.

[7] V. M. Thomas and A. O. Orlova, “Soviet and post-Soviet environmental
management: Lessons from a case study of lead pollution,” Ambio, vol.
30, no. 2, pp. 104–111, 2001.

[8] G. R. Smith, “Lead,” U.S. Geological Survey, Minerals Yearbook, Metals
and Minerals, vol. 1, pp. 44.1–44.24, 1998.

[9] “Amended proposal for a directive of the European Parliament and of
the Council on the restriction on the use of certain hazardous substances
in electrical and electronic equipment,” Commission Eur. Communities
(CEC), Brussels, Belgium, 2001.

[10] (2002, Apr.) Commission welcomes European Parliament vote on waste
electrical equipment and the restriction of hazardous substances. Eu-
ropean Union (EU) Institutions, press release, Brussels, Belgium. [On-
line]. Available: http://europa.eu.int/rapid/start/cgi/guesten.ksh?reslist

[11] J. M. Schoenung, “Lead free electronics: Current and pending legisla-
tion,” in Proc. 104th Annu. Meeting Amer. Ceramic Soc.: Environmental
Issues and Waste Management Technologies VIII: , 2002, pp. 75–82.

[12] N. Tojo, “Analysis of EPR policies and legislation through comparative
study of selected EPR programmes for EEE,” M.S. thesis, Lund Univ.,
Lund, Sweden, 1999.

[13] P. Le Fevre. (2002) Environmental issues in power electronics (lead
free). APEC. [Online]. Available: http://www.ericsson.com/sustain-
ability/pdf/Apec_2002(Final).pdf

[14] (2002, Nov.) Lead Free Summit (press release), Tokyo, Japan. [On-
line]. Available: http://tsc.jeita.or.jp/TSC/COMMS/7_EASM/english/
leadfree/data/20 021 217.pdf

[15] “Electronics recycling: What to expect from global mandates,” Ray-
mond Communications, Inc., College Park, MD, 2002.

[16] “Directive 2002/95/EC of the European Parliament and of the Council
of 27 January 2003 on the restriction of the use of certain hazardous
substances in electrical and electronic equipment,” Official J. Eur. Union,
vol. 13, no. 2, pp. 37/19–37/22, 2003.

[17] European waste directive shortsighted, says industry. Nat. Electron.
Manuf. Assoc. (NEMA) Pubs. [Online]. Available: http://www.nema.
org/publications/ei/jun00/weee.htm

[18] (2004, Sep.) Japan’s E-waste. Californians Against Waste (CAW).
[Online]. Available: http://www.cawrecycles.org/Ewaste/Summary%20
of%20Japan%20ewaste%20take%20back.html

[19] N. Tojo, T. Lindhqvist, and G. Davis, “EPR programme implementa-
tion: Institutional and structural factors,” presented at the OECD Sem-
inar on Extended Producer Responsibility, EPR: Programme Implemen-
tation and Assessment, Paris, France, 2001.

[20] “WasteWise update, solid waste and emergency response,” Environ. Pro-
tection Agency (EPA), EPA530-N-00-007, Oct. 2000.

[21] (2001) Electronic Recycling Initiative. Nat. Recycling Coalition
(NRC). [Online]. Available: http://www.nrc-recycle.org/resources/
electronics/policy.htm

[22] (2002) Solutions to E-waste crisis pending in state legislature. Sil-
icon Valley Toxics Coalition (SVTC). [Online]. Available: http://
www.svtc.org/media/releases/ccc_81 502.htm

[23] (2002) Industry-sponsored electronic equipment recovery resources Web
page. California Integrated Waste Management Board (CIWMB). [On-
line]. Available: http://www.ciwmb.ca.gov/Electronics/Recovery/

[24] State of Oregon Department of Environmental Quality (SODEQ). (2001,
Jul.) Local groups organize to help deal with computer and electronic
product waste. [Online]. Available: http://www.deq.state.or.us/news/re-
leases/256.htm

[25] A. Ku, “Life cycle assessment of alternatives to lead solders (seminar),”
Univ. California, Irvine, 2002.

[26] H. Griese, Sustainable development of information and communication
technology and lead-free interconnection system (seminar), Univ. Cali-
fornia, Irvine, 2002.

[27] B. R. Allenby, “Design for the environment: Implementing industrial
ecology,” Ph.D dissertation, Rutgers Univ., New Brunswick, NJ, 1992.

[28] N. C. Lee, “Lead-free soldering—Where the world is going,” Adv. Mi-
croelectron., pp. 29–34, Sep.–Oct. 1999.

[29] E. B. Smith III and L. K. Swanger, “Are lead-free solders really envi-
ronmentally friendly?,” Surf. Mount Technol., pp. 64–66, Mar. 1999.

[30] J. Geibig, private communication, 2002.
[31] S. Dowds, “Pb-free solder paste (seminar),” Univ. California, Irvine,

2002.
[32] Phase diagrams and computational thermodynamics, Ag–Sn–Cu system.

Mater. Sci. Div., Metallurgy Div., Nat. Inst. Stand. Technol. [Online].
Available: http://www.metallurgy.nist.gov/phase/solder/agcusn.html

[33] I. E. Anderson, F. G. Yost, J. F. Smith, C. M. Miller, and R. L. Terpstra,
“Pb-Free Sn-Ag Ternary Eutectic,” U.S. Patent 5 527 628, Jun. 18, 1996.

[34] R. E. Ballentine and R. M. Henson, “Solder Composition,” U.S. Patent
4 695 428, Sep. 22, 1987.

[35] A. T. Lubrano, T. S. Bannos, M. Warren, and R. A. Dorvel, “Low Toxi-
city Corrosion Resistant Solder,” U.S. Patent 4 778 733, Oct. 18, 1988.

[36] S. Arnold, “Growth of metal whiskers on electrical components,” in
Proc. Electrical Components Conf., 1959, pp. 75–82.

[37] B. Lee and D. Lee, “Spontaneous growth mechanism of tin whiskers,”
Acta Mater., vol. 46, no. 10, pp. 3701–3714, 1998.

[38] J. Brusse, “Tin whiskers: Revisiting an old problem,” EEE Links, vol. 4,
no. 4, pp. 5–7, Dec. 1998.

[39] J. Brusse, G. Ewell, and J. Siplon, “Tin whiskers: Attributes and mitiga-
tion,” presented at the 22nd Capacitor and Resistor Technology Symp.
(CARTS 2002), New Orleans, LA.

[40] H. Leidecker and J. Kadesch, “Effects of uralane conformal coating on
tin whisker growth,” in Proc. 37th IMAPS Nordic Annu. Conf. (IMAPS
Nordic), 2000, pp. 108–116.

[41] Interim RoHS Compliance Specification, Hewlett-Packard. [Online].
Available: http://www.hp.com/hpinfo/globalcitizenship/environment/
pdf/rohs_compliance_spec.pdf

[42] D. Bergman, “It’s not easy being green (seminar),” Univ. California,
Irvine, 2002.



70 IEEE TRANSACTIONS ON COMPONENTS AND PACKAGING TECHNOLOGIES, VOL. 29, NO. 1, MARCH 2006

[43] (2001) Cyberstates 2001: A state-by-state overview of the high tech-
nology industry. Amer. Electron. Assoc. (AeA). [Online]. Available:
http://www.aeanet.org/aeanet/aeacommon/display.asp?file=/aeanet/
PressRoom/statmk0015_cs2001_caba_press.htm

[44] H. K. Charles Jr. and N. Sinnadurai. (2001) Microelectronics:
Rising to the environmental challenge?. [Online]. Available: http://
www.nemi.org/PbFreePublic/index.html

[45] Nat. Center Manufact. Sci. (NCMS). (2001) Lead free solder project.
[Online]. Available: http://lead-free.ncms.org/

[46] (2003) Lead free assembly project (completed). Nat. Electron.
Manufact. Initiative (NEMI). [Online]. Available: http://www.
nemi.org/projects/ese/lf_assembly.html

[47] (2001) A National Science Foundation/industry/university cooperative
research center. Center Adv. Veh. Electron. (CAVE). [Online]. Avail-
able: http://www.eng.auburn.edu/department/ee/cave/home.htm

[48] (2001) Partnering with the global electronics industry in the transition
to lead-free joining solutions. Alpha-Fry Technol. [Online]. Available:
http://www.alphametals.com/lead_free/

Andrew A. Shapiro (M’98) received the B.S. degree
in chemical engineering from the University of Cal-
ifornia, Berkeley, in 1981, the M.S. degree in mate-
rials science from the University of California, Los
Angeles, in 1989, and his Ph.D. in materials science
from the University of California, Irvine, in 1998.

He has been working in microelectronic intercon-
nects for 20 years. He was a Member of the Tech-
nical Staff at Rockwell International and Hughes Air-
craft, where he was responsible for the packaging of
a number of phased array radars and ran their high

density interconnect line. He was a Principal Scientist at Newport Communi-
cations/Broadcom, where he made the first commercial polymer 10-GHz Si
packages, and he has designed and packaged 10- and 40-GHz optoelectronic
modules. He has also been Project Manager at the California Institute of Tech-
nology’s Jet Propulsion Laboratory (JPL), Pasadena. He is currently a Principal
Engineer and Division Technologist for the Electronic Packaging and Fabrica-
tion Section (374) and Engineering Enterprise Division at JPL, where he is im-
plementing new electronic, RF, and optical technologies onto space missions.
He is also currently Assistant Adjunct Professor in Materials Science and Engi-
neering at University of California, Irvine and is performing research in environ-
mentally friendly manufacturing of electronics and optical and high frequency
packaging.

Dr. Shapiro is on several national committees, including NEMI optoelec-
tronics roadmap, ECTC optoelectronics, and IMAPS education.

J. Kirk Bonner received the Ph.D. degree in chem-
istry from the Johns Hopkins University, Baltimore,
MD, in 1974 and the M.B.A. degree from the Florida
Institute of Technology, Melbourne, in 1982.

He has 27 years of experience in the electronics
industry, with special emphasis on the industrial
processes for manufacturing printed wiring boards
and printed wiring board assemblies. He has an
in-depth knowledge of critical cleaning issues, espe-
cially those dealing with electronics. He began his
career in the electronics industry at Martin Marietta

Aerospace, Orlando, FL. He was also employed by the Allied-Signal Company
(now Honeywell), first as a Senior Research Chemist and then as Manager
of Applications and Product Development. He worked for several years at
a Digital Equipment printed wiring board manufacturing facility. Currently,
he is a Senior Engineer at the Jet Propulsion Laboratory, Pasadena, CA in
the Electronic Packaging and Fabrication section. In January 1991, he was
appointed a member of the United Nations Environmental Programme (UNEP)
Solvents, Coatings, and Adhesives Technical Options Committee. He has
authored chapters for several books. He has written and published numerous
technical papers and articles, and was granted several patents for his role in the
development of new solvents for the electronic and critical cleaning industries.

Dr. Bonner is a Certified Manufacturing Engineer (C.Mfg.E.) through the So-
ciety of Manufacturing Engineers (SME).

Oladele A. Ogunseitan received the Ph.D. degree
in microbiology from the Center for Environmental
Biotechnology, University of Tennessee, Knoxville,
in 1988 and the M.P.H. degree in environmental
health science from the University of California,
Berkeley, in 1998.

He was a Global Environmental Assessment
Fellow at the John F. Kennedy School of Govern-
ment, Harvard University. He is currently Professor
of Environmental Health, Science, and Policy at
the University of California, Irvine. His research

is focused on the linkage between environmental quality and health effects
of industrial pollutants including the toxic metals Pb and Hg. His laboratory
also works on the use of phylogenetically conserved indexes for monitoring
chemical bioavailability in the environment. His research is supported by grants
from the World Health Organization and the National Science Foundation.

Jean-Daniel M. Saphores received the Civil Engi-
neering degree from Ecole Nationale des Ponts et
Chaussées, Paris, France, in 1988, the M.S. degree
in geotechnical engineering from the University of
Colorado, Boulder, in 1989, and the M.S. degree
in environmental systems, the M.A. degree in
economics, and the Ph.D. degree in agricultural eco-
nomics, with a specialization in natural resources and
environmental economics from Cornell University,
Ithaca, NY, in 1994, 1994, and 1997, respectively.

He is an Assistant Professor in Planning, Policy,
and Design at the University of California, Irvine, with courtesy appointments in
Economics and Civil Engineering. He specializes in environmental and natural
resource economics. His main research interests include real options; economic
instruments to manage waste; the management of renewable resources under
uncertainty; the management of stock pollutants; and industrial ecology.

Julie M. Schoenung received the B.S. degree in
ceramic engineering from the University of Illinois,
Champaign-Urbana, in 1983 and the M.S. and
Ph.D. degrees in materials engineering from the
Massachusetts Institute of Technology, Cambridge,
in 1985 and 1987, respectively.

She is an Associate Professor in the Department of
Chemical Engineering and Materials Science at the
University of California, Davis. She has many years
of experience in studying the materials selection
process for a variety of material classifications, in-

cluding electronic, ceramic, composite, and polymeric materials, and a variety
of applications, including electronic, automotive, aerospace, and consumer
products. Her research focuses on the analysis of factors that lead the materials
selection decision-making process, such as economics, environmental impact,
cost–performance tradeoffs, and market potential. She uses both computer
modeling and management theory in her approach to understanding these
decision factors.


	toc
	Implications of Pb-Free Microelectronics Assembly in Aerospace A
	Andrew A. Shapiro, Member, IEEE, J. Kirk Bonner, Oladele A. Ogun
	I. B ACKGROUND
	II. C URRENT P OLICY S TATUS
	A. Situation in the EU
	B. Situation in Japan
	C. Situation in the Western USA
	D. Policy Options

	III. C OMMERCIAL I NDUSTRY T RENDS
	A. Materials Selection


	TABLE€I C URRENT Pb-F REE A LLOY A LTERNATIVES
	B. Pb-Free Paste Attributes and Development

	Fig.€1. The primary Pb-free alternative, SnAgCu, Sn-rich portion
	C. Assembly Methods
	D. Reliability
	E. Cost Drivers
	F. Supply Chain
	G. Industry Activity
	H. Industry Implementation Strategies
	I. Differences Between the Aerospace and Commercial Industry
	IV. A EROSPACE R ELIABILITY S TUDY E XAMPLE
	A. Evaluation of Pb-Free Alloys Phase I


	TABLE€II Pb-F REE S OLDER A LLOYS FOR T EST
	Fig.€2. Bottom and top view, respectively, of the test PWB.
	B. Assembly Process
	C. Assembly Conditions

	TABLE€III F OUR Pb-F REE S OLDER P ASTES U SED
	TABLE€IV I ONIC C ONTAMINATION L EVELS
	D. Evaluation of Pb-Free Alloys Phase II
	E. Conclusions for the JPL/NASA Assembly
	V. C ONCLUSION
	D. R. Juberg . (2001) Lead and human health: An update . [Online
	H. A. Sigman, A comparison of public policies for lead recycling

	(2001) Fact sheet: Managing waste cathode ray tubes . Dept. Toxi
	J. Nriagu, Bucking the trend: Increased lead content of gasoline
	V. M. Thomas, The elimination of lead in gasoline, Annu. Rev. En
	V. M. Thomas, R. H. Socolow, J. J. Fanelli, and T. G. Spiro, Eff
	V. M. Thomas and A. O. Orlova, Soviet and post-Soviet environmen
	G. R. Smith, Lead, U.S. Geological Survey, Minerals Yearbook, Me

	Amended proposal for a directive of the European Parliament and 
	(2002, Apr.) Commission welcomes European Parliament vote on was
	J. M. Schoenung, Lead free electronics: Current and pending legi
	N. Tojo, Analysis of EPR policies and legislation through compar
	P. Le Fevre . (2002) Environmental issues in power electronics (

	(2002, Nov.) Lead Free Summit (press release), Tokyo, Japan. [On
	Electronics recycling: What to expect from global mandates, Raym
	Directive 2002/95/EC of the European Parliament and of the Counc
	European waste directive shortsighted, says industry . Nat. Elec
	(2004, Sep.) Japan's E-waste . Californians Against Waste (CAW).
	N. Tojo, T. Lindhqvist, and G. Davis, EPR programme implementati

	WasteWise update, solid waste and emergency response, Environ. P
	(2001) Electronic Recycling Initiative . Nat. Recycling Coalitio
	(2002) Solutions to E-waste crisis pending in state legislature 
	(2002) Industry-sponsored electronic equipment recovery resource
	State of Oregon Department of Environmental Quality (SODEQ) . (2
	A. Ku, Life cycle assessment of alternatives to lead solders (se
	H. Griese, Sustainable development of information and communicat
	B. R. Allenby, Design for the environment: Implementing industri
	N. C. Lee, Lead-free soldering Where the world is going, Adv. Mi
	E. B. Smith III and L. K. Swanger, Are lead-free solders really 
	J. Geibig, private communication, 2002.
	S. Dowds, Pb-free solder paste (seminar), Univ. California, Irvi

	Phase diagrams and computational thermodynamics, Ag Sn Cu system
	I. E. Anderson, F. G. Yost, J. F. Smith, C. M. Miller, and R. L.
	R. E. Ballentine and R. M. Henson, Solder Composition, U.S. Pate
	A. T. Lubrano, T. S. Bannos, M. Warren, and R. A. Dorvel, Low To
	S. Arnold, Growth of metal whiskers on electrical components, in
	B. Lee and D. Lee, Spontaneous growth mechanism of tin whiskers,
	J. Brusse, Tin whiskers: Revisiting an old problem, EEE Links, 
	J. Brusse, G. Ewell, and J. Siplon, Tin whiskers: Attributes and
	H. Leidecker and J. Kadesch, Effects of uralane conformal coatin
	Interim RoHS Compliance Specification, Hewlett-Packard . [Online
	D. Bergman, It's not easy being green (seminar), Univ. Californi

	(2001) Cyberstates 2001: A state-by-state overview of the high t
	H. K. Charles Jr. and N. Sinnadurai . (2001) Microelectronics: R
	Nat. Center Manufact. Sci. (NCMS) . (2001) Lead free solder proj

	(2003) Lead free assembly project (completed) . Nat. Electron. M
	(2001) A National Science Foundation/industry/university coopera
	(2001) Partnering with the global electronics industry in the tr




