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Chapter 1: Introduction and Background Research
Electronic Waste Concerns
In the recent past a lot of emphasis has been placed on recycling electronic
components and developing products that have minimal impact on the environment.
The long term goals of many developed countries include reduction of hazardous
materials, reduction of generated waste, improved recovery and recycling of products
and reduced energy use [1]. The motive behind this trend is the reduction of exposure
to substances that pose a risk on the environment and human health. Government
agencies are beginning to focus on the impact of these substances and are passing
legislation for their regulation. Industries in turn are faced with pressure from the
government and consumers to reduce the usage and disposal of harmful substances.
A primary concern regarding generated waste, specifically electronic waste, is
the disposal of lead into the environment. Lead is a major component of electronic
products and since electronic waste is growing at three times the rate of other wastes,
there is a significant amount of lead being released into the municipal waste stream
[1]. Since lead is a highly toxic substance, it is considered calamitous to human
health. When exposed, lead has the tendency to enter the human body and remain
there. This causes short term and long term effects depending on the intensity of the
exposure. Short term exposure to high amounts of lead can lead to diarrhea,
vomiting, convulsions, coma and death. On the other hand, long term exposure to
lower levels of lead may be asymptomatic but still severe. Long term effects of lead
poisoning on children include lower IQ, slower body growth, behavior problems,
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sleep issues, etc. The younger population is more vulnerable to lead since they
absorb lead more easily. Lead is also known to cause miscarriages and stillbirths for
expectant women [2].
Due to the numerous and severe health complications discussed above, lead is
rated by the United States Environmental Protection Agency as one of the top
seventeen chemicals that pose the direst threat to human health. Consequently,
substantive steps have been taken in the United States to minimize lead exposure to
the environment. Lead based paints have been banned since 1978 and legislation was
passed to remove lead from existing houses. A significant fund of $10 billion over 10
years was allocated for this purpose, thereby reiterating the toxicity of lead exposure
and the need for urgent action. More regulations including the Lead Tax Act (June
1993), Lead Exposure Reduction Act (May 1994) and California Waste Recycling
Act (September 2003) were passed to minimize lead use and lead waste for the same
reasons [1].
The European Union has also taken definitive steps towards minimizing the
use of hazardous substances in the environment through banning and recycling. Two
actions that were enforced recently that are specifically directed at the electronic
industry are the Waste from Electrical and Electronic Equipment (WEEE) Directive
(2002/95/EC) that took effect on August 13, 2005 and Regulation of Hazardous
Substances (RoHS) Directive (2002/96/EC) that took effect on July 1, 2006 [3].
WEEE Directive
The objective of Waste from Electrical and Electronic Equipment Directive
(WEEE) is to reduce waste from electrical and electronic products and components;
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promote reuse, recycling and other forms of recovery of such wastes; and to improve
the environmental performance of all producers involved in the life cycle of electrical
and electronic products [4]. The WEEE directive states that ‘The purpose of this
directive is, as a first priority, the prevention of waste electrical and electronic
equipment and in addition the reuse, recycling and other forms of recovery of such
wastes so as to reduce the disposal of waste. It also seeks to improve the
environmental performance of all economic operations involved in the life cycle of
electrical and electronic equipment and in particular operators directly involved in
the treatment of waste electrical and electronic equipment’ [4, 5]. The ten categories
of electrical and electronic equipment recognized and regulated by WEEE are large
household appliances, small household appliances, IT and telecommunications
equipment, consumer equipment, lighting equipment, electrical and electronic tools,
toys, leisure and sports equipment, medical devices, monitoring and control
instruments, automatic dispensers. WEEE stipulates that these electronics be
recycled using the guidelines provided. Within these categories, WEEE specifically
states that ‘components containing lead will have to be removed from any end-of-life
electrical and electronic equipment (EEE) that is destined for landfill, incineration or
recovery’ [4]. For this recycling initiative, WEEE dictates the producers as being
financially responsible for the collection and treatment of waste electronics.
Consequently, WEEE makes the manufacturer proactive in enhancing recycling as
well as designing parts with minimum harmful elements in use which in turn
minimizes the amount of hazardous substances such as lead in the environment.
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RoHS Directive
The Restriction of Hazardous Substances Directive (RoHS) was designed to
supplement the WEEE Directive to enhance recycling and decrease the use of
hazardous substances. The Directive states that ‘The purpose of this Directive is to
approximate the laws of the member states on the restrictions of the use of hazardous
substances in electrical and electronic equipment and to contribute to the
environmentally sound recovery and disposal of waste electrical and electronic
equipment’ [5, 6]. Like WEEE, the Directive covers equipment that are dependent on
electrical currents or electromagnetic fields in the following categories:
IT/telecommunications, electrical and electronic tools, consumer equipment, large
household appliances, small household appliances, lighting equipment, toys, leisure
and sports equipment, and automatic dispensers. RoHS is very specific and requires
that member states will not have products in these categories in market that contain
the following materials: lead, mercury, cadmium, hexavalent chromium,
polybrominated biphenyls (PBB) or polybrominated diphenyl ethers (PBDE) [6].
The term Maximum Allowable Concentration (MAC) was created by RoHS to define
the permissible limits of the banned substances. It was decided that lead, mercury,
hexavalent chromium, PBB and PBD may represent 0.1% by weight in homogeneous
materials and cadmium may compose 0.01% by weight in homogeneous materials
[5]. Such specific stipulations force manufacturers to reevaluate product design
without the mentioned substances and adapt manufacturing processes to
accommodate the new ban and display RoHS compliance.
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Exemptions to the Directives
Both RoHS and WEEE allows for exemptions in cases where compliance is
not immediately practical. RoHS exemptions include lead in glass cathode ray tubes,
lead in high melting temperature type solders, lead in solders for network
infrastructure systems and lead in electronic ceramic parts. The rationale behind
these exemptions is that the lead present in these products cannot be easily substituted
due to unavailability of safer elements that will perform the same function or due to
the fact that the negative effect on the health and environment upon substitution will
outweigh the positive effects [5, 6]. For its part, WEEE exempts defense equipment,
that typically requires high functional reliability and therefore cannot accommodate
material and process changes swiftly, but clearly states that this does not apply to
products that are not intended for military purposes. It is understood that all possible
lead substitutions will have to undergo extensive testing to ensure that they maintain
the high reliability and performance intended. This makes immediate substitution
infeasible and the implementation of RoHS becomes a slower process for the defense
industry. Unlike WEEE, RoHS does not cover electronic medical instruments and
monitoring and control instruments and these devices are not subject to the ban due to
the fragile nature of their applications.
Compliance
Detection Technologies
The establishment of the RoHS Directive requires manufacturers to show
compliance with the ban of lead, mercury, cadmium, hexavalent chromium,
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polybrominated biphenyls (PBB) or polybrominated diphenyl ethers (PBDE). As of
yet there are no standardized tests that can be used to display compliance, thereby
leaving manufacturers to decide for themselves their method to display compliance.
There are two ways compliance can be displayed. One, manufacturers can obtain
verification of compliance for procured materials, parts and subassemblies from all
their suppliers and archive the information. Two, different methods of chemical
analyses can be conducted to determine the presence of the banned substances in their
products [7]. Clearly, it is better to invest in an analysis technology that analyzes the
substance content than to rely upon second hand information provided by suppliers.
As a result, numerous techniques are being investigated and developed by scientists
and engineers for the sole purpose of determining compliance.
Non-destructive x-ray fluorescence mapping analysis is an example of an
evaluation technique to determine lead content. X-ray mapping images of different
elements such as lead, tin and silicon are closely examined and then compared to the
x-ray mapping image of the solder. This allows the manufacturer to quantitatively
determine whether the lead presence exceeds the allowable limit. Moreover, this
method helps distinguish between restricted materials such as lead solder and
exempted materials such as leaded glass and electronic ceramics. This is a novel
method to detect the presence of not only lead but also cadmium and determine their
permissibility in the product [8].
Another detection method for lead determination is through microwave
assisted inductively coupled plasma optical emission spectrometry (ICPOES) [9]. In
this method, lead concentration is determined in a sample cell and calibration points
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are obtained for lead at various wavelengths versus various concentrations. The
spectrophotometer and the calibration points are then used to determine lead
concentration in the sample in question. ICP-OES as a tool for lead detection has a
high precision of R.S.D. less than 3% and repeatability less than 15%. Moreover, it
delivers results in a short amount of time making it a good detection technique for
RoHS compliance [9]. With such high precision technologies available and even
better approaches being developed, the manufacturer has no choice but to comply
with the regulations.
The Eco-Efficient Perspective
The literal reason behind the RoHS Directive and WEEE Directive is to
reduce the amount of harmful substances in the environment, subsequently reducing
human exposure to these substances. Implementation of RoHS and WEEE, however,
should be considered from an eco-efficient point of view. This means that methods
where maximum environmental gains can be achieved at minimal cost must be
highlighted. This truly serves the spirit of RoHS and WEEE since sometimes the
strict judicial and literal enforcement may lead to less than optimal effects on the
environment while at the same time driving costs higher. One way to achieve ecoefficiency is to replace end-of-life physical weight of the product with its
environmental weight in the recycling streams. This environmental weight is
determined by assimilating the environmental weight of the materials which are
replaced by the recycled materials in their second life and all environmental loads
incurred due to the replacement and recycling process. This replacement allows the
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manufacturer to determine whether each of processes is having a negative or a
positive impact on the environment [10].
LEAP Working Group
As already mentioned, most aerospace and defense applications are exempt
from RoHS compliance. Commercial electronics manufacturers however are required
to deliver lead-free products. This discrepancy in products becomes an issue since
the aerospace and defense industries rely on the same suppliers as commercial
manufacturers for their electronic parts. The electronics suppliers tend to focus on the
needs of the commercial manufacturers since more of their revenue lies in that sector
and not the defense sector. Because of this greater demand and revenue from the
commercial sector, eventually all new products will be introduced only in the RoHS
compliant, i.e., lead-free form. It is imperative therefore that the aerospace and
defense industry adapt to lead-free parts. This of course is no easy issue since their
applications are extremely high risk and require high reliability. Moreover, parts are
subjected to extreme use conditions and product life cycles are measured in decades
and not months or years. Most repair and maintenance work does not happen until
years after manufacture. These issues make it difficult for the aerospace and defense
industries to cleanly switch to lead-free parts. Extensive reliability testing must be
done before a tin-lead part can be replaced with a lead-free part in order to maintain
the high degree of reliability required while maintaining the desired performance
[11]. The aerospace and defense industry is therefore faced with a conundrum.
The shared concerns regarding the impact of lead-free on the aerospace
industry due to the eventual unavailability and necessary reliability of parts has
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prompted the formation of the Lead-free Electronics in Aerospace Project (LEAP)
Working Group. This group is sponsored by Aerospace Industries Association
(AIA), Avionics Maintenance Conference (AMC) and the Government Electronics
and Information Technology (GEIA). The group represents most of the world’s
major aircraft manufacturers and defense contractors as well as mid-tier suppliers and
government organizations (AIA) and came into existence in 2004 purely for the
purpose of addressing issues raised by the 2006 RoHS Directive and its effects on the
different stakeholders. The LEAP Working Group immediately recognized that since
the aerospace industry is driven by the same market forces that drive the consumer
products, the non-compliant lead based parts will quickly become unavailable. For
the purposes of reliability and sustainability the group is pushing for more research to
be done on all potential new alloys and parts. One of the major actions of the LEAP
Working Group is that it continues to develop guidance documents so the current
standards can soon become international norms for all concerned in the industry.
There is a general attempt to bring the entire defense industry on the same page
regarding actions taken to transition to lead-free parts. The LEAP Working Group
along with the GEIA has already published the following guidance documents and
most of them have been accepted by International Electrotechnical Commission (IEC)
and some are pending acceptance [12]:
•

GEIA-HB-0005-1: Program Management/Systems Engineering Management
Guidelines for Managing the Transition to Lead-free Electronics (GEIA: 30
June 2006, IEC: 21 December 2006)
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This document acknowledges that lead-free may impact reliability and
performance and illustrates what concerns should be voiced in the
development of the product. This document was developed for the
program manager and lead systems engineer to assure proper program
execution and customer satisfaction.
•

GEIA-HB-0005-2: Technical Guidelines for Aerospace Electronic Systems
Containing Lead-free Solder (GEIA: 31 December 2006, IEC: 30 June 2007)
This document provides technical guidance for the use of lead-free and
mixed systems. It discusses topics such as high performance electronics
testing, analysis of tests and data, lead-free solder behavior, solder joint
reliability, printed wiring boards and assemblies, assembly and wiring
conditions, repair and rework etc.

•

GEIA-STD-0005-1: Performance Standard for Aerospace and Military
Electronic Systems Containing Lead-free Solder (GEIA: 30 June 2006, IEC:
31 December 2006)
This plan requires the user documentation of all Lead Free Control Plans
(LFCP) so that plan owners, customers and stakeholders are assured of the
integrity of the aerospace and high reliability electronic systems.

•

GEIA-STD-0005-2: Standard for Mitigating the Deleterious Effects of Tin in
High-Reliability Electronic Systems (GEIA: 30 June 2006, IEC: 31 December
2006)
Tin will become a common material used in place of lead in the new
electronic products. Tin brings with it the anomaly of tin whisker growth
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which is a reliability concern and yet to be well understood and controlled.
The purpose of this document is to provide a framework for the control of
tin whisker growth as well as specify that users develop and implement as
well as document Tin Whisker Mitigation Plans.
•

GEIA-STD-0005-3: Reliability Testing for Aerospace and High-Performance
Electronics Containing Lead-free Solder (GEIA: 30 September 2007, IEC: 31
December 2007)
Several major reliability testing is nearing completion but it will be some
time before the data can be characterized and understood. Meanwhile,
many manufacturers need initial understanding of their products and must
conduct testing on their own. This document provides a default method
for reliability testing in the near future when little or no other information
is present regarding reliability testing and analysis of lead free electronic
equipment.

•

GEIA-STD-0005-4: Impact of Lead-free Solder on Aerospace Electronic
System Reliability and Safety Analysis (31 January 2008):
This document quantifies the effect of lead-free solder on system
reliability and certification analysis.

•

GEIA-HB-0005-3: Repair and Rework of Electronic Assemblies Containing
Lead-free Solder (31 December 2007):
This document provides guidelines for the maintenance and repair of the
lead-free electronics in a manner that maintains their integrity [11, 13, 14].
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Cost Modeling for the Transition to Lead-Free
As mentioned before, there is a general trend towards products that minimize
harmful effects on the environment and human health. This trend is further
reinforced by the RoHS ban on harmful substances and WEEE regulations on
recycling and minimizing of electronic wastes. In addition to legislation enforcement
there are emerging detection technologies to enforce compliance. With all of these,
and the general push towards eco-efficiency and green electronics, manufacturers
have very few options and excuses to avoid the oncoming adoption of lead-free
electronics. Of course such an action as switching materials, manufacturing
processes and assembly processes from tin-lead options to lead-free has substantial
cost and reliability implications. Moreover, the burden of the ban of materials and
recycling will almost entirely be shouldered by the manufacturer and supplier.
Therefore, there is a dire need for the development of a cost model that will display to
manufacturers the cost burden of switching from tin-lead to lead-free. Such a cost
model should be adaptable to manufacturers of all sizes and all products, and must
consider different options for adapting to the lead-free trend by performing cost
comparisons between the different options available.
Making the Transition to Lead-Free
The previous section explored the inevitability of lead-free products becoming
standard. However, moving from a tin-lead based operation to an entirely lead-free
system is no easy task and requires an appreciable amount of research and testing
effort. First, potential lead-free alloys must be identified. These alloys then need to
undergo a qualification process where their performance in different assembly
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processes is evaluated. The different assembly and manufacturing processes then
need to be modified to adapt to this new substance. All of these steps translate into
costs incurred by the manufacturer and potential effects on reliability of the part and
the system. The technical problems associated with obtaining the new alloys, the
difficulties posed by using them in assembly and manufacturing processes and the
associated reliability concerns, all of which ultimately increase costs, will be
discussed in this section.
Lead-free Alloys
Choosing lead-free alternatives to substitute tin-lead in electronic parts is not
easy since there are a lot of requirements a lead-free alloy must satisfy to match the
functionality and reliability of tin-lead solders. It is imperative that the lead-free alloy
not compromise the reliability of the system it is incorporated into. Some of the
requirements the alloys must satisfy when compared to their tin-lead counterpart
include low melting point, low or comparable cost, low toxicity, comparable phase
transition temperatures and wetting features, acceptable physical and mechanical
properties, comparable or enhanced reliability, compatibility with lead containing
parts and manufacturing processes, and environmental stability [5]. Desired physical
and metallurgical properties include low melting temperature and good metal-wetting
ability and the element that most fulfills these requirements is tin. It is therefore
practical for the lead-free alloy to be tin based. However, there are only a limited
number of elements than can be alloyed with tin and still maintain the desired
characteristics. These elements are silver, bismuth, copper, indium, nickel and
antimony [1]. Tin is alloyed at different concentrations with one or more of the
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elements listed to achieve an acceptable alloy. In general it is preferred that the alloys
be near eutectic [5].
Once the alloys have been chosen for substitution, the question of the
availability of these elements and the costs involved in procuring them presents itself.
Metals such as silver are expensive to mine and require significant amounts energy
and thereby produce significant waste. Moreover, silver is an expensive metal,
making it expensive to use in electronic parts. Such an expensive metal may increase
the cost of the solder. Another issue is that the higher concentration of tin in the new
lead-free ores requires more tin to get extracted and the extraction process of tin
leaves behind radioactive wastes as a bi-product which must be disposed of properly,
thereby driving costs higher. These sort of issues put recycling back into the equation
to prevent the need to obtain materials as well as a method to save money for both
manufacturers and consumers [1, 5].
Manufacturing and Reliability Issues
Manufacturers are forced to use alternative lead-free solders in heterogeneous
assemblies with large and small components. The primary differences between the
lead-free alloys and tin-lead alloys arise in melting temperature, wetting ability of
soldered materials, thermal resistance, mechanical fatigue resistance and thermal
fatigue resistance. These differences present reliability issues when substituting the
lead-free alloys for tin-lead alloys. Therefore, the prediction of lifetime and
reliability data of the new products becomes imperative, especially for mid to small
sized manufacturers who may not have the resources to conduct research to obtain
such information. It is agreed that the reliability of the new lead-free solder should
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not be lower than the standard tin-lead solder since it would severely compromise the
integrity of the product. For this reason and due to the short amount of time available
to achieve compliance or adapt to the available supply, the lead-free solders must
undergo accelerated tests such as dry heat, temperature cycling, thermal shocks,
mechanical charges, electrical charges and thermo mechanical charges to determine
reliability data [15].
In addition to subjecting the solders to accelerated tests, the manufacturing
and assembly methods must also be customized to the new solders since the new
alloys have different properties. It has been determined that the biggest discrepancies
in manufacturing requirements, when using lead-free alloys instead of tin-lead alloys,
arise due the lead-free alloys’ higher melting temperature and worse wettability when
compared to conventional solders [1]. The higher melting temperature can be
attributed to the higher tin concentration in lead-free alloys. Since tin has a higher
melting point, the alloys too have a higher melting point. The increased tin content
also increases susceptibility to corrosion. This same high tin content may also lead to
brittle intermetallic formation between the pad and the solder making the joint weak
and susceptible to cracking. Moreover, it is crucial that the manufacturing process
enable the correct amount of wettability to be achieved to protect components from
breaking. Issues such as these are especially obvious when considering the assembly
processes of wave soldering and reflow soldering.
Reflow soldering is a common method for attaching surface mount
components. The solder paste is applied to the Printed Circuit Board (PCB) and the
devices are positioned appropriately. The solder paste is then melted in an oven and
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this leads to the soldering of the components to the board. Since lead-free alloys have
a higher melting temperature, they require a higher peak reflow temperature. This
higher temperature also exposes the PCB and other components to higher thermal
stress than they are normally used to. Since it is difficult to control the temperature of
the entire board, it is entirely possible that the temperature at some parts of the board
may exceed what the board or components are designed for. To avoid such thermal
stress issues, it is necessary that the PCBs be adapted to higher temperatures and
better mechanical resistance to distortion [16]. The ovens must also be efficient
enough to heat PCB assemblies to these higher melting points in a short amount of
time. In general, convection ovens are preferred to the traditional infra-red ovens
used in lead-free soldering since these ovens minimize temperature variations on the
board and also provide mechanical support to prevent distortion due to high
temperature. Lead-free soldering is also difficult to achieve due to the smaller
difference between the melting point and soldering temperature [16].
Wave soldering is a process where the components are placed on to the PCB
and the loaded PCB is then passed across a wave or cascade of solder. It is important
that the set of temperature and fluxing system is determined to be appropriate for the
individual product. Same as in reflow soldering, high temperatures may cause
distortion and therefore rigid support is required. Another problem faced during leadfree wave soldering is the phenomena of creating excess dross on the solder surface.
Nitrogen needs to get incorporated into the soldering process to minimize this. In
addition to this, soldering in nitrogen environments also shortens wetting time,
allowing shorter soldering time which in turn may lead to lesser mechanical stress on
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the PCB. In addition to corrosion due to high tin content, another problem faced by
soldering equipment at high temperatures is the dissolving of the iron from the
equipment which leads to solder contamination [16].
It is important to note that there are solutions for the problems faced by reflow
soldering and wave soldering such as ternary alloys that have better wettability and
are more resistant to creep and temperature changes. Also, the addition of metals
such as bismuth and indium lead to a reduction in melting temperature. However,
creating multiple alloys increases costs directly because of the need for more
materials and multiple alloys are difficult to control and less stable due to numerous
intermetallic phases [16]. This in turn affects reliability and further adds to the cost
burden. The higher temperature requirements also translate to higher energy demands
and costs and with the conventional sources of energy available, the environment
ultimately suffers, thereby defeating the purpose of RoHS and WEEE. Clearly, the
incorporation of lead-free substances has manufacturing and material demands that
greatly affect the cost.
Tin Whiskers
The transition to lead-free electronics has driven the selection of pure tin and
high tin alloy finishes due to their excellent solderability, corrosion resistance, low
contact resistance, low cost and compatibility with both lead-based and lead-free
solders [17]. Both pure tin and tin alloys bring with them the risk of tin whisker
formation. Tin whisker risk is a major reliability concern when lead-free deposits are
implemented [18]. Normally for a tin-lead alloy, it is the presence of lead that
mitigates the formation of tin whiskers [19]. A tin whisker can be defined as a tin
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crystal that grows out of tin-finished surfaces. A whisker is normally a long, needlelike growth. There are other forms of growth such as hillocks which are less than
10µm and do not pose threats [20]. It is necessary for any tin whisker growth to
happen that the energy of the system is lowered and that there is a place for tin atoms
to move to at the whisker grain boundary [17].
Tin whisker formation can cause electrical shorting between adjacent leads of
a component, leads of adjacent components and between the leads of a component
and traces on the printed circuit board. Bridging risk can also increase when the tin
whisker separates from the original component and falls onto two adjacent conductors
[19]. It is assumed that tin whisker formation is due to energy release driven by
compressive stresses associated with tin plating. These stresses may arise due to
intermetallic compound formation between the tin and substrate material, residual
stresses in the tin plate from the electroplating process, mechanical loading, surface
damage and mismatches in the coefficient of thermal expansion between the plating
and substrate or underlayer in the presence of a temperature excursion [20, 21].
Intermetallic formation is a diffusion based phenomenon that promotes tin
whisker growth. Intermetallic formation leads to compressive stresses in the tin
deposit if the intermetallic is not formed uniformly. For some alloys intermetallics
can be formed at room temperature and exposure to annealing temperatures like
150˚C may reduce irregular growth and compressive stresses. Alloy densities play a
big role in influencing compressive stresses. Intermetallics will also alter the lattice
structure which may compress the remaining tin layer and apply tension to the
substrate. Electrodeposited finishes are also more susceptible to tin whiskering since
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they form columnar grains and can induce lattice defects and stacking faults that yield
compressive stresses. The electroplating chemistry and processes such as impurities,
organic additives and current density of the plating bath will affect the number of
defects and residual stresses in the deposit. In addition to intermetallic formation,
mechanical loading can also create localized stresses that produce whiskers in tin
deposits. Surface damage and imperfections may also create stress that promotes
whisker formation [20].
Several tin whisker mitigation strategies are currently being investigated.
Some of these include conformal coating, different electroplating techniques, surface
treatment, different tin alloys, under-layer material and annealing. Conformal coating
is applied to suppress the growth of tin whiskers. However, it is entirely possible,
depending on the type and thickness of coating that after some period of time the tin
whisker will penetrate through the coating and become a risk. As for electroplating
techniques, the formation of tin-oxide layer on the tin plating surface increases the
stress in the tin plating and at the locations where the oxide film breaks, increasing
the chances of tin whiskers forming. However, a uniform intermetallic layer between
the tin plating and the substrate will create less stress [19].
Two of the tin whisker mitigation strategies being investigated are surface
treatment on lead-frame substrate before tin plating and surface treatment of the tin
layer. Surface treatment on the tin plating of the lead-frame prevents whisker
formation. For example, tin whiskers on fine pitch connectors can be prevented by
surface roughening. As for surface treatment of the tin layer, since the formation of
Cu6Sn5 intermetallic compound between the tin layer and copper substrate contributes
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to the increase in compressive stress in the tin plating, a material layer can be
deposited onto the copper substrate before plating the tin layer. Ideally, the
underlayer material will form intermetallic compound at the layer interface but induce
inductively lower stress in the tin plating. Nickel and silver underlayers mitigate tin
whisker growth. In addition to surface treatments, high temperature annealing, which
involves heating and cooling a structure to relieve residual stresses, may reduce tin
whisker growth [19].
Costs Involved in Lead-free Transition
The costs incurred by the manufacturer doing lead-free assembly can be
broadly classified into two categories: fixed costs that do not change with production
volume and variable costs that typically include labor and materials and have a direct
relationship to production volume. Therefore, the manufacturer has to take several
costs into consideration when implementing lead-free assembly processes. There is
the bare element cost of the solder constituents and the cost of the alloy. The solder
product cost can then be determined by assimilating all the costs factors involved in
the manufacturing hierarchy for the solder itself. As explained before, since there is a
discrepancy in reflow and wave soldering for lead-free alloys when compared to
traditional tin-lead alloys, there is some amount of increased operational costs
involved to implement lead-free. An overall cost of the system should include solder
product cost, operational costs as well as the board and component costs [1].
Implementing RoHS would result in an initial increase in costs for the
manufacturer when considered from a traditional cost accounting point of view.
Control costs such as capital, labor and materials would initially increase since the old
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system would have to be overhauled for the new system and new machinery would
have to be acquired and labor trained. Moreover, environmental costs would be a
new class of control costs and there maybe hidden environmental costs such as
penalties, fines as well as the cost of pollution. Material costs also get more
expensive with lead-free since the alternative materials are more expensive. Also the
technical manufacturing and reliability issues discussed above would create a
significant cost burden from the reliability perspective. All of these effects,
incorporated in a traditional cost model show an increase in expenses.
The cost of RoHS implementation should also be treated as a life cycle
costing problem. Life cycle costs include not only the costs involved in
manufacturing the component until it is shipped out but the entire life cycle of the
product, which includes the raw material extraction at the beginning through the
material disposition. Activity based costing works on the general principle of activity
based management and highlights the resources (materials) being consumed by
activities (manufacturing). It can be used to identify the true costs of the process and
can be used to segregate overhead costs and apply them to all processes
proportionately. This will help the manufacturer identify what lead-free process is
affecting the cost the most. While conducting a precursory cost estimate of the
implementation may not show immediate profit, assimilating the life cycle costs is
necessary [5].
Cost Models for Lead-free Transition
Cost is a primary driver for all manufacturers when making changes in their
assembly processes and product line as would be required for the lead-free
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implementation. However calculating a general percentage increase in manufacturing
costs is not particularly useful to determine the cost impact of this lead-free
implementation. As explained before, a detailed cost breakdown of all processes is
necessary to determine the cost impact. Very little has been published on quantifying
the costs, manufacturing or life cycle, associated with the use of lead-free electronic
parts. With the exception of one paper that is discussed below, all references to cost
in the literature are qualitative in nature.
Palesko researched the cost impact of lead-free manufacturing as a Fulbright
Fellow at the Osaka University [22]. She analyzed the key cost differences in all
aspect of lead-free manufacturing flow to compare the differences between lead-free
and tin-lead manufacturing. The software used is called SavanSys and the four major
areas targeted were materials, components, processing and yield since these seemed
to be most affected. The lead-free cost model was applied to a variety of sample
designs to demonstrate cost differences related to design style and size. The cost
model was applied to a generic cell phone board with 65 actives and 535 passives, a
signal analyzer board with 80 actives and 121 passives and a small, portable
consumer device with 21 actives and 231 passives.
SavanSys creates cost models by dividing the process into activities and then
determining costs and yields. The model capabilities include determining cost and
yield of the substrate running a substrate process flow, adding cost and yield of
components, defining cost and yield of board activities and board fabrication
activities and defining test and rework activities. The basic information required, but
not limited to, for all of the capabilities discussed are time, operator and equipment
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utilization and cost, defects, tooling costs and materials and amounts used. Different
models may require additional information.
The SavanSys cost model was fed the required information for each of the
four areas discussed above and the reasoning behind the cost assumptions were
explained. For example inspection steps in the area of processing may take longer
due to inexperience and the fact that lead-free solders are not as ‘shiny’ as the typical
leaded solder. This expectation is accommodated as a higher cost for that process
step. The costs accumulated from the four different cost models were then applied to
designs for a generic cell phone board, a signal analyzer board and a small portable
consumer device. The four costs were accumulated and the model predicted an
increase in the manufacturing cost of these items as lead-free with the cell phone
having the highest percentage cost increase. The main objective behind the activity
was to display the approach to cost modeling based on activities or processes and the
idea of cost estimation due to changes in the nature of the product.
Over the course of the analysis Palesko discovered that lead-free costs when
dealing with a large board is different for a smaller board. A small board size with
limited number of components will have assembly and fabrication costs as the major
cost components when transitioning to lead-free. Larger boards on the other hand,
depending on cost and volume of components, have either substrate fabrication or
components cost as the major economic bulk. Boards with very high component
counts will have a very expensive assembly process regardless of board size. Palesko
focuses only on manufacturing costs and does not address the life cycle cost impact of
the transition to lead-free solder.
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Thesis Objectives and Tasks
The purpose behind this thesis is to provide the defense and avionics industry
with the costs associated with transitioning from traditional tin lead products to lead
free products. As discussed before, there are a lot of reliability issues when
implementing parts made of new materials. This is especially dangerous when
considering the high risk and long term nature of defense operations. In order to
determine the costs involved with this transitioning, a life cycle cost model was
created that assimilates costs such as program development costs, reprocessing costs
and reliability maintenance costs. The user is also provided with different options on
how to tackle the inevitable unavailability of tin lead parts and the costs associated
with each option.
The thesis will do the following:
•

Introduce the cost model

•

Describe the algorithms associated with the different costs

•

Introduce options and assumptions

•

Display sample set of results

•

Draw conclusions

24

Chapter 2: Modeling Approach
The last chapter explained how the defense and avionics industry needs to
adapt to the RoHS ban on lead, despite being exempt, since they draw their parts from
the same suppliers that manufacture consumer products that are required to comply
with the ban. An adaptation to new solders is a huge undertaking due to the high risk
nature of flight and other defense operations and the fact that the new lead-free
materials have to be tested and qualified for use in the specific applications. This will
manifest a financial burden on the industries that supply the defense and aircraft
manufacturing communities. This chapter focuses on the cost model that was created
to assess these financial ramifications of switching to lead-free products. The model
itself is a general assimilation of all costs involved in the transition and the
calculations and theory involved in each of the assimilated costs will be explained in
detail in this chapter.
The general approach of the model for the transition to lead-free parts is to
assimilate the costs involved cumulatively for a specified number of years. This same
approach will be applied to a number of different options created to manage the
transition to lead-free solder. In the end, the model will provide the user the
cumulative cost of each of the different options allowing them to choose the option
that works the best for them. In order to determine these different costs, several
effects must be modeled. One of these effects includes the variation of the number of
parts available as tin-lead or lead-free as a function of time. The cost of adapting to
this availability will reveal itself as reprocessing costs which is the cost involved in
reprocessing lead-free parts to tin-lead parts or vice versa. The reprocessing costs
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may accrue per board, per part and/or per I/O. The reprocessing costs will bring with
it fixed costs such as the tooling and training required for reprocessing. There will
also be other fixed costs such as process and part qualification to determine what
parts to use and how to assemble them on to the boards in a manner that ensures that
the new boards with lead-free parts will meet the same performance and reliability
standards as the boards composed of tin-lead parts. Non-recurring engineering costs
such as plan development incorporating the lead-free parts must also be accounted
for. Moreover, if parts are reprocessed or mixtures of lead-free and tin-lead parts are
used, the reliability of the parts and the board is expected to be affected. In these
cases there will be costs involved in qualifying the solder as well as testing the
reliability of the parts reprocessed using the new solder. Once changes in the
reliability are forecasted, sparing costs, which are dependent on the number of boards
required, must be calculated and accommodated in the financial report.
One major feature to be kept in mind about the model described in this chapter
is that it is a ‘relative’ cost model. This means it provides cost estimates that are
relative to or measured from the cost associated with the system if there was no
transition to lead-free. The model therefore considers a lead-free transition scenario
and provides the user with how much more or less it will cost to manufacture and
sustain a system in that specific scenario as compared to the same system costs when
there is no RoHS regulation. Therefore, any cost that is not directly related to the
change in availability, reliability, or ease of assembly of tin-lead/lead-free parts is not
included in the model. In other words, a cost that will be incurred by the
manufacturing organization regardless of whether the part being use is tin-lead or
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lead-free, such as packaging costs or shipping costs is of no significance to the model.
Essentially, the model is based on changes in key quantities rather than all the
quantities themselves. For example, the number of spares an application requires is
not as important as the additional spares that are required because of the use of new
lead-free parts. The reason for using a relative approach is that cost differences are
easier to model as well as more accurate than absolute costs. Moreover, cost
differences also provide an easier method of comparison for the user and better
financial understanding of the effect of the transition to lead-free parts.
Model Formulation
As explained before, this relative cost model estimates the cost of
transitioning to lead-free parts by assimilating all costs involved that are directly
affected by the unavailability of conventional tin-lead parts, which are then
accumulated over time. The components affected by the transition to lead-free
electronics include boards, parts, solder etc., and there are several factors that affect
the costs incurred due to this transition. For example, the model incorporates the fact
that the availability of lead-free and tin-lead components will change over time.
Early in the transition there should be a fair amount of conventional parts available,
but later the number of parts available in the tin-lead form will decrease as suppliers
begin to exclusively cater to the lead-free demands, which is their primary market.
The industry may choose to adapt to this unavailability of tin-lead parts by adopting
reprocessing techniques for the boards and reprocessing costs may be incurred per
board, pert part, per I/O, etc. In addition to the reprocessing cost, there will be other
fixed costs that must be considered, such as the non-recurring engineering costs of
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program development, and process and material qualification. The reprocessing
techniques must also be qualified. The new tin-lead solder (and components that use
it) must also undergo qualification tests before being implemented for large scale use.
The designated plans including the new materials and their associated processes will
also require maintenance costs every year. It is however possible that once the
program has been installed, and processes qualified, the recurring costs of
reprocessing and program maintenance may eventually decrease. The other issue that
arises due to changes in manufacturing techniques and new materials is a change in
reliability. Reprocessing parts may affect reliability of the part and the lead-free parts
may have a reliability that is different from the conventional tin-lead products.
Higher temperature assembly processes may contribute to reliability changes in the
part and board as well. In addition, the new lead-free alloys are more susceptible to
tin whisker precipitated failure. These reliability changes are accounted for in the
cost model in the form of sparing costs. The annual recurring costs therefore will
mainly comprise of sparing costs, reprocessing costs and program maintenance costs.
All the effects the cost model accounts for are detailed in (1).
N rp1

N rp2

j=1

j=1

∑ C rp1 j + ∑ C rp2 j + C spares + C plan + C plan maint
C Ti =

(1 + d )i −1

(1)

where
Nrp1 = number of parts that need to be reprocessed from tin-lead to lead-free in
year i
Crp1 = cost of reprocessing one part from tin-lead to lead-free
Nrp2 = number of parts that need to be reprocessed from lead-free to tin-lead in
year i
Crp2 = cost of reprocessing one part from lead-free to tin-lead
Cspares = cost of additional spares needed because of reliability decrease in year i
(could be negative if a reliability increase is realized)
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Cplan = NRE cost of plan development and implementation in year i
Cplan maint = cost of plan maintenance in year i
d = discount rate on money
i = year (starting with year 1).
The first term in (1) is the cost of reprocessing tin-lead parts to lead-free and
the second term represents the cost of reprocessing lead-free parts to tin-lead. The
number of parts that need reprocessing in either case is obtained directly from the
fraction of parts that are only manufactured as tin-lead or lead-free for a given year.
The third term is the cost of the spares or more accurately the change in the cost of
spares due to the reliability changes. The next term is the cost of plan development to
adapt to the lead-free transition and the last term is the plan maintenance cost which
is a fraction of the plan development cost. In (1), only the cost of plan development
is a non-recurring engineering cost. All other costs are incurred every year. The
denominator in (1) accounts for the cost of money over time. CTi is the total cost in
the ith year in equivalent year 1 dollars.
Reprocessing Costs
Reprocessing costs comprised the first two terms in (1) and describes the cost
involved in changing a tin-lead part to lead-free and vice versa. Reprocessing costs
are included in the model since an organization may choose to deal with all its parts
either in the lead-free or tin-lead form. In that case, the parts that are not available in
the desired form must be reprocessed. Equation (2) describes how these reprocessing
costs are calculated by the model. The first term is the recurring cost for each part
that has been reprocessed and the second term is the cost of reprocessing each of the
parts.
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C rp = C r + N io C io

(2)

where,
Cr = recurring cost per part reprocessed
Nio = number of parts I/O per part
Cio = reprocessing cost per part I/O.
It should be noted that the non-recurring cost of qualifying a reprocessing
process is included in the non recurring engineering cost of plan development and
implementation. Looking at (1) and (2), it can be seen that the number of total I/Os
must be determined. To do this the number of applicable parts must be determined.
The number of applicable parts can be determined by directly multiplying the total
number of parts to the fraction of parts that are only made in the form that is not
desired. This will yield the number of parts that need to undergo reprocessing.
Equation (3) describes the method for obtaining the number of parts that need to be
reprocessed.

N rp1 = f TL N
N rp2 = f LF N

(3)

where,
fTL = fraction of parts only available as tin-lead parts
fLF = fraction of parts only available as lead-free parts
N = total number of parts.
Nrp1 gives the number of parts that must be reprocessed from tin-lead to leadfree when supporting an all lead-free process and Nrp2 gives the number of parts that
need to be reprocessed from lead-free to tin-lead to support a conventional tin-lead
assembly process.
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The two fractions in (3) above, f TL and f LF , can be obtained from a profile that

describes the availability of tin-lead and lead-free parts over the number of years
being considered in the model. This profile is based on supplier decisions to
manufacture parts exclusively as tin-lead or lead-free form and the changes in these
decisions over the years in an attempt to adapt to lead-free parts and changing
customer demands. Figure 1 shows the assumed availability of parts as only lead-free
or only tin-lead over a period of 10 years. The vertical axis of the profile is the
fraction of parts whereas the horizontal axis is the year. Note that for most of the
years, the fraction of parts available as tin-lead and the fraction of parts available as
lead-free do not add up to 1. This is because an overlap in parts is assumed, i.e., a
fraction of the parts that are available in both forms. The plot at the top with closed
triangles is the fraction of parts that is only available as lead-free and the lower plot

Figure 1: Availability of Lead-Free and Tin-Lead Parts
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with open triangles is the fraction of parts only available as tin-lead. With the RoHS
and WEEE and other pending directives enforced, eventually the fraction of parts
only available as tin-lead will approach zero and nearly all parts will be available as
lead-free.
Two practices that will affect the reprocessing costs incurred by the
manufacturing organization are lifetime buys and bridge buys. A lifetime buy occurs
when the company purchases enough parts to last the lifetime of the intended
application [23]. A bridge buy happens when enough parts are purchased to last until
the next design refresh. The parts purchased in lifetime or bridge buys are called
legacy parts and it is general practice for legacy parts to be purchased for a certain
percentage of the total parts for a specific number of years. For the purposes of this
model, this would mean that the organization has an existing inventory of parts in the
conventional tin-lead form that it can choose to use or not use.
Figure 2 shows this modification to the availability profile if the legacy tinlead parts are available from a lifetime buy for 30 percent of the total stock for a
period of 5 years. The lines with no triangles display the adapted profile with the
impact of legacy tin-lead lifetime buy parts accounted for. The fraction of parts only
available as lead-free is lower the first 5 years since there are legacy parts available in
the tin-lead form. Therefore, the fractions of parts only available as tin-lead is also a
little bit higher due to the existence of this legacy buy. These legacy parts will have
effects on the recurring costs. For example, in order to sustain an all tin-lead
assembly, a certain percentage of parts that are only available as lead-free will have to
get reprocessed. But now with the lifetime buy these parts are already bought and do
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not need reprocessing since they are in the tin-lead form. This will affect the cost of
supporting an all tin-lead assembly. On the other hand, if one wishes to support an all
lead-free assembly the legacy parts are already paid for and they must be either
reprocessed or discarded thereby affecting the cumulative cost.
Equation (4) adapts to the availability of legacy parts and displays these
effects on the plot.
'
f LF
= f LF1 (1 − f LTB )
1

f LTB + f TL1 (1 − f LTB )
'
f TL
=

1
 f TL1

if legacy parts must be used
if legacy parts are disposed of

(4)

where fLTB is the fraction of parts for which an inventory of legacy tin-lead parts
exists. The modified profile starts at the points computed in (4) and rejoins the
baseline profile in the fifth year which is when the legacy part inventory is depleted.
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From (4), the fraction of parts that are only available as lead-free parts is the
fraction of parts that are manufactured only as lead-free for that year minus the legacy
tin-lead parts that are not manufactured as tin-lead anymore but the organization owns
legacy parts in the tin-lead form. The fraction of parts that are available only as tinlead is the fraction of parts needed in the year that have been accounted for by the
lifetime buy in addition to the fraction of parts only manufactured in the tin-lead form
in the year that are not available in the legacy parts. The fraction of parts available as
tin-lead or lead-free does not need modifications if the legacy parts are disposed of. It
should be kept in mind that in the case of discarding legacy parts, disposal costs must
be accounted for in the cost of supporting the product as well as the lost investment in
the legacy part inventory.
Impacts on Sparing

As mentioned before it can be assumed that reprocessing tin-lead parts to
lead-free and vice versa or fabrication of mixed tin-lead/lead-free systems has a
possible effect on the reliability of the system. This reliability change is accounted
for in the number of spares the organization must have to keep their systems
operational.
The number of spares required to keep the system running is estimated using
the Poisson distribution since the Poisson distribution is a discrete probability
distribution that expresses the probability of a number of events occurring in a fixed
period of time. The number of events is the failures occurring and is representative of
the number of spares that will be required. When the number of spares, k, is large,
the Poisson distribution can be approximated by the normal distribution and k
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becomes a Poisson random variable with mean, µ = σ 2 = λnt , where λ is the failure
rate and n is the number of parts and t is the time [24]. The sum of Poisson random
variables is also Poisson and the mean of the sum equals the sum of the means.
Therefore the Poisson random variable k can be thought of as the sum of m random
2

variables Xi with µ x = σ x =

λnt
. The Central Limit Theorem states that the mean of
m

m identically distributed random variables is approximately normal with mean µ x and
m

2

σ
k
variance x . This means that
=
m
m

mean µ =

∑X
i=0

m

i

can be approximated with a normal with

λnt
λnt
and σ 2 = 2 . The test statistic used in this case is the z statistic
m
m

which is used to test a hypothesis about a population’s mean for the normal
distribution. Since z =

x −µ
k zσ + µ
, x = zσ + µ . The equation simplifies to
=
.
σ
m
m

k nλt
−
m
m =z
After substituting for µ and σ and solving for z, the equation becomes
nλt
m
which simplifies to

k − nλt
nλt

=z

Solving for k yields (5), which gives the number of spares a system requires,



k = nλ t + z nλ t
where,
k = number of spares
n = number of boards fielded
t = time
λ = failure rate
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(5)

z = number of standard deviations from the mean of a standard normal
distribution, which is a function of the confidence level desired [25].
Statistically, z is known as the normal variant for the α percentile and k is the

α% fill rate. Keep in mind that this equation is only applicable when times between
failures are exponentially distributed and the repair times are independent and
exponentially distributed too. Therefore if the size of parts stock and the failure rate
is known and the desired confidence level over the desired time period is also known,
(5) can be used to determine the number of spares that must be acquired to maintain
that system.
Equation (5) was used in the model to determine the new number of spares
required. First, the number of required spares for the conventional tin-lead parts is
assumed to be a user defined fraction of the total inventory of parts required to
support the tin-lead version of the system, korig. Using a desired confidence level and
korig, (5) can be used to obtain the failure rate time product (λt) of the tin-lead parts.
In order to find the new number of spares due to the introduction of the leadfree parts, the new failure rate time product is determined using the following
process.
The reliability of a part, assuming constant failure rate is
R(t) = e − λt
where λ is the failure rate and t is the time. In the case where there are Nb number of
parts, the failure rate becomes
R(t) = (e − λt ) N b .
When the parts are reprocessed the failure rate of the overall board changes and
becomes
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R(t) new = (e − λt new ) N b

where λtnew is the new failure rate term and Nb is the total number of parts on the
board.
If Nrp parts are reprocessed they will have a failure rate that is different from
the other parts on the board that are not reprocessed. The failure rate for the
reprocessed parts becomes
R N rp = (e[ − λt 0 (1− M)] )

N rp

where the term (1-M) denotes the change in failure rate due to reprocessing. The
remainder of the parts has the original failure rate given by,
R N b − N rp = (e − λt 0 )

N b − N rp

.

The overall reliability of the Nb part system then becomes
R(t) new = R N rp R N b − N rp
R(t) new = (e −λt ) N b (e[ − λt 0 (1− M)] )

N rp

(e −λt new ) N b = (e −λt ) N b (e[ − λt 0 (1−M)] )

N rp

Solving for λtnew yields the following

− λt new N b = − λt 0 N b + λt 0 N rp − λt 0 N rp + λt 0 N rp M
− λt new N b = − λt 0 (N b + N rp M)
And the final equation becomes

λt new = − λt 0 (1 + M

N rp
Nb

)

where,

λt0 = original λt of a part (~original λt of the system divided by Nb)
λtnew = new effective λt of an average part
Nb = number of parts on a board
Nrp = number of reprocessed parts

37

(6)

M = fractional change in failure rate for the reprocessed parts (can be positive
or negative), positive denotes and increase in failure rate.
The quantity nλtnew reflects the change in the failure rate due to adopting the
lead-free parts. One thing to note from (6) is that the term Nrp/Nb is the fraction of
parts that is available in the form that requires reprocessing. This fraction can be
obtained directly from the profile elaborated earlier in Figure 1. The M value is the
change in the failure rate and can be manipulated by the user based on their specific
data. Notice that the actual values of the failure rates are never needed, only the
change in the failure rate, M. The development above is valid for a constant failure
rate assumption as expressed in (6) and would also be valid for Weibull failure
distributions.
The new failure rate that is determined using (6) can then be plugged back
into (5) to determine the new number of spares. The model will then determine the
additional number of spares the organization must purchase. The change in the
number of spares is given by ∆k = knew - korig. The cost of the difference in spares is
given by (7),
C spares = ∆k (N rp C rp + C board )

where, Cboard is the cost of procuring a conventional version of the spare board
including part costs, assembly, testing, etc. The cost therefore is the additional
number of spares times the reprocessing costs of the spares themselves (if needed)
and the cost of the new board since the last board was deemed failed and must be
replaced.
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(7)

Tin Whisker Risk Model

The new lead free tin alloys with their lack of lead content are more
susceptible to failure due to the formation of tin whiskers. Whiskers form due to
mechanical and thermal stresses and will create short circuits on the board. This
added risk of failure is accounted for in the model in the form of additional spares.
Tin whisker risk is the probability of a conductive whisker growing across electrically
isolated adjacent conductors and creating a short. A bridging short is assumed to
occur if the tin whisker has the minimal length and appropriate angle to span the
space between the 2 conductors. This can be expressed as
lw .sin(θ ) ≥ ls

where θ is the whisker growth angle, lw is the length of the whisker and ls is
the pitch space between 2 conductors [19].
The model requires the user to enter information describing the physical
nature of the part. The user has to provide the gap size between leads and the area of
the leads. The coating factor which is the percentage of the area (of leads) that is
coated with solder is also required. The final input required is the type of tin finish.
There are different rates of tin whisker growth for different finishes. The model
accommodates a bright tin finish and a matte tin finish. Based on the choice of finish,
the means and standard deviations for the length and density of tin whisker formation
are determined from presorted data [26]. The next step is to determine the number of
tin whiskers for a given part. In order to do this, the whisker density must be
determined and this is done using the information about the whisker density mean and
whisker density standard deviation and the lognormal distribution [26]. Once the
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density is determined, the tin whisker count can be obtained by multiplying density
by the area designated by the user. The whisker count should be multiplied by the
coating factor since only the areas with a tin finish will grow tin whiskers. Once the
final whisker count is determined, the lengths of the whiskers can be determined.
Similar to the density, the lengths are determined using the information about the
means and standard deviations of the length and the lognormal distribution [26].
Once the length of the tin whisker is available, the model starts testing to determine if

Figure 3: Flowchart to Determine Tin Whisker Failures
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any of the whiskers will cause a failure. A whisker will cause a failure if it connects
two adjacent leads. In order to do this, the whisker length must be longer than the
gap length. However, in some cases the tin whisker may grow at an angle that will
not precipitate any contact with adjacent leads. In the case that the whisker length is
shorter than the gap length, there is no concern for failure. If the whisker length is
longer than the gap length, then the model generates a random angle to represent the
angle at which the tin whisker is growing. If the length of the whisker multiplied by
the sin of this angle is greater than the gap, the whisker causes a failure. These steps
are performed in a Monte Carlo loop and the user specifies the number of samples
and then the model sums up all the failures and delivers it to the user. Every part that
fails must have a spare for its replacement. The sequence of activities is
schematically described in Figure 3.
Plan Implementation and Maintenance

Another effect the model takes into consideration is the plan development and
maintenance costs. It can be naturally assumed that developing plans for the
transition to lead-free and implementing them will involve several non-recurring and
recurring costs. When dealing with this model a ‘plan’ is defined as a unique
combination of materials and/or qualification requirements specific to these materials.
Therefore plan development costs will include activities such as determining
appropriate solders, conducting reliability tests, assembly processes specific to the
solder, etc. These costs will increase as the number of plans being developed
increases. While developing the plan and implementing it will be a one time cost,
maintenance of this plan as explained before will be a yearly recurring cost. In the
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end, the cost incurred by the company will depend on the number of plans it decides
to develop and support yearly. Equation (8) displays the basic costs the model
considers as plan implementation and maintenance costs for a given year.

C plan =

C plan1
z1

n

(1 - c)C plan

k=2

1

+∑

+ C rp NRE

(8)

where,
Cplan1 = cost of development and implementation of the first plan
z1 = number of years the development and implementation of the first plan is
spread over
n = number of plans supported
c = plan commonality (fraction of plan development and implementation cost that
can be avoided after the first plan)
CrpNRE = NRE cost associated with reprocessing.
The first term is the one time cost of plan development for the first plan
developed spread over the number of years the plan is expected to last. This allows
the user to see how much implementing the plan will cost him over the period of
years he is concerned with. The second term deals with costs incurred due to all
additional plans that are developed. The equation is based on ‘c’ which is described
as the commonality between plans. If there are a lot of factors in common between
plans such as solder materials, assembly processes etc then it is less expensive for the
company to develop the additional plans. For example, a certain solder may have a
specific assembly process and if this is already tested and qualified in one of the
plans, the next plan that makes the same choices need not qualify the process again.
Consequently, if the plans have very little in common, the development cost will be
significantly higher. Therefore, the cost of all additional plans is dependent on how
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many things they have in common with each other. The last term for the plan
development equation are the non-recurring engineering costs that may arise.
While (8) gives the cost of development and implementation of plans, (9)
gives the cost of plan maintenance. Both of these costs must be accounted for when
assimilating the different costs. Costs will be incurred to maintain the plans that have
been developed. Therefore it is assumed that a fraction of the development and
implementation costs will be needed every year to maintain the plan. This fraction is
denoted as fm in the equation. Some plans may require more maintenance than
others, for example some plans may require new tooling every year while some may
not. The cost of maintaining all subsequent plans is once again depended on the
commonality of the different plans. The more the plans have in common, the less
expensive it is for the company to maintain them.
n

C plan maint = f m C plan + ∑ f m (1 - c )C plan

(9)

k=2

where
fm = fraction of a plans development and implementation cost charged per year to
maintain the plan
Note, various portions of (8) and (9) may appear in various years within the
calculation.
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Chapter 3: Results
This chapter will use the model that was described in Chapter 2 to generate
results regarding the costs involved in adapting to the availability of lead-free parts.
The sample results will demonstrate the costs incurred for different management
scenarios and as a function of changes in failure rate, supporting multiple plans etc.
The model can be customized to provide the user with several different
options or action plans and the cumulative costs associated with each of these action
plans. In this chapter, 3 different options are compared for the transition to lead-free.
These three different options are:
1. Option 1 (All tin-lead) - This is the option where all parts used must be tin
lead and those parts that are only available as lead-free will be reprocessed to
tin-lead. Conventional tin-lead assembly processes will be used.
2. Option 2 (All lead-free) - Lead free parts are used and parts only available as
tin-lead are reprocessed to lead-free. A complete qualified lead-free assembly
process is used to assemble the lead-free parts.
3. Option 3 (Mixed Assembly) - Parts are used as they are available (a mix of
tin-lead and lead-free) and assembled using tin-lead assembly processes that
have been qualified for a mixed set of parts.
One thing to keep in mind is that there will be different assembly processes and
material costs for each of these management options. Also, the different effects
described in Chapter 2 such as the availability profile and tin whiskers risk will have
different impacts on each of the three options. Therefore, plan development and
maintenance costs as well as sparing costs will be affected.
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Baseline Case Analysis

To facilitate comparison, a baseline scenario has been created. The basic
assumptions for this baseline scenario have been listed in Table 1. Table 1
summarizes information such as the cost of a board, quantity of boards built and
reprocessing costs. It also includes development costs for the initial plan and all
subsequent plans as well the fraction of the development costs that is required to
maintain all of these plans each year. The table also includes the change in failure
rate due to reprocessing. It is assumed that pure tin-lead parts and pure lead-free parts
have the same reliability and changes in failure rate are due to defects introduced in
reprocessing.
Table 1: Basic assumptions for all options (baseline)
Number of Boards
24
Parts per Board (Nb)
300
Quantity Built per Year of Each Board
1000
Cost of Reprocessing Lead-free to Sn-Pb (Crp)
$1
Cost of Reprocessing Sn-Pb to Lead-free (Crp)
$2
Cost of Spare Board (Cboard)
$10,000
Full Plan Development Cost (Cplan1) – one plan
$5,500,000
Plan Maintenance (fraction of Cplan1) (fm) – one plan
0.1
Discount Rate (d)
10%
Reprocessing Qualification Cost (CrpNRE)
$1,000,000
Reprocessing Maintenance (fraction of CrpNRE)
0.1
Number of Plans Supported (n)
1
Fractional Change in Failure Rate Associated with
+0.1
Reprocessing Parts (M) – part level
Fractional Change in Failure Rate Associated with
+0.15
Performing Mixed Assembly (M) – board level

Cumulative and Annual Costs

The results that will be discussed for the different management scenarios
require the same information, failure rate, development cost, plans supported etc, as
the baseline case in Table 1. As explained in Chapter 2, the different costs involved
are plan development cost, plan maintenance cost, reprocessing costs, sparing cost
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due to change in reliability and sparing cost due to tin whisker formation. Figure 4
displays the cumulative costs incurred for a period of 10 years for each of the 3
management options. In the figure, the horizontal axis is the year and the vertical
axis is the cumulative cost in year 1 dollars. The plot with the open red triangles is
Option 1 where all lead-free parts are reprocessed to tin-lead parts and the plot with
the closed blue squares is Option 2 where all tin-lead parts are converted to lead-free
parts. Option 3 is the data set with the closed red triangles and shows the costs
incurred when a mixed assembly is considered.
It can be seen from Figure 4 that initially Option 1, which is reprocessing
lead-free to tin lead, is the least expensive plan. This is likely because most parts are
still available in the tin lead form, as assumed in Figure 1 in Chapter 2, and there is
little reprocessing necessary. Option 2, reprocessing tin-lead to lead-free, is the most
expensive in year 1 and year 2 since a majority of the parts is still available only as tin
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Figure 4: Cumulative Cost for Baseline Case
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lead and in order to sustain a lead-free system significant reprocessing costs will be
incurred. Over the course of the next 10 years it can be seen that the costs involved
with each option changes. Option 3, the mixed assembly, which was initially more
expensive than Option 1, becomes less expensive than Option 1. The cost for Option
2 starts to decrease relative to Option 1 and Option 3 in year 2. At the end of 10 years
Option 2 which started off as the most expensive option, becomes the least expensive.
Referring back to the availability profile (Figure 1 in Chapter 2) it can be seen that
virtually all parts are available in lead-free form. Therefore Option 2 is very easily
operated and sustained at the end of 10 years. The difference in cumulative costs
between Option 2 where everything is converted to lead-free and Option 3, the mixed
assembly which is the second least expensive option, is around $18 million in year
10. Consequently supporting Option 1, the all tin lead process, is the most expensive
due to the eventual unavailability of parts and the significant reprocessing costs as
well as sparing costs. Figure 4 is the baseline case that will be compared with all the
other results in this Chapter.
It is also of interest to see how the annual costs change over the years as the
availability of tin-lead and lead-free parts change. Figure 5 shows the annual costs
for the different management plans for 10 years. The vertical axis of the graph is
annual costs in year 1 dollars and the horizontal axis is the year. Notice that the cost
for year 1 is significantly higher than future years. Also, the one time plan
development and implementation cost is incurred in Year 1 but spread out over the
next 10 years. Overall the annual cost plots have a negative slope due to the non-zero
cost of money (and no inflation was assumed). Once again, initially Option 2 of
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Figure 5: Annual Cost for Baseline Case

reprocessing tin-lead to lead-free is the most expensive follow by Option 3, the mixed
assembly. Reprocessing lead-free to tin-lead has the cheapest annual cost for the first
2 years. But the graph shows the annual costs for Option 2 and Option 3 quickly trail
down over the next few years. In the tenth year, Option 2 of converting to lead free
has the smallest annual cost and Option 1 of reprocessing lead-free to tin-lead is the
most expensive.
Comparison of Sparing and Reprocessing Costs

Since it is assumed that the differences in costs for the different options are
due reprocessing and sparing costs, these costs have been isolated for all the options
and the annual contribution of reprocessing and sparing can be clearly seen. Same as
in Figure 5, the horizontal axis is the number of years and the y axis is the annual cost
in year 1 dollars. Figure 6 shows the reprocessing costs incurred yearly in supporting
each of the plans. As expected, Option 1 of reprocessing all parts to tin-lead incurs
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Figure 6: Comparison of Reprocessing Costs

the highest reprocessing costs whereas for Option 2 where everything is reprocessed
to lead-free reprocessing costs significantly decrease in the course of 10 years.
Option 3 with the mixed assembly has no reprocessing costs since parts are used as
they become available and there is no reprocessing activity.
Sparing cost due to change in failure rate was also isolated. Figure 7 shows
the sparing costs incurred by each of the different management options. The change
in failure rate is applied to all lead-free parts. Option 2 and Option 3 have much
higher sparing costs since the quantity of lead-free parts is higher. Option 3 is higher
in cost since the failure rate increase for the mixed assembly is higher. Option 1
where all parts are reprocessed to tin-lead has lowest sparing costs since it has no
lead-free parts.
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With the above generalizations in mind, it would be interesting to see what
costs dominate for the different plans. For this reason, the annual sparing and
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reprocessing costs were plotted for Option 1 and Option 2. Option 1, the all tin-lead
assembly, is the most expensive over 10 years. However, Figure 7 showed that
Option 1 has significantly lower sparing costs than Option 2 and Option 3. This must
mean the reprocessing costs dominate the sparing costs for Option 1. Figure 8 shows
that this indeed is true, reprocessing costs are significantly higher than sparing costs
for Option 1.
Option 2 of the all lead-free assembly is the least expensive plan over the 10
years. Figure 9 shows the comparison between the sparing costs and reprocessing
costs for the all lead-free assembly. Clearly, sparing costs is significantly higher than
reprocessing costs. Reprocessing costs become almost negligible at the end of the 10
years since almost all the parts are available as lead-free parts. On the other hand,
since it is assumed that failure rate increases by 10% for the lead-free assembly, the
sparing costs is much higher than for the case of Option 1, the all tin-lead assembly.
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Option of No Action

Figure 4 and 5 show the cumulative and annual costs associated with the 3
different management options. It may also be of interest to see the costs that would
be incurred if the industry chose to not take any specific steps (as a unified or
otherwise entity) to adapt to lead-free. Figure 10 and Figure 11 draws attention to
this. Figure 10 is a cumulative cost graph with the horizontal axis showing the years
and the vertical axis showing the cumulative cost in year 1 dollars. The graph has the
3 plots for the 3 management options, the same as in Figure 4 but also includes plots
for the case where there is RoHS regulation as well as if the industry chose to not do
anything about the reduced availability of tin-lead parts. The least costly data set in
Figure 10 (closed green triangles) represents the scenario when there is no RoHS in
effect and tin-lead parts are available forever. The cost in this case is not zero since it
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Figure 10: Cost Impact of Do Nothing Option for 24000 boards
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includes the cost of development and maintenance for 1 plan. However, there are no
reprocessing costs or additional sparing costs since nothing changes. The “Do
Nothing” option in Figure 10 is different from the mixed assembly option (Option 3).
In Option 3, the assembly processes have been qualified for a mixture of tin-lead and
lead-free parts. In the case of the Do Nothing option, the same conventional
assembly processes are being used despite the parts having changed, i.e., the
existence of lead-free parts is being ignored by the assembly process. This will
increase the failure rate. The data in Figures 10 and 11 were generated assuming a
30% increase in failure rate for the Do Nothing Option. Figure 10 is the case where
24,000 boards are being manufactured and Figure 11 is for when only 4,800 boards
are being manufactured.
Clearly, for both Figure 10 and Figure 11, the option for an all tin-lead
assembly with no RoHS ban is the least expensive. This is because the companies
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Figure 11: Cost Impact of Do Nothing Option for 4800 boards
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can continue using tin-lead parts as they have in the past since they will not become
unavailable due to replacement with lead-free parts. Nothing changes for the
suppliers and the consumers. Therefore, there is also no initial plan development and
implementation costs either. The second least expensive option is Option 2. As
explained before, this is the least expensive option when the RoHS regulations are in
place. The third least expensive option for both the cases is Option 3, the mixed
assembly. For the case where 24,000 boards are being manufactured, the most
expensive option continues to be Option 1 with the all tin-lead assembly.
Interestingly, the option of mixed assembly is much cheaper than choosing not to take
any definitive action. For the case of 4,800 boards however, at the end of 10 years,
Option 1 of sustaining an all-tin assembly is much less expensive than failing to take
action. If the industry chose not to do anything about the fact that the parts that are
available now are different and continued to use them in the same conventional
manner (i.e., assembling a mix of tin-lead and lead-free parts using a conventional
tin-lead process), the cumulative cost will rise significantly. This is because there
will be a lot of failures since the new parts have not been tested and appropriate
assembly and maintenance processes have not been qualified for them. This is the
reasoning behind assuming the 30% increase in failure rate for the Do Nothing
option. While initially it incurs zero plan development and implementation costs, it
ends up becoming very expensive to just use parts as they come in. The 3 baseline
options all have significant start up costs but the cumulative costs over the 10 year
period is significantly lower than doing nothing since preventive actions such as
testing the parts for reliability and qualifying all process will be taken.
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Variations in Board Quantities

The previous section showed how the option of Do Nothing shows different
results for different board quantities. Of course, a smaller company will incur
different costs than a larger industry since they manufacture a different quantity of
boards per year. Figure 4 shows the predicted behavior of the management options
when different quantities of boards are considered as compared to the 24,000 boards
per year in the baseline case (calculated from data in Table 1). Figure 12 represents a
smaller manufacturer that only produces 4800 boards in a year. The difference in
cumulative cost at the end of 10 years between Option 2 and Option 3, the two
cheaper options is $3 million. The same cost difference for the baseline case was $18
million (see Figure 4). Therefore, the difference in costs between a smaller client
with 4,800 boards and a larger client 24,000 boards per year is 15 million dollars.
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Figure 12: Cumulative Cost for Smaller Board Quantity (same scale as baseline case)
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Cost Effect of Change in Reliability

Since Option 1 and Option 2 incorporate either the use of the new lead-free
parts or the reprocessing of parts from tin-lead to lead-free and vice versa, it can be
assumed that there could be changes in the failure rate of the board due to the new
parts. Table 1 assumes a 10% increase in failure rate of the parts due to reprocessing
and a 15% increase in the failure rate of the board when dealing with mixed
assemblies. An increase in the failure of the parts and boards requires an increase in
the number of spare boards and parts. This will increase the cumulative costs
incurred by the manufacturer. Figure 4 showed the baseline case that incorporated
the 10% increase in failure rate for Option 1 and Option 2 and the 15% increase in the
failure rate for Option 3. Figure 13 shows the case when it is assumed that there is no
change in failure rate. The 3 management options start off with the same costs due to
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Figure 13: Cumulative Cost for No Change in Failure Rate
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plan development and maintenance but at the end of 10 years, it can be seen that
Option 3 of the mixed assembly is the least expensive option. This is because, with
no change in failure rate, Option 3 incurs neither reprocessing costs nor sparing costs
associated with reprocessing. In the baseline case, Option 3 was more expensive than
Option 2 since it had a higher failure rate due to the use of mixed parts and
conventional tin-lead assembly processes. Option 1 of reprocessing lead-free parts to
tin-lead is the most expensive option because while the sparing costs may have been
knocked off, the reprocessing costs are still significantly higher since most parts are
not naturally available as tin-lead anymore.
Tin Whisker Risk

Since the new alloys do not contain lead, there is the risk of formation of tin
whiskers. The tin whiskers can cause failures that would require more spares. Figure
14 shows the effect of tin whisker risk on the cumulative cost. The two plots on the
top of the graph are Option 2 and Option 3 when the distance between the conductors
is 0.01 mm. The middle plots are for a gap size of 0.05 mm and the plots at the
bottom are the baseline cases (same as those in Figure 4) with no tin whisker risk
included. It can be seen that cumulative cost incurred over 10 years is significantly
higher when taking tin whisker risk into consideration. This because more spares will
be needed to support the system. It can be seen with gap size of 0.05 mm that the
first 4 years there is no tin whisker failures but the cost rises significantly after 4
years. Note, these results are completely dependent on the date (year) at which tinwhiskers grow long enough to bridge the gap between adjacent leads and this depends
on the length distribution assumed for the whiskers, which is not well known.
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Figure 14: Cumulative Cost with Tin Whisker Risk

Therefore, Figure 14 is included only to demonstrate how costs could escalate if due
to tin whisker effects. Also note that this model considers the cost of tin whisker
failures to only be the cost of purchasing additional spares and does not consider the
other financial consequences of failures do to tin whiskers.
Cost for Multiple Plans

The baseline case reported the cumulative costs incurred when there was only
one plan involved. It has been discussed before that costs incurred for multiple plans
will be significantly different. These costs depend on the number of plans as well as
the commonality between the different plans. Once again, the word ‘plan’ is used to
describe a specific set of materials and/or qualification requirements. Commonality is
described as the fraction of these materials and/or qualifications the plans have in
common with the first plan that was developed and implemented. Figure 4 showed
the costs incurred when only 1 plan was being supported. The cumulative cost at the
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Figure 15: Cumulative Cost for 10 Plans

end of 10 years for the least expensive plan was $31 million. Figure 15 shows the
difference in behavior when there is more than 1 plan being supported. The graph
displays the cumulative costs involved when there are 10 plans to support with an
assumed 65% commonality. Since a plan has been described as the unique set of
materials and/or qualifications, it is understandably significantly more expensive to
support 10 plans. That is 9 more plans that must be qualified than the baseline case
and only 65% of the effort (cost) spent on the first plan applies to the subsequent
plans. Option 2 which was the least expensive option of reprocessing everything to
lead-free has a 10 year cumulative cost of $31 million for the baseline case but the
same option has a cost of $62 million when 10 plans have to be supported. In other
words, an expense of $31 million could possibly be avoided by having a common
plan that is agreed upon by all parties involved.
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Cost Effect of Plan Commonality

Figure 13 displayed how supporting multiple plans is a very expensive
endeavor. Figures 16 and Figure 17 further explores the idea of lower costs incurred
when supporting fewer plans. The vertical axis of the graphs is the cumulative cost in
year1 dollars and the horizontal axis is the number of plans being supported. The two
different scenarios investigated are when the 10 different plans have 40%
commonality and 90% commonality for the mixed assembly solution. The solid red
triangles represent 40% commonality and the open red triangles represent 90%
commonality between plans. From the previous section, commonality is a measure of
how much each plan has in common with the other plans. Figure 16 shows the costs
incurred when $5.5 million as reported in Table 1 is being spent per plan and Figure
17 displays costs when $18.5 million is being spent per plan. It can be seen that
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Figure 16: NRE & Requalification Cost = $5.5M
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Figure 17: NRE & Requalification Cost = $18.5M

cumulative costs are much lower when the plans have a 90% commonality. This is
because all the things that the plans have in common need not be tested, developed or
qualified more than once. The difference in cost between supporting 10 plans and
supporting 1 plan with an estimated spending of $5.5 million per plan and with a 40%
commonality is $48 million. The same case for 90% commonality is $8 million. The
difference in cost with $18.5 million spent per plan and 40% commonality is $161
million. The same difference for 90% commonality is $27 million. Clearly, if
adopting multiple plans, it is more efficient if they have higher commonality.
Costs due to Legacy Parts

The concept of legacy parts was discussed in Chapter 2. Legacy parts will
affect costs whether or not they are used since the cost has already been incurred in
purchasing them and in the case of not using them, the money spent on them and their
disposal costs will have to be taken into account. For this example is it assumed that
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in general clients have lifetime buys for 30% of their parts for a period of 5 years and
that they are going to utilize the lifetime buy (i.e., use the parts rather than dispose of
them). Figure 18 shows the effect of using legacy parts on the cumulative costs for
the 3 different options. It should be kept in mind that the lifetime buys will all be in
the conventional tin lead form. Therefore initially Option 1 where everything is
converted to tin lead starts off as the least expensive since 30% of its parts need not
be converted since there is a lifetime buy for them in the inventory. This reduces
reprocessing costs as well as sparing costs since the same type of part is being used.
For the same reason, Option 2 where everything is converted to lead-free is
significantly more expensive since the lifetime buys that are in the tin-lead form will
have to be reprocessed. The effect of the legacy parts on Option 1 and Option 2 is
very clear in the first 5 years, i.e., the period of years there are legacy parts for. For
the first 5 years, Option 2 is the most expensive since the organization decided to use

$80,000,000

Option 1-Reprocess lead-free to tin-lead
Option 2-Reprocess tin-lead to lead-free

$70,000,000
.

Option 3-Mixed assembly

Cumulative Cost (year 1 dollars)

$60,000,000
$50,000,000
$40,000,000
$30,000,000
$20,000,000
$10,000,000
$0
1

2

3

4

5

6

7

8

Year

Figure 18: Cumulative Costs with legacy parts
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the legacy parts and everything has to be converted to lead-free. Option 1 is the least
expensive for the first 5 years since the reprocessing costs are lowered. Option 3 for
mixed assembly continues to use parts as they are available either in the lead-free
form or the tin-lead form. After 5 years however the trends switch since the
inventory of legacy parts are depleted. Now converting all parts to lead-free is less
expensive since, based on the availability profile, more parts exist in the lead-free
form instead of the tin-lead form and minimal reprocessing is required. Option 1of
converting everything to tin-lead still comes out as having the highest cumulative cost
over 10 years. The difference in cost between Option 1 and Option 2 is significantly
lower than in the baseline case where no legacy parts were assumed.
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Chapter 4: Summary Contributions, and Future Work
Summary

With legislation such as the Regulation of Hazardous Substances (RoHS) and
Waste of Electronic and Electrical Equipment (WEEE) in effect and other similar
legislation pending around the world, substances such as lead are becoming heavily
regulated in consumer products. While the defense and aerospace industries are
currently exempt from these regulations because of the nature of their applications,
they are still significantly affected due to their reliance on the same supply chain for
their parts as consumer applications. The electronic part supply chain is entirely
driven by market forces from the consumer sector. This is forcing the defense and
aerospace industries to consider alternatives to adapt to the changing availability of
conventional tin-lead solder parts. Such an action carries with it significant cost and
risk impacts. Defense and aerospace operations require high reliability and have a
very long application support time (on the order of decades). It is therefore necessary
to qualify all new products to maintain required reliability and performance levels.
Consequently, simply incorporating new parts is not easy and requires significant
financial resources.
A cost model was created to provide a financial forecast for the transition to
lead-free parts. The model includes plan development and implementation costs,
reprocessing cost and accounts for changes in reliability due to reprocessing and tin
whisker risk through sparing. Example cases considered provided the user with three
different options. The first option is an all tin-lead assembly where all parts used are
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tin-lead and those parts only available as lead-free are converted to tin-lead. The
second option is an all lead-free option where all parts are lead-free and those only
available as tin-lead are converted to lead-free. The third option is a mixed assembly
option where parts are used in whatever form they are available and are assembled
using conventional tin-lead processes. Results were generated for different scenarios
such as different board quantities, changing failure rate and implementation of
multiple plans.
The results of the study indicate that higher board quantity as well as increase
in failure rate increased costs. However, the number of plans being supported is also
a huge cost driver. For every plan being supported, there are significant development,
implementation and maintenance costs. Costs incurred are less expensive if there is
commonality between multiple supported plans. Supporting 10 plans with 90%
commonality is much less expensive than supporting 10 plans with 40%
commonality. The difference in cost, when $18.5 million is spent per plan, between
supporting 10 plans and 1 plan with 40% commonality is 161 million. For the same
scenario with 90% commonality, the difference is $27 million. Clearly, it would be
least expensive to support only 1 plan across the all the customers. It is advisable for
the defense and aerospace industries to adopt a standard plan to deal with this
transition to lead-free. This plan can be communicated to all stakeholders as well as
the suppliers and significant costs that would normally be shouldered by the defense
and aerospace industries can be avoided.
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Contributions

•

First cost model addressing the transition from tin-lead to lead-free
electronics.

•

First study to quantify the value of coordinating transition plans amongst
multiple customers.

•

Developed novel method of calculating relative costs based on changes in
quantities as opposed to the absolute value of the quantities.

Future Work

The cost model developed in this thesis can be developed further to include
more details about the parts and boards, thus improving the accuracy of the cost
predictions. Palesko [22] classified costs incurred as components cost, processing
costs, yield costs and material costs. Palesko determined that for different board
sizes, different types of cost dominate and in boards with very high component costs,
assembly costs are most heavily impacted regardless of board size. Keeping these
generalizations in mind, it would be beneficial to include details such as board size,
board density, assembly yield rates as well as part specifics such as failure rate into
the model. This way the user can be provided with a detailed breakdown of costs that
will help them figure out what processes or parts need to be improved to reduce costs.
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Appendix: Running the Model
This appendix will guide the user through using the tool. The inputs and
outputs will be explained in detail as well as the three different options being
investigated.
This application is for use with Excel (developed using Microsoft Office
Excel 2003). The spreadsheet uses Macros that must be enabled. You can enable the
Macros buy opening Excel and selecting Tools->Options…, Security tab, Macro
Security…, choose Medium (or Low); restart the spreadsheet (select “Enable
Macros” in the Security Warning if asked).
Reference
Inputs

The Inputs worksheet contains all the model. The table below lists all the
inputs the model will use to predict the costs involved in transitioning from tin-lead to
lead-free parts. Changes made in the following inputs can be observed as change in
the annual and cumulative costs presented in the Outputs worksheet.

Development Costs
Full plan development cost
Program maintenance (fraction/year)
Re-processing lead-free to tin lead
development and qualification fixed
cost
Re-processing lead-free to tin lead
support cost (fraction/year)
Re-processing tin lead to lead-free
development and qualification fixed
cost
Re-processing tin lead to lead-free

Cost associated with developing and implementing one unique
combination of materials and/or qualification requirements.
Fraction of full plan development cost required to maintain one
plan each year.
Cost associated with the development and qualification of a tinlead to lead-free reprocessing activity.
Fraction of the development cost needed to support the lead-free
to tin-lead conversion plan each year.
Cost associated with the development and qualification of a leadfree to tin-lead reprocessing activity.
Fraction of the development cost needed to support the tin-lead to
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support cost (fraction/year)
Discount for additional program
development

lead-free conversion plan each year.
Fraction of cost discounted from full plan development cost for
each additional plan developed, e.g., 100% means that additional
plan development is free.

Board Specifics
Number of boards
Parts/board
Quantity built/year of each
Cost of spare bare board
Number of plans supported
Frequency of board qualification
Board qualification cost
Percent spares
Confidence interval for spares
calculation
Fractional increase in failure rate
Board-level failure rate increase for
mixed assembly
Year that whisker risk begins
Tin whisker risk rate of increase

Number of unique boards manufactured each year.
Number of parts on each board. This version of the model
assumes that every part on the board is the same.
Quantity of each unique board manufactured each year.
Cost of the bare board that includes all costs except the
reprocessing cost of parts.
Number of unique combinations of materials and/or qualification
requirements supported.
Not used.
Not used.
Fraction of total boards that are built for spares.
Desired confidence level that sufficient spares are available.
Increase in part failure rate due to reprocessing of parts (if
negative, it corresponds to a decrease in failure rate).
Increase in board failure rate when supporting a mixed assembly
(if negative, it corresponds to a decrease in failure rate)..
Year (measured from year 0) when tin whisker risk formation
begins and must be accounted for in estimating failures.
Rate at which the number of tin whisker failures increase each
year after the first year that whisker formation begins.

Board Manufacturing Costs
Cost of re-processing/part (lead-free
to tin-lead per part)
Cost of re-processing/part (tin-lead
to lead-free per part)
Mixed assembly premium ($/board)
Discount rate (%/year)
Lead-free/tin-lead overlap (% of
parts that can be procured in both
forms)

Cost of reprocessing one part from lead-free to tin-lead.
Cost of reprocessing one part from tin-lead to lead-free.
Additional cost per board to support a mixed assembly.
Discount rate for money. All results are in year 1 dollars.
Fraction of parts that can be procured in both the tin-lead and leadfree form.

Lifetime Buy Information
Fraction of parts that lifetime buys
exist for
End of lifetime buys (year)
Must lifetime buys be used?

Fraction of parts for which lifetime buys exist in the inventory.
Number of years the lifetime buy supports after which the parts
will have to be purchased again or replaced.
Choose whether the existing lifetime buys will be used or
discarded.

Part Availability Profile
Information
Fraction of required parts only
available as lead-free

The fraction of parts only available in the lead-free format can be
entered as a function of year for years 1-20
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Figure 1 – Inputs sheet containing default data.

Outputs

The Outputs worksheet contains the results of the cost model. The annual costs
and cumulative costs for the three different options are presented in a tabular form as
well as graphical form. All outputs are presented in year 1 dollars. The three models
contained within the tool are defined in the following:
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Figure 2 – Outputs sheet.

Alternative 1 – All Tin-Lead Solution

Alternative 1 is the option where tin-lead parts are used if possible and when not
possible lead-free parts are reprocessed to tin-lead parts. A tin-lead assembly process
is used.

Costs involved in plan development, reprocessing, sparing due to

reprocessing as well as annual costs and cumulative costs are displayed for the user to
see. All costs are in year 1 dollars.
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Figure 3 – Alternative 1 sheet.

Alternative 2 – Mixed Tin-Lead/Lead-Free Assembly

Alternative 2 is the option where a mixed assembly is performed.

In this case

tin-lead parts are used if possible and when not possible lead-free parts are used. This
option also takes into consideration the extra cost incurred due to tin whisker failures.
All costs are in year 1 dollars. The top data set applies the failure rate change to the
parts that are only available as lead-free. However there is a certain percentage of
parts that come in both the tin-lead and lead-free forms. The bottom data set applies
the failure rate change to all parts that can possibly be lead-free; this includes the
parts that are available only as lead-free as well as parts that are available as lead-free
and tin-lead.
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Figure 4 - Alternative 2 sheet.

Alternative 3 – All Lead-Free Solution

Alternative 3 is the option where lead-free parts are used if available, and when
not available tin-lead parts are reprocessed to lead-free parts. Costs involved in plan
development, reprocessing, sparing due to reprocessing and sparing due to tin
whisker failures as well as annual costs and cumulative costs are displayed for the
user to see. All costs are in year 1 dollars. The worksheet has two sets of data. The
data set at the top assumes that there is a change in failure rate for only reprocessed
parts whereas the data set at the bottom assumes that there is a change in failure rate
for all lead-free parts.
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Figure 5 – Alternative 3 sheet.

Calcs Sheet

This worksheet contains intermediary calculations such as number of parts, z
value for the confidence interval chosen, spares, etc. These cells are used solely for
cost calculations for each of the alternatives. The user must not change or interact
with these cells.
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Tutorial

Step 1

Open the spreadsheet (you must select “Enable Macros” in the Security Warning if
asked).
Step 2

Go to the Inputs tab. This is the worksheet where all the inputs are entered.
Click on the Outputs tab. This worksheet will have the results displayed in tabular
and graphical form. The annual cost and cumulative costs incurred due to the specific
set of inputs are seen in this worksheet.

Step 3

Click on the Inputs tab again and change the number of boards from 24 to
1000.

Click on the pink Run Cost Model button.

A cost calculation will be

performed using the modified inputs by the tool and you will automatically be
relocated to the Outputs sheet. This change in input can be visualized in the graph and
table values in Outputs. The Alternative 1, Alternative 2 and Alternative 3 sheets can
be chosen to view the changes in detail.

Step 4

Continue making changes as required in the Inputs sheet. The Run Cost
Model button must be clicked in order for input changes to be included in the

calculations.
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