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 Since the advent of the integrated circuit, solder has become an integral part of the electronics industry.  Growing concern for environmental and human health has spurred interest in lead-free solders over in the last quarter century.  Regulatory, competitive and financial issues have led to the development of many lead-free solder alternatives.  Despite technical challenges of material and mechanical properties and recycling, leaded solder is on the way out.
A Brief History of Solder 
Despite its low profile until the advancement of the electronics industry, solder is an ancient art which has become increasingly important in modern industry.  Developed some 5000 years ago, precious metal solders were originally developed for jewelry and tool making (Vianco, 1993).  The ancient Romans, with a penchant for lead, mixed the first soft solders for sealing joints through capillary joining on plumbing and armor (Thwaites, 1984).  Solders changed little from ancient times until the mid-twentieth century, when the integrated circuit made solder big news again.  Soon after, the microprocessor required each solder joint to carry thousands of electrical signals, requiring reliable high quality in speedy batch processes (Vianco, 1993).  Simultaneously, public awareness of environmental health effects of lead has increased, and electronics have become cheaper and more disposable, pushing solder technology into a new paradigm.
Motivations

As with any significant changes in large industry, the factors driving the change are complex.  The source of the concerns is the growing interest in environmental health and sustainability.  Lead bioaccumulates in plants and animals, causing biological and mutagenic toxic effects (Smith and Swanger, 1999).  The life cycle of lead causes concern about waste generated by assembly, the end-of-life disposal of electronic assemblies, and worker safety during production (Vianco, 1993).  Changes in soldering technology have kept pioneering electronics corporations one step ahead of impending regulations and straggling competitors by staying in the environmental and financial green.

Regulations
Government intervention to prevent negative environmental impact is common, and developed countries worldwide are working to reduce the impact of lead in electronics on the global environment.
The first indication that the widespread use of lead would end came in 1991, with the introduction of the Reid bill which called for, among other things, severe restrictions on lead solder.  The electronics industry lobbied for exclusion, arguing that these restrictions would hinder growing computer sales.  In 2000, however, lead in improperly disposed electronics accounted for 7% of global lead use (Richards & Levoguer, 2000) and 40% of lead in landfills (Bauer & Grusd, 2000).  The inappropriate disposal of electronics means inadequate end-of-life treatment and increased risk of contamination by toxic compounds.  Since Republicans gained control of the Senate, though, the government has not pushed further intervention.  Most continued interest in the United States is from automakers and industries fearing competition from Japan (Richards and Levoguer, 1999).
Although Japan has not passed any regulations on electronics lead yet, several directives and standards have been proposed.  The self-imposed limits of the Japan Electric Industries Development Association (JEIDA) recommend two lead-free alternatives (SnAgCu and SnAgBi) in accordance with the government’s widely accepted ecolabel (Richards & Levoguer, 2000).  More stringent regulations of worker safety and recycling laws also drive the Japanese research.
Europe has taken an even stronger stand on toxic materials in the electronics industry.  The EU has takeback and recycling directives for electronics and the automotive industries, so all changes are in the industry’s interest to avoid fines and maintain image.  Further, the Waste From Electrical and Electronic Equipment Directive (WEEE) gives a mandatory timeline for phasing out lead in EU-manufactured products by 2008 (Gutowski et al., 1999).  Eight members of the European Community have even stricter regulations (Nimmo, 1997) for recycling or obsolescence of lead.  Sweden, for example, is phasing out all lead by 2020, despite the lack of alternative materials in some industries (Richards & Levoguer, 1999).

Market Forces
The power of consumer and market forces is another popular incentive for lead-free conversion.  Consumers are individually concerned with the presence of lead in their homes and drinking water, especially with the marketing campaigns undertaken by environmental watchdogs like the Environmental Protection Agency (EPA), which declared lead one of the seventeen most “danger-imposing” chemicals (Nimmo, 1997).  Corporations and governments, following the new trend of producer and user responsibility, are developing and demanding ecolabels on the parts and finished products they purchase, reducing large customer market share for non-conforming corporations (Vianco, 1993).  Siemens found (Gutowski et al., 1999) that once a few companies in their market had made changes to their processes, many others followed suit without regulations.

Cost & Performance
Behind all corporate decisions are the immediate, key motivators of cost and product performance.  With the exception of solders and fluxes containing high precious metal content, lead-free solders are approximately the same cost as the conventional SnPb system (Richards & Levoguer, 1999).  Converting can incur capital expenses to change equipment, and most lead-free alternatives will result in higher energy costs to reach the higher melting temperature.  As demand for them grows, the price is expected to fall.  
For most applications, overall availability is not an issue.  Only for high lead content solder applications are the material options limited.  Most applications (Nimmo, 1997) have a wide variety of choices, and the difficulty is in choosing the right solder to optimize performance.
Recent years have seen many successful conversions to lead-free solder, with higher success rates with every year.  Optimized solder systems, like SnAgCu, have shown better thermal mechanical fatigue performance (Bauer and Grusd, 2000) and reduced effects of accelerated aging (Hwang, 1992 and Richards and Levoguer, 1999).  Kwoka and Foster (1994) found no differences between leaded solder and several lead-free alternatives in “dip and look” tests or wetting properties.  Others (Vianco et al., 1994) have found slightly reduced wetting as the predominant defect, although the researchers and the Department of Trade and Industry (Richards and Levoguer, 1999) both attribute the findings to the use of non-optimized paste.

Lead-free solders in general withstand thermal cycling better than conventional solder.  In Vianco’s experiments (1994), the mechanical properties were adequate before and after cycling, and the electrical continuity was maintained despite thermal cycling.  The lead-free joints maintained structural integrity because shear deformation occurred within the joint, instead of on the surface.  Grain boundary sliding within the joint is preferred because it reduces the speed at which failure occurs.

Towards Replacement

The key motivations show that changing the joining process critical to so many processes is not a trivial task.  The ultimate goal is to have a system almost identical or superior to the eutectic SnPb system. Hampshire (1992) laid out an initial catalogue of prioritized desirable attributes for a lead-free alternative, including:

1.  No environmental difficulties, at least compared to lead


2.  Availability in sufficient quantities 


3.  Low application temperature, in general not exceeding 200˚C

4.  Good electrical conductivity

5.  Adequate strength properties, especially fatigue resistance

6.  Easy reparability

7.  Low cost


8.  High compatibility with existing materials

Material and Mechanical Properties
Desired characteristics of the lead-free solder determine most material properties of the system.  To reach these ultimate objectives for lead-free solder, several fundamental requirements (Hwang, 1992) must be met:

1.  Phase transition temperatures equivalent to conventional solder


2.  Suitable thermal and electrical properties


3.  Metallurgical compatibility with PCB components and other solder elements


4.  Adequate mechanical properties, including shear strength, creep resistance, 



isothermal fatigue resistance, thermomechanical fatigue resistance, and 



microstructural stability

5.  Intrinsic wetting ability – no intermetallic formations in solder

6.  Environmental stability

The importance of the mechanical properties cannot be underestimated.  The effects of shear and creep result in aging behavior, which can show up as microstructure changes and eventual device failures (Nimmo, 1997).

Process Considerations
Although there are several solder alternatives with material characteristics similar to the eutectic SnPb system, there is no single solution.  Indeed, most lead-free alternatives are not “drop-in” substitutes (Socolowski, 1995).  Even slight differences can require process changes.
Wave flow soldering (Thwaites, 1984) electrically connects both the through hole and surface mount component on the back side of the printed circuit board (PCB).  This process poses additional problems for lead-free solder because of fillet lifting, a common defect (Richards & Levoguer, 1999) where the solder separates from the PCB.  One possible alternative for wave-flow processes is to change to lead-free PCBs and components first, and follow up with a change to lead-free solder (Harrison and Vincent, 2002).  These steps minimize material incompatibility and reduce the risk of fillet lifting, a frequently fatal flaw in IC manufacturing.  Ideally, a replacement solder system will be appropriate for all kinds of soldering.  So it must be available in bar form (for wave flow soldering), powder (for solder paste in surface mount technology) and drawn wire (Biocca, 1998) to melt and flow properly for the different soldering processes.
Lead-free solders usually have higher melting points than conventional solder, requiring higher process temperatures.  This has adverse effects on energy costs, and is especially problematic because some ovens cannot handle the additional heat load (Richards and Levoguer, 1999).  Reflow ovens already run hot, with much wasted heat.  Higher process temperatures will push many reflow ovens beyond their approved temperature specifications, and waste heat may be hot enough that additional worker safety steps will be required.  Unfortunately, the nature of the material systems results in narrow process windows.  This is not a problem in traditional reflow ovens, but manufacturers using infrared ovens may have difficulty since their temperature is less sensitively regulated (Biocca, 1998).  Increased process temperatures may also require the replacement of substrates and other components.  Many components, including electrolytic capacitors, are not rated for temperatures much above the conventional solder melting point (Richards and Levoguer, 1999).  The UK Department of Trade and Industry suggests that this may only require the revision of component specifications, as repeated tests have shown that wiring boards, components, and finishes are free of defects after processing above the rated temperatures of 255˚C.  The alternative to respecification or component substitution is the ultimate exclusion of problematic components (Hwang, 1992), by designing them out of new product revisions.
Researchers and pioneering manufacturers have also considered necessary changes to inspections on the assembly line.  Some concern (Smith and Wanger, 1999) has been raised that the costs of lead-free solder will be raised by an increased amount of inspection and rework.  Inspection methods for lead-free solder joints must be slightly different from conventional criteria because the joints do not look like leaded solder joints.  Human inspectors must receive new training to account for these changes (Richards & Levoguer, 1999).  The conversion could also bring new inspection technology to the assembly line through automated optical inspection (AOI) and automated X-ray inspection (AXI), which are already used to some extent.  Research is currently underway to find new AXI algorithms to compensate for the low contrast images produced by lead-free scans.  Because the process window for lead-free solders is narrower than that of the SnPb system, more failures are expected off of the assembly line, costing a company more time and money to have the joints resoldered by hand and increasing scrap (Gutowski et al., 1999).  Reviews of manufacturers with mature lead-free assembly lines (Richards & Levoguer, 1999) have shown that there should not be any more scrap from the lead-free process than from the conventional process.


Recycling
End-of-life recycling is both part of the problem and part of the solution for lead-free alternatives.  Electronics recycling now focuses on the removal of precious metal, which can still be sold for good prices as scrap.  Even tin can be easily recycled at a reasonable scrap price (Richards and Levoguer, 1999).  Lead compounds are left as waste, unfortunately, because the scrap price is too low compared to the labor intensity.
Other elements, however, make a product virtually impossible to recycle.  Zinc and bismuth are both possible components with huge recycling problems.  Zinc compounds are difficult to recycle due to excessive drossing, whereas bismuth migrates easily into copper and steel.  Once bismuth gets into iron and steel, it cannot be removed, and prevents the reuse of any of the metals.  Any attempts to reduce the iron to its original state will end up creating iron oxide instead (Eagar, 1998).  Recyclers reject contaminated metal, relegating it to the landfill (Gutowski, 1999).  It is therefore undesirable to use these materials for lead-free solder alternatives, as they may reduce recyclability of the product as a whole.  Furthermore, recycling becomes more difficult with each additional element, imposing further limitations.


Component Selection
Based on the material requirements, only a few elements are promising for a new solder.  Replacing lead with a more environmentally hazardous material defeats the purpose of the lead-free movements  For this reason, lead-like metals including mercury, cadmium, and thallium can be eliminated.  Cadmium represents fewer problems at the operating temperatures of solder, and has been used in some proposed alternatives.  Nevertheless, the growing focus on end-of-life and manufacturer responsibility for disposal and worker safety (Stuart & Turbini, 1997) makes cadmium a poor choice for manufacturers looking to reduce disposal costs and environmental impact.  Reactive metals like cesium, potassium, lithium, magnesium, and rubidium are not plausible replacements.  Dealing with them in solder manufacture would be fraught with difficulties and they would corrode quickly upon exposure to air or water (Biocca, 1998).
At the other end of the life cycle, availability is a problem with other likely elements.  Mining metals requires a lot of resources.  The lower the metal content in the mine, the lower the productivity of the mine, and the more waste is produced to obtain the metal.  Low availability also increases the cost of the product.  In order to get manufacturers to switch, however, the cost has to be kept low, so expensive and rare elements should be avoided if possible.  Indium and gallium are uncommon, and only 100 tons combined are produced globally (Hampshire, 1992).  In comparison, bismuth is abundant, with 4000 tons produced annually.  This is, however, only one-third the production rate of silver, a deisirable but slightly more expensive component.
The least difficult of the remaining substitutes include silver, zinc, copper, bismuth, and tin.  Silver, as mentioned, has a high and volatile cost.  Zinc and copper are abundant and inexpensive, but difficult to recycle.  Tin is already a primary component of solder, but most results show that in lead-free alternatives, an increased tin content can make an otherwise unlikely system possible by reducing cost and melting point (Hampshire, 1992; Harrison and Vincent, 2002; Biocca, 1998).  Even with these drawbacks, lead-free solders can be an attractive choice.
The most widely accepted solutions are generally categorized by melting temperature.  The lowest melting points are found in SnZn solders.  These melting points can be further depressed to around 180-200˚C with the addition of bismuth (Richards & Levoguer, 1999).  Because metallic migration makes zinc \difficult to recycle, this alloy is unlikely to become a widespread substitute. (Hampshire, 1992).

By using silver instead, the cost and melting point are both slightly increased.  Depending on the ratio and any additions of copper, the melting point can vary between 190˚C and 200˚C.    The wetting behavior of SnAg is comparable to that of leaded solders, though there is some microstructural instability present at higher operating temperatures (Bauer & Grusd, 2000).  Adding copper reduces wetting ability, but improves fillet quality in surface mounts.  Combinations of tin and copper are the most promising high temperature alloys at this time, but not enough is known about the alloy yet to introduce it to manufacturing processes (Bauer & Grusd, 2000).

Un-leading the way
Of the regions leading development in lead-free solder, Japan has the most advanced standardizations, led by the Japan Welding Association (JWA) and the Japan Electric Industries Development Association (Richards & Levoguer, 1999).  By standardizing solder types by process, they reduce the difficulties incurred by using multiple types of solder without manufacturing inferior products.  The JWA (Gutwoski et al., 1999) is supporting the use of:

1.  Sn/Ag/Cu for reflow and wave-solder applications


2.  Sn/Cu for wave-solder


3.  Sn/Ag/Bi for reflow and low-temperature applications.

Industries in the United States have focused on advances with Sn/Ag/Cu, in particular Sn/3.9 Ag/0.6 Cu, chosen by the National Electronics Manufacturing Initiative for its mid-range melting temperature and diverse process applications (Bauer & Grusd, 2000).  This form can be used for any soldering method, but the reflow process is the most affected by the higher required process temperatures around 240-260˚C.
Lead-free or solder-free?
Progress and regulations to replace lead are well underway, but skeptics abound.  Small and Medium Enterprises (SMEs) will be most affected by capital costs, and are understandably not supportive of the initiatives so far.  The primary argument is that although lead-free solder removes the lead from the electronics life cycle, there have been no detailed assessments of the replacement systems.  All possible substitutes have environmental impact ranging from biological effects and ecotoxicity to mutagenicity.  The alternatives are not harmless.  Several experimental studies (Smith & Swanger, 1999) have demonstrated leaching effects above EPA allowable limits in simulated landfill conditions.  Other arguments against change are the characteristics of the system that make SnPb so effective.  Both lead and tin are easily available, cheap, abundant, and economically stable.  Most applications use eutectic solder, which has a well-defined melting point.  The weight percentages are easily modified to make a wide combination of low, moderate and high melting point solders (Biocca, 1998).  To do that with lead-free systems, different metallic elements must be used for such a wide temperature range.  Because of cost and disposal concerns, this is an unattractive option.
More environmentally minded thinkers have suggested moving away from solder completely (Gutowski et al., 1999).  Because disassembly, take-back, and recycling are becoming critical components of any design, solder-free technologies like flip-chips, snap-ins, and conductive adhesives are being developed and may be the ultimate solution for cost and the environment.
Conclusions
With recent advances in lead-free solders, development has reached a point where lead-free solder can be used in place of most conventional solders.  Although the current technologies are not “drop-in,” the required process changes are minimal.  A slight increase in energy costs is balanced by cheaper solder and the avoidance of landfill and hazardous waste processing costs.
Before switching a process to lead-free solder, it is important to evaluate the reasons for the change.  The bio-accumulation and environmental concerns about lead, the impact of future laws, the hazardous waste concerns, and possible process changes need to have more negative consequences than an environmentally friendly image, the health of manufacturing operators, and increased manufacturer responsibility.
Newer processes and assembly lines should always be created with Design For Environment guidelines shaping the evolution of the new product.  When developing new lines, early planning and materials selection should always be done with environmental consideration in mind (Stuart and Turbini, 1997).  Any manufacturer using these objectives will thrive in the coming age of lead-free electronics.
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