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Eutectic or near eutectic tin/lead (Sn/Pb) solder (TM 183°C) has been the solder alloy material of choice for decades in the electronics industry. Eutectic tin/lead solder alloy provides outstanding solderability and forms stable solder joints capable of operating in a wide variety of service environments. It is easy to use, and because it has a relatively low melting point, rework and repair are also easy. Because of the toxicity of lead (Pb) and the concern that the lead in electronic products may end up in landfills—and thus ultimately wind up in the water supply—the electronic industry is exploring alternative solder alloys that do not contain lead (Pb). These alternative solder alloys are typically composed of tin (Sn) with one, two or three additives such as copper (Cu), silver (Ag), bismuth (Bi), antimony (Sb), zinc (Zn) or indium (In). 

Currently, many of these alternative solder alloys have been tested and analyzed by industry organizations, such as the National Center for Manufacturing Sciences (NCMS), the International Tin Research Institute (ITRI), and the National Electronics Manufacturing Initiative (NEMI). These studies have narrowed down to several candidates as possible replacements for Sn/Pb solder alloy. These candidates solder alloys are Sn/Cu, Sn/Ag, Sn/Ag/Cu, Sn/Ag/Cu/Bi, and Sn/Cu/Bi/Sb. Some of these are more suitable for wave solder and others more suitable for reflow solder. 

The solder joint reliability difference between the Sn/Pb solder and the Pb-free solder alloys are debatable, but some of the disadvantages of using Pb-free solder alloys are undeniable. Generally, the Pb-free solder alloys require a higher reflow profile because of the higher melting temperature of the alloys. The melting point of the Sn/Ag/Cu eutectic is 217oC compared to a melting point of 183oC for eutectic Sn/Pb. This exposes the printed wiring board and the components to higher temperatures during assembly and thus compromises their subsequent reliability.  

The component industry is working to increase the tolerance of components to high temperature soldering, especially the molding compound of plastic encapsulated microcircuits (PEMs). At present, all but very low cost printed wiring boards appear to be compatible with the higher soldering temperatures. Also, significant changes have been made to the surface finish of the board and the components due to the Pb-free movement. Traditionally, component surface finishes have been Sn/Pb. The move in the industry is to use plated pure Sn finishes. This may pose a problem, namely, that of tin whiskers.

Tin Whisker Issue

NASA has long been aware of a phenomenon known as tin whiskers when pure Sn finishes are used. NASA created the website, http://nepp.nasa.gov/whisker/index.html, dedicated specifically to the tin whisker phenomenon in great detail. As shown in Figure 1, a tin whisker is a filament of tin that spontaneously grows from a Sn-plated surface. After decades of study, the exact mechanism has still not been fully identified, although contributing factors such as compressive stresses and moderate temperatures have been shown to increase whisker formation. With closely spaced electrical leads, tin whiskers can produce electrical shorts. In vacuum, the whisker can induce a plasma between biased electrical leads. As pointed out above, the industry is planning to move to pure tin finishes, and there are claims of ‘whisker-free’ tin. However, it is very difficult to substantiate this claim. NASA may have a significant reliability risk if only pure tin finishes are available for components in the future. This issue, since it is so important, needs to be explored in more depth before the green light can be given to the use of alloys that contain almost pure tin.

It is important to note that the replacement of lead in electronic solders will render useless the reliability data for electronics assemblies gathered over the last 50 years. The successful transition to lead-free assembly involves a number of complex issues. One of the first challenges is to select a suitable replacement solder alloy. After a major four-year research effort, the National Center for Manufacturing Sciences (NCMS) concluded that there was no ‘drop-in’ replacement for eutectic Sn/Pb [1]. The International Tin Research Institute (ITRI) and the National Electronics Manufacturing Initiative (NEMI) currently recommend the Sn/Ag/Cu eutectic (or near eutectic) alloy for reflow solder applications [2, 3]. In the more benign environments of consumer products, Sn/Ag/Cu eutectic has been shown to exceed the performance of eutectic Sn/Pb. 
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Figure 1 Examples of tin whiskers

Composition of Tin-Lead Solders Issue

Consumer products is the major driver for the switch to lead-free solder, and this is also the largest segment of the electronics market. Because of this, it now appears that the Sn/Ag/Cu eutectic will be the lead free alloy of choice.  However, data generated at Auburn University [4] and IBM [5] have revealed that Sn/Ag/Cu is less reliable than conventional Sn/Pb in harsh environments (high temperatures, high strain fields, and longer cycle times).

It was originally expected that Sn/Ag/Cu would be superior for high temperature applications since its melting point is 217oC versus 183oC for Sn/Pb.  This apparently is not the case.  Components, such as surface mount resistors and ceramic ball grid array packages, that place higher strain levels on solder joints have been shown to be less reliable over the temperature range from -55oC to +125oC with Sn/Ag/Cu solder than with eutectic Sn/Pb. Final, long slow thermal cycles have a more detrimental effect on reliability with Sn/Ag/Cu as compared to eutectic Sn/Pb. This is particularly disturbing as laboratory testing is accelerated with rapid thermal cycles to minimize test time. However, in most real applications, the thermal cycles are much longer.  Hence, laboratory testing may overestimate the field reliability of lead-free solder joints.  New acceleration factors must be determined to predict field life.
The effect of composition on solder reliability is an issue that must be addressed.  A typical lead free alloy is Sn95.5Ag3.8Cu0.7. The industry standard for elemental variations is +0.1 percent in the solder alloy. This was not a significant variation when the alloy was Sn63Pb37.  The copper concentration in the lead-free alloy is low and the reliability impact of variations in copper (and silver for that matter) content need to be evaluated.  The copper and silver form intermetallics (Ag3Sn, Cu3Sn, Cu6Sn5) in the tin matrix.  The role of these intermetallics on the mechanical properties and reliability needs to be more fully understood before this lead-free alloy is used in a high reliability application. The microstructure, mechanical properties, and solder joint reliability as a function of compositional variation should be determined and correlated. 

NASA Evaluation of Pb-Free Alloys-Phase I

Lead-containing solder has been used for past 60 years as the principal joining material for Level 2 packaging—defined as attaching component level packages to a suitable substrate to produce printed wiring assemblies (PWAs). Generally, the solder of choice has been either eutectic tin-lead solder containing 63 wt. percent tin (Sn) and 37 wt. percent lead (Pb) or near-eutectic tin-lead solder containing 60 wt. percent tin and 40 wt. percent lead. Eutectic tin-lead solder has a unique melting point of 183(C (361(F), whereas near-eutectic tin-lead solder melts within the range of 183(-189(C (361(-372(F). 

The objective of this NEPP task is to investigate the reliability of lead-free solder alloys in space application. This evaluation also study the compatibility of lead-free solder alloys to the comparable surface finishes of surface mount components including chip capacitors, chip resistors, and advanced packages such as ball grid array (BGA), flip chip or chip scale packages for the NASA applications. It will develop a reliability database. And finally, it is also to obtain the mechanical material properties of lead-free solder alloys to understand the behavior of the solder joints and the role of composition on reliability.

The first phase of this project by JPL dealt with determining the most feasible candidates to replace eutectic tin-lead and suitable processing operations in assembling printed wiring boards.  Four (4) lead-free solder pastes were selected based on an extensive search of the literature. These are:

(1) Sn96.5Ag3.5 (eutectic) 


221°C (TM)

(2) Sn95.5Ag3.8Cu0.7 


217-218°C (TM)

(3) Sn96.2Ag2.5Cu0.8Sb0.5 (Castin®) 
217-218°C (TM)

(4) Sn77.2In20.0Ag2.8 (Indalloy 227®) 
175°C (TS) -187°C (TL)

Two PWBs per solder type were assembled using the four different solder pastes resulting in total of eight assemblies.  See Figure 2, which shows a bottom and top view respectively of the test PWB. 

The PWBs were assembles in the SMT Laboratory at JPL.  A bench-top reflow unit (on loan) + perfluorinated liquid were utilized in assembling the PWBs. Except for the BGAs, the leads of the components used were tinned with Sn/Ag bar solder. Scanning acoustic microscopy analysis performed on test boards and components was utilized for ascertaining if damage occurs to boards during processing. The boards themselves processed satisfactorily at the higher temperatures. However, some of the plastic BGAs were revealed to have experienced delamination, indicating the necessity of baking them prior to reflow. See Figure 3, which shows a bottom and top view respectively of the test PWB assembled using the lead-free paste having the composition Sn95.5Ag3.8Cu0.7. During the second phase, four (4) PWAs per paste will be assembled along with using eutectic Sn/Pb (Sn63Pb37—183°C TM) as a control. The resulting assemblies will be thermal cycled. 
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Figure 2 Bottom and top view respectively of the test PWB
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Figure 3 Bottom and top view of the test PWB assembled using Sn95.5Ag3.8Cu0.7 
While JPL has selected their choice of solder alloys, GSFC decided to focus on one solder alloy, Sn/Ag, which was selected based on an extensive literature search.  Sn96.5Ag3.5 was selected because it is a binary alloy and also eutectic with a melting temperature at 221°C. It is a widely available material, and its cost is comparable to eutectic Sn/Pb. It is readily procurable in core wire form for hand soldering operations.  The test vehicle boards have electroless nickel/immersion gold (ENIG) finish and the components are SMT 1515 type capacitors and UB type of diodes. The component finishes are Pt/Ag and Pb/In for the capacitors and diodes respectively. This raises another issue with Pb-free. Especially for high temperature applications, replacement Pb-free finishes for components may not be available. Needless to say, some amount of lead may always be present in some electronics.  

A total of 10 boards were hand-soldered using Sn96.5Ag3.5 (see Figure 4).  Soldering with Sn/Ag takes twice as long to wet. Visually, the resulting solder joints have a dull appearance.  However, optical inspection of the cross-sections of the Sn/Ag solder joints do not show any significant difference from Sn/Pb solder joints.  Some of these boards will be temperature cycled to failure between –55°C to 125°C.  These results will be compared with the investigations done by other companies in the electronic industry.
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Figure 4  (a) Top view of the PWB assembly, and (b) optical view of Sn/Pb and Sn/Ag solder joints 
NASA Evaluation of Pb-Free Alloys-Phase II

The second phase of this project has down-selected to two (2) of the pastes in the list directly above. These two pastes are:

(2) Sn95.5Ag3.8Cu0.7 (near eutectic Tm 217-218°C);


(3) Sn96.2Ag2.5Cu0.8Sb0.5 (near eutectic Tm 217-218°C).

These two solder alloys were down-selected over (1) and (4) because they are more suitable for reflow operations. The indium containing paste was considered undesirable for two reasons. First, it has a wide pasty region, which is not particularly good during reflow. Second, indium is a very scarce element, and if the world migrates to indium containing pastes, there may not be a sufficient amount available. 

MSFC and Auburn University are collaborating to perform the evaluation and measurement of the mechanical material properties of the various solder alloys.  Material properties such as young’s modulus, yield strength, elongation, and fatigue and creep behavior will be evaluated a function of temperature and alloy composition using a micro tensile-torsion thermo-mechanical test system. Also, characterize the microstructural of selective lead free solder alloys to determine the elemental distribution, intermetallic formation, and grain structure. Based on the fatigue data collected over the years by Auburn University, along with the data from JPL, and GSFC’s evaluation, finite element modeling is planned for the following year.

Summary

Given the trends in both Japan and Europe, it is highly likely that the U.S. will be driven by commercial interests to phase out lead in electronics usage. In the commercial electronics business, more original equipment manufacturers (OEMs) are converting their processes to produce Pb-free products [6]. This in turn causes their suppliers to convert their process to satisfy their customers’ demand. In Japan, the pressure is mounting via the marketplace and competitive differentiation to force companies to promote ‘environmentally friendly’ products produced with non-lead solders.  

Toshiba, Matsushita, and Hitachi have announced plans for the elimination of all lead interconnects in their products by 2004. This change, whether driven by legislation or competitive pressure, will have a profound impact on electronics assembly throughout the entire world.  Even though the military standards encourage the usage of Sn/Pb for high reliability application, it is essential to look into the feasibility of alternative solder alloys in advance to meet NASA’s future applications.  It is also important to prepare the specifications and other necessary documents so that they cover the new lead-free materials and processes. These investigations will give the NASA community a sense of understanding of the issues associated with Pb-free solder alloys and prepare it, should it be forced through circumstances, to choose a suitable Pb-free alloy for space applications.

Conclusion

All NASA programs will benefit from this work. If Sn/Pb solder is either legislated so that it will no longer be feasible to procure it or if solder companies no longer provide it, it will be necessary to use lead-free solders for electronics. The NASA NEPP program will provide data to select the proper lead-free solder for NASA uses.
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