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Abstract 

The growing use of smaller and more powerful electronic components in more 

varied and adverse environments, especially in regards to mobile consumer electronics, 

has created the need to better understand how recent lead-free solder replacements 

for the toxic eutectic tin-lead alloy are impacted by manufacturing variations and solder 

doping, especially in terms of their general reliability performance under vibration and 

thermal shock environments. This thesis focuses on the fatigue life characteristics of 15 

mm CABGA packages with 208 perimeter solder balls on a 0.8 mm pitch which have 

been mounted on a vertically-oriented printed circuit board using various formulations 

and manufacturing parameters of lead-free solder balls and solder paste before being 

subjected to 4.6 Grms of random vibration using an LDS LV217 electro-dynamic shaker 

machine over the course of about 20-hour testing spans and with electrical tests being 

performed once every hour. The test vehicles were built to withstand JEDEC JESD22-

B103B standards of high stress while the test alloy formulations involved 12 different 

lead-free pastes, including a SAC305 equivalent paste, and seven solder ball alloys that 

were manufactured using three reflow profiles (Low, Best, & High) and two stencil sizes 

(4 mil & 6 mil). Half of the formulations were tested immediately after they were 

manufactured, and the other half were placed inside a thermal aging chamber that 

maintained an internal temperature of 125oC for 6 months before being removed and 
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subjected to vibration testing. A 2-parameter Weibull analysis was primarily used to 

characterize the ATTIF and MTTF of the samples in an attempt to discover any general 

trends affecting the vibrational reliability performance of the samples inherent to the 

variation of certain experimental parameters. In-depth analysis of the data revealed that 

two of the specific formulations, J6BN and J6L, achieved improvements in ATTIF of 

1900% and 900%, respectively, over the performance of the equivalent test samples 

from the control group which used SAC105 and SAC305 solder balls with SAC305 paste. 

Even though the long-term performance of these two formulations was disappointing, 

their outstanding initial performance still earns them the greatest overall 

recommendation for short-term reliability. In terms of long-term reliability, however, 

the K6H test group emerged as the overall frontrunner. This test group was calculated 

to have an average 20% greater initial ATTIF than the equivalent control test group and 

was predicted to have a general failure rate that was either the same or better than the 

control group over the course of its life. This formulation could provide manufacturers 

with the ability to only employ a single SAC305 paste substitute and a slightly higher 

reflow temperature in order to dramatically increase the long-term reliability 

performance of the products constructed in their single or mixed-SAC BGA production 

facility as well as boosting the initial reliability performance for their SAC305 BGA 

components. If used as such, the K6H formulation would be most appropriate for use in 

less reliability-critical applications, namely consumer mobile electronics. 
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Chapter 1 

INTRODUCTION 

Ever since the first integrated circuit was developed in 1959 by Jack Kilby and 

Robert Noyce, engineers have been thinking of new and innovative ways to further 

improve and refine their circuit design, making it smaller and more powerful [1]. This 

miniaturization of electronics is responsible for the rapid development of computer 

technology over the last few decades, and the rise in popularity of BGAs due to their 

compactness and high I/O density has made them one of the most successful and 

prevalent component packages in the industry today. Achieving the greatest possible 

reliability performance with BGAs and other electronic components requires the use of 

the strongest, most reliable solder for mechanically and electrically joining the 

integrated circuits to the printed circuit board. For much of its history, eutectic tin-lead 

solder has dominated this role in the electronics industry. However, its recent ban from 

use in electronics in the mid-2000’s by Japan and the European Union due to its toxicity 

caused manufacturers to scramble to find lead-free replacements that could perform 

just as reliably as lead-based solder. Many lead-free alloys such as SAC105 and SAC305 

have become popular alternatives but much of their characteristic behavior involving 

variations in manufacturing methods or doping compositions is still relatively unknown 

and requires additional research on the part of scientists and engineers. 
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Chapter 2 

LITERATURE REVIEW 

Integrated Circuits 

 

Before current electronics packaging technology can be understood, it is first 

necessary to understand a brief account of its history, beginning with the evolution of 

integrated circuitry. Originally, vacuum tubes and transistors were individually mounted 

and wired to each other on top of a metal chassis or printed circuit board, similar to a 

breadbox circuit system [1]. Vacuum based computers were very expensive, so they 

were eventually replaced by transistors, which were significantly better in many ways 

including cost, performance, reliability, and power consumption. These transistors were 

then integrated onto a single silicon chip, called an integrated circuit, in 1958. Since all 

of their active and passive components were interconnected during the fabrication 

process without the need for thick wires, they were more reliable and monumentally 

smaller in size than their transistor counterparts (sometimes as much as 1000x smaller) 

and therefore represented a significant improvement over the traditional individualized 

transistors [2]. These integrated circuits can be classified into three different types 

depending on the manufacturing process used to create them, namely monolithic, film, 
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and hybrid. Monolithic circuits are the most basic type of integrated circuit, as all of the 

necessary active and passive components of the chip are overlaid 

 

Figure 1: Diagram of a basic monolithic circuit [2] 

and connected using a single chip of silicon. The basic layout and construction of a 

monolithic integrated circuit is pictured in Figure 1 and Figure 2. This is one of the most 

popular types of IC since they can be cheaply mass-produced and are highly reliable. 

Their chief drawback is their low power rating which prevents them from being used in 

high power applications. They also have fairly poor component insulation and are 

unable to integrate inductors into their design [2]. 
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Figure 2: Cross-section view of monolithic IC [2] 

Film integrated circuits are slightly larger and more costly than monolithic integrated 

circuits, but they are also able to handle much higher power requirements and have 

better isolation between components than monolithic ICs. Hybrid ICs are essentially the 

result of interconnecting multiple types of monolithic and film integrated circuits. This 

results in boosts in circuit performance by capitalizing on the advantages offered by 

each type of IC but is usually too costly for mass production. These are the three 

primary types of integrated circuits in use today. 

 

Printed Circuit Boards 

 

However, the processes and technologies used to manufacture the chip are only 

one part of the overall electronics packaging technology in use in industry. The structure 

that provides the physical mounting structure and electrical interconnect between 

integrated circuit chips and other components is known as a printed circuit board or 

PCB. Before PCBs were developed in 1925 by Charles Ducas, point to point construction 
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was used. This resulted in extremely bulky and unreliable circuits which required large 

sockets and continuous replacement. These issues were subsequently solved with the 

inception of the printed circuit board, as the electrical paths necessary to connect 

various components were already fabricated into an insulated surface [3]. Over time, 

these circuit boards slowly became more complex due to advancements in 

manufacturing technology that allowed for the inclusion of electrical connection points 

on both sides of the board substrate and the creation of multiple layers of 

interconnected copper traces, thus allowing more and more complex and 

computationally powerful chips to be attached to them. Figure 3 reveals the typical 

inner structure found in modern PCBs. As packaging technology evolved, the PCBs were 

transformed with them, slowly transitioning from devices dominated by the use of 

through-hole mounted components to ones that catered to surface mounted 

components during the 1980’s. This transition allowed for further size reductions to be 

achieved while simultaneously increasing performance [3]. 

 

Figure 3: Inner structure of typical PCB [4] 
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Today, the manufacturing process for printed circuit boards has become fairly 

standardized, with only slight variations needed in the manufacturing process to 

accommodate the specific performance, cost, reliability, and thermal requirements 

required by the consumer. The process begins by gluing a sheet of a glass epoxy 

polymer to a relatively thick sheet of copper. This copper layer is then covered in a 

photo-sensitive material that acts like a stencil, only allowing portions of the copper that 

are to be used as an internal circuit wire to be exposed to the ultraviolet light and 

creating a hardened, protective crust along their top. The unhardened portion of photo-

sensitive material is then removed using a chemical bath, leaving only the unwanted 

copper exposed and the desired copper circuitry protected by the hardened photo-

resist material. The entire board is then dipped into an alkali solution, where the acid 

dissolves or “etches” away any exposed copper, leaving behind a plexi-board with 

copper circuits that are covered by a hardened photoresist. The photoresist is then 

stripped using pressure washers, leaving only the desired copper wiring on top of the 

plexi-board. This portion of the final product is known as the inner board. This inner 

layer is then sandwiched between two thin copper films which are bonded to the inner 

board using two layers of pre-impregnated epoxy on each side of the film and subjecting 

them to intense heat and pressure. This assembly is then aligned and precisely drilled 

using automatic computer controlled drilling machines. This is when the holes for 

leaded/through-hole components as well as soon-to-be-vias are drilled. Vias are the 

three-dimensional wiring that connect the top and bottom copper layers to the copper 

wiring on the internal board. Once the drilling is complete, the process is not quite over. 
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The via holes are not conductive, because they are still lined with the plexi-board 

material and pre-impregnated epoxy resin. To correct this, a multi-stage process is used 

to first chemically deposit a thin layer of copper in the vias. However, this layer is very 

uneven and must be reinforced for the PCB to function reliably. So, similarly to what 

was done to the inner board, a photo-sensitive material and stencil is used on the outer 

copper layers to harden and protect only the portions of copper material that need to 

be removed. Since the entire board is now electrically conductive, including the shabbily 

plated copper vias, the substrate is dipped into a chemical bath. This is done so that a 

thick, smooth layer of copper can be electrodeposited onto any exposed coppers areas, 

which are coincidentally the only areas where circuits are intended to be placed. Once 

the copper circuitry is solid and smooth and the vias adequately copper plated, those 

same areas are coated with a thin layer of tin using a process very similar to the one 

from before. This thin layer of tin is used to protect the finished copper circuits from a 

copper-eating acid bath after the photo-resistive material has been washed off, which 

etches away all the remaining unnecessary copper material from the boards. Once 

finished, the tin is then removed, leaving nothing but thick copper traces on the top and 

bottom layers of the PCB as well as copper vias running throughout its inner structure. 

Next, photosensitive solder mask ink, typically green in color, is overlaid to completely 

cover both the front and back layers of the board. This serves to protect the copper 

traces on the outer portions of the substrate from oxidation and to help prevent short-

circuits due to slipshod soldering from occurring. Using a light stencil like before, the 

entire solder mask, except for the small areas on and around future soldering points, is 
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exposed to light to harden and permanently bond the mask to the board. The remaining 

exposed areas, such as the vias and outer solder points, are then coated in a gold-nickel 

alloy to protect the copper from oxidation. A silk screen containing the printed 

information about specific components and their placement is then overlaid onto the 

board and UV light is used to bond it to the top layer of the solder mask. Each individual 

board is then carefully cut out from the panel using special drilling techniques to 

prevent cracking and damage to the board before being sent off for a final inspection 

[5]. This is the fairly well-established manufacturing process used in the current 

production of most printed circuit boards. 

 

Chip Packaging 

 

The integrated circuit chips and the printed circuit board they use as their 

electrical and mechanical support are two out of the three major portions of electronics 

packaging technology. The final portion of the subject serves as the conduit with which 

to electrically and mechanically connect these two different electronic constituents, and 

it is known as a package. In addition to protecting the IC die from physical damage, the 

package is also responsible for redistributing the I/O to a more manageable pitch for 

assembly [6]. Like the printed circuit board, package technology evolved to keep up with 

the ever-changing standards required by new integrated circuit chips. The first packages 

were developed in the 1970’s and were called dual in-line packages or DIP. 
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Figure 4: Visual representation of evolution of electronics packaging [4] 

 

Figure 5: Picture of a typical DIP [7] 

These packages used through-hole packaging techniques, in which two parallel rows of 

lead pins spaced a tenth of an inch apart were inserted through holes drilled into the 

PCB and then welded on the bottom layer using wave soldering. This type of package 

worked well for fitting into breadboards and their soldered joints were extremely tough 

and reliable. However, they were only capable of supporting between 4 to 64 pin leads. 
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As demand for packages capable of supporting higher input/output operations in a 

smaller and smaller space began to increase, engineers developed a new way of 

attaching chip packages that did not require the holes to be drilled in the PCB. Instead, 

packages using this new type of attachment method, known as surface-mount 

technology, had leads or connection points that were soldered or wire-bonded directly 

to the surface of the printed circuit board, usually using a solder reflow process. Instead 

of running a wave of molten solder over exposed metal leads to bond components to 

the PCB, reflow soldering melts solder paste that has already been printed directly onto 

the PCBs using a form of stencil, as shown in Figure 6. 

 

Figure 6: Schematic of paste printing using stencil for reflow soldering [4]  
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These type of packages can often save electronics manufacturers money due to the 

lower costs generally involved during their production. This is because surface mount 

components can be positioned onto PCBs using automated pick and place machines, 

which increases the product yield while also requiring less drilling to be done on the 

PCBs. As a general rule, surface mounted components can typically be made about two 

to five times smaller than conventional leaded components since the diameter of their 

leads is not dependent on the sizing constraints inherent to drilled PCB holes. In fact, if 

the long leads on a dual in-line package are bent outward and shrunk, the resulting 

surface-mount package is called a small-outline package or SOP [7]. The pins on this 

type of package are usually spaced out by about 0.05 inches. Although it offers a 

considerable improvement in packaging size over DIPs, this type of package still has 

somewhat limited I/O capabilities. As a result, a new type of package had to be 

developed that could meet the increasing computational capabilities of the current 

generation IC chips. Thus, quad flat packages were developed. Instead of only having 

leads on two sides of the package like SOPs, quad flat packages or QFPs had leads on all 

four sides. Utilizing four instead of two sides of a component for lead placement 

essentially doubled the total number of leads and, thus, I/O that was achievable within a 

specified surface area of the PCB. These packages usually had anywhere between 32 to 

300 in leads, sporting an even finer pin pitch of between 0.4 mm to 1 mm [7]. 
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Figure 7: Picture of a standard QFP [7] 

This type of package was refined even further by removing the protruding wire leads in 

favor of using tiny, exposed pads on the bottom corner edges of the chip. These chips 

were named quad flat no-leads, or QFNs, as a result. 

 

Figure 8: Picture of a standard QFN [7] 

These helped to reduce the chip size even further without sacrificing performance. As 

chips continued to become more and more powerful while remaining small and 

compact into the early 2000’s, engineers were once again in need of a package that 

could handle higher capacity chips that would be compact enough to fit inside 
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smartphones and desktop computers. The solution was to exploit the unused area 

under traditional QFNs for use as additional leads, but instead of pads, this package 

would employ solder balls attached to the die itself and arranged in a grid to form the 

necessary electrical connections. As such, this new revolutionary package came to be 

known as a BGA, or ball grid array package. Utilizing the area under the component 

dramatically increased the total number of leads and, thus, I/O that was possible within 

a certain area of PCB real estate, as the relationship between the length of a package 

and its maximum I/O was polynomial in nature for BGAs instead of linear like for SOPs or 

QFPs as shown in Figure 9. Their ability to handle high I/O without sacrificing precious 

PCB space, among other traits, has made them one of the most popular electronic 

packages used in commercial applications today. 

 

Figure 9: Plot of length of peripheral and area packages vs. number of I/O [4] 
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Definition of Soldering 

Over the course of human history, the ability to mechanically join separate metal 

work pieces together became an ever-growing need, whether it was to create 

extravagant pieces of gold jewelry as was done by the Egyptians or for much more 

utilitarian purposes such as building elaborate lead-based aqueduct plumbing systems 

as was the case with the Romans [4]. There are three different processes available to 

accomplish this type of mechanical fusion, namely soldering, brazing, and welding. 

Soldering is a process in which the two metal surfaces to be joined are subjected to a 

high temperature but remain solid and do not melt. Instead, an intermediary metal with 

a lower melting temperature than the two surface metals, known as solder, is melted in 

between the two surfaces and then cooled in order to join the metals together. Any 

process which follows this formula for joining metals and takes place below 450°C, i.e. 

when the liquidus of the filler material is lower than 450°C and the solidus of the base 

metals, is considered to be soldering. However, if this process is performed at a 

temperature above 450°C, then it is arbitrarily considered to be brazing. This process is 

very similar to soldering, in that it produces a coalescence of materials through heat, 

with the only exception being that the filler metal has a liquidus above 450°C while still 

being below the solidus of the base materials [8].  If this process is carried out at even 

higher temperatures where not only the filler solder material melts but the actual 

surface metals melt as well, then that process is considered to be welding [9]. Although 

brazing and welding certainly have their place in industry, soldering is the most apropos 

process for use in electronics manufacturing as it occurs at the lowest possible 
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temperatures. This is a valuable trait since high temperature fluctuations have been 

known to damage electronic components. In order to keep the soldering process to as 

low an operating temperature as possible, the solder material used to join the two 

surfaces together is usually selected to be a solid solution of two or more metals, known 

as an alloy. This is because alloys are generally stronger than pure metals while also 

having much lower melting points. 

 

Crucial Solder Properties  

However, there are an almost infinite number of possible solder alloy 

combinations in the universe, so it is important to know what material properties are 

necessary in order to have an effective solder joint. As was mentioned earlier, metal 

alloys generally have lower melting temperatures than their pure metal counterparts. 

The exact point at which they begin to melt is a direct function of their metallic 

composition, as raising or lowering the percentage by mass of a certain metal may 

increase or decrease the alloy’s overall melting temperature. 
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Figure 10: Phase diagram of eutectic tin-lead solder [4] 

These relationships are often linear, and so the specific combination and ratio of metals 

which will produce the alloy with the lowest possible melting temperature can be 

mathematically determined. This point in the alloy mixture ratio that produces the 

lowest possible melting temperature is known as the alloy’s eutectic point [4]. Since it is 

better to create electrical connections using the lowest temperature change possible so 

as to avoid unwanted damage from occurring to the components being attached, a 

solder mixture based on or very close to the alloy’s eutectic point is usually preferred. In 

addition, since reflow soldering is typically possible between 210°C and 240°C and wave 

soldering occurs around 260°C, it is obviously imperative that the solder alloy’s melting 

temperature be below the operating temperature of the respective soldering activity 

being used. Another important aspect in determining the viability of an alloy as a 

successful solder is the relative cost and availability of its component metals. This is 

16 
 



especially important in fields heavily influenced by market forces, such as consumer 

electronics, where pricing points of a product’s materials can determine the product’s 

overall feasibility. In other words, if an alloy employs a high quantity of an extremely 

rare, precious metal that is difficult to gather and is magnitudes more expensive than all 

other metals, then it is usually renders the alloy’s use as a solder a moot point. Because 

even if that alloy performs better than every other alloy, it is not financially feasible to 

use in industry. As such, a preferred quality of alloys is that all of their components are 

readily available and extremely cheap. Another beneficial and key characteristic of all 

solder alloys are their high wettability. Wettability is the measure of the degree to which 

“a liquid is able to maintain contact with a solid surface, resulting from intermolecular 

interactions when the two are brought together… [and] is determined by a force 

balance between adhesive and cohesive forces” [10]. Essentially, a liquid, including 

liquid solder, has two properties which influence how it “sticks”. Its adhesive properties 

determine how much it is attracted and sticks to other materials, while its cohesive 

properties determines how much it is attracted and sticks to itself. In order for a solder 

alloy to form a strong solder bond, i.e. one where the contact angle between the liquid 

solder and the solder surface is equal to or less than 90 degrees, its adhesive forces 

must be stronger than its cohesive forces. This allows the solder to prefer to adhere to 

the solder surface more than itself and form a strong solder fillet. Therefore, a solder 

alloy with a high wettability to a wide range of surfaces is definitely a preferred trait in 

the electronics manufacturing industry. Another characteristic of the solder alloy that 

needs to be considered is its inherent risk or resistance to leaching. “Leaching is a kinetic 
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metallurgical phenomenon in which one element dissolves into another at soldering 

temperatures” [4]. This is typically a problem for surface mount components, because 

they usually employ an adhesion layer made of palladium, gold, or silver. These 

elements have an extremely high dissolution rate during soldering, especially compared 

to elements like copper, nickel, or platinum [4]. Depending on the type of components 

being soldered, a specific solder alloy may be chosen for use on the basis that it contains 

similar metals as the components’ adhesion layers, which helps to mitigate the effects 

of leaching. Other preferable solder alloy attributes include high mechanical joint 

strength (both in tension and in shear), resistance to oxidation, resistance to fatigue, 

and high solderability. 

 

Tin-Lead Eutectic Solder: Rise to Stardom 

Tin/lead solder alloys have been satisfying most of these technical requirements 

of electronics manufacturers ever since they were first discovered by the Celts and 

Gauls in 1900 B.C. [11]. However, through the optimization of all of these 

aforementioned factors, the electronics industry was able to develop a tin/lead solder 

alloy so well-suited for soldering that it became the industry standard for decades and 

has only recently started to be replaced by other alternative solder alloys. That industry 

standard was the tin-lead eutectic alloy. This alloy is comprised of 63% tin and 37% lead 

by weight. It is a true eutectic solder, meaning that it has the lowest melting point of all 

tin/lead alloys and that melting point is actually a point and not a range. This is a highly 
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preferable trait, because it means electronic components do not have to experience 

very high temperatures during the soldering process. It also means that the components 

will not have a chance to move during cooling as the alloy does not have a pasty range 

during reflow. Both of these traits result in less failures and higher reliability of the 

electronics manufactured using tin-lead eutectic solder. The fact that this solder alloy 

also contains slightly more than half its weight in tin means that it has relatively high 

tensile and shear strength. Its high tin content also makes this alloy very resistant to 

oxidation and provides good wettability on a wide variety of surfaces. In terms of cost, 

nearly 40% of the alloy is composed of lead, one of the cheapest minerals on earth. Tin 

is only about 7x more expensive than lead, making this alloy very cost effective, 

especially considering its excellent performance characteristics [4]. With all of these 

factors in mind, it is no wonder why the tin-lead eutectic alloy emerged as the standard 

solder in various industries for so many years. 

 

Tin-Lead Eutectic Solder: Fall from Grace 

However, tin-lead eutectic solder’s reign as the standard alloy for soldering is 

finally coming to a close. The cause of its downfall: lead toxicity. Despite its many 

advantages, one of its major components, lead, presents a significant toxicity concern to 

humans. Lead toxicity occurs when a person is exposed to lead, even low levels, over an 

extended period of time. This is because the lead slowly accumulates over time in the 

bones and blood of the exposed individual. This accumulation of lead within the human 
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body can have a number of negative effects, including but not limited to, anemia, ADHD, 

autism, epilepsy, impaired mental or cognitive function, depression, antisocial behavior, 

gout, hypertension, decreased kidney function, cardiovascular disease, and learning 

disabilities [12]. The health hazards associated with lead exposure were already so well-

known that by the late 1970s, the United States had already banned its use within 

gasoline and most paints. However, it was not until the mid-2000s that the electronics 

industry realized that the lead used in obsolete electronics could slowly leach out of the 

landfills into which they were dumped, leak into the soil, and find its way into ground 

water. This realization sparked reforms in Japan and the European Union concerning 

which materials were considered acceptable for use in future electronic devices and 

resulted in an outright ban of lead-based solder [4]. This was the nail in the coffin for 

tin-lead eutectic solder and ignited the search for a new drop-in solder alloy alternative 

that could take its place. 

 

Near-Eutectic Ternary SAC Solders: The Future of Solder  

In order to quickly meet the newly instituted regulations requiring lead-free 

solder while minimizing negative impacts on other portions of the manufacturing 

process, scientists and engineers began searching for a “drop-in” replacement, i.e. a 

solder that could be substituted for tin-lead and essentially have no other effects on the 

current system. However, in order for this to be possible, the replacement solder 

needed to have chemical and mechanical properties similar to the eutectic lead solder. 
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Also due to tin’s high availability, relatively low cost, high strength, and natural 

resistance to oxidation, it would be preferable if the next generation solder alloy was a 

mixture containing tin. Researchers from across the globe, including Japan, Europe, and 

the United States, strived to find the next generation tin-based lead-free solder. By the 

early 2000s, they eventually converged onto a small series of near-eutectic Tin-Silver-

Copper (Sn-Ag-Cu), or SAC, solder alloys [4]. They found that not only did various 

mixtures of SAC have a low melting point, lying somewhere between that of pure tin, 

232°C, and the tin-lead eutectic, 183°C, but that they also provided adequate wettability 

to a wide variety of surfaces as well as offered similar or sometimes even superior 

mechanical properties compared to that of tin-lead solder. As a result of various 

optimization techniques, four main SAC formulations emerged to compete for the title 

of the new industry standard. The first SAC mixture is known as SAC396, because it 

contains tin with 3.9% silver and 0.6% copper. This mixture was developed based on 

research conducted by the National Electronics Manufacturing Initiative of the United 

States. It is very similar to a formulation created by the European IDEALS Consortium 

known as SAC387, due to it containing 3.8% silver and 0.7% copper with the remainder 

being tin. Although SAC396 and SAC387 both have excellent mechanical and chemical 

properties, they also have the second and third highest concentration of silver, 

respectively, of any industry standard lead-free solder [13]. As was mentioned before, 

the cost of the materials required to manufacturer a solder alloy plays a huge role in its 

success for use in consumer electronics. In terms of cost, silver is one of the most 

expensive elements to use in a solder alloy, averaging more than 200x more expensive 
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than lead [4]. In addition, once the industry began using these two alloys, a new type of 

defect known as “tombstoning” began to occur. This is a defect that can occur during 

reflow soldering in which the surface tension at one end of a component forces it to 

stand up vertically, like a tombstone, and result in only one end of the component being 

soldered. This is because, unlike the popular tin-lead solder, SAC396 and SAC387 are 

only near-eutectic solders, meaning not all of their phases melt at once. Due to this 

inherent flaw in both reflow soldering and cost, these two solder alloys are not 

commonly used in industry. Instead, a new solder alloy, SAC305, was created using tin 

spliced with 3% silver and 0.5% copper. This different composition helped diminish the 

difference in wetting forces during reflow and allowed more components to stay in their 

designated locations, decreasing the incidence of defects compared to the SAC396 and 

SAC387 solder alloys. The 0.8% decrease in silver content also helped make SAC305 

solder more cost effective. SAC305 was positioned to become the next overall industry 

standard, until escalating shock requirements from the consumer electronics industry 

and a sharp price increase in silver in 2010-2012 caused a new formulation of 1% silver 

and 0.5% copper, or SAC105, to take the mobile phone industry by storm [14]. Although 

SAC105 has an inferior thermal shock resistance compared to SAC305, it has a much 

higher drop and shock resistance. This and its 2% smaller silver requirement, and 

therefore lowered cost premium, made SAC105 the prime choice for solder for use in 

consumer electronics, especially the cell phone industry. SAC305 and SAC105 are still 

battling it out for the position of best lead-free solder today, with each having its own 

advantages and weaknesses in specific situations. 
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Current Research 

Even after being used in electronics products for nearly a decade, there is still 

much that is not understood regarding the aged performance behaviors of lead-free 

solders used in BGA components. This can be attributed to the fact that the industry has 

only recently begun to realize their limitations in terms of long-term performance. Much 

of the most accurate data regarding their behavior comes from the reports of research 

conducted within the last 5 years, with most of those sources of information still 

performing on-going research. For instance, a team at Wuhan Textile University in China 

performed a study investigating the relationship between the intensity of a vibrational 

environment and the locations and modes by which failure occurred in the solder joints 

of lead-free BGA packages. They found that as the intensity of the vibration increased, 

the failure modes began to switch from fatigue cracks to brittle cracks, causing the 

location of the failure in the joints to change. They also noted that once the amplitude 

of the vibration attained a certain magnitude, the failure mechanism began to resemble 

ones present during drop impact loading. Some SEM photos that illustrate the most 

common modes of failure that were experienced by the BGA solder joints subjected to a 

vibrational stress test at 60 (m/s2)2/Hz are shown in Figure 11 [15]. 
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Figure 11: SEM photos of solder ball joint cracking [15] 

Most of the cutting-edge research around this topic is being performed at the Center for 

Advanced Vehicle and Extreme Environment Electronics at Auburn University. One study 

published there by Jiawei Zhang focused on quantifying the effects of isothermal aging 

on the thermal-cycling reliability of BGA components ranging in size from a 19 mm body 

with 0.8 mm lead pitch to a 5 mm body with 0.4 mm lead pitch. The components had 

one of three possible board finishes and were aged at 25°C, 55°C, 85°C, or 125°C for six 

months before being thermally cycled from ‒40°C to 125°C with 15 min dwell times at 

each end of the temperature spectrum. Zhang found that BGAs using SAC105 and 

SAC305 lead-free solder that had been aged at 125°C experienced roughly a 50% 

reduction package life compared to those aged at room temperature. In contrast, his 

analysis showed that the reliability performance of the eutectic tin-lead solder, Sn-37Pb, 

is much more stable and predictable over time and temperature than the lead-free 

solders. Zhang concluded that the primary failure mode caused by aging was associated 

with the growth of Cu6Sn5 intermetallic compounds, especially on the pad side of the 
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interconnects [16]. Another study conducted by Zijie Cai explored the possibility of 

reducing this aging-induced degradation of the material behavior of SAC solders through 

the use of various dopants such as Bismuth, Indium, Nickel, Zinc, and Titanium. They 

discovered that a SAC307 solder doped with 0.1% Bismuth showed reduced aging-

induced degradations in thermal cycling performance for a wide range of aging 

temperatures between 25°C and 125°C. In addition, they found that after short 

durations of aging, the doped solder alloys had better stress-strain and creep 

mechanical properties than the control group and that their behaviors were more stable 

after long-term aging [17]. 

 

Objective of this Study 

 The above literature review explains the advantages of solder doping, especially 

in regards to extending vibration reliability and curbing the negative effects of aging on 

solder performance. The history of integrated circuits, printed circuit boards, and 

electronic packaging was discussed and the reasons for the industry-wide switch to 

lead-free alloys were covered. Various case studies were analyzed, and the effect of 

vibration intensity on lead-free BGA failure mechanisms was discussed. Next, the effect 

of aging on the thermal cycling performance of SAC105 and SAC305 BGA solder 

packages was studied. Finally, the effect of doping on the thermal cycling reliability 

performance of SAC solder alloys which had undergone isothermal aging was reviewed. 

In order to corroborate the data covered by the U.S. and China studies, it is necessary 
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for research to be performed involving doped solder BGAs that have undergone 

isothermal aging and have been subjected to vibrational loading. This requirement will 

be met through the completion of the proposed experiment. Twelve lead-free solder 

pastes and five lead-free solder ball alloys were selected for this current study. Tests 

were conducted using new boards and boards which had been aged for six months at 

125°C to address how solder doping can reduce the effects of aging.  The components 

used on the board consisted of a fairly standard type of BGA, QFN, and resistor in order 

to assure data analysis validity across a wide range of components. Tests were 

conducted on boards manufactured using two different stencil sizes; 4 mil and 6 mil to 

address the effect of solder paste volume. The test also included boards which had been 

produced at the manufacturer’s recommended reflow temperature as well as some at a 

higher or lower reflow temperature in order to determine its effect on reliability of the 

doped solder joints. Finally, 75% of all components on the test board were reflowed 

using SAC305 solder balls while the remaining 25% used SAC105 solder balls in order to 

determine what effects solder doping would have on two of the most popular lead-free 

solder options currently available in the industry in order to improve their reliability 

under vibration and thermal-cycling. A wide range of data and numerous reliability 

performance factors were obtained for different lead-free doping mixtures and 

manufacturing variables that might be useful in determining the overall most reliable 

doping formula for a particular situation as well as revealing general trends that could 

serve to help predict the success of the addition of doped solder to existing electronic 

product designs. 
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Chapter 3 

EXPERIMENTAL DESIGN OVERVIEW 

The goal of the experiment was to observe the effects various formulations of 

doped lead-free solder used to electrically and mechanically connect BGA components 

to PCBs would have on their reliability performance under vibration for both new and 

artificially aged components and to be able to compare that to the current performance 

of the most successful lead-free alloys used in the electronics industry today. 

In order to establish a starting point in the actual design of the experiment, it 

was imagined what the experiment would look like if the world was temporarily 

assumed to be “perfect” and “simple”. In a simple world, the straightforward approach 

to accomplish this goal would simply be to build hundreds of new and aged circuit 

boards with BGAs manufactured using many different doped lead-free solders and 

utilize an electric shaker table to vibrate the boards until all the BGA components failed 

an electrical test. This data could then be directly compared to a set of hundreds of new 

and aged boards manufactured using solely the control alloy, the absolute best lead-free 

alloy used in the industry currently, in order to establish the definitive positive or 

negative impacts the doping had on the components in comparison to the industry 

favorite. However, the world is not simple and thus the test could not be successfully 

performed in this manner for many glaring reasons. For one, there are many variables 
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that could be affecting the results of the failure data that are not addressed in this 

thought experiment, mainly the effects of the volume of doped solder used to bond the 

BGA components to the PCB, the temperature at which the components are reflowed 

during their production, the magnitude and frequency of the vibration, and the specific 

composition of the doped alloy contained in the solder paste and the solder spheres 

used for soldering the BGA components to the PCB. The second limitation of the 

thought experiment involves the usefulness of the data in regards to comparison to the 

performance of current alloys. There is no such thing as “the absolute best lead-free 

alloy” available in the electronics industry in which the data is intended to be compared. 

In fact, there are theoretically unlimited possible chemical combinations for lead-free 

solders and over 100 specific formulations commonly used in the industry today, each 

with its own unique advantages and disadvantages in terms of reliability, price, and 

manufacturability [18]. Not only that, but the experiment would have no way of proving 

that the data obtained from the lead-free BGAs was the direct result of doping the 

solder and not simply an inherent characteristic that would be experienced by all types 

of components under that particular vibration test environment. Thirdly, the 

experiment neglects to clarify the resistance threshold necessary that a component 

must reach to be considered to have electrically failed. The test also fails to mention 

whether the rate of failure and approximate time to initial failure, ATTIF, are important 

characteristics to take into consideration when determining the success of a certain test, 

in addition to the sheer number of failures that are recorded. The final flaw in the 

thought experiment involves the actual logistics of such a project. Although an 
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experiment that included the testing of hundreds of circuit boards for every possible 

combination of reflow temperature, doped and control solder alloy formulations, solder 

paste vs solder ball vs both, stencil size of solder paste, component type and location, 

vibration intensity and magnitude, and new vs. aged and recording their varying 

resistances in real-time would be ideal and certainly result in the most complete and 

reliable data, it would also most likely cost millions of dollars and take decades to 

complete. With all of this in mind, a modified version of the earlier thought experiment 

was designed that was believed to best address all the important issues it presented 

while still remaining fiscally, logistically, and temporally efficient. 

To address the issues of data comparison to an industry standard, two of the 

most popular lead-free solders in use in the industry today were selected to serve as 

part of a control group. The two lead-free solder alloys chosen were SAC105 and 

SAC305, so named since they are alloys composing of various quantities of tin, silver, 

and copper whose chemical abbreviations are Sn, Ag, and Cu, respectively. SAC105 is 

composed of 5% copper and 1% silver with the remainder being tin. This alloy was 

selected to help serve as a form of control group because of its popularity in the 

industry and its remarkable reliability performance under high vibration and drop 

environments. SAC305, on the other hand, contains 2% more silver than SAC105 and is 

most popular in the electronics industry for its adept reliability performance in high 

thermal-shock environments. Despite performing well in extreme temperatures, SAC305 

has relatively poor reliability performance during drop and vibration events, and so 
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finding a combination of manufacturing factors and solder chemistry that could improve 

its performance under vibration would be extremely beneficial. 

In order to attempt to account for any effects on reliability performance of the 

doped alloys deriving from variations in paste volume, whether from differences in 

paste or solder ball alloy volume, it was decided to include samples that employed two 

different paste stencil sizes as well as standard and experimental alloy materials in the 

solder spheres. The first stencil size chosen was the 4 mil stencil, because it is the most 

common size used in the industry for the production of surface-mounted BGAs. 

Furthermore, since the primary object of the test was to view the effects due to the 

doped solder paste, it seemed logical that increasing the amount used for each sample 

by 100% would make any characteristic impacts it had even more apparent. Assuming 

that by having the solder spheres also be constructed using the experimental alloys 

would already increase the total experimental alloy volume by an estimated 50%, the 

remaining 50% alloy volume increase was accomplished through a 50% increase of the 4 

mil stencil size to 6 mil. To incorporate any effects the reflow profile might have on 

reliability, the test samples were also decided to be manufactured using three varying 

temperature profiles. The first reflow profile, referred to as “best” in many cases, was 

the reflow profile recommended for that specific alloy by the manufacturer. The two 

other reflow profiles were variations on the “best” reflow profile, leaning towards either 

the high end or the low end of the acceptable profile temperature limits. 

When determining what type of vibration to use to test the samples, it was 

determined that a single frequency and magnitude of vibration would be sufficient for 
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collecting reliability data for the test samples. In addition, the test vehicles were also 

designed to include resistors and QFNs mounted using standard lead-free solder for use 

as a point of reference for reliability performance during testing. In terms of number of 

lead-free alloy formulations, the experiment was able to obtain 12 lead-free pastes and 

7 solder ball alloys from local electronics manufacturers. Finally, in order to address 

logistical and time concerns, it was decided to only vary the reflow profiles for the 

samples using a 6mil stencil and to only use the experimental solder ball alloys during 

the 6mil samples utilizing the best reflow profile. While not every possible combination 

of solder alloy, stencil size, or reflow profile were examined,  this modified experimental 

design allowed for the maximum coverage of variables involving the doped lead-free 

solder alloys while minimalizing overall testing time and cost. 

  

Experimental PCB Design 

The test vehicle to be used as the physical substrate for all of the test samples 

was designed as a standard 4-layer PCB composed of copper vias and glass epoxy 

covered by a thin solder mask on both sides and an overlaid silkscreen on the front for 

labeling purposes, the exact specifications for which can be found in Figure 12. The test 

vehicle was designed to incorporate a total of 16 BGAs located at the #1 positions, 20 

resistors distributed at the #2 positions, and 6 QFNs placed at the #3 positions. More 

detailed information regarding each specific component can be found in later sections 

of the report. Since the study involved the testing of aged and non-aged BGAs, the 
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testing procedure for the two types were slightly different. The first half of the study 

involved the testing of the no-aging boards. During this time, the test boards were 

shipped and fully tested within weeks of being manufactured. The second half of the 

study involving aged boards proceeded slightly differently. In order to most effectively 

simulate aging on the test vehicle, the PCBs were placed into an isothermal chamber 

machine that maintained a steady internal temperature of 125◦C for 6 months before 

they were removed and then mounted onto the shaker table for testing.

 

Figure 12: Test vehicle SolidEdge schematic [19] 

BGA Component Design 

Seeing as how the entire study is built around the evaluation of the performance 

of various solders used in BGA components, the actual design and type of BGA 
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component used in the study is understandably vital. The idea was to choose a design 

that was fairly representative of the BGAs currently being used most commonly in 

electronics. As such, the component that seemed to best accomplish that task was a 

15mm2 CABGA from Practical Components. This BGA was designed with 208 I/O while 

maintaining a 0.8mm lead pitch. The solder balls themselves were approximately 

0.46mm in diameter and arranged in a standard 17x17 matrix as demonstrated in Figure 

15 . The specific internal and external mechanical structures of the selected BGA 

component are illustrated in Figure 13 and Figure 14, respectively. Electrically, the BGA 

component employs a standard daisy chain wiring scheme in which all the test 

components are wired together in a linear sequence. The exact electrical configuration 

used for the component is demonstrated in Figure 16.  

 

Figure 13: Internal structure of typical BGA [20] 

 

Figure 14: Side view and measurements of BGA component design [21] 
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Figure 15: Bottom view of solder ball grid arrangement 
[22]   

 

Figure 16: Electrical schematic of the daisy-chaned BGA design 
[22] 

34 
 



As was discussed previously, for the sake of maximizing testing data while 

controlling required testing time and cost, all of the BGA components were planned to 

be manufactured using either SAC105 or SAC305 as the solder ball alloy with the 

exception of the few cases where an experimental solder ball alloy was actually 

available. However, rather than producing essentially half of the components using 

SAC105 and the other half with SAC305, each individual BGA component was 

engineered to contain 75% SAC305 and 25% SAC105, and the reasoning for doing so is 

fairly simple. SAC105 is already known to, in general, perform better under 

drop/vibration circumstances but poorly under thermal cycling compared to SAC305. 

Since the test involved vibration and not a thermal cycling chamber, rather than finding 

a combination of parameters that improved the thermal cycling properties of an alloy 

shown to perform well under vibration (SAC105), the test hoped instead to find variable 

combinations which improved the vibration performance of an alloy already proven to 

perform well under thermal cycling. More precise data would be preferred for this alloy 

(SAC305), so a larger majority of the test balls would need to be constructed with it. But 

in order to still have a comparison of its performance to the standard SAC105 alloys 

already used in vibration environments in the industry, the remainder of the solder balls 

would need to be made with SAC105. The decision about which and how many 

components should be manufactured using each of the lead-free alloys was reached 

after considering which layout would allow for the most data being captured for SAC305 

solder balls while still allowing for a fair comparison to the SAC105 components to be 

made without being tainted by location-based failures. Prior experiments conducted at 
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Auburn University revealed that the solder ball failures could typically be categorized 

into 4 different zones on the test vehicle, as shown in Figure 17.  

 

Figure 17: Test vehicle zone map 

As such, even if a board was constructed entirely out of the same alloy, it would still 

theoretically experience different vibration forces which may cause entirely different 

failure rates and modes among components from different zones. To correct for this 

possibility and still satisfy the requirements for greater data precision for SAC305 and 

reliable comparison characteristics against SAC105, three out of the four components in 

each zone were constructed using SAC305 solder while the remaining components were 

made using SAC105. As a result, 75% of the BGA components are SAC305 while the last 

25% are SAC105. The exact location of each component constructed using SAC105 and 

SAC305 is illustrated in Figure 18 with purple corresponding to the locations marked for 

SAC105 and gold corresponding to components using SAC305. 
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Figure 18: Test vehicle SAC105 and SAC305 BGA component locations 

As was mentioned previously during the section covering the experimental design 

overview, the general design of the study was to follow the pattern illustrated below in 

Figure 19 where in phase I each test paste was used to create specimens using a 4 mil 

stencil, SAC105 & SAC305 solder balls, and the best reflow profile. Phases II and III 

would also use the test paste with a 6 mil stencil to create BGA samples using SAC105 & 

SAC305 solder balls but utilize a low and high reflow profile, respectively. The final 

phase would once again employ the test paste with a 6 mil stencil reflowed using the 

best profile, but the solder balls on the BGAs would be made up entirely of the same or 

“matched” alloy used for the test paste. This was the general outline for the entire study 

and it was repeated twice, once for the no-aging and once for the aged components. 

However, most of the electronics manufacturing companies that donated materials to 

be used as test specimens were not able to supply either a matching solder ball alloy or 

matching paste for their materials, while one company ended up providing two different 
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solder ball alloys to serve as the matching material the paste alloy they provided (J-

Series). Furthermore, two of the test pastes (R & S-Series) were added so late into 

testing that only one set of test vehicles could be constructed with them, so they were 

manufactured using SAC105 and SAC305 solder balls with a 6 mil stencil using the best 

reflow profile.   

 

Figure 19: General overview of planned testing sequences  

In order to give a better idea of which materials are actually tested during the study, the 

chart depicted in Figure 20 has been included for the reader’s convenience. All test runs 

containing an “X” were performed as they were initially outlined in Figure 19. As part of 

the conditions in their agreement to participate in the study, most of the companies 

required that the exact names of the materials they provided be kept confidential. As 

such, each of the total 12 different lead-free pastes and 2 different solder ball-only 

alloys were assigned a series name to identify them during the test. Due to an initial 

labeling error made by a lab technician, the first four test runs involving varying stencil 

size, reflow temperature, and solder ball alloy for a single test paste were each given 
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four different labels. Since they all use the same paste, however, they will be analyzed 

together in the data analysis portion of the report and will be referred to as the BCDE-

Series. Since SAC305 was used as the primary control solder ball alloy, CVP390, a special 

paste formulation using a SAC305 alloy, was also employed as the control solder paste 

for tests in which the manufacturers were able to supply a solder ball alloy without a 

corresponding paste version, namely the F and G-series. Due to the capacity limits of the 

shaker table used during the study and the approximately 20 hours of testing time 

required for 10 test vehicles, it was decided that in the interest of most effectively 

utilizing university resources to produce a total of 10 test vehicles manufactured 

following the construction variables prescribed to each portion of the experimental 

design; five for use as the no-aging group and five for use in the thermal chamber 

designed to simulate aging. This would allow a sufficient test pool size for each testing 

variable while enabling two sets of parameters to be tested during each 20 hour run.  

 

Figure 20: Summary of test pastes and solder ball alloys 
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Resistor Design 

A few different factors were involved when considering the exact model of 

resistor to use for the experiment. The resistor should be a size that is commonly 

available for use by electronics manufacturers, and its failures should give the most 

relevant amount of data regarding the commonly used types of resistors in the industry 

as well as provide ample opportunities for cross-comparisons between the standard 

QFNs and BGAs also being tested. Since QFNs and BGAs are, by their very nature, 

surface mount components, the resistor used should also be a surface mount resistor so 

as to allow sound comparison between all three components. Once the resistor was 

determined to be surface-mounted, the next decision was the chip size to use. Chip 

resistors’ body sizes usually range from 01005 to 2512 [23] with the most common 

resistor sizes used in industry today being 0402, 0603, 0805, and 1206 [24]. A list of the 

surface areas of some standard SMRs in metric and English units and their 

corresponding size codes used to identify them is included in Figure 21. 

 

Figure 21: English to metric conversion chart of resistor sizes [25] 
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Since it is known that larger components are more prone to failure from fatigue during 

vibration, it was decided that the largest size of resistor most commonly found in 

industry should be used for the experiment, a resistor more commonly known as a 

2512. In this manner, any damage that occurred due to the test would be more readily 

exhibited as pronounced failures than would occur in smaller sizes of resistors. This 

allows the strong assumption to be made that if little to no failures occur in one of the 

largest commercially available resistor package sizes, then any resistors smaller in size 

should perform even better, i.e. experience less failures, under the same environment. 

After reviewing all the options, the exact resistor package chosen for use in the 

experiment was the 2512SMR-PA-SN-0 dummy resistor from Practical Components. The 

exact physical design and dimensions of the resistor can be found in Figure 22 and 

Figure 23. The resistor chosen covered an area of about 0.00005 in2 and weighed 

approximately 0.055 grams. The chips were all manufactured using 100% Sn over Ni and 

delivered for manufacturing on a paper tape system. These are all common 

manufacturing standards for surface mount resistors and thus made this resistor the 

best candidate for use within the experiment. 
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Figure 22: Profile of resistor design used in test vehicle 
[26] 

 

 

Figure 23: Dimension chart for resistor used in test vehicle 
[26] 

  

QFN Design 

Requirements for the QFN that was used on the test vehicle were very similar to 

those for the resistor in that the actual component should provide a general 

representation of the most commonly used versions of QFNs used in the electronics 

industry. After careful consideration, the exact package chosen for use in the study was 
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the A-MLF20-5mm-.65mm dummy QFN from Practical Components, similar in design to 

the one pictured in Figure 24. This package employed an Amkor® MicroLeadFrame® and 

contained 20 leads at a 0.65mm pitch with a total body size of 5mm. A cross-sectional 

view of the exact mechanical design used to construct the QFN is illustrated in Figure 25. 

 

Figure 24: Picture of QFN similar in design to the QFN used on the test vehicle  
[27] 

 

 

 

Figure 25: Overall dimensions and internal structure of QFN design [28] 
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Vibration Fixture Design & Testing 

In order to vibrate the test boards, a fixture system had to be designed that 

would be capable of holding the boards perpendicular to the electro-dynamic shaker 

table along the X and Y-axes while vibrating in the Z-direction. Due to sizing and 

attachment constraints of the pre-existing aluminum baseplate, a rectangular aluminum 

fixture was designed that could hold two PCB test vehicles (one on either side). Each 

board was affixed to one side of the aluminum fixture using a set of four screws, four 

washers, and either four large or small spacers. The fixture itself was then mounted 

vertically along its wide edge onto the pre-existing aluminum baseplate via two 5” long 

screws with two washers being placed in between the baseplate and the fixture. These 

screws were shown to shear off at the connection point between the baseplate and the 

test fixture if vibrated for 30 hours or more, so they were replaced at the end of every 

20 hour test. Since the pre-existing baseplate only offered five suitable attachment 

locations for the designed aluminum fixture, a total of five of these substrates were 

manufactured. In order to ensure homogeneity between the fixtures, they were all 

machined and drilled from the same bar of material and by the same machinist. To 

further verify their characteristic uniformity, it was necessary to determine their natural 

frequencies. In order to accomplish this, a laser accelerometer connected to an 

oscilloscope was used to record the vibration-induced displacements experienced by the 

mounted test fixtures while the machine was operating using a 4.6 Grms step stress 

random vibration profile. The results show that all the test fixtures experienced a similar 

vibration profile and had a natural frequency somewhere between 350 to 400 Hz, as 
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illustrated in Figure 26, Figure 27, Figure 28, Figure 29, and Figure 30. The initial 

oscilloscope results reported that Fixture 5 had a different natural frequency than the 

rest of the fixtures. However, after the fixture bolts had been tightened and the laser 

accelerometer was recalibrated, this variance in natural frequency was not present 

when the frequency test was re-run. Although the fixtures had very similar natural 

frequencies, in order to reduce unnecessary variability between tests, each aluminum 

fixture was marked to ensure it was always attached at the same location and 

orientation on the pre-existing baseplate for each test run. In this way, even if the slight 

variance in natural frequency of the fixtures had an effect on the test vehicles’ failure 

performance, each specific test group would experience them equally and so would not 

skew the final results. 

 

Figure 26: Natural frequency of Fixture 1 
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Figure 27: Natural frequency of Fixture 2 

 

Figure 28: Natural frequency of Fixture 3 
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Figure 29: Natural frequency of Fixture 4 

 

Figure 30: Natural frequency of Fixture 5 

Despite the best efforts of the researchers to create the exact set of circumstances for 

every test during the experiment, there were several issues that could have affected the 

performance properties of the test fixtures. The torque applied to attach each test 
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vehicle to the fixture as well as the torque used to tighten the 5” vertical screws of the 

fixture against the baseplate were endeavored to be made the same for every test run, 

but no method of measuring this torque was used. In addition, over the course of a year 

of testing, it is possible that the threads of all the screws used within the test as well as 

the internal threads of the baseplate and the aluminum fixtures suffered wear sufficient 

to create torque differences between various areas of the test setup. This type of wear 

would be nearly impossible to quantify, and the mixing of the horizontal screws 

between different locations on the test vehicle would only make such quantification 

even more difficult. Finally, during very small portions of the study, the average room 

temperature and humidity levels might have fluctuated significantly during times when 

the laboratory door was left ajar by the repair technicians during their servicing of other 

machines in the lab. In an ideal test, these variations between tests would not exist. 

Luckily, however, their presence has most likely had a negligible effect on the results of 

the study. 

 

Vibration Machine Testing Calibration 

Once the method and apparatus for attaching the PCBs to the shaker table were 

created, the next step was to determine the most appropriate vibration profile to use 

during testing on the LDS LV217 electro-dynamic shaker machine shown in Figure 31. 
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Figure 31: LDS LV217 electro-dynamic shaker machine 

As there was no international standard vibration testing profile that applied to this 

particular test setup, a slightly arbitrary vibration profile would have to be used instead. 

In order to keep the results of the tests within an acceptable range of resolution while 

still meeting the sponsor’s specified deadlines for results, a set of boards would ideally 

begin to fail after one hour of testing and experience complete failure of all of its BGA 

components within 24-48 hours of vibrational stress testing. This type of failure 

schedule would allow for an estimated average and linear component failure rate of 

about one every half hour, meaning manual circuit probing could, in theory, be 

performed only once an hour without incurring a significant diminishment in data 

resolution. The best way of finding the vibration profile that would cause complete 

board failure in this relative timespan was through trial-and-error. As such, 15 test 

vehicles using half SAC105 BGAs and half SAC305 BGAs attached with the CVP390 
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control paste were constructed as test samples for use in these trials. The first vibration 

profile of 8 Grms resulted in complete failure of all components except some resistors 

within three hours of testing. In the next test, a vibration profile of 6 Grms was used 

which caused complete failure of all BGA components within four and a half hours. The 

third test at 4 Grms caused all BGA components to electrically fail within 30 hours of 

testing. The final test run at 4.6 Grms caused complete board failure within 23.5 hours of 

testing. Since this vibration profile seemed to yield fairly evenly-spaced component 

failures over the course of testing with complete failure of all BGA components 

occurring by the end of the 24th hour, a step stress random vibration profile of 4.6 Grms 

along the Z-axis was chosen as the vibration profile for use within the LDS LV217 electro-

dynamic shaker machine in the experiment. A sample of the typical distribution of 

vibrational forces experienced by the fixtures during testing in shown Figure 32. 

 

Figure 32: Frequency and magnitude distribution of typical vibration outputs 
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Method for Testing for Component Failure 

Once the test boards had been manufactured and fitted onto the test substrates 

which were attached to the shaker table and a suitable vibration profile had been 

selected, the establishment of the classification of what constituted a component failure 

as well as the method by which it would be found was a critical step in the experimental 

process. During vibrational stress testing, there are four possible states that a specific 

component could be experiencing at the time data is being recorded. The first state is 

classified as the alpha state, where a component is still as electrically and mechanically 

robust as it was when it left the factory floor. Vibrated components in this state are, for 

all intents and purposes, indistinguishable from their non-vibrated counterparts. The 

second state the components could experience is referred to as the beta state. Beta-

state components still pass electrical tests but small alterations in their mechanical 

structures due to the vibrational testing have increased the amount of resistance 

experienced within the component and have most likely weakened its overall 

mechanical support structure. The third state the electronic components could 

experience is referred to as the delta state. Components in a delta state are those 

whose mechanical and electrical structures have incurred enough damage to increase 

the resistance within their circuits just enough to cause them to fail an electrical test 

and be read as an open circuit. However, if the component continues to be vibrated 

after this, due to a phenomenon assumed to operate similarly to vibrational fretting 

that can occur during vibrational testing, it is possible for the mechanical structures 

within these components to slightly realign and repair themselves enough to reduce the 
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total resistance in the circuit down just enough past the measurement threshold to pass 

an electrical test later on in the future. Such an electrical test would no longer classify 

the component to be in a delta state, but rather a beta state since it now passes 

electrical testing but still has higher levels of resistance than would be found in alpha-

state components. Components in a delta state can be very tricky to classify, as it is 

nearly impossible to predict whether a delta-state component will re-enter a beta state 

or enter the final type of component state, gamma. The mechanical support structure of 

gamma-state components have become so irreversibly damaged, that no amount of 

vibrational fretting is going to allow them to pass an electrical test in the future. The 

mechanical support structure has become so damaged that some gamma-state 

components may fly off the printed circuit board entirely. Therefore, due to the 

limitations of the testing abilities available to the tester, it was decided that delta- and 

gamma-state components both be considered failures. In addition, since the resistance 

of beta components could vary so widely that the disparities in resolution of different 

probing devices could lead to conflicting electrical results regarding the integrity of the 

circuit, it was decided that failure had occurred whenever the component was recorded 

to have an initial open event value of more than 300Ω.  

Once the requirements for failure of a component had been established, it was 

necessary to determine the method by which to electrically verify each component. 

Electrical testing could either be done through automated sensors or by hand with a 

portable electrical probe. Automated sensors would have been able to record the exact 

moment during testing when a failure occurred and saved time from having to probe 
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them manually every hour, but it would also have required that every single test board 

have 27 wires hand-soldered to their electrical test pads. This means that each 20 hour 

test would have required 270 wires to be soldered before testing could have 

commenced. As was mentioned earlier, since the component failures of the initial 

profile calibration test were following a somewhat linear rate of failure, the gain in data 

resolution from having automated sensors instead of hourly probes would not be very 

significant. In addition, the time spent soldering the wires to the circuit boards would 

have most likely outweighed any time-saving benefit from not having to stop the test 

each hour and probe the boards manually. Finally, although the hand probing method 

may have resulted in lower data resolution, it most likely produced more reliable data as 

it was not subjected to any of the failure false positives that might have been recorded 

by the computer due to mechanical failures of the soldered wire joints required for 

automated probing during vibration testing. Due to these reasons, the experimental 

results were gathered through manual probing of the circuit boards once every hour.    
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Chapter 4 

DATA ANALYSIS 

 The primary independent variables were solder paste alloy, solder ball alloy, 

stencil size, reflow profile, and component condition (aged v/s non-aged) during the 

experiment. Since the objective of the experiment was to discover the effects of solder 

doping on the reliability performance of BGA components, the failure data involving the 

QFNs and resistors has been excluded from the data analysis since preliminary 

examinations showed them to be significantly more structurally robust than most of the 

BGA test components. During the analysis, it was necessary to establish a set of criteria 

in order to accurately and fairly judge the reliability performance of the test specimens. 

The performance benchmarks that were analyzed were the magnitude of failure, ATTIF, 

MTTF, characteristic life, and failure rate. When evaluating the magnitude of failure that 

occurred for a sample, the total percent failure of the BGA components of that sample 

version on all five test boards was used as the primary indicator since it accounted for 

the difference in the sample sizes between the SAC105 and SAC305 groups. This percent 

failure was then evaluated for the subset of each sample test series and ranked from 

lowest to highest with a base margin of error of ±3%. This form of analysis is very limited 

in its usefulness but allowed for additional information to be provided for the few 

samples that were less-accurately characterized through Weibull analysis. The 
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Weibull++ software from Reliasoft was used to quickly create Weibull plots and chart 

data for all of the samples within a series using a standard two parameter Weibull 

analysis and to allow for greater ease in comparing samples from different series. In 

most cases, a two parameter Weibull distribution was found to accurately characterize 

the failure behavior of the test samples, resulting in a curve fit of 90% or higher. 

However, there were also many instances when the test samples possibly would have 

been more appropriately modeled using a three parameter Weibull distribution. This 

was most likely due to the presence of multiple modes of failure within certain test sets 

caused by variations in the microstructure of the solder alloys or defects created during 

the manufacturing process. However, any additional accuracy gained from modeling 

these specific test sets with a three parameter Weibull would likely have had a 

negligible impact on the study’s overall results. All test data distribution models were 

confirmed to have a curve fit of 85% or higher, so the two parameter Weibull was 

deemed satisfactory. When ranking the reliability performance between samples, a 

heavy importance was placed on maximum ATTIF since it is a factor that essentially 

predicts the “warranty period” of guaranteed reliability for a sample. If two samples 

were relatively similar in ATTIF, the sample with the lowest failure rate and typically 

larger MTTF and characteristic life would be ranked higher. There are a few cases that 

do not follow these rules, such as when a sample with a larger rate was selected over a 

sample with a lower failure rate and higher ATTIF. This was done because the slight 

improvements in ATTIF gained from using a slow-failing sample did not outweigh the 

benefits of greater failure predictability gained by using a sample with a sharper failure 
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rate. Since only one test set using a 6mil stencil and the best reflow profile was 

performed for series A, F, G, R, and S, it was felt most appropriate to analyze them all 

together, as individually they offered no opportunities for cross-comparison between 

varying parameters like the other test series. Finally, the overall short-term and long-

term failure analyses were conducted through the evaluation of the ranges of specific 

performance factors, rather than a comparison using a single value for each parameter.  

This is because these analyses included multiple sets of data from test runs involving 

varied SAC formulations and/or aging and no-aging effects, resulting in two to four 

different values for the same performance factor for a specific test set to be calculated. 

As there was no numerical method to convert these values into a single equivalent value 

for the performance factor in regards to their combinative testing conditions, the lowest 

and highest values recorded for each performance factor were used to create a general 

range to account for the representative effects of multiple testing conditions. The 

comparison of these ranges for specific performance factors between test sets was then 

conducted for both the short-term and the long-term analyses. The estimated values for 

the performance factors in the range-based analyses are less precise than their direct 

value counterparts, but the results they provide in terms of relative performance 

rankings between test sets are still highly reliable. 
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BCDE-Series Results 

 

 

Figure 33: Average percent failure of BGA components in the BCDE-Series 

 

Average Percent Failure ±3% SAC105 <,>, or = SAC305 Both 
Lowest % Failures (No-Aging) None N/A None None 
Lowest % Failures (Aged) 6, Low performed better than 6, High 6, Low 
Combo w/ Lowest % Failures 
(Total Life) 6, Low performed better than 6, Low 6, Low 

Table 1: Percent failure performance comparison for the BCDE-Series  
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Figure 34: BCDE-Series complete probability Weibull plot 
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H-Series Results 

 

 

Figure 35: Average percent failure of BGA components in the H-Series 
 

Average Percent Failure ±3% SAC105 <,>, or = SAC305 Both 
Lowest % Failures (No-Aging) 6, Low performed better than 6, Low None 
Lowest % Failures (Aged) None N/A None None 
Combo w/ Lowest % Failures 
(Total Life) 6, Low performed equally to 6, Low 6, Low 

Table 2: Percent failure performance comparison for the H-Series 
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Figure 36: H-Series complete probability Weibull plot 
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I-Series Results 

 

 

Figure 37: Average percent failure of BGA components in the I-Series 

 

Average Percent Failure ±3% SAC105 <,>, or = SAC305 Both 
Lowest % Failures (No-Aging) 6, Low performed better than 6, Best 6, Best 
Lowest % Failures (Aged) 6, Low performed worse than 6, Low 6, Low 
Combo w/ Lowest % Failures 
(Total Life) 6, Low performed better than 6, Best 6, Low  

6, Best 
Table 3: Percent failure performance comparison for the I-Series   
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Figure 38: I-Series complete probability Weibull plot 
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J-Series Results 

 

 

Figure 39: Average percent failure of BGA components in the J-Series 

 

Average Percent Failure ±3% SAC105 <,>, or = SAC305 Both 

Lowest % Failures (No-Aging) 
6, Low 
6, Best 

(N) 
performed better than 6, Best 

(N) 
6, Best 

(N) 

Lowest % Failures (Aged) 4, Best performed equally to 4, Best 4, Best 
Combo w/ Lowest % Failures 
(Total Life) 4, Best performed equally to 4, Best 4, Best 

Table 4: Percent failure performance comparison for the J-Series 
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Figure 40: J-Series complete probability Weibull plot 
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K-Series Results 

 

 

Figure 41: Average percent failure of BGA components in the K-Series 

 

Average Percent Failure ±3% SAC105 <,>, or = SAC305 Both 
Lowest % Failures (No-Aging) 6, High performed better than 4, Best Both 
Lowest % Failures (Aged) 6, High performed equally to 6, High 4, Best 
Combo w/ Lowest % Failures 
(Total Life) 6, High performed better than 4, Best 

6, High 6, High 

Table 5: Percent failure performance comparison for the K-Series 
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Figure 42: K-Series complete probability Weibull plot 
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L-Series Results 

 

 

Figure 43: Average percent failure of BGA components in the L-Series 

 

Average Percent Failure ±3% SAC105 <,>, or = SAC305 Both 

Lowest % Failures (No-Aging) 4, Best 
6, Low performed better than 6, Low 

6, High 6, Low 

Lowest % Failures (Aged) 6, Low performed equally to 6, Low 6, Low 
Combo w/ Lowest % Failures 
(Total Life) 6, Low performed better than 6, Low 6, Low 

Table 6: Percent failure performance comparison for the L-Series 
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Figure 44: L-Series complete probability Weibull plot 
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M-Series Results 

 

 

Figure 45: Average percent failure of BGA components in the M-Series 

 

Average Percent Failure ±3% SAC105 <,>, or = SAC305 Both 

Lowest % Failures (No-Aging) 4, Best performed better than 6, Best 4, Best 
6, High 

Lowest % Failures (Aged) 4, Best 
6, High performed equally to 6, High 6, High 

Combo w/ Lowest % Failures 
(Total Life) 4, Best performed better than 6, High 4, Best 

Table 7: Percent failure performance comparison for the M-Series 
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Figure 46: M-Series complete probability Weibull plot 
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O-Series Results 

 

 

Figure 47: Average percent failure of BGA components in the O-Series 

 

Average Percent Failure ±3% SAC105 <,>, or = SAC305 Both 
Lowest % Failures (No-Aging) 6, Low performed better than 6, Low 6, Low 

Lowest % Failures (Aged) 6, High performed worse than 6, Low 6, Low 
6, High 

Combo w/ Lowest % Failures 
(Total Life) 

6, Low 
6, High performed worse than 6, Low 6, Low 

Table 8: Percent failure performance comparison for the O-Series 
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Figure 48: O-Series complete probability Weibull plot 
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P-Series Results 

 

 

Figure 49: Average percent failure of BGA components in the P-Series 

 

Average Percent Failure ±3% SAC105 <,>, or = SAC305 Both 
Lowest % Failures (No-Aging) 6, High performed better than 6, High 6, High 

Lowest % Failures (Aged) 4, Best 
6, Low performed equally to 4, Best 4, Best 

6, Low 
Combo w/ Lowest % Failures 
(Total Life) 

4, Best 
6, High performed equally to 6, High 6, High 

Table 9: Percent failure performance comparison for the P-Series 
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Figure 50: P-Series complete probability Weibull plot 
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A, F, G, R, & S-Series Results 

 

 

Figure 51: Average percent failure of BGA components in the A, F, G, R, & S-Series 

 

Average Percent Failure ±3% SAC105 <,>, or = SAC305 Both 

Lowest % Failures (No-Aging) 

6, Best 
(R) 

6, Best 
(S) 

performed better than 6, Best 
(R) 

6, Best 
(R) 

Lowest % Failures (Aged) 6, Best 
(R) performed better than 

6, Best 
(A) 

6, Best 
(R) 

6, Best 
(R) 

Combo w/ Lowest % Failures 
(Total Life) 

6, Best 
(R) performed better than 6, Best 

(R) 
6, Best 

(R) 
Table 10: Percent failure performance comparison for the A, F, G, R, & S-Series   
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Figure 52: A, F ,G, R, and S-Series complete probability Weibull plot 
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No-Aging and Aging Top Performer Analysis 

The 3-4 test samples that were calculated as having the greatest reliability for all 

of the no-aging and aged sample data, both individually and as a SAC pair, are listed in 

Table 11 and Table 12, respectively. Although interesting, this manner of organizing the 

data is rather unbeneficial and has been included as a matter of completeness. It is 

more useful to examine the performance of a single sample over the entire course of its 

lifecycle. As such, the top performing test formulations for SAC105, SAC305, or both for 

the no-aging and aging portions of the experiment are outlined in Table 13 and Table 14. 

The results are listed in a somewhat relative order of decreasing overall reliability 

performance that was determined by placing primary importance on maximizing ATTIF 

while maintaining a secondary goal of minimizing beta and evaluating each 

formulation’s net achievement in the optimization of these two critical values. The 

rankings in many cases are not absolute and should only be taken as a literal guide 

under situations that share the same goals for ATTIF and MTTF that were used during its 

compilation. 
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Overall Top 
Performers 
(No-Aging) 

ATTIF (hours) Beta Characteristic 
Life (hours) MTTF (hours) 

J-Series: 6, Best 
N105 5.9 3.5 22.3 20.1 

J-Series: 6, Low 
SAC105 3.1 2.0 31.6 28.0 

L-Series: 6, Low 
SAC105 2.9 2.6 17.5 15.6 

Overall Top Combination Performers 
J-Series: 6, Low  
2nd in SAC105 
2nd in SAC305 

3.1 
SAC105 

2.8 
SAC305 

2.0 
SAC105 

2.4 
SAC305 

31.6 
SAC105 

18.2 
SAC305 

28.0 
SAC105 

16.1 
SAC305 

Table 11: Summary of overall top performers (no-aging) 

 

Overall Top 
Performers 

(Aged) 
ATTIF (hours) Beta Characteristic 

Life (hours) MTTF (hours) 

I-Series: 6, Low 
SAC105 

13.1 5.1 32.1 29.5 

I-Series: 6, Low 
SAC305 

5.4 2.6 32.5 28.9 

E-Series: 6,High 
SAC105 

5.6 4.0 17.8 16.1 

E-Series: 6,Low 
SAC305 

5.0 2.7 27.4 24.4 

Overall Top Combination Performers 
I-Series: 6, Low 
1st in SAC105 &  
1st in SAC305 

13.1 
SAC105 

5.4 
SAC305 

5.1 
SAC105 

2.6 
SAC305 

32.1 
SAC105 

32.5 
SAC305 

29.5 
SAC105 

28.9 
SAC305 

Table 12: Summary of overall top performers (aging) 
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Top Performers (SAC105) ATTIF 
(hours) Beta Characteristic Life 

(hours) 
MTTF 

(hours) 
No-

Aging 
     

1st J-Series: 6, Best (N) 5.9 3.5 22.3 20.1 
2nd J-Series: 6, Low 3.1 2.0 31.6 28.0 
3rd O-Series: 6, Low 2.5 1.72 36.6 32.7 
4th L-Series: 6, Low 2.9 2.5 17.5 15.6 
5th K-Series: 6, High 2.2 1.1 125.9 120.3 
6th K-Series: 6, Low 2.4 2.2 18.9 16.8 
7th L-Series: 6, High 2.6 2.4 17.7 15.7 
8th P-Series: 6, High 2.0 1.2 87.25 81.8 
9th I-Series: 6, Best 2.0 1.9 24.2 21.5 

10th M-Series: 4, Best 1.4 2.2 18.3 12.4 
11th L-Series: 4, Best 1.7 2.2 13.3 11.8 
12th R-Series: 6, Best 1.6 1.96 16.8 14.9 

Aged  
1st I-Series: 6, Low 13.1 5.1 32.1 29.5 
2nd BCDE-Series: 6, High 5.6 4.0 17.8 16.1 
3rd A-Series: 6, Best 2.7 2.1 23.6 20.9 
4th BCDE-Series: 6, Low 1.4 1.2 57.4 53.4 
5th F-Series: 6, Best 1.6 2.6 9.5 8.4 
6th G-Series: 6, Best 1.5 2.5 9.5 8.4 
7th K-Series: 6, High 1.0 1.4 24.6 22.4 
8th L-Series: 6, High 1.2 2.1 10.3 9.1 
9th J-Series: 6, High 1.0 2.0 9.1 8.1 
Full 
Life 

 

1st K-Series: 6, High 2.2 1.0 1.1 1.4 125.9 24.6 120.3 22.4 
2nd L-Series: 6, High 2.6 1.2 2.4 2.1 17.7 10.3 15.7 9.1 

Table 13: Summary of overall top performers (SAC105) 

  

79 
 



Top Performers (SAC305) ATTIF 
(hours) Beta Characteristic Life 

(hours) 
MTTF 

(hours) 
No-

Aging 
     

1st K-Series: 6, High 2.6 1.6 45.9 41.2 
2nd J-Series: 6, Low 2.8 2.4 18.1 16.1 
3rd K-Series: 6, Low 2.7 3.4 10.3 9.3 
4th J-Series: 6, Best (N) 1.8 1.6 29.6 26.5 
5th P-Series: 6, High 1.7 1.8 22.0 19.6 

Aged  
1st I-Series: 6, Low 5.4 2.6 32.5 28.9 
2nd BCDE-Series: 6, Low 5.0 2.7 27.4 24.4 
3rd I-Series: 6, High 3.1 2.2 24.3 21.5 
4th BCDE-Series: 6, High 3.0 2.1 25.6 22.7 
5th F-Series: 6, Best 2.8 3.4 10.7 9.6 
6th K-Series: 6, High 2.4 2.2 18.8 16.7 
7th G-Series: 6, Best 1.9 2.8 10.1 9.0 
8th A-Series: 6, Best 1.4 1.5 33.2 30.1 
9th BCDE-Series: 4, Best 1.5 2.0 14.6 13.0 

10th J-Series: 6, High 1.6 2.3 11.2 9.9 
Full 
Life 

 

1st K-Series: 6, High 2.6 2.4 1.6 2.2 45.9 18.8 41.2 16.7 
Table 14: Summary of overall top performers (SAC305) 

 

Short-Term and Long-Term Analysis 

Due to the substantial amount of data collected as well as the wide variety of 

industry needs and possible applications of the lead-free solder formulations being 

tested, it was decided to organize the data analysis into two different categories, short-

term and long-term, in order to maximize its usefulness. The phrase “short-term 

reliability” is used to indicate that the analysis being performed contains data 

exclusively from the no-aging category of the experiment and thus can only be used to 

predict the initial behavior of the test formulations and not their performance after 

aging or over long-periods of time. This was done to account for the possibility of the 
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existence of formulations whose exceptional performance early on would be 

overshadowed by their lackluster performance after aging when performing an analysis 

on simply the overall performance of the test parameters. This type of analysis is also 

relevant to certain producers in the electronics industry that are only concerned with 

initial reliability instead of long-term performance. The phrase “long-term reliability,” on 

the other hand, is used to indicate that the analysis being executed includes data from 

both the aged and no-aging groups and exists as a guide for the predicted long-term 

performance of the formulations being discussed. The short-term reliability 

performance analysis is conducted first, followed by the analysis for the long-term 

reliability performance. 

A brief summary of the performance characteristics of the top candidates in 

regards to short-term reliability can be found in Table 15 and Figure 53 along with the 

equivalent factors from the control group for use as benchmarks for overall 

performance. 

Short-Term Reliability Summary 
Doped 
Group 

Best Performing 
Alloy 

ATTIF 
(hours) Beta Characteristic Life 

(hours) 
MTTF 

(hours) 
SAC105 J-Series: 6, Best N 5.9 3.5 22.3 20.1 
SAC305 K-Series: 6, High 2.6 1.6 45.9 41.2 

Both J-Series: 6, Low 2.83.1 2.02.5 18.231.6 16.128.0 
Control 
Group      

SAC105 A-Series: 6, Best 0.3 1.4 8.3 7.6 
SAC305 A-Series: 6, Best 0.3 1.4 7.8 7.1 

Both A-Series: 6, Best 0.3 1.4 7.88.3 7.17.6 
Table 15: Short-term reliability analysis summary 
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Figure 53: Short-term reliability analysis Weibull plot 

The best reliability performance for non-aged BGAs at SAC105 solder ball 

locations was actually obtained using a combination of 6mils of J-series paste with a 

matching solder ball formulation known as “N” that was reflowed at the manufacturer’s 

recommended temperature profile. The test group achieved the highest ATTIF of any 

other non-aged combination tested during the experiment and the second highest ATTIF 

overall. At nearly six hours, the test run’s ATTIF represents more than a 1900% 

improvement over the corresponding test run for the A-Series control group. Although 
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the group’s failure curve was approximately twice that of the A-Series reference test, 

the components’ failure intensity was actually much lower than the control group, as 

illustrated in Figure 53. This explains why the J6BN’s MTTF was still found to be almost 

three times more than what was experienced in the control group, even though the test 

group was documented as having a greater failure rate. This formulation would be most 

beneficial for use together as an A-series paste substitute and SAC105 solder ball 

replacement by manufacturers seeking to obtain the longest complete short-term 

reliability possible for their SAC105 BGA components with no concern for the adverse 

effects on short-term failure rate or long-term reliability performance. 

The best reliability performance for non-aged BGAs using SAC305 solder balls 

resulted from the K-series permutation utilizing a 6mil stencil and a reflow profile on the 

high end of the manufacturer-recommended temperature range. These specimens were 

recorded as having an ATTIF of 2.6 hours, more than an 800% improvement over the 

control group but still a little less than half of the ATTIF achieved by the best-performing 

non-aged SAC105 test group. However, although it does begin to fail earlier than the 

aforementioned SAC105 test group, the K6H test components’ failure rate is so much 

lower that their overall failure intensity is quickly eclipsed by the BPAFN for SAC105 at 

around 10 hours of vibration testing. As such, the MTTF derived for the K6H test group, 

41.2 hours, is actually more than double the MTTF of the J6BN test boards and an 

impressive 580% increase over the corresponding control paste test group. This test 

formulation would ideally be for use as a drop-in paste replacement by companies 

seeking to obtain the longest, guaranteed short-term reliability possible for their BGA 
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components but who are unwilling or unable to make the switch from SAC305 solder 

balls to SAC105 and have concern for the adverse effects it may have on short-term 

failure rate or long-term reliability performance. 

In order to mathematically determine the single test paste and reflow 

temperature combination that produced the best reliability performance for non-aged 

BGAs using both SAC105 and SAC305 solder balls, the numerical values for the ATTIF 

and MTTF of each non-aged test series were first paired with their corresponding 

SAC105 and SAC305 counterpart values from the same series to create a performance 

range for each alloy before comparing those ranges to the ATTIF and MTTF of the no-

aging control test series. The testing parameter formulation that produced the greatest 

optimization of performance over the control group for both ranges of SAC105 and 

SAC305 was then selected to serve as the overall best performing combination for no-

aging. This selection process yielded the J6L test group as the overall leader in terms of 

short-term reliability for a mixed SAC component. The J6L no-aging test group was 

constructed using a 6mil stencil to print J-series paste onto the solder pads of the PCB 

before placing BGA components utilizing either SAC105 or SAC305 solder balls onto the 

paste and reflowing the entire assembly at a lower than recommended reflow 

temperature profile. Depending on the specific proportions of SAC105 and SAC305 

solder balls being used, components in the J-series test group could have an ATTIF of 

somewhere between 2.8 and 3.1 hours, which represents an average 980% increase 

from the performance of components manufactured using 6mils of the control paste at 

the manufacturer’s recommended reflow temperature profile. In addition, the J6L test 
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specimens were also calculated to have an MTTF of anywhere between 16.1 and 28.0 

hours, a range that is 2-4x that obtained by the control group. Although J6L did not 

outperform the J6BN or K6L series in terms of its SAC105 or SAC305 short-term 

reliability performance, respectively, this test arrangement provides manufacturers with 

the ability to only need to employ a single A-series paste substitute in order to 

dramatically increase the short-term reliability performance of the products constructed 

in their mixed-SAC production facility without concern for the adverse impacts on long-

term reliability. 

In conclusion, the J6BN, K6H, and J6L test formulations all offer distinct 

advantages over the short-term performance of the industry-standard A-series, 

especially in regards to ATTIF. Utilizing the J6BN formulation in place of existing SAC105 

BGAs has the possibility of granting the user the absolute maximum short-term ATTIF 

possible out of all the other available options presented during the experiment. 

Employing K6H as manufacturing parameters will likewise offer users with the maximum 

short-term ATTIF performance of any SAC305-based BGA and one of the top ATTIF 

performances that can be achieved by use of any other formulation in the study while 

still hopefully retaining the thermal-shock advantages inherent to the SAC305 alloy. 

Finally, use of the materials and production procedures employed by J6L permutation 

would result in the maximum short-term ATTIF performance possible for mixed SAC105 

and SAC305 BGA components out of all the options covered during the investigation. 

Since all of these formulations, except K6H, perform relatively poorly after aging, they 

should only be of significant interest to manufacturers of mission-critical electronic 
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devices intended for single-use before being replaced or discarded, where it is necessary 

to have guaranteed and complete reliability of BGA components but only for a short 

timeframe. 

The performance analysis regarding the long-term reliability of the alloy 

formulations will now be discussed. A short summary of the performance characteristics 

of the frontrunner formulation in regards to long-term reliability can be found in Table 

16 and Figure 54 along with the equivalent factors from the A-series control group for 

use against as comparisons for overall improvements in performance. 

Long-Term Reliability Summary 
Doped 
Group 

Best Performing 
Alloy 

ATTIF 
(hours) Beta Characteristic Life 

(hours) 
MTTF 

(hours) 
SAC105 K-Series: 6, High 1.02.2 1.11.4 24.6125.9 22.4120.3 
SAC305 K-Series: 6, High 2.42.6 1.62.2 18.845.9 16.741.2 

Both K-Series: 6, High 1.02.6 1.12.2 18.8125.9 16.7120.3 
Control 
Group      

SAC105 A-Series: 6, Best 0.32.7 1.42.1 8.323.6 7.620.9 
SAC305 A-Series: 6, Best 0.31.4 1.41.5 7.833.3 7.130.1 

Both A-Series: 6, Best 0.32.7 1.42.1 7.833.3 7.130.1 
Table 16: Long-term reliability analysis summary 
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Figure 54: Long-term reliability analysis Weibull plot 

In order to quantitatively determine the single test paste and reflow 

temperature combination that produced the best cross-reliability performance between 

non-aged and aged BGAs using SAC105 solder balls, the numerical values for the ATTIF 

and MTTF of each non-aged SAC105 test series were first paired with their 

corresponding aged SAC105 counterpart values from the same series to create a 

performance range for each formulation before comparing those ranges to the paired 

aging and no-aging ranges of ATTIF and MTTF of the control test series. The testing 
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parameter formulation that produced the greatest optimization of SAC105 performance 

over the control group for both ranges of aged and no-aging was then selected to serve 

as the best long-term reliability performance combination. This selection process 

yielded the K6H test group as the frontrunner in terms of long-term reliability 

performance for SAC105 BGA components. The BGAs in this specific test group were 

manufactured using a 6mil stencil, K-Series paste, and SAC105 solder balls that were 

reflowed onto the test substrate using a higher-than-recommended reflow 

temperature. This construction method should allow the BGA components to maintain a 

minimum ATTIF of at least 1 hour under extreme vibration but with their actual 

performance more likely to be closer to 2.2 hours, approximately seven times greater 

than the non-aged ATTIF performance of the control group. In addition, these 

components are expected to have a MTTF of anywhere between 22.4 hours and 120.3 

hours during the course of their product lifecycle if subjected to continuous, intense 

vibration as was done in the experiment. Such a performance would constitute 

somewhere between a minimum of 7% to 720% increase in performance compared to 

the A-series group. 

The same method used to mathematically determine the formulation with the 

best cross-reliability performance between non-aged and aged BGAs using SAC105 

solder balls was employed to find the formulation that fit all the same requirements but 

used SAC305 instead of SAC105 solder balls. Interestingly enough, however, the result 

was the same paste series and reflow profile as before, but with SAC305 solder balls 

instead of SAC105 solder balls, of course. These test samples were measured to have an 
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ATTIF of about two and a half hours under extreme vibration, even after being artificially 

aged for six months. Not only is this around two to eight times the ATTIF of the control 

group, it is also an estimated 20% improvement over the K-series employing SAC105 

solder alloy, which has been dominating use as one of the most popular lead-free solder 

alternatives in the industry largely due to its performance advantages over SAC305 in 

highly vibrated environments. And while the test group’s MTTF is still lower than when 

using SAC105 BGAs, it is still around 60% more than the current A-series paste. 

Discovering the test formulation that most optimized the long-term performance 

of both SAC105 and SAC305 BGAs was done similarly as was done before during the 

short-term reliability performance analysis, but of course included all data from aged 

and no-aging and both SAC options. This process was fairly simple to complete as the 

K6H-series was the only formulation to place within the top six performers for each 

category from both aged and no-aging data. The K6H-series was the testing parameter 

formulation that produced the greatest optimization of performance over the control 

group for both ranges of SAC105 and SAC305 by an extensive margin. Depending on the 

specific proportions of SAC105 and SAC305 solder balls being used, BGA components in 

this test group are estimated to have an ATTIF of somewhere between 1 and 2.6 hours, 

which represents an average 20% increase from the long-term performance of mixed-

SAC BGA components manufactured using 6mils of the control paste at the 

manufacturer’s recommended reflow temperature profile. In addition, the K6H test 

specimens were also calculated to have an MTTF of anywhere between 16.7 and 120.3 
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hours, a value that is approximately 1x to 17x that obtained by the control group at any 

given point during its life cycle. 

Some of the test samples from the K6H-series were carved out of the test vehicle 

to be viewed through a SEM, or scanning electron microscope, in hopes of gaining 

greater insight into the exact cause of failure for this test series. A 300x magnification 

image of the U12 BGA joint with SAC305 captured by the SEM during the no-aging 

testing is detailed in Figure 55. In addition, a 100x magnification examining the U15 BGA 

failure with SAC105 was also performed, as shown in Figure 56. The initial SEM analysis 

revealed that most of the samples that were viewed had clear failure signs caused by 

separation between the BGA and the solder ball material, a situation commonly referred 

to as adhesion failure. Unfortunately, since this and all other samples viewed under the 

SEM were not removed from the test vehicle immediately once they failed an electrical 

test, it is unclear whether this adhesion failure between the solder balls and the BGA 

pads was the primary failure mechanism at work within these samples or if there was 

another failure mechanism causing the initial electrical failures with the adhesion failure 

occurring at some point afterward. 
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Figure 55: K6H-series SEM solder ball image (300X) 

 

Figure 56: K6H-series SEM solder ball image (100X) 

In conclusion, although it is still generally outperformed by the J6BN and J6L 

series in terms of initial ATTIF performance, the K6H test group utterly surpasses them 

in every other regard, especially when considering long-term reliability performance. 

This formulation provides manufacturers with the ability to only need to employ a single 

A-series paste substitute and a slightly higher reflow temperature in order to 
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dramatically increase the long-term reliability performance of the products constructed 

in their single or mixed-SAC BGA production facility as well as the initial reliability 

performance for all of their SAC305 BGA components, and when used as such, would be 

most appropriate for use in less reliability-critical applications like consumer mobile 

electronics. This formulation would be most effective, however, when applied for use in 

situations that require SAC305 BGAs to have very high initial-use reliability in terms of 

ATTIF, fairly low failure rate and failure intensity over the course of product life, perform 

just as well or better than an equivalent SAC105 BGA, and still maintain the 

advantageous thermal-shock properties inherent to SAC305 solder alloys. 

 

Recommendations for Future Research 

An attempt was made in this current work to study the reliability performance of 

various doped solder formulations used in BGA components. Great improvements in 

short-term ATTIF were made using J-series and K-series pastes using a 6 mil stencil, 

using varying profiles and solder ball alloys. In addition, the long-term reliability 

performance of in terms of ATTIF and MTTF was successfully improved through the 

implementation of the K-series paste using a 6 mil stencil, high reflow temperature 

profile, and both SAC105 and SAC305 solder balls. Additional research investigating the 

thermal shock performance of these specific formulations with using a larger sample 

size would provide useful information regarding the overall success of these testing 

parameters and truly confirm if the implementation of 6 mils of K-series paste using 
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SAC305 solder balls reflowed at a high temperature profile would create a hybrid lead-

free alloy capable of performing as or more reliably under vibration and thermal shock 

environments than either standard SAC105 or SAC305, respectively. In addition, this 

future research could employ an automated electrical failure monitoring system so that 

the samples could be removed from the stress test immediately after failing. The 

examination of these samples with an SEM would then be able to provide greater 

insight into the primary mechanism of failure occurring within these samples.  
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Appendix 

 

Weibull Distribution and Mechanics 

Applying a Weibull distribution is a widely accepted method for generating 

common reliability metrics when analyzing lifecycle data. Like all other distributions, the 

Weibull distribution is mathematically defined by its probability density function, which 

is composed of a three-parameter expression in its most general form and is of the 

form: 

 

Figure 57: Probability density function for 3-parameter Weibull distribution 

 

Where 

• β is the shape parameter, also known as the Weibull slope 

• η is the scale parameter, also known as the characteristic life 

• γ is the location parameter 

• T is time or number of testing cycles 
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For the analysis performed during the study, the location parameter was not used and 

therefore its value was set equal to zero. Doing so results in a standard two-parameter 

of the form shown below [29]: 

 

Figure 58: Probability density function for 2-parameter Weibull distribution 

From this equation, the reliability function R(T) and the unreliability function Q(T) are 

defined as: 

 

Figure 59: Definition of the reliability and unreliability functions 

The unreliability function predicts what percentage of the total components for a test 

set will have failed at various points in time during testing. To aid in the analysis of the 

failure data, the point in time at which unreliability reached 1%, or rather when 

reliability fell to 99%, was arbitrarily chosen to represent the most probable time it 

would take for a given test set to experience its first failure. This time was deemed the 

approximate time to initial failure, or ATTIF, and was used as a primary performance 

parameter for the study. The mean time to failure, or MTTF, is a value representing the 
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average time taken for a test group to fail and was used as a secondary performance 

factor. The other secondary performance factor that was calculated for the study was 

the characteristic life parameter, or η, which represents the time at which 63.2% of the 

total components will have failed. 

To generate the desired plots of component unreliability used during the failure 

analysis, it was necessary to linearize the unreliability function into the general slope-

intercept form for a straight line, shown in Figure 60, by following the mathematical 

steps outlined in Figure 61. The logarithmic plot that results is shown in Figure 62. 

 

Figure 60: Slope-intercept form for a straight line 

 

Figure 61: Solving for the x and y functions for the unreliability Weibull plot 
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From the resulting equations, it is obvious to see why β is often referred to as the 

Weibull slope parameter since it directly correlates to the slope of the unreliability plot. 

This was also used as a primary performance factor during the study, since it succinctly 

describes the failure rate of each test set. This slope value along with the ATTIF, a factor 

that most closely correlates to the x-intercept on a plot of unreliability versus time, 

allowed for very complex analyses to be conducted just from quick visual comparisons 

of the unreliability Weibull plots for different test runs. 

 

Figure 62: Typical Weibull logarithmic plot of unreliability versus time [29] 
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Complete Vibration Failure Data 
 

Test Set 
(No-Aging) 

U 
6 

U 
7 

U 
8 

U 
9 

U 
10 

U 
11 

U 
12 

U 
13 

U 
14 

U 
15 

U 
16 

U 
17 

U 
18 

U 
19 

U 
20 

U 
21 

A-Series 6/Best 
50-50 

 

 

 

 
              A6B24 6 10 12 8 10 7 8 16 6 8 10 18 6 10 12 16 

A6B26 3 12 16 14 1 3 15 18 10 7 9 12 13 14 9 12 
A6B28 5 7 9 11 8 13 10 18 5 7 9 12 16 1 8 6 
A6B30 3 3 1 3 5 7 10 17 2 2 2 12 12 1 6 6 
A6B32 5 7 7 12 7 7 13 18 12 7 4 15 4 1 2 2 
A6B34 10 10 8 8 10 12 16 18 9 5 6 12 12 1 6 4 
A6B36 10 9 9 10 5 9 6 10 9 7 12 8 16 8 12 14 
A6B38 5 5 1 5 7 2 18 10 5 3 3 5 6 1 1 6 
A6B40 2 1 1 2 2 2 6 12 2 2 2 3 1 1 1 3 
A6B42 9 8 8 12 7 9 18 16 7 6 6 12 16 18 12 16 
A6B44 6 7 10 12 10 9 18 12 12 8 12 16 14 18 16 12 
                 
BCDE-Series 
4/Best                 
B4B002 6 5 1 7 5 3 6 6 3 3 1 2 1 1 1 4 
B4B006 8 3 1 5 3 7 7 5 4 6 3 5 1 1 2 4 
B4B010 5 2 1 2 2 2 1 2 1 2 1 1 2 1 1 1 
B4B014 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 
B4B018 12 14 14 6 10 13 11 12 8 7  10 1 3 7 9 
                 
BCDE-Series 
6/Best                 
C6B002 2 3 4 3 1 5 4 6 5 2 5 3 1 1 3 2 
C6B006 11 6 1 5 12 7 7 12 5 6 3 9 2 2 2 9 
C6B010 13 8 1 4 12 11  10 3 4 8 11 4 1 4 12 
C6B014 1 3 1 1 2 1 2 6 4 2 3 3 1 1 1 2 
C6B018 2 3 1 2 2 6 3 13 12 6 6 4 3 1 1 11 
                 
BCDE-Series 
6/Low                 
D6L002 11 6 1 11 20 11 17 11 11 11 16 19 9 18 13 18 
D6L006 17 19 13 18 15 9 9 5 13 15 21 11 2 12 5 19 
D6L010 12 14 1 9 13 2 5 4 4 5 3 4 13 3 3 13 
D6L014 13 13 8 12 15 13 13 13 9 9 14 13 17 10 6 13 
D6L018 18 5 15 17 15 17 10 13 16 11 8 21 17 9 5 19 
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BCDE-Series 
6/High                 
E6H002 14 16 14 16 9 4 11 12 13 13 11 18 13 2 8 9 
E6H006 14 14 13 12 13 13 17 9 13 16 10 18 10 13 2 5 
E6H010 14 13 13 14 4 15 14 21 3 16 13 20 14 3 14 4 
E6H014 14 15 14 14 14 13 16 11 14 13 8 11 13 2 13 13 
E6H018 18 8 12 15 8 2 12 10 18 4 13 16 4 8 4 4 
                 
F-Series 6/Best                 
F6B002  19 6 5  16 19 22 4 21 15 14 4 4 2 15 
F6B006 4 2 2 2 3 3 3 3 3 3 3 12 3 2 1 2 
F6B010 3 2 1 3 4 3 3 3 3 2 2 4 3 2 3 3 
F6B014 11 1 1 3 14 2 6  3 4 13 6 2 1 2 2 
F6B018 5 4 4 2 5 4 3 3 12 3 6 4 2 1 2 3 
                 
G-Series 6/Best                 
G6B004 21 6 3 12 3 3 9  17 6 4 3 13 2 4 7 
G6B008  4 2  4 7 16 21 5 3 5 11 2 1 3  
G6B012   3  6 3 20  20 14 16  3 3 21 3 

G6B016 3 3 3 3 6 3 
N
A  2 3 3 4 2 1 2 2 

G6B020 5 2 4 4  5 3 3 3 7 5 4 3 2 3  
                 
H-Series 4/Best                 
H4B002 4 1 1 3 4 4 3 4 2 5 5 4 1 2 3 4 
H4B006 1 1 1 1 1 1 1 6 1 4 4 2 1 1 1 1 
H4B010 5 1 1 1 1 1 2 11 1 1 1 2 1 1 1 4 
H4B014 4 1 2 2 4 2 1 5 3 4 4 2 2 1 3 2 
H4B018 16 8 1 3 3 7 3 5 2 4 1 9 3 3 2 4 
                 
H-Series 6/Low                 
H6L002 15 4 4 3 10 15 4 3 4 20 15 15 1 4 15 15 
H6L006 4 5 1 5 4 5 3 6 3 2 2 2 1 3 2 2 
H6L010 3 2 2 2 2 1 1 3 2 1 2 3 1 1 1 1 
H6L014  11 2 3 8 16 13 10 3 3 11 20 12 2 3 5 
H6L018 2 9 3 3 3 6 9 19 4 3 10  13 3 2 2 
                 
H-Series 6/High                 
H6H002 11 3 2 1 2 1 9 2 5 8 3 5 1 2 2 3 
H6H006 1 1 1 1 3 1 5 1 3 1 11 1 1 1 1 1 
H6H010 1 1 1 1 1 1 2 5 3 2 2 1 1 1 1 1 
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H6H014 2 2 1 2 1 1 5 20 2 2 3 2 4 1 1 1 
H6H018 9 10 6 7 3 7 3 15 1 2 1 4 2 1 2 2 
                 
I-Series 4/Best                 
I4B002          14  6     
I4B006 6 1 1 2 2 2 4 4 3 16 3 3 2 2 1 2 
I4B010 17  9  9  10  17    3 2 9  
I4B014   2 9 6 15 10    12 9  4 2 5 
I4B018 9 17 6 9 10 6 9 4 3 14 2 6 2 2 6 7 
                 
I-Series 6/Low                 
I6L002 15 5 4 4  6 6  3 9 10  8 4 5 19 
I6L006   10 4 4 4   20 2 20   4 1 8 
I6L010  10 7 6 8 18   11    15 5 6  
I6L014  6 14 6 19 4   7     3 3  
I6L018  19 12 20 6 11   16  13  20 3 5 6 
                 
I-Series 6/High                 
I6H002                 
I6H006  5 6 2 19 6 2 5 5 2 4  3 2 4 9 
I6H010    7 9     10    6 7  
I6H014 4  3 6 4 4  7 3 6  17 10 3 1  
I6H018  20 6 9 6 9 20 18 4 14 9 3 7 3 9 15 
                 
I-Series 6/Best                 
I6B002         20  17    5  
I6B006 16 11 12      4    12   13 
I6B010   3    10  3 12 8  20 2   
I6B014 18    15 13 8 18 10 8    4   
I6B018 6  2  3   12       18  
                 
J-Series 4/Best                 
J4B002              5  16 
J4B006 8 7 4 9 7 4 10 15 5 4 7 16 8 4 4 8 
J4B010     10     17 14    20  
J4B014     19    15    19    
J4B018  16 20  10 20   20 17  20  6 10 9 
                 
J-Series 6/Low                 
J6L002     7    10 15       
J6L006 16 9 7 8 10 10 9 19 10 14 9 10 10 12 5 8 
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J6L010   17  20    8  15  12 6   
J6L014   8 5 4 12    15   6 7 17 16 
J6L018      19           
                 
J-Series 6/High                 
J6H002 8 6 6 5 6 5 6 8 2 7 5 8 5 5 4 7 
J6H006 2 1 1 1 1 2 6 6 2  1 1 1 1 1 1 
J6H010 3 3 2 2 2 2 2 3 3 2 2 4 2 2 2 3 
J6H014 1 1 1 1 1 1 1 2 1 1 4 1 1 1 1 1 
J6H018 1 1 1 1 1 1 1 2 5 1 1 3 1 1 1 1 
                 
J-Series 6/Best                 

J6B002 
N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

J6B006 
N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

J6B010  6 19 12 12 7 5 4 3 9 10 9 12 8 5 10 
J6B014 13  5 13 10 13 19 9 3 9 12 10 10 5  10 

J6B018 4 20 
N
A 20 5 4 9 9 5 4 9 9 12 1 4 14 

                 
J-Series 6/Best 
(N)                 
N6B002   19  20            
N6B006   7 9 20    11 12 20  2 14 9  
N6B010   4 20 20 12 9 15 12  11 13  10   
N6B014  19    19 19  18  19   6 13 18 
N6B018 17  14  19     19  13  17 13 7 
                 
K-Series 4/Best                 
K4B002 6 3   3          20  
K4B006       20       9   
K4B010   20 15 4 6 5 4 2 4 14 8 14 1 1 14 
K4B014     16     16       
K4B018  18 15  20 20   20  18  16 14   
                 
K-Series 6/Low                 
K6L002   12  5    5        
K6L006  5 5 6 6 9 10  6 11 8 8 10 6 5  
K6L010  11 10 7 7 5 8  10 8 4  5 9 10 9 
K6L014     7 7 19  8     6 7  
K6L018  9 9 10 12 11 9 16 8 15 6 10 7 6 8 9 
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K-Series 6/High                 
K6H002                 
K6H006   17   16 9    3 17     
K6H010                 
K6H014     17    15   20     
K6H018  20 15  20  8  14 15 17   8 7 6 
                 
L-Series 4/Best                 
L4B002         9     10  12 
L4B006 14 9 12 9 7 5 8  9  3 15 13 8 5 6 
L4B010 10 10 6 8 9 10 7 12 11 10 14 10 10 3 4 7 
L4B014  19 6 7 12 6 10  12 6 8 8 8 6 5 10 
L4B018  9 7 9 19 5 7  7 8 3 5 10 9 6 5 
                 
L-Series 6/Low                 
L6L002       10  12       12 
L6L006   10 12 10 20    13 15     9 
L6L010  7 6  15 11 12 9 6 6  11  20 7 16 
L6L014  10 7 20 7 12   3 17 7 20 7 4 7 17 
L6L018 16  20 18 20 7 7 9 3 15 6 11 11 2 9 7 
                 
L-Series 6/High                 
L6H002   20  7         5 20 20 
L6H006   10 6  6 20  10 20    9 19 7 
L6H010 7 10 7 9 9 6 3 10 4 9  10 3 6 7  
L6H014  7 7 20 13  16  5 9 11  6 9 18 14 
L6H018 13  20  7 29 12 12 11 13   7 14 6  
                 
M-Series 4/Best                 
M4B002   6 6 7 5 9 13 9 8 13 6 5 8 10 9 
M4B006  5 5 8 5 8 3  12 7 17 3 3 5 13 10 
M4B010   12  16  16  12 14 7  16 6 17 14 
M4B014     8    7 5 6   15   
M4B018    7 7 9   17 15 6 7 7 8 7 18 
                 
M-Series 6/Low                 
M6L002 9 7 6 7 3 7 7 9 7 9 9 9 4 3 4 8 
M6L006 6 1 1 3 4 7 2 4 2 5 3 3 1 1 4 5 
M6L010 3 3 3 2 2 3 3 4 3 6 3 4 3 1 3 3 
M6L014 1 1 1 1 2 1 1 6 3 5 6 6 1 1 1 2 
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M6L018 1 1 1 4 4 1 3 5 4 5 4 5 1 1 1 1 
                 
M-Series 6/High                 
M6H002    17 13 15 7 4 9 12   16 7 9 12 
M6H006  7 5 5 6 5 6 5 3 5 5 5 5 5 5 5 
M6H010 13   10 19 18 19  6 14 12   12 17 19 
M6H014     3    10 12 19      
M6H018 6 6 6 3 3 3 5 6 3 5 5 6 5 3 3 5 
                 
M-Series 6/Best                 
M6B002     15 12 18 18  19 19   19   
M6B006 13  2 15     4 19 10 13  17 4  
M6B010     14 12   11 11 14 16 18 13   
M6B014     7 8 8 19 6 12   6 17 6 16 
M6B018  18 8 6 5 14  7 9 6 16 5 18 2 9  
                 
O-Series 4/Best                 
O4B002  19 19  4    13     9   
O4B006     15     11       
O4B010 6 15 8 8 16  6 6 4 20    2 6 6 
O4B014   8      6  10  15 6  7 
O4B018   6  13 6   8 19   3    
                 
O-Series 6/Low                 
O6L002 11    12    9        
O6L006   5  6            
O6L010  11 2 8 4 5    19     6 15 
O6L014   15 2     4  8  2 15 9  
O6L018     11          19  
                 
O-Series 6/High                 
O6H002     15 12 18    16   19   
O6H006   17   17 13  13 14 16  19 18 13  
O6H010      16   15    18 19 8 15 
O6H014   18 8 4 7   10 4 10 18 18 3 18 14 
O6H018  7 4 2 3 3   9 7 8 10 9 1 4 4 
                 
P-Series 4/Best                 
P4B002  7 5 20 9 5 8  10 4 15  18 4 5  
P4B006  5 5 8 5 3   9 17 2  5 17 5 3 
P4B010  11 15 17 6 10 16  7    5 1 3 9 
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P4B014     16 11   20  3   5 4  
P4B018   7 18 6 8 4  9 18  17 4 9  9 
                 
P-Series 6/Low                 
P6L002   11 3 10 11 11 18 20 3 17 18 10 11  21 
P6L006  5 1 9 6 7 3 9 8 17 5 4 4 3 10 4 
P6L010   6 9 7 9   4 9 5 6 10 5 7 10 
P6L014  17 19 11 9 12 15  12 9 10 12 10  10 8 
P6L018  9 14 4 10 8   7 20 6  6 2 10 4 
                 
P-Series 6/High                 
P6H002   12   20   10     10   
P6H006   6 9 5 12 11  3 18   9   5 
P6H010     9  13  8 12    11   
P6H014    19  4 18  20    9 7 6 4 
P6H018     14        10    
                 
R-Series 6/Best                 
R6B002 10 8 13 5 7 9   8  19  7 12 4 16 
R6B006 11 12 5 5 12 7 11  2 12 12 10 8 4 5 10 
R6B010   4 7 11 5 20  7  4 7 9 8  10 
R6B014 5 12 9 5 12 10 15 12 9 13 4 5 11 13 13 11 
R6B018 15 19 9  8 15 20 19 10    8 5 5 8 
                 
R-Series 6/Best                 
S6B002   12 11   13  8      15  
S6B006 20  18 15 20   14 15  10 9 5 5 8  
S6B010  9 6 15 13 17    11   5 5 9  
S6B014 9 9 9 9 9 11 10 11 9 9 9 9 9 3 9 5 
S6B018 16 7 5 5 5 9 10  4   9 3 4 3 3 

Table 17: Raw no-aging failure data 
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Test Set 
(Aged) 

U 
6 

U 
7 

U 
8 

U 
9 

U 
10 

U 
11 

U 
12 

U 
13 

U 
14 

U 
15 

U 
16 

U 
17 

U 
18 

U 
19 

U 
20 

U 
21 

A-Series 6/Best 
50-50 

 

 

 

 
              A6B027 15 23 20 23 21 

 
21 22 

 
21 23 

 
21 8 21 

 A6B051 23 
 

6 
 

11 
    

23 
  

16 13 5 
 A6B055 21 21 21 21 

 
21 21 21 21 21 23 21 21 11 19 21 

A6B031 21 21 21 21 21 21 21 21 21 21 21 22 21 21 21 21 
A6B035 21 4 3 13 8 4 21 21 

 
21 21 21 16 2 6 12 

A6B039 6 5 7 9 14 11 21 20 21 8 21 21 5 2 4 6 
A6B059 

  
21 

  
23 

 
22 

   
23 23 21 21 

 A6B043 
 

23 
           

19 23 
 A6B063 23 

 
21 

 
12 23 21 

  
22 

   
21 23 

 
NA 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

NA 
N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

                 BCDE-Series 
4/Best 

                B4B003 2 8 1 21 17 6 20 10 12 10 17 15 18 21 21 17 
B4B007 10 7 19 8 20 17 18 17 20 17 18 15 17 19 18 7 
B4B011 10 4 13 13 8 6 19 14 19 18 14 20 3 1 2 13 
B4B015 5 16 16 6 19 18 20 2 7 10 15 6 19 17 5 20 
B4B019 10 16 20 18 1 17 18 19 6 10 20 6 17 16 20 18 

                 BCDE-Series 
6/Best 

                C6B003 16 21 8 3 9 3 19 20 15 2 19 2 9 20 20 19 
C6B007 12 18 17 21 2 9 11 5 3 11 5 14 7 19 15 11 
C6B011 11 2 5 11 15 15 14 15 2 13 13 13 3 1 9 14 
C6B015 19 12 8 15 9 12 14 4 19 7 6 21 17 18 12 4 
C6B019 9 8 19 11 10 1 4 9 3 1 15 11 15 10 17 9 

                 BCDE-Series 
6/Low 

                D6L003 
        

13 5 21 
 

10 
   D6L007 

        
19 

    
16 16 

 D6L011 
  

22 
 

17 
 

9 
 

11 6 12 
  

9 
  D6L015 

    
9 

 
7 

 
11 

 
12 

     D6L019 21 
 

22 19 
   

15 
  

20 
 

17 
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BCDE-Series 
6/High 

                E6H003 15 
    

19 16 
  

11 
 

16 
   

12 
E6H007 

 
17 

 
16 10 20 11 

       
11 21 

E6H011 12 20 5 17 11 
    

15 
  

9 5 10 
 E6H015 

    
20 16 10 

  
9 4 

  
16 

  E6H019 13 
 

13 
 

12 
 

16 
 

8 17 
  

20 17 19 
 

                 F-Series 6/Best 
                F6B001 11 4 11 5 11 10 7 7 16 6 18 18 11 10 10 10 

F6B005 9 14 7 11 10 13 18 14 5 5 8 7 10 6 6 9 
F6B009 10 15 9 8 18 10 8 11 10 10 10 9 5 10 10 18 
F6B013 8 13 11 14 13 18 5 7 13 10 9 8 11 10 10 14 
F6B017 4 10 7 7 10 5 10 18 10 11 14 7 10 10 4 10 

                 G-Series 6/Best 
                G6B003 4 11 6 7 17 3 16 12 5 7 7 8 7 11 14 7 

G6B007 7 15 12 8 12 6 11 8 6 13 7 12 13 8 8 8 
G6B011 12 6 4 11 11 15 17 16 13 12 5 5 8 7 16 17 
G6B015 7 14 5 8 6 12 11 3 6 8 4 12 16 8 7 8 
G6B019 6 13 13 7 15 11 8 6 18 11 7 18 8 4 6 8 

                 H-Series 4/Best 
                H4B001 3 14 1 19 16 3 3 3 3 5 20 11 14 19 1 3 

H4B005 3 2 1 1 3 3 3 3 16 8 2 2 5 2 5 2 
H4B009 1 3 10 1 7 1 1 1 1 8 1 1 2 3 5 3 
H4B013 1 1 1 6 11 2 2 3 2 1 2 2 2 3 1 1 
H4B017 8 1 6 19 16 1 1 1 1 8 1 19 1 7 5 14 

                 H-Series 6/Low 
                H6L001 16 8 3 12 12 13 1 2 12 19 4 1 8 8 9 9 

H6L005 15 14 1 15 12 12 14 4 13 8 12 20 14 17 1 1 
H6L009 15 8 8 18 5 5 8 15 15 13 20 11 11 2 4 10 
H6L013 9 2 2 3 3 4 9 8 5 8 11 6 1 1 2 4 
H6L017 13 12 20 5 14 20 5 13 5 9 14 13 13 3 13 20 

                 H-Series 6/High 
                H6H001 18 12 8 11 11 7 13 18 5 13 8 13 12 2 7 11 

H6H005 18 12 8 13 12 8 8 18 4 9 4 12 14 3 4 12 
H6H009 8 3 2 10 11 20 8 7 4 13 8 3 5 1 2 3 
H6H013 18 6 4 12 11 14 12 6 12 18 15 3 6 2 1 5 
H6H017 11 12 13 12 13 20 13 9 7 13 12 12 14 13 13 11 
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                 I-Series 4/Best 
                

I4B001 
N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

I4B005 
N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

I4B009 
N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

I4B013 
N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

I4B017 
N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

                 I-Series 6/Low 
                I6L001 
        

17 
       I6L005 21 

            
10 

 
9 

I6L009 
         

17 
      I6L013 22 

       
13 

 
7 

     I6L017 
        

8 
       

                 I-Series 6/High 
                I6H001 25 

             
17 

 I6H005 
       

18 
      

11 
 I6H009 

 
7 

 
7 

  
8 

 
22 

 
23 

  
6 7 

 I6H013 
    

8 
 

8 
      

7 
  I6H017 8 

 
14 

 
4 

 
8 7 8 7 8 8 8 7 7 8 

                 I-Series 6/Best 
                I6B001 17 13 9 

 
2 3 3 

 
9 

 
5 

 
15 

 
5 

 I6B005 15 8 4 
       

4 
   

5 
 I6B009 

  
6 

         
1 

   I6B013 
        

6 
 

5 
    

9 
I6B017 8 

  
8 4 13 

       
4 20 4 

                 J-Series 4/Best 
                J4B001 2 

 
1 4 3 

 
11 13 1 3 7 

 
14 2 2 

 J4B005 
    

12 
    

4 14 
     J4B009 

        
6 6 

      J4B013 
  

16 
 

1 6 9 18 1 4 8 13 10 5 
 

6 
J4B017 2 13 2 3 3 

   
4 13 

  
4 3 

 
3 

                 J-Series 6/Low 
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J6L001 8 16 14 16 8 12 
 

6 8 15 
 

8 15 8 2 5 
J6L005 

 
8 8 

 
10 13 

 
20 11 9 19 

  
8 10 12 

J6L009 
 

12 11 15 8 
       

12 10 16 
 J6L013 7 4 1 4 1 3 4 2 4 1 3 4 1 1 1 4 

J6L017 8 
 

7 7 12 18 19 12 8 16 
 

9 7 5 7 
 

                 J-Series 6/High 
                J6H001 5 8 4 12 9 9 

 
16 11 

 
12 

  
6 9 

 J6H005 13 
   

13 20 
 

16 8 5 
  

8 7 11 8 
J6H009 8 5 5 6 6 8 3 8 7 8 5 7 8 2 2 8 
J6H013 5 

 
11 11 7 6 

 
7 11 5 6 

 
16 

 
16 

 J6H017 8 8 8 8 8 6 8 8 5 4 8 8 8 8 8 8 

                 J-Series 6/Best 
                

J6B001 
N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

J6B005 
N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

N
A 

J6B009 3 9 3 5 
  

4 4 
  

3 1 3 1 3 4 
J6B013 8 8 4 3 

   
5 7 7 5 

 
3 1 1 4 

J6B017 2 1 1 1 1 1 1 3 1 1 1 1 1 1 1 3 

                 J-Series 6/Best 
(N) 

                N6B001 
  

16 
            

8 
N6B005 

 
18 

 
4 3 

 
4 15 

 
2 

  
12 14 3 3 

N6B009 
  

1 8 
 

18 2 12 6 6 19 2 6 2 2 2 
N6B013 3 2 2 2 3 8 

  
2 

   
2 2 1 3 

N6B017 2 2 1 1 3 2 
 

8 2 7 2 8 1 1 1 4 

                 K-Series 4/Best 
                K4B001 
  

20 
 

6 
 

16 
 

3 7 15 19 13 6 16 13 
K4B005 

  
20 

  
11 

 
19 

 
7 

  
8 5 

 
8 

K4B009 3 3 4 4 4 4 4 7 5 3 3 4 2 3 2 3 
K4B013 20 19 19 19 13 8 19 19 4 16 19 8 4 3 4 7 
K4B017 8 16 4 

 
5 5 19 4 13 3 15 6 16 10 4 4 

                 K-Series 6/Low 
                K6L001 5 

 
5 12 3 19 20 

  
4 19 10 6 3 4 20 

K6L005 20 
 

20 20 20 
  

20 11 3 20 
  

5 20 
 K6L009 3 3 3 2 4 4 2 4 4 4 5 4 3 3 3 2 

K6L013 20 20 19 20 3 20 20 20 20 5 20 20 20 6 2 11 

111 
 



K6L017 19 20 15 7 6 5 6 
  

5 10 19 7 7 7 
 

                 K-Series 6/High 
                K6H001 
    

17 20 
     

18 
 

17 17 6 
K6H005 

         
20 8 15 

  
10 10 

K6H009 
 

20 18 
 

6 
 

7 3 13 5 
 

6 
 

20 20 
 K6H013 10 17 13 17 7 

   
20 

  
20 17 19 14 17 

K6H017 18 13 4 5 6 13 8 
 

6 10 
  

9 10 6 5 

                 L-Series 4/Best 
                L4B001 4 5 2 5 9 16 17 3 5 4 9 15 11 9 5 2 

L4B005 3 2 5 13 6 4 4 5 17 5 6 5 17 8 15 4 
L4B009 17 9 16 13 5 6 4 19 4 3 10 17 4 8 9 19 
L4B013 5 2 8 4 8 4 16 16 6 17 2 3 11 19 5 9 
L4B017 9 5 5 9 2 16 19 19 9 3 2 5 5 4 4 17 

                 L-Series 6/Low 
                L6L001 
  

6 
             L6L005 8 

 
3 6 7 

 
5 9 9 9 5 9 5 2 8 8 

L6L009 1 1 1 1 1 1 1 1 1 1 1 3 1 1 1 1 
L6L013 1 1 1 1 6 8 9 4 2 7 5 5 1 1 1 6 
L6L017 1 1 1 1 1 1 3 9 3 2 3 6 1 1 1 1 

                 L-Series 6/High 
                L6H001 9 8 7 7 4 13 17 18 11 10 4 14 2 13 17 19 

L6H005 7 8 14 19 9 7 12 7 12 10 3 5 19 4 4 10 
L6H009 18 4 13 13 17 9 10 11 19 9 13 17 10 10 4 7 
L6H013 7 6 8 4 5 11 13 14 10 10 2 4 8 4 4 4 
L6H017 17 4 7 9 4 11 5 3 5 18 4 19 5 9 7 5 

                 M-Series 4/Best 
                M4B001 
        

11 
       M4B005 

  
15 13 

  
5 

 
16 

   
13 

   M4B009 3 1 1 2 2 3 12 19 3 6 14 2 1 1 1 3 
M4B013 2 2 1 2 1 3 3 5 3 3 5 9 1 1 1 3 
M4B017 1 2 1 1 18 11 5 3 14 4 11 3 4 1 1 7 

                 M-Series 6/Low 
                M6L001 
  

10 
             M6L005 

 
9 3 4 8 9 9 4 8 

 
8 8 7 3 3 8 

M6L009 1 1 1 1 1 3 3 3 1 1 8 3 1 1 1 1 
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M6L013 1 1 1 1 1 1 1 2 2 1 2 2 1 1 1 1 
M6L017 1 1 1 1 1 1 1 2 1 1 1 2 1 1 1 1 

                 M-Series 6/High 
                M6H001 
         

3 
      M6H005 

  
12 

     
8 

   
19 

 
4 15 

M6H009 1 1 1 1 1 5 3 1 3 4 2 3 1 1 1 2 
M6H013 1 3 1 1 2 

   
9 

    
1 1 2 

M6H017 1 1 1 1 2 4 1 4 1 1 18 2 1 1 1 1 

                 M-Series 6/Best 
                M6B001 
     

6 
  

2 5 4 
  

2 11 
 M6B005 

 
10 6 2 3 7 8 

 
5 

  
18 14 1 1 

 M6B009 18 2 2 4 4 4 11 20 10 12 14 
 

2 2 4 9 
M6B013 11 1 1 3 2 3 1 6 3 5 

  
2 2 1 3 

M6B017 1 1 1 1 3 2 5 4 1 4 8 2 1 1 1 1 

                 O-Series 4/Best 
                O4B001 2 2 1 2 2 2 2 6 2 2 8 7 2 2 1 2 

O4B005 13 6 3 7 5 11 4 11 2 
 

13 12 4 4 5 7 
O4B009 4 7 1 7 8 9 11 13 9 3 12 8 13 4 3 3 
O4B013 8 3 1 3 2 1 8 11 2 12 6 6 2 2 1 6 
O4B017 8 2 1 11 9 8 8 6 8 10 12 12 2 1 2 9 

                 O-Series 6/Low 
                O6L001 
              

10 
 O6L005 3 4 1 3 3 3 

  
3 6 

   
3 2 3 

O6L009 2 1 2 1 2 1 3 2 
 

1 3 4 7 1 1 3 
O6L013 1 1 1 1 1 1 3 2 1 1 1 1 1 1 1 1 
O6L017 1 1 1 1 8 3 1 1 1 3 5 11 1 1 1 2 

                 O-Series 6/High 
                O6H001 
 

3 3 2 3 
        

8 8 
 O6H005 11 13 1 5 3 6 

  
5 

   
3 1 1 5 

O6H009 3 2 1 6 4 2 4 2 2 3 1 
 

4 1 1 2 
O6H013 1 1 1 1 1 1 3 1 1 1 2 3 1 1 1 1 
O6H017 3 3 1 1 1 7 6 2 8 4 2 12 1 1 1 3 

                 P-Series 4/Best 
                P4B001 11 

   
8 

     
6 

 
11 7 

  P4B005 
  

15 
     

14 
 

7 
 

7 
 

7 
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P4B009 1 1 1 1 3 2 2 4 1 6 6 6 1 1 1 2 
P4B013 2 2 1 1 

 
8 7 

 
8 8 10 

 
1 1 2 4 

P4B017 6 1 1 2 2 7 6 6 
 

3 
 

7 1 1 1 2 

                 P-Series 6/Low 
                P6L001 
 

4 9 4 2 7 4 4 3 4 13 
 

2 2 2 
 P6L005 

   
15 9 

       
10 

   P6L009 8 1 1 2 6 3 3 6 6 2 2 3 1 1 1 1 
P6L013 3 1 1 7 7 10 

 
4 7 13 

  
2 1 1 4 

P6L017 4 3 1 8 4 
 

10 
 

6 
   

1 1 2 7 

                 P-Series 6/High 
                P6H001 8 1 1 2 2 4 8 9 3 5 9 9 6 2 1 2 

P6H005 8 
 

8 3 4 11 8 12 2 5 
 

12 10 2 2 
 P6H017 12 12 5 13 13 8 

     
4 11 3 5 

 P6H013 2 2 1 2 2 2 3 4 2 12 12 8 2 1 2 2 
P6H009 8 2 2 6 12 13 13 13 13 13 13 13 6 1 4 13 

                 R-Series 6/Best 
                R6B001 
    

5 
   

5 10 
      R6B005 6 13 6 5 5 5 13 

 
7 14 10 

 
9 2 3 9 

R6B009 6 16 1 5 3 5 
  

5 
 

10 9 5 1 1 9 
R6B013 20 7 1 

 
2 5 

 
20 4 

   
4 15 8 3 

R6B017 1 1 1 1 2 4 2 8 2 1 10 9 1 1 1 1 

                 NC 6/Best 
                S6B001 
             

5 
  S6B005 

  
2 9 8 7 2 

 
3 5 

   
3 2 

 S6B009 19 6 1 3 4 14 6 5 7 8 
 

7 4 1 1 5 
S6B013 

 
20 3 5 8 7 12 

 
9 

   
3 3 1 4 

S6B017 1 1 1 1 7 2 
 

19 6 11 
  

1 1 1 2 
Table 18: Raw aged failure data 
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