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Abstract 

Restriction of Hazardous Substances (RoHS), Waste Electrical and Electronic Equipment 

Directive (WEEE) organizations have restricted the use of lead in solder materials for consumer 

electronics. The electronic industry have drifted apart from eutectic 63Sn-37Pb (Tin-Lead) solder 

to the near eutectic lead-free [Sn-1.0Ag-0.5Cu (SAC105)] and [Sn-3.0Ag-0.5Cu (SAC305)] solder 

material in past decade. Knowledge about microstructure, mechanical properties, and failure 

behavior of lead-free solder joints in electronic assemblies are dynamically changing when 

exposed to isothermal aging and temperature cycling environments. Researchers and scientists in 

the semiconductor industry and academic world have experimentally demonstrated that the long-

term performance of the lead-free solder joint material is dependent on inter metallic composition 

formed during the reflow of surface mount assembly of electronic packages. The inter metallic 

composition for the binary eutectic  Tin-Lead (63Sn-37Pb) and its degradation properties over 

long-term isothermal aging are very much different from the Ternary non eutectic Tin-Silver-

Copper [Sn-1.0Ag-0.5Cu (SAC105), Sn-3.0Ag-0.5Cu (SAC305)]. However, the initial 

performance of the ternary Tin-Silver-Copper lead-free solder material is much better than the 

binary Tin-Lead solder materials reliability. The reliability performance degrade up to 70%  for 

lead-free solder joint materials SAC105 and SAC305 that are exposed to long- term isothermal 

aging conditions in elevated temperatures (75°C for 24 months).  
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The major contribution to this degradation in lead-free solder joint material is the accumulation of 

the low cyclic stress induced on the bulk solder near the intermetallic formation over a long period 

(>10 months) at elevated temperature(>50°C). This phenomenon observed by many researchers 

and scientists in the field, demonstrated as the intermetallic composition thickness growth and 

recrystallization of grain boundaries. There are many investigations targeted to resist this change 

in material property over time and temperature effects. One such possible investigation is to 

develop a new solder alloy composition with additional elements in smaller composition as 

dopants mixed with ternary lead-free (SAC105, SAC305) solder materials. The top materials that 

qualify for such metallurgical composition are Antimony (Sb), Magnesium (Mg), Nickel (Ni), 

Cobalt (Co), Indium (In) and Bismuth (Bi). Material researchers and scientists previously 

evaluated these additives. The results showed finer grain boundaries and reduced the intermetallic 

formations of the tin with silver or copper during the reflow process of surface mount assembly. 

The resulting intermetallic formation had a more uniform grain formation in the lead-free bulk 

solder alloy. This process of adding metallurgical elements in small quantities to the lead-free 

solder composition is defined ñsolder dopingò. This improves the mechanical properties of the 

lead-free solder materials initially, but there are limited research results on the effects of the long-

term isothermal aging performance of such doped alloys. Lead-free solders have reliability 

concerns related to elevated process temperatures and the formation of Ag3Sn intermetallic. Tin-

Lead reliability performance compared to that of SAC105, SAC305, and SAC-Bi containing low 

melting temperature (Tm) alloys show deleterious effects of long-term isothermal aging time and 

temperature conditions.    
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Chapter 1 Dissertation Context 

 

1.1. Insight to the Electronic Industries  

Thales of Miletus has discovered static electricity by rubbing fur on substances such as amber 

in the 600 B.C.; this is the most ancient well-known record of electricity and electron movement. 

The inception of consumer electronics began in 1929 with its first public TV broadcast in 

Germany[1]. Electronics is defined as "The science and technology of the conduction of 

electricity in a vacuum, a gas, or a semiconductor, and devices based thereonò[2]. The modern 

electronics industry dates back to the invention of the monolithic semiconductor ñintegrated 

circuit,ò or IC, by Jack Kilby of Texas Instruments in 1958. ñIn 1965, Gordon Moore made a 

prediction that would set the pace for our modern digital revolution. From careful observation 

of an emerging trend, Moore extrapolated that computing would dramatically increase in power, 

and decrease in relative cost, at an exponential paceò[3]. This phenomenon became the Mooreôs 

Law named after Intel cofounder Gordon Moore[3]. Continuing advancements in processing 

technologies, materials, and designs have enabled seemingly endless increase in the functional 

density of semiconductor electronics immortalized in the public imagination via Mooreôs Law 

in the decades since 1970.
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Figure 1 Mooreôs Law [4] 

In 1996, the Electronic Industry surpassed the Automotive Industry to become the largest industry 

in the world[5]. The modern consumer electronics is still evolving to discover new applications 

such as virtual augmented realty, and bionic wearables that have transformed and endure to 

transform the way that people network with each other and incorporate data into their daily 

activity. Electronics have grown into an indispensable product in the modern digital era of 

information and globalization. The electronics industry is valued at 4 trillion US dollars and is 

expected at 5 trillion US dollars by the end of the 2018[5].  
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Figure 2 Projected Market Share of Electronics Industry [5] 

1.2. Electronic Packaging  

Electronic packaging is a multi-disciplinary field, and includes a wide variety of technologies 

from mechanical, electrical and industrial engineering, chemistry, physics and even marketing 

and business analytics[6]. The electronic package hierarchy has different levels of 

interconnections. The electronic system hierarchy starts at level zero (silicon) and continues with 

Packaging as level one. On level two, the printed wiring board (PWB) manufacturing and board 

assembly take place. Level three stands for the interconnections between different PWBs, level 

four for the assembly of the PWB into racks, housings of product etc. Finally, level five represents 

the connection of several individual products or systems[7]. There are two methods to assemble 

electronic components onto PCBs: Through-Hole Mount Technology (THMT) and Surface 

Mount Technology (SMT). Compared to THMT, SMT has many advantages including higher 

component density, better mechanical performance, higher real-estate rate, and certainly lower 

cost, so SMT largely replaced THMT in the industry[8].  



 

 

 

 

 4  

This dissertation focuses on the solder ball interconnections of the SMT assembly.   

 

Figure 3 SMT Hierarchy [8] 

1.2.1. Silicon Chip  

The electronic components have their birth at Silicon ñdie,ò or chip, from a single-crystal Silicon 

Wafer mother. The silicon chip contains many solid-state electronic devices (transistors, resistors, 

inductors, and capacitors) that have been defined and connected to form functional electrical 

circuitry[6]. There are many types of carriers with in a silicon chip routed logically to provide 

movement of electrons with in the circuitry. In this dissertation, the consideration is for chip body 

size, chip pitch size, laminate material and chip design used. 

1.2.2. Body Size 

The silicon die needs protection from the outside environment. There is a protective coating called 

mold compound material. The size of this mold material protecting the silicon chip is the chip body 

size. 
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Figure 4 Chip Body Size [9] 

1.2.3. Pitch Size 

Pitch Size is the distance between the two interconnections within the same silicon chip. The pitch 

size and chip body size are interdependent on one another. The finer the pitch the smaller the chip 

body size for any given number of solder balls. 

 

Figure 5 Pitch of Silicon Chip [9] 
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1.2.4. Laminate Material  

Based on the laminate materials used in the flip chip carrier, the classifications are of Ceramic, 

Tape, Plastic, Dimpled, Metal and Enhanced Plastic types. This dissertation focuses only on the 

three main classifications namely Ceramic, Plastic and BT-Metal laminates. 

Table i Laminate and Material Properties from Practical Components 

Package 

Substrate 

Ceramic  Plastic Metal 

Dielectric   Epoxy resin glass 

reinforced 

  Ablestik 2300 Polyimide 

Wire Type Copper Gold Gold 

Encapsulant   Epoxy mold 

compound 

  Nitto GE100L BT (Bismaleimide 

Triazine) 

 

 

1.2.5. Chip Design  

Based on the design of the chip internal circuitry there are many types of classifications. In this 

dissertation, the CVBGA97, CVBGA432, CTBGA84, CABGA36, CABGA208 and CABGA256 

components are of type one design; PBGA1156 components are of type two design and SBGA304 

and SBGA600 are of type three design. 
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Figure 6 Design Type 1 [9] 

 

Figure 7 Design Type 2 [9] 

 

Figure 8 Design Type 3 [9] 
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1.2.6. Printed Circuit Board  (PCB)  

A PCB is a non-conductive material (usually called laminate) with logical conductive lines (usually 

copper) printed or etched on them. Electronic components mounted are on the board and the 

conductive line traces connect the components together to form a logical working circuit or 

assembly. The PCB is of single or double side with single or multiple layers of rigid laminate 

(consisting of a woven-glass-epoxy base material clad) and copper foils. The copper is the 

conductive trace layer and the rigid laminate is the nonconductive material. In this experiment, Mr. 

Peter Narbus designed the PCBs and TTM Technologies (Time-To-Market Interconnect Solutions) 

at Chippewa Falls Division, manufactured the PCBs. The test board dimensions are 173 mm by 254 

mm with a board thickness of 5 mm.  The printed circuit board (PCB) has eight Copper (Cu) layers 

and is a double sided test board. Two different printed circuit board materials namely Flame-

Retardant-406 and Megtron-6 were tested. The Flame-Retardant-406 board material used in this 

experiment is a high-temperature multi-functional glass-epoxy Teflon laminate with a glass-

transition temperature (Tg) of 170°C, whereas the Megtron-6 board material used in this experiment 

was a very high-temperature Polyphenylene-Ether blend with a glass- transition temperature (Tg) 

of 210°C. The glass transition defined as ñreversible change in an amorphous polymer or in 

amorphous regions of a partially crystalline polymer from (or to) a viscous or rubbery condition to 

(or from) a hard and relatively brittle oneò[10]. The glass transition temperature (Tg) defined as  

ñcharacteristic value of the temperature range over which the glass transition takes placeò[10]. The 

printed circuit board (PCB) incorporates 14,607 pins, 3590 through-holes, and 11017 copper pads. 

The board also includes 12 tool-holes, each of which has a diameter is 3.8 mm and the distance 

from the edge of packages/board-features to the center of the holes is at least 7mm. The surface 
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finish for all boards was Organic Solderability  Preservative (OSP).Each printed circuit board has 

land patterns with local fiducials for the placement of up to 13 components and 30 resistors on top 

side, while 30 components and 45 resistors on the bottom side. Each component land-pattern is 

electrically connected to one of the through-holes for monitoring, except for the surface mount 

resistor (SMR) components, which are electrically daisy-chained together in groups of five (5) for 

readout through a single channel. All components and SMR components have a common ground 

channel completing the electrical circuit. The design copper trace pattern used for the top and bottom 

side of the board are different. Total component and surface mount resistor are 19 channels and 1 

ground on the top side of the board. Total component and surface mount resistor are 39 channels 

on the bottom side with the same-shared ground on the top and bottom side of the board.  
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Figure 9 Top Side Board Layout Design and PCB 

 

Figure 10 Bottom Side Board Layout Design and PCB 
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1.2.7. Coefficient of Thermal Expansion (CTE) in PCB  

CTE is the dimensional sensitivity in a materials response to a change in temperature[11]. It is 

representation of percentage change in length per unit temperature. This occurrence is often 

isotropic, but due to the structure of the laminate in the printed circuit board (PCB), this property 

becomes anisotropic with two different value of CTE for expansion. First, in the plane of the aligned 

fibers called ñin-planeò and second out of the plane of aligned fibers called ñout-of-planeò. These 

alignment variations are due to the differences in CTE of the glass fiber and the epoxy. The glass 

fibers have a CTE of approximately 5-6 ppm/°C, while the epoxy typically has a CTE of 35-45 

ppm/°C. By applying Schapery Equation the composite board CTEs are calculated, this equation 

gives a weighted average value for CTE based on the fundamental properties of the individual 

components of the composite. The following is  

Equation 1  Schapery Equation [12] 

ἩἫ
╪░○░□░
○░□░

▪

░

 

Where  ὥ  is the composite CTE (expressed in ppm/°C) 

ὥ  is the CTE of the individual components (expressed in ppm/°C) 

ά  is the Youngôs Modulus of the individual components (expressed as G-Pa) 

ὺ  is the volume of the individual components (expressed in cubic meter) 

A tensile testing machine UTM, used to calculate the modulus of elasticity of the boards at room 

temperature. Samples prepared by cutting the boards in dog-bone shaped as per the ASTM D412 

Standards. The length of the dog bone sample was 100mm with the width of 16mm. The length in 

the middle section was 33mm and the grip section was 30mm. A force per unit length of magnitude 
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of 2 N/m is applied to the samples. The before surface mount assembly of the Flame-Retardant-406 

board and Megtron-6 board properties provided by TTM Technologies are in Table ii . 

Table ii  Printed Circuit Board Properties from TTM Technologies 

Board Type 

Coefficient of 

Thermal Expansion 

CTE (ppm/°C) 

Youngôs 

Modulus 

 

Glass 

Transition 

Temperature 

x-dir. y-dir. z-dir. E (G-Pa) (Tg)°C 

Megtron-6 15.7 15.7 24.2 27.8 210 

Flame-Retardant-406 17.1 17.1 30.5 28.5 170 

 

1.2.8. Surface Mount Assembly  

The second level of packaging is the electronic assembly, or Printed Circuit Board Assembly 

(PCBA). The interconnections of the silicon chip to the printed circuit board is the PCBA. 

 

Figure 11 Surface Mount Assembly Process Overview [8] 
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First step in building an electronic assembly is solder paste printing. Solder paste consists of powder 

of metal particles suspended in a solder flux. Flux is a thick medium that is a temporary adhesive 

to hold the components until the solder paste melts during reflow process and makes a metallurgical 

bond.  In this experiment, Kester No clean Flux is used. The prevailing method of solder paste 

printing to the PCB lands is via a screen or stencil printing process. Stencil aligns over each PCB 

inside a paste-printing machine and the stencil has apertures through which the solder paste flows 

onto the PCB land pattern with the help of a squeegee. There are two stencil sizes used in this 

experiment one for the top sideboard assembly with a 0.127 mm thickness and the bottom sideboard 

assembly with a 0.0762 mm thickness for finer pitch components. Photo stencils manufactured both 

the stencils. There are two different solder pastes used in this experiment, SAC305 paste for lead-

free solder alloys and a Sn-Pb paste for Tin-Lead solder alloys. Solder paste is printed onto the 

copper lands of the Printed Circuit Board, with the help of a stencil. 

Table iii  Solder Paste and Stencil Size 

Board Side 

Solder Paste Stencil Thickness 

Kester Alpha (mm) 

Top Sn-Pb SAC305 Innolot 0.127 

Bottom Sn-Pb SAC305 Innolot 0.0762 

 

Second optional step is by laser measurement on the PCB to check for uniform spread of solder 

paste volume across the various portions of the PCB. Thirdly, placement machine picks and places 

components on top of the printed solder paste of the PCBs. Local and global fiducials on the PCB 

references the placement locations of the component.  
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Fourthly, components placed on the printed circuit board are photo captured and x-ray processed 

for any misalignments or misplacements. Once the assembly process passes the visual inspection 

test. The boards and components are ready for the final step. 

Finally, the Surface Mount assembly passes through reflow soldering. Reflow soldering is done by 

the help of a large convection oven with multiple, independently controlled temperature zones. 

During solder reflow process, the printed circuit board assembly (PCBA) setup passes through the 

reflow oven experiencing a specific time temperature profile designed as per the solder paste 

manufacturerôs recommendation. The manufacturers recommended reflow profile helped to create 

good quality solder joints at all necessary locations on the board while avoiding bridging and other 

common manufacturing defects. Reflow takes place when the solder alloy exceeds its liquidus 

temperature.  

 

 

Figure 12 Key Steps in SMT Assembly [9] 

There are four different reflow profiles used in this experiment, two for the top side and two for the 

bottom side. 
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Figure 13 Tin-Lead Reflow Profile Bottom Side Board 

 

Figure 14 Tin-lead Reflow Profile Top Side Board 

The manufacturers recommended preheat stage is to bring the package up to about +125°C (±25°C) 

the rate of increase from ambient(25°C) to 125 °C should be approximately 2 to 3°C per second. 

Pre-flow stage is the gradual transition from 125°C to the point of eutectic transformation (+183°C). 

This stage allows the entire board to achieve an equilibrium near the melting point of the solder. 
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The rate of temperature change should be between 0.5 to 1 °C per second. Reflow stage is the 

portion of the profile where the solder changes from a solid to a liquid and the actual flux and flow 

action occur. Solder will flow to all areas not protected by solder mask. The manufacturer 

recommends that a rapid rise to a maximum temperature of 235°C with the dwell time above 215°C 

to be below 30 seconds. The total time above 180°C should be less than 180 seconds. Post dwell 

above 215°C should transition directly into the package and board cool down ramp. As the package 

and board drops below the solder liquidus point of +183°C the cool down temperature ramp controls 

the solder grain size and fatigue resistance. The cool down rate should be approximately 2 to 4°C 

per second. Do not exceed 5°C per second. 

 

Figure 15 Tin-lead Manufacturerôs Recommended Profile [8] 
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Figure 16 Lead-free Reflow Profile Bottom Side 

 

Figure 17 Lead-free Reflow Profile Top Side 

The manufacturers recommended preheat stage is to bring the package up to about +170°C (±25°C) 

the rate of increase from ambient(25°C) to 170 °C should be approximately 2 to 3°C per second. 

Pre-flow stage is the gradual transition from 170°C to the point of eutectic transformation (+215°C). 

This stage allows the entire board to achieve an equilibrium near the melting point of the solder. 
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The rate of temperature change should be between 0.5 to 1 °C per second. The reflow stage portion 

of the profile where the solder changes from a solid to a liquid and the actual flux and flow action 

occur. Solder will flow to all areas not protected by solder mask. The manufacturer recommends 

that a rapid rise to a maximum temperature of 260°C with the dwell time above 250°C to be below 

30 seconds. The total time above 217°C should be less than 150 seconds. Post dwell above 217°C 

should transition directly into the package and board cool down ramp. As the package and board 

drops below the solder liquidus point of +217°C the cool down temperature ramp controls the solder 

grain size and fatigue resistance. The cool down rate should be approximately 3 to 5°C per second. 

Do not exceed 6°C per second. 

 

Figure 18 Lead-free Manufacturerôs Recommended Profile [8] 
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1.3. Solder Material  

óSolder born from old French, ñsoudure,ò meaning fasten together. In English, solder has a noun 

meaning ña fusible metallic alloy used for uniting less fusible metal surface or partsò dates to 1350 

B.C. Lead was first derived as a by-product form silver production. Lead primarily used as a setting 

agent to fix posts in ground and lock mortised stones. Mesopotamians [3000 B.C.] used lead to join 

copper piecesô[13]. óAlloys of lead and tin marked their presence from surviving artifacts and 

literary source of the Roman Imperial Period. Welded lead strips in stained glass of the five 

prophetôs window in Augsburg Cathedral dating late 11th   century is another evidence of material 

alloys.  The 20th Century, modern practices developed with the improvement of extraction 

techniques which gave raise to exotic metal at affordable cost along with the alloy phase diagrams 

paving the path for diversity in alloy making todayô[14]. 

1.4. Soldering  

óWelding, Brazing, and Soldering of metals are methods for joining separate metalwork pieces by 

heat treatment. Soldering is a process of heating the two mating surfaces by a molten filler metal 

with or without the presence of fluxing agent and then cooling them to form a metallurgical bond 

between the filler metal and the two mating Surfaces. A chemical fluxing agent often used to remove 

oxides and contamination. Soldering temperature is usually below 450°C or 840°F, or else it is 

brazing. Thus, Soldering restricts the material selection to low meting elementsô[14]. The following 

Table iv shows the possible materials that qualify for the electronics industry based on their atomic 

number and melting temperature.  
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Table iv Materials that qualify for Soldering in Electronic Interconnects 

Melting 

temperature 

(Tm)  (°C) 

Name of 

element 
Symbol 

Atomic 

number 

30 Gallium Ga 31 

39 Rubidium Rb 37 

44 Phosphorus P 15 

64 Potassium K 19 

98 Sodium Na 11 

113 Sulfur S 16 

114 Iodine I 53 

157 Indium  In  49 

180 Lithium Li  3 

217 Selenium Se 34 

232 Tin Sn 50 

254 Polonium Po 84 

271 Bismuth Bi 83 

302 Astatine At 85 

303 Thallium Tl 81 

321 Cadmium Cd 48 

327 Lead Pb 82 

420 Zinc Zn 30 

449 Tellurium Te 52 

 

1.5. Eutectic Property of Tin-Lead (Sn-Pb) 

The term ñeutecticò coined from Greek word ñeutektosò, meaning óEasily Meltedô[14]. A eutectic 

or eutectic mixture is a homogeneous mixture of two or more elements in a ratio that has the lowest 

melting point, and this melting temperature (Tm)is Eutectic Temperature[15]. Eutectic alloys will 

have more homogeneous compositions, and provide the lowest possible melting temperature 

(Tm)for a given alloy mixture. The important point about 63Sn-37Pb Tin-Lead solder is that it is a 

óeutecticô alloy. Eutectic alloys have a single temperature (183°C) at which the entire alloy melts.  
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Figure 19 Simple Tin-lead Phase Diagram [16] 

For the electronic assembly the 63Sn-37Pb Tin-Lead solder was the most favorite choice of the 

industry until the lead-free imposition by RoHS and WEEE. Forced upon, the electronic industry 

had to find new solder materials with eutectic or near eutectic property like that of Tin-Lead.  

1.6. Eutectic Property in other Binary Materials  

The foremost shot at finding an optimal replacement began with the exploration of binary alloy 

options. Tin (Sn) was still one of the two binary elements for its low toxicity, relatively low cost, 

resistance to oxidation and contribution to the melting point or range of an alloy.  Much of this 

analysis performed was by researching the equilibrium phase diagrams of various Sn-based alloys.   
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Table v Binary Eutectic Alloys of Tin (Sn) 

Binary 

Alloys 

Eutectic  

Temperature(°C) 
Composition 

(wtpercentage) 

Sn-In 120 51 

Sn-Bi 139 57 

Sn-Cd 177 32.2518 

Sn-Pb 183 38.1 

Sn-Zn 198.5 9 

Sn-Au 217 10 

Sn-Ag 221 3.5 

Sn-Cu 227 0.7 

 

Tin-Zinc (Sn-Zn) and Tin-Cadmium (Sn-Cd) rejected even though having homogeneous eutectic 

melting temperatures near to that of Tin-Lead (Sn-Pb) are for Zinc oxidation and Cadmium toxicity. 

Tin-Bismuth (Sn-Bi) rejected even though having lesser homogeneous eutectic melting temperature 

(Tm)that that of Tin-Lead (Sn-Pb) for its brittle nature and for its low melting temperature. During 

the transition from lead-free packages, the possibility of Bismuth and 0.1percentage Lead 

interaction can reduce the melting point by more than thirty degrees, making it difficult to build 

with other lead frame packages. The eutectic composition of Tin-Silver (Sn-Ag) and Tin-Copper 

(Sn-Cu) is predominately Tin (Sn) meaning intermetallic compounds are formed within the Sn 

matrix inhomogeneity into the microstructure. Tin-Silver (Sn-Ag) has a eutectic point at 

3.5wtpercentage of silver with a  eutectic equilibrium melting temperature (Tm)of 221°C closest to 

the melting temperature (Tm)of pure tin at 232°C, which is all the more by 40°C than the eutectic 

Tin-Lead (Sn-Pb) temperature. Silver alloy, is rejected for its economic cost as replacement Lead 

alloy. Tin-Copper (Sn-Cu) has a eutectic point at 0.7wtpercentage of copper with a  eutectic 
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equilibrium melting temperature (Tm)of 227°C closest to the melting temperature (Tm)of pure tin at 

232°C, which is all the more by  44°C than the eutectic Tin-Lead (Sn-Pb) temperature. This Copper 

alloy is replacement Lead alloy, for its interaction with the copper pad on the Printed Circuit Board.   

 

 

Figure 20 Tin Silver Phase Diagram [17] 
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Figure 21 Tin Copper Phase Diagram [17] 

 

1.7. Non-Eutectic Property in other Ternary Materials 

The solution to finding a simple binary replacement alloy to Tin-Lead (Sn-Pb) was let go, and a 

more viable ternary combination of elements came into strategy. The exertion in the ternary alloys 

is the eutectic equilibrium melting temperature (Tm)range of the alloys. This is much higher than 

that of the eutectic Tin-Lead (Sn-Pb). To overcome these technical hitches, the industry set some 

standards to finding the possible replacement ternary alloy.  

The criteria as defined in Lead-free Soldering [16] are  

Å Have melting point as close to Sn-Pb eutectic as possible 

Å Be eutectic or very close to eutectic 

Å Contain no more than three elements  
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Å Avoid using existing patents, if possible  

Å Have the potential for reliability equal to or better than Sn-Pb eutectic. 

Å Liquidus temperature as close as possible to 183°C 

Å Solidus temperature as close as possible to liquidus temperature (small pasty range) 

Å Solidus temperature significantly higher than the solder joints maximum operating 

temperature. 

The original top choices of the electronic industry with ternary alloys were Tin, Silver, Copper, and 

Bismuth with Sn-Ag-Cu, Sn-Bi-Cu, and Sn-Ag-Bi ternary combinations. But the coagulation of 

Lead (Pb) and Bismuth (Bi) to form very low intermetallic melting temperatures (Bi-Pb eutectic at 

125.9°C, Sn-Pb-Bi ternary eutectic at 98°C), deemed Bi to be phased out.  

The Sn-Ag-Cu eutectic ternary alloy is of the composition Sn-3.5Ag-0.9Cu by weight percentage 

with a eutectic melting temperature (Tm)of 217.4±0.8°C.  This bond forms a ternary eutectic made 

up of faceted Cu6Sn5 matrix and non-faceted Ag3Sn matrix of intermetallic within the predominant 

Tin(Sn) element[18].   

The melting temperature (Tm) of this ternary eutectic is 10°C lower than that of its predecessor 

binary eutectic Tin (Sn)-Copper (Cu). Near eutectic compounds of Sn-Ag-Cu are the default solder 

standard in the market today, specifically SAC105, SAC305 and to a lesser extent SAC405. Due to 

higher Silver cost, (i.e. consumer electronics) the predilection is for a lesser quantity of Silver 

(Ag).The added benefit is the reduction in the potential formation of undesirable Ag3Sn 

platelets[18]. 

Figure 22 shows the phase diagram of SAC alloys and specifically the Sn-rich region, which 

highlights the formation of a Sn - Sn+Ag3Sn-Sn - Cu6Sn5 ternary compound. 
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Figure 22 Sn-Ag-Cu Phase Diagram with Tin (Sn)-rich corner of the Phase Diagram [17] 

The demand for a replacement alloy for electronic assemblies lead to the current industry standard 

of tin-silver-copper alloys, (Sn-Ag-Cu or SAC). The most widely used are SAC105 and SAC305, 

both contain 0.5-weight percentage of Cu and (1-weight percentage and 3-weight percentage) of 

Silver (Ag) respectively.  Although these Sn-based alloys are in wide use, there remain a number 

of limitations, which necessitate the continued research for a better standard and more reliable alloy. 

Both Lead-free SAC105 and SAC305 are non-eutectic alloys with melting ranges of 217-225°C 

and 217-220°C respectively, considerably much higher than the 183°C melting point of eutectic 

Tin- Lead 63Sn-37Pb.   
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1.8. Solder Joint  

A solder joint is formed when two conductors, one with high melting temperature (Tm) primarily 

Copper (Cu) (1085°C melting temperature), is fused with another low melting temperature (Tm) 

secondarily Tin (Sn) (231.9°C melting temperature (Tm)). Tin (Sn) has unique ability to form 

intermetallic compounds with many different materials. In the case of electronic surface mount, 

solder joint assembly act as electrical, mechanical and thermal bonds.  The solder joint is comprised 

of two interfaces between the copper and solder called intermetallic as well as the bulk solder 

(which is filler material between the two interfaces).  The interfaces are chemical bonds between 

the Tin (Sn) from the solder and the Copper (Cu) from the connecting conductors[18]. 

 

Figure 23 Schematic of a Ball Grid Array Solder Joint [18] 

1.9. Quality and Reliability  

The solder joint quality and reliability problems have plagued the electronics since its inception. 

Early electronic designs were fraught with problems such as fundamental design errors, under- 

estimation of the operating conduction powers, and poor integration into the large system of 

devices. In fact, the evolution of Reliability Engineering as an independent engineering discipline 

took place in the Unites States in the 1950s due to the expanding reliance of the military on 

electronics combined with the ever-increasing complexity of electronic systems. 

The semiconductor industry has learned from these problems over the past several decades, and 
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electronic manufacturers, designers, printed circuit board manufacturers, consultants, and electrical 

engineers have been working together to improve power consumption, electronic design, 

fabrication, and operation performances. Over time, these efforts have led to internationally 

recognized electronic standards (IEEE, IPC, JEDEC, etc.,) for testing and improving electronic 

reliability.  

 

Figure 24 Electronic Systems Testing Life Cycle 

The standard electronic product development cycle consists of a number of discrete steps that 

include activities beyond those normally considered part of the design process. These steps include 

initial design, computer modeling, component and system testing, model validation, manufacturing, 

operations and maintenance, and product improvement as shown in Figure 24. Reliability defined 

as ñThe probability that an item will perform a required function without failure under stated 

conditions for a stated period of timeò [19]. The reliability of any system depends on the reliability 

of each individual components of the system.  
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An assembly is likely to fail due to component failure in the short term and due to solder attach 

failure in the long-term. Printed Circuit Board (PCB) failure of an electronic component is often 

traced back to the solder joint failures.  Ductile failures are more predictable and are preferable to 

Brittle type of failures. Two of the common failure modes observed in BGA-type solder joints are 

failures along the solder near the intermetallic composition boundary regions, and failures through 

the bulk solder. Depending on the type of failure observed, the data classified are as per their failure 

modes. 

1.10. About this Dissertation 

This dissertation assesses the reliability of various combinations of semiconductor 

packages listed in the Table vi on both Flame-Retardant-406 and Megtron-6 substrate materials. 

In addition, the effect of heatsinks are studied in the PBGA1156, and SBGA600 components over 

the two different substrates and the effect of solder paste volume over the two different substrates 

are studied in the CABGA36 and CABGA208 packages. The surface finish used in the 

semiconductor electronic package is Organic Solderability Preservative (OSP). In this 

experiment, the six-element alloy (Sn3.8Ag0.7Cu3Bi1.4Sb0.15Ni) trade name called ñInnolotò 

is one of the many proposed solutions to resist the damage accumulation due to low creep fatigue 

stress under temperature cycling environment.  
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Table vi Electronic Packages 

 

This experiment designed to study the performance of the solder joint materials reliability, is at 

three different temperature levels and at four different period levels as displayed in Table vii . The 

performances of the solder materials were determined from the ability of the solder interconnects 

(solder ball and solder paste combination) to withstand the temperature stresses induced by 

Component Ball Alloy Paste Material Pitch Package Dimension Package Material

SAC 305

SAC 105

SnPb SnPb

SAC 305

SAC 105

SnPb SnPb

SAC 305

SAC 105

SnPb SnPb

SAC 305

SAC 105

Innolot

SnPb SnPb

SAC 305

SAC 105

Innolot

SnPb SnPb

SAC 305

SAC 105

SnPb SnPb

SAC 305

SAC 105

SnPb SnPb

SAC 305

SAC 105

SnPb SnPb

SAC 305

SAC 105

SnPb SnPb

CVBGA97 0.4mm

CVBGA432 0.4mm

CTBGA84 0.5mm

CABGA36 0.8mm

CABGA208 0.8mm

CABGA256 1.0mm

PBGA1156 1.0mm

SBGA304 1.27mm

SBGA600 1.27mm

SAC305

SAC305

SAC305

SAC305

5 sq.mm

13 sq.mm

6 sq.mm

6 sq.mm

15 sq.mm

17 sq.mm

SAC305

SAC305

SAC305

SAC305

SAC305

Ceramic 

35 sq.mm

31 sq.mm

45 sq.mm

BT (Bismaleimide Triazine)

Plastic
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alternating temperature extremes. 

Table vii  Design of Experiment 

 

After the end of each period, the electronic package assemblies were placed in an alternating 

temperature cycling single zone environmental chamber and then subjected to temperature 

extremes of (-40°C to +125°C) on a 120-minute temperature profile.  

The electrical resistance measurements were continually monitored using a LabVIEW software 

program, and a Keithley multimeter instrument. The failure as defined by the IPC- 9701 standard 

is ñthe interruption of electrical continuity >1000 ohms is a loss in solder interconnectionò[20]. 

Data-logger state machine function of LabVIEW program logs the time stamp, temperature 

measurement and cycle count. Failure data are stored on a SQL server for further data and 

Weibull analysis. 

The failure data collected from each of the four periods, three different temperatures, two 

different substrates, and many different packages with three different solder paste materials for 

various different components as shown from Table vi, Table vii  were studied for reliability trends 

and their mean times to fail are resulted.  

Time Period Temperture Storage

25°C

50°C

75°C

25°C

50°C

75°C

25°C

50°C

75°C

25°C

720 days

0 days

180 days

360 days
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The results from this experiment showed various reliability trends as a function of the following 

factors 

¶ Type of Component Substrate Material 

¶ Size of the Component 

¶ Type of Board Substrate Material  

¶ Type of Solder Alloy Material 

¶ Type of Solder Paste Material 

¶ Volume of Solder Paste Material (Available only for CABGA36 and CABGA208) 

¶ Effect of Heat Sinks (Available only for PBGA1156 and SBGA600) 

The conclusive final trend from all of the above-mentioned factors is that as aging time-period 

increases, reliability of solder joint materials decreases and, as aging temperature of the storage 

increases, reliability of solder joint materials decreases. There is also a direct correlation of aging 

time and aging temperature to that of the intermetallic composition growth. The degradation of 

reliability trends calculated are from the experimental failure data using proportional hazards and 

survival/reliability Weibull analysis methods, for the above-mentioned factors at different aging 

time-periods and aging temperatures. 

After the intermetallic and microstructural grain orientation studies that cause physics of such 

failure modes, the reliability trends of the solder material degradation are better understood. Lead-

free solder alloy materials with good thermal performance generally tend to have either high Ag 

content (>3.0%), or high Bi content (>3.0%), or high Sb content (>1.5%). Failure analysis of 

solder joints show continuous increase in the thickness of Intermetallic Compounds (IMC) at 

solder joint-copper pad interface and within the solder bulk as time and temperature progresses.  
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For solder alloys that contain high Ag content (>3.0%), large plate-like Ag3Sn growth observed 

within the bulk solders of Sn matrix. Inter-metallic-composition (IMC) observed near the copper 

pad are of Cu6Sn5 lumps. IMC thickness analysis shows that during temperature aging and cycling, 

the IMC layer in both the component and board side interfaces coarsen significantly and evident 

from the optical microscopy measurements.  

Thus, the material from the copper pads and solder joints diffused into the IMC to form 

recrystallization observed through polarized optical microscopy. Solder alloys with high bismuth 

(>3%) and silver (>3%), can help limit the growth of the IMC layer thickness, as well as prevent 

copper diffusion from the PCB copper pad into solder joint, hence help stabilize and strengthen 

the interfacial IMC layer and improve reliability performance. Most observed crack propagation 

is either on the component-side or on the board-side, near interfacial regions. For a few instances, 

cracks observed are through the bulk solder. 

1.11. Dissertation Outline 

This dissertation contains the following chapters: 

Å Chapter 1: Dissertation Context 

Å Chapter 2: High Accelerated Life Testing for Solder Joint Reliability in Temperature 

Cycling Test  

Å Chapter 3: Description of Experimental Setup and Data Acquisition System. 

Å Chapter 4: Reliability Data Analysis using 3-parameter Weibull Distribution plots 

Å Chapter 5: Failure analysis 

Å Chapter 6: Statistical Prediction Models for System Level Reliability 

Å Chapter 7: Results and Conclusion 
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Chapter 2 High Accelerated Life Testing for Solder Joint Reliability in Temperature Cycling 

Test 

 

2.1. Accelerated Life Testing  

Reliability is ñTimes-To-Failure (TTF) data obtained under normal operating conditions of a 

product in order to quantify the life characteristics of a product, system or componentò. The 

exertion in this method of data collection is the long service life times of modern consumer 

electronics, versus the available time to test the product between design and release. To overcome 

this difficulty and to evaluate the products by their failure modes and life characteristics, a new 

engineering test method called ñAccelerated Life Testing (ALT)ò to accelerate failures more 

swiftly than normal use conditions is needed.  Accelerated Life Testing is a ñset of methods that 

attempts to replicate and predict the quantitative effect on product life by subjecting it to conditions 

(Temperature, Stress, Strain, Vibration, etc.,) higher than that of actual service parametersò[21].  

Accelerated life testing approach gives information quicker on product life distribution. First, a 

model is fit for accelerated failure data. Second, by model extrapolation an estimate of product life 

distribution under normal use condition is derived [22]. The accelerated life testing is of two types 

Qualitative and Quantitative. The qualitative tests yield information on failure modes only, 

(HALT, HAST, torture tests, shake and bake tests) and quantitative accelerated life tests which 

yield information on life characteristics of the product, component or system under normal use 

conditions, and thereby provide reliability information[21]. 
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Electronic products, components or systems, expected to perform their functions successfully for 

long periods (often years).  The time required to obtain times-to-failure data must be considerably 

less than the expected life of the product. For high-accelerated life tests (HALT), time-to-failure 

information in harsh environments for the product is collected. There are two methods of 

acceleration, usage rate acceleration and overstress acceleration, that help obtain times-to-failure 

data at an accelerated pace. Accelerated life test stress levels are to be chosen such that they only 

accelerate the failure modes under consideration but do not introduce new failure modes that would 

never occur under use conditions[21]. 

2.2. Accelerated Life Data Analysis 

In an accelerated test, data collection is an important step. Failure data are classified as many types 

depending on the nature and design of the experiment. 

Complete Data 

It is the easiest and most accurate data to work with; complete data means that the time to failure 

value for each sample unit in the experiment is available. For example, if we tested five units and 

they all failed (and their times-to-failure were recorded), we would then have complete information 

as to the time of each failure in the sample.  
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Figure 25 Complete Life Data 

 

Censored Data 

In real world experiments, all of the units in the experiment would not have failed i.e., the exact 

times-to-failure of all the units is not available. This type of data is censored data. There are three 

types of possible censoring schemes, right censored (suspended data), interval censored and left 

censored. 

Right Censored (Suspension) Data 

The most common type of censoring is right censored data, or suspended data. In this case, the life 

data contains units that did not fail during the accelerated life testing. For example, if we tested 

five units and only three had failed by the end of the test, we would have right censored data (or 

suspension data) for the two units that did not failed.  



 

 

 

 

 37  

 

Figure 26 Right Censored (Suspended) Data 

Interval Censored Data 

The second common type of censoring is interval-censored data. Interval censored data reflects 

uncertainty to the exact time of unit failure, but the last good known data and post failure data are 

available within an interval. For example, if we are running a test on five units and inspecting them 

every 100 hours, we only know that a unit failed or did not fail between inspections. Specifically, 

if we inspect a certain unit at 100 hours and find it operating, and then perform another inspection 

at 200 hours to find that the unit is no longer operating, then the only information we have is that 

the unit failed at some point in the interval between 100 and 200 hours.  

 

 

Figure 27 Interval Censoring Data 
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Left Censored Data 

The uncommon type of censoring is the left censored data. In left censored data, the exact failure 

time of unit is unknown but the post failure data is available. For instance, we may know that a 

certain unit failed sometime before 100 hours but not exactly when. In other words, it could have 

failed any time between 0 and 100 hours.  

 

Figure 28 Left Censored Data 

2.3. Accelerated Life Data Distributions 

To extrapolate the information from accelerated life test data to use level conditions, the times-to-

failure data are fit for an underlying life distribution. A pdf of the times-to-failure of the product 

gives the meaningful information of the product at accelerated test level conditions.  

 

This pdf, used to make predictions and estimates of life measures of interest at that particular test 

conditions. The objective in an accelerated life test, however, is not to obtain predictions and 

estimates at the particular elevated test conditions at which the units were tested, but to obtain 

these measures at another state, the usage condition. To accomplish this objective, we must devise 

a method to traverse the path from the accelerated test level pdf to extrapolate a use level 

information. 
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Figure 29 Accelerated Life Pdf versus Use Life Pdf [21] 

 

There are three lifetime distributions commonly used in accelerated life test analysis, namely the 

exponential, the lognormal and the Weibull distributions.  

Exponential Distribution  

Most common reliability prediction is exponential distribution. The exponential distribution can 

only model the behavior of units that have a constant failure rate (or units that do not degrade with 

time or wear out). Therefore, this is inappropriate to consider for accelerated life tests that have 

time dependent failures. This distribution though fits the accelerated life data collected, is not 

used[21]. 
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Lognormal Distribution  

Lognormal distribution is used in general reliability prediction analysis (i.e., cycles-to-failure in 

fatigue, material strengths and loading variables in probabilistic design). When the natural 

logarithms of the times-to-failure are normally distributed, then one can say that the data follow 

the lognormal distribution[21]. This distribution will not fit the need for determining the higher 

temperature induced effects. Therefore, this is inappropriate to consider for accelerated life tests 

that have temperature dependent failures. 

Weibull Distribution  

The Weibull distribution is a general reliability distribution used to model material strength, times-

to-failure of electronic and mechanical components, equipment or systems[22]. In its most general 

case, the 3-parameter Weibull pdf is given by  

Equation 2 Pdf 3-parameter Weibull  

Ὢὸ  
‍

–

ὸ ‎

–
Ὡ  

If the location parameter, ɔ, assumed zero, then the distribution becomes the 2-parameter Weibull  

Equation 3 Pdf 2-parameter Weibull 

Ὢὸ  
‍

–

ὸ

–
Ὡ   

 

Where  

ɓ = Shape Parameter (or slope)  

ɖ = Scale Parameter 

ɔ = Location Parameter (or failure free life)[22] 
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Mean-Time-To-Failure (MTTF)  

The Mean-Time-To-Failure Ὕ is the length of time that a system is in its operation between 

failures[23]. This is the average ñtime to failureò for that system. Mathematically, it is 

Equation 4 Mean-Time-To- Failure [22] 

Ὕ  ‎ –Ȣῲ
ρ

‍
ρ 

Note that some practitioners erroneously assume that ɖ is equal to the MTTF Ὕ. This is only true 

for the case of ɓ =1 since [ũ (1+1) = (2-1)! =1] [22] 

 Median 

The median is the value separating the higher half of a probability distribution from the lower half. 

For a data set, it is the "middle" value[24]. Mathematically, the median Ὕ of the distribution is 

Equation 5 Median 3-parameter Weibull [22] 

Ὕ ‎ –Ȣὰὲς   

Mode 

The mode of a dataset is the element that occurs most often in the collection[25]. Mathematically, 

the mode Ὕ of the distribution is 

Equation 6 Mode 3-parameter Weibull [22] 

Ὕ ‎ –Ȣρ
ρ

‍
  

Standard Deviation 

In statistics, the standard deviation is a measure, used to quantify the amount of variation or 

dispersion of a set of data values[26]. The standard deviation „ of the distribution is 
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Equation 7 Standard Deviation 3-parameter Weibull [22] 

„  –Ȣ ῲ
ς

‍
ρ ῲ

ρ

‍
ρ  

Reliability Function  

The reliability function R (t) is 

Equation 8 Reliability Function 3-parameter Weibull [22] 

Ὑὸ Ὡ  

Cumulative Distribution Function  

The cumulative distribution function F (t) is 

Equation 9 Cumulative Distribution Function F (t) 3-parameter Weibull [22] 

Ὂὸ ρ Ὡ  

Characteristic Life  

The characteristic Life and mean life are not the same values for the weibull distribution. 

For a 3-parameter weibull distribution, characteristic life is determined by equating t = ɖ in  

Equation 9 thereby reducing it to  

Equation 10 Characteristic Life Equation for 3-parameter [22] 

Ὂ– ρ Ὡ  

 

 

For the 2-parameter case this is further simplified to Ὂ– πȢφσς since ɔ =zero. Therefore, ɖ, 

the characteristic life, in the case of 2-parameter weibull is the time at which 63.2% of the units 
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will fail.    

2.4.Survival Analysis and Hazards Rate Function 

In reliability engineering, the most commonly accepted norms of the failure function is hazard rate 

function. In addition to the earlier probability density functions of Weibull parameters, the failure 

rate or hazard rate functions h (t) are often used to understand the defect modes from accelerated 

failure testing. The following graph shows the hazard rate comparison of measures of central 

tendency in a reliability bathtub curve[27]. 

 

Figure 30 Hazard Rate Bathtub Curve [28] 

First, it is important to understand the quantities necessary for survival analysis. Consider T to be 

the time until failure. The Reliability or Survival function, R (t) is the probability of an entity 

surviving beyond time t[29].  

Equation 11 Survival function [30] 
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      ╡◄ ╟╣ ◄    

Where R (t) is a monotone non-increasing function, when T is a continuous random variable with 

probability density function f (t), the Cumulative Distribution Function is given by [31] 

 

         ╕◄ ╟╣ ◄ 

 

 

 

Then the reliability function [32] 
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◄
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The probability density function, f (t) following Weibull distribution is [33] 

█◄  
♫

Ɫ

◄♬

Ɫ

♫

▄
◄♬

Ɫ

♫

                          

 

Moreover, the reliability function R (t) is[34], 
 

╡◄ ▄
◄♬

Ɫ

♫

, ◄  
 

Where the shape‍ π; failure lifetime, ʂ π and location, ɾ π  are the unknown parameters. 

The characteristic lifetime is number of cycles at which Ὂ– ρ Ὡ  of the population is 

expected to fail. Hazard function is the conditional failure rate in reliability or instantaneous rate 

of failure [35], 

Equation 12 Hazard function                    

ἰἼ ἴἱἵ
ЎἼO

ἜἼ ἢ Ἴ ЎἼȿἢ Ἴ

ЎἼ
 

From the above Equation 12, æt is the approximate probability that an entity at time t experiencing 

an event in [t, t+æt). The restriction on hazard function is that it is non-negative (h (t) Ó 0). The 

hazard function relates to the survival function and pdf in the following way,  
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▐◄
█◄

╡◄
Ȣ 

In Weibull 3-Parameter case [36], 

 

▐◄
♫

Ɫ

◄ ♬

Ɫ

♫

ȟ◄ Ȣ 

 

Let h (t | Z) be the hazard rate for an entity with risk vector Z at time t. The proportional hazard 

rate model proposed by Cox is       

ÈÔȿ: È ÔÅØÐ ɼ: È ÔÅØÐ ɼ:  

 

Where È Ô is arbitrary baseline hazard rate, ɓ is the vector of p parameters and the exponential 

term is a known function. This is the semiparametric model because the parametric form assumed 

is only for covariate effect. Cox model which is also known as proportional hazard model for two 

entities with covariate values Z and Z*, because the ratio of their hazard rates is [29] 

 

 Ὤὸȿὤ

 Ὤὸȿὤᶻ
Ὤ ὸÅØÐ В ‍ὤ

Ὤ ὸÅØÐ В ‍ὤᶻ
ÅØÐ ‍ ὤ ὤᶻ  

 

Which is a constant. Hence, hazard rates are proportional. This equation is called Hazard ratio of 

an entity with risk factor Z experiencing the event as compared to an entity with risk factor Z*.  

This experiment consists of five categorical variables such as Paste combination, Paste Volume, 

Component Size, Effect of Heat Sink and Aging Time. The censor indicator used in this 

experiment is delta. The Time to Failure measured in cycles is the response variable.  
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2.5.Accelerated Factor Coffin Mason Equation 

Accelerated life testing for components exposed to temperature variations is through accelerated 

Temperature Cycling Tests. The temperature variations from the field use of the components are 

due to repetitions (i.e., turn on and off conditions), or due to the result of cyclic environmental 

changes (i.e., temperature variations from day to night as satellites orbit the earth, etc.). These 

repeated temperature changes can result in temperature fatigue and lead to accumulated low fatigue 

failure after many temperature cycles. Accelerated temperature cycling test is cycling the 

components to alternating high and low temperatures that exceed its normal use temperatures but 

within their destruct specifications. Temperature Cycling according to MIL-STD-883 is air-to-air 

testing. This dissertation deals with testing performed using an air-to-air temperature cycling in a 

single zone environmental chamber. This produces an accelerated rate of temperature change 

called ramp rate. The acceleration factor resulting from the temperature cycle test is the ratio of 

the component life at normal operating conditions to the life at accelerated test conditions and is 

given by [37]  Equation 13 Coffin-Manson equation [38] 

ὃὊ  
ЎὝ  

ЎὝ  
 

Where 

AF   =  Acceleration Factor 

ȹT Test Cycle  =  Test temperature difference (°C) 

ȹT Field Cycle  =  Field temperature difference (°C) 

m   =  Fatigue or Coffin-Manson exponent 

The fatigue or Coffin-Manson exponent is important, as small changes in this exponent can have 
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larger changes in the acceleration factor. Exponents for many materials are available readily, and 

it is experimentally possible to determine the fatigue exponent by performing multiple test values 

of ȹT[39]. Norris and Landzberg proposed the ñplastic strain range is proportional to the thermal 

range of the cyclic loading (ȹT)ò. They modified the Coffin-Manson equation to account for 

effects of thermal cycling frequency (f) and the maximum temperature (T). The equation is given 

by [40] Equation 14 Norris Landzberg modified Coffin Manson equation [41] 

ὃὊ
ὔ

ὔ
 
Ὢ

Ὢ

ЎὝ  

ЎὝ  
 Ὡ  

  
  

Where, field and test for use of field and test conditions respectively. 

AF    =  Acceleration Factor 

N   = Cycles to Failure 

f   = Frequency of cycles in a day (24 hours) 

ȹTTest    =  Test temperature difference (Kelvin) 

ȹTField    =  Field temperature difference (Kelvin) 

Ea    =  Activation Energy of the failure mode electron-volts [42] 

k    =  Boltzmannôs constant (8.6173303 x 10-5 eV/°K) [43][42] 

Ea/k    =  1414 for Tin-Lead; 2185 for Sn-Ag-Cu [43] [42] 

m    =  1/3 for Tin-Lead; 0.136 for Sn-Ag-Cu [43][42] 

n    =  1.9 for Tin-Lead; 2.65 for Sn-Ag-Cu [43][42] 

This model is used to estimate the field lifetime duration of accelerated test data. This model still 

not perfected over the years, is the most relevant model currently available in the industry to 

estimate the time to failure distribution for solder joint fatigue[44].
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Chapter 3 Description of Experimental Setup and Data Acquisition System 

 

3.1.  Printed Circuit Board Assembly 

The printed circuit board assembly components included in this dissertation are only Ball Grid 

Arrays of various size and type, ranging in size dimension from 5mm x 5mm to 45mm x 45mm.  

Practical Components supplied all the dummy-die components (die is non-functioning). Each of 

the component is daisy chained i.e. an electrical signal applied to the componentôs data channel 

will pass through each solder joint of the component in series. This design type called ñdaisy chainò 

is standard in solder joint testing as it allows a single electrical test to check for connectivity of all 

the solder joints in the component. The test printed circuit board incorporates land patterns for 5 

mm, 6mm, 13mm, 15mm, 17mm, 31mm, 35mm and 45 mm Ball Grid Array (BGA) packages with 

solder ball pitch ranging from 0.4 mm to 1.27 mm. The Memory Module and the SMRs in the test 

are No Lead packages, which is present in the test to study the effect of paste composition for 

passive components. The paste volumes are different in the Top with 0.127mm and Bottom with 

0.076 mm of the test printed circuit board and only two components appear on both sides of the 

board the CABGA 36 (6mm ceramic BGA) and the CABGA 208 (15mm ceramic BGA). All the 

test printed circuit boards are assembled only on one side (i.e., the components present are only on 

either the Top or Bottom side of the board).In total, 921 test boards were assembled. The full test 

matrix of the printed circuit boards shown in Table viii . 
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Table viii  Printed Circuit Board Assembly 

Solder 

Paste 

Board 

Type 

Solder 

Paste 

Volum

e 

0 

day 
180 Days 360 Days 720 Days 

Total 
25°

C 

25°

C 

50°

C 

75°

C 

25°

C 

50°

C 

75°

C 

25°

C 

50°

C 

75°

C 

Tin-

lead 

Flame-

Retardant

-406 

Top 

(0.127 

mm) 
14 14 14 14 14 14 14 14 14 14 140 

Botto

m 

(0.076 

mm) 

5 5 5 5 5 5 5 5 5 5 50 

Megtron-

6 

Top 

(0.127 

mm) 
15 0 0 15 0 0 15 0 0 15 60 

Botto

m 

(0.076 

mm) 

5 0 0 4 0 0 5 0 0 5 19 

Sn-

Ag-

Cu 

305 

Flame-

Retardant

-406 

Top 

(0.127 

mm) 
30 30 30 30 30 30 30 30 30 30 300 

Botto

m 

(0.076 

mm) 

10 10 10 10 10 10 10 10 10 10 100 

Megtron-

6 

Top 

(0.127 

mm) 
15 x x 15 x x 15 x x 15 60 

Botto

m 

(0.076 

mm) 

5 x x 5 x x 5 x x 5 20 

Innolo

t 

Flame-

Retardant

-406 

Top 

(0.127 

mm) 
30 x x 30 x x x x x 30 90 

Botto

m 

(0.076 

mm) 

10 x x 10 x x x x x 10 30 

Megtron-

6 

Top 

(0.127 

mm) 
9 x x 9 x x 9 x x 9 36 

Botto

m 

(0.076 

mm) 

4 x x 4 x x 4 x x 4 16 

Total 152 59 59 131 59 59 132 59 59 152 921 
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STI Electronics Inc. assembled the test printed circuit boards. The screen-printing machine used 

was a Speed line Technologies MPM Momentum. Two pick-and-place machines used were the 

Juki KE- 2080L and Juki FX3.  

Solder reflow was done using a Heller 1913 MKIII reflow oven. Optical inspection and 

transmission X-ray tomography analysis determined the assembled test printed circuit boards and 

typical solder joint quality following reflow. 

 

Figure 31 Voiding Analysis by XRD [9] 

Two components required post-assembly attachment. The Memory Module consists of a Land 

Grid Array (LGA) socket attached during the PCBA process, but the paired Pin Grid Array (PGA) 

component were manually placed into the LGA socket once the circuit board assemblies had been 

received at Auburn University. Similarly, the heat sinks for the SBGA 600 (45 sq.mm)  and PBGA 

1156 (35 sq.mm) components. 
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3.2. Testing Standard 

In this dissertation, to study the accelerated life testing on solder joint reliability under temperature 

cycling test conditions, a temperature cycling harsh environment test in accordance to the JEDEC 

test standard JESD22-A104E (Revision of JESD22-A104D, March 2009) is used. The standard 

applies to single zone environmental chamber temperature cycling, covers component, and solder 

interconnection testing. The load placed is in a stationary chamber and is heated or cooled by 

introducing hot or cold air into the chamber[45]. 

 

 

Figure 32  JEDEC JESD22-A104E Temperature Cycle Testing Profile [45] 

The JEDEC JESD22-A104E standard followed in this experiment is profile G with soak 

temperatures of (-40°C) and +125°C. The test standard allows for modifications of the standard 

profile requirements on ramp rates to account for thermal mass of larger test.  
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3.3. Experimental Setup 

Inside the single zone temperature cycling environment chamber, all test boards are vertically 

placed one on top of another. Each daisy-chained component is wired, out to a data acquisition 

system. The test boards are spaced using a Fancort Industries spacing racks for uniform heat 

absorption and dissipation. The data acquisition system consists of a Keithley 7002 switch 

scanning multiplexer coupled with a high accuracy Keithley 2001 digital multi-meter, which 

allows for continuous monitoring of resistance change in each component.  

 

Figure 33 Schema of Monitoring Setup [8] 
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3.4. Software Monitoring Protocol 

Due to the magnitude of the test and the limited availability of equipment to monitor the test, a 

modified IPC-9701 monitoring standard is used. The IPC-9701 standard dictates that each of the 

test components to be continuously recorded. The failure criterion defined as ñthe interruption of 

electrical continuity that is greater than 1000 Ýò. In this dissertation, however the failure criterion 

is disruption of electrical continuity greater than 1000 Ý; but each of the test components resistance 

measurement recorded is not continuous. Thereby an interval based censored failure is used 

statistically to understand the failure of the components. In this dissertation, the protocol used for 

monitoring the test components consisted of two measurements a positive and a ground. The 

resistance between them is cyclically recorded (intervals) in a database. Though this sounds simple 

enough theoretically the magnitude of the problem is far higher to achieve in practice. This 

protocol developed by Dr. John Evans and various members of CAVE3 is widely accepted at 

Auburn University as an alternative to the IPC-9701 standard[46].  

 

Figure 34    Software Program Protocol [9] 
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The test boards physical setup and connections to the software monitoring, displayed in the Figure 

35. The software monitoring system stores the information of the temperature, cycle count, 

component unique identity, board unique identity, failure count and also the time to failure onto 

an excel sheet. This has an independent state machine system that writes the data to the excel sheets 

without any data loss. The data are then loaded onto a MS SQL Server manually and stored for 

future data analysis. 

 

Figure 35 Physical Interface Connections to the Software Monitoring Protocol[9] 
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3.5. Board Storage and Aging Temperatures 

The test boards are stored in an isothermal aging condition for a period of 720 days in various 

environmental chambers. The storage temperatures chosen are to be at 25°C, 50°Cand 75°C.  The 

test boards subjected are to temperature cycling JEDEC JESD22-A104E standard testing at time 

intervals of 0 days, 180 days, 360 days and 720 days. The following  

Figure 36 displays isothermal condition for 75°C stored up to 720 days. 

 

Figure 36 Test Board Storage inside an Environmental Chamber [9]



 

 

 

 

 56  

Chapter 4 Reliability Data Analysis using 3-parameter Weibull Distribution plots  

 

The reliability data from the test components have an interval censoring as the new protocol do 

not continuously record the resistance data. The data analyzed is by Reliasoftôs Weibull++ 

software and the method used in this analysis is interval censoring with suspensions. The 

distribution used for computing the Mean-Time-To-Failure is the 3-parameter Weibull with Shape, 

Scale and Location parameters as shown in the Equation 4. In order to understand the various 

effects of this experiment, the total test subdivided are into various smaller study groups.  

The test result discussed in this dissertation and calculation to derive these results are shown in the 

Appendix B with Weibull Charts and Statistical Analysis. In this dissertation, the label format used 

consists of three X-axis labels, the first line represents the solder alloy material and the second line 

represents the solder paste material, the third line represents the board substrate material. 

4.1. Reliability Study on the effect of Heat sinks 

The effects of heat sinks can only be experimented in the PBGA 1156 and SBGA 600 components. 

These components have special heat sink placement locations on the test boards to attach the 

heatsinks. In both the components, the results showed a significant difference in the performance 

of the solder joints by the presence of heatsinks. This difference is significant across all the 

different solder paste materials, substrate materials, at different aging time temperatures.  
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4.1.1. Mean-Time-To-Failure of PBGA 1156 Components  

 

Figure 37 Mean-Time-To-Failure for PBGA 1156 Components Tested @ 0 days of Aging 

The test results show a clear difference in the performance of the PBGA 1156 components due to 

the presence of heatsinks. The Mean-Time-To-Failures of the components with the Heat Sink are 

lesser than that of the components without the heat sinks. Across all the various physical properties 

of the board substrate materials and solder materials, the effect seen is to be the same. Therefore, 

the initial test conclusion is that the heat sinks are not improving the overall reliable life of the 

components. For the FR-406 board substrate, Tin-Lead solder materials with the heat sinks reduced 

the reliable life by 217 temperature cycles and SAC305 solder materials by 619 temperature cycles. 

For the Megtron-6 board substrate, Tin-Lead solder materials with the heat sinks reduced the 

reliable life by 33 temperature cycles and SAC305 solder materials by 333 temperature cycles. In 

both the substrates, the Tin-Lead solder materials showed no significant differences in the presence 

of heatsinks whereas the SAC305 solder materials have a negative effect on the reliable life of the 

component due to the presence of heat sinks[46]. 
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Figure 38 Mean-Time-To-Failure for PBGA 1156 Components Tested @ 180 days of Aging 

The test results from aging the test boards to 180 days show a difference in the performance of the 

PBGA 1156 components due to the presence of heatsinks in the SAC305 solder materials. The 

overall Mean-Time-To-Failures of the components with Heat Sinks are lesser than that of the 

components without the heat sinks in SAC305 solder materials. For the Megtron-6 substrate, 

SAC305 paste and alloy combinations were not present so the comparison is between Innolot paste 

and SAC305 alloys. In both the substrates, the Tin-Lead solder materials showed no significant 

differences in the presence of heatsinks whereas the SAC305 solder materials have a negative 

effect on the reliable life of the component due to the presence of heat sinks. Also in the FR-406 

substrate, the negative effect of the presence of heat sinks is increasing as the aging temperature 

increases. The reason for such adverse effects are due to the CTE mismatch of the board substrate 
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and the plastic mold compound materials. The CTE is directly related to the Tg of the materials. 

The Tg of FR-406 substrate is 170°C; Megtron-6 substrate is 210°C and the PBGA 1156 

component mold material is 196°C [47].   

 

Figure 39 Mean-Time-To-Failure for PBGA 1156 Components Tested @ 360 days of Aging 

The test results from aging the test boards to 360 days show a weird pattern in the performance of 

the PBGA 1156 components due to the presence of heatsinks in SAC305 materials. The Mean-

Time-To-Failures of the components with the Heat Sink are dependent on a variety of factors in 

this experiment the solder ball alloy, aging temperature and board substrates. The Tin-Lead 

material is not significantly different with the presence of heatsinks across all the three isothermal 

aging temperatures whereas the Lead-free materials do not perform well with the presence of the 

heatsinks at 25°C and 75°C aging temperatures.  The Innolot Solder paste and SAC305 solder 

alloy was present only on the Megtron-6 substrate at 75°C aging temperature and seems to have a 



 

 

 

 

 60  

positive effect when the heat sinks are present. In both the substrates, the Tin-Lead solder materials 

showed no significant differences in the presence of heatsinks whereas the SAC305 solder 

materials have a negative effect on the reliable life of the component due to the presence of heat 

sinks. Also in the FR-406 substrate, the negative effect of the presence of heat sinks is seen only 

at the 25°C and 75°C aging temperatures and this turned positive at 50°C aging temperature[48]. 

 

Figure 40 Mean-Time-To-Failure for PBGA 1156 Components Tested @ 720 days of Aging 

The test results from aging the test boards to 720 days show similar trend in the performance of 

the PBGA 1156 components due to the presence of heatsinks. The Mean-Time-To-Failures of the 

components with Heat Sink are dependent on a variety of factors in this experiment the solder ball 

alloy, aging temperature and board substrates. The Tin-Lead material show no significant 

difference in the presence of heatsinks across all the isothermal aging temperatures and board 

substrate materials whereas the Lead-free materials do not perform well with the presence of the 
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heatsinks at higher aging temperature of 75°C. This effect is similar in both the board substrates. 

The Innolot Solder paste and SAC305 solder alloy present on the Megtron-6 substrate is still under 

testing and no significant failures are available as of now to make a meaningful conclusion. Hence 

discarded in this chart. Dr. Anto Raj is currently leading the research for future conclusive testing 

results on this portion[49].   

 

 

Figure 41 Mean-Time-To-Failure for PBGA 1156 Components Tested with Tin-lead Solders 

The test results from the Tin-lead Solder Paste and Alloy combination show that the presence of 

heat sink is marginally adverse to the performance of the solder joints. The Mean-Time-To-

Failures of the components with Heat Sink and without heat sinks show that there are no significant 

difference in their performances for the PBGA 1156 components. However, the aging time and 

aging temperature have been the major contributor in the degradation of their reliability. This effect 

observed is in both the FR-406 and Megtron-6 substrates. However, the FR-406 substrate is far 
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superior in performance compared to the Megtron-6 substrate. Another interesting observation 

from the results are that the degradation effect of aging time seems to become lesser after 180 days 

of aging, this observation holds true across all the three aging temperatures and also between the 

two different substrates. The damage accumulated from the solder joints behave in a fashion that 

they approach to a constant after 180 days of aging in this thermal cycling test environment[50]. 

 

Figure 42 Mean-Time-To-Failure for PBGA 1156 Components Tested with SAC305 Solders 

The test results from the SAC305 Solder Paste and Alloy combination show that the presence of 

heat sink is extremely adverse to the performance of the solder joints. The Mean-Time-To-Failures 

of the components with Heat Sink and without heat sinks show that there is a significant difference 

in their performances for the PBGA 1156 components. However, the aging time and aging 

temperature have been major contributor in the degradation of their reliability. This effect observed 

is in both the FR-406 and Megtron-6 substrates. However, the FR-406 substrate is far superior in 

performance compared to the Megtron-6 substrate. Another interesting observation from the 
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results are that the degradation effect of aging time seems to become lesser after 180 days of aging, 

this observation holds true across all the three aging temperatures and not  between the two 

different substrates. The damage accumulated from the solder joints behave in a fashion that they 

approach to a constant after 180 days of aging in this thermal cycling test environment for the FR-

406 substrate but not with the Megtron-6 substrate. This is due to the differences in the Tg of the 

board substrate materials and also due to the time above liquidus for the reflow profile of the SAC. 

 

Figure 43 Mean-Time-To-Failure for PBGA 1156 Components Tested with Innolot Solders 

Due to the limited availability of the resources in Innolot solder paste and alloys at the time of 

board build. The test data is available only for the FR-406 at 0 days, 180 days and 720 days of 

aging. The test results from the Innolot Solder Paste and Alloy combination show that the presence 

of heat sink is extremely adverse to the performance of the solder joints. The Mean-Time-To-

Failures of the components with Heat Sink and without heat sinks show that there is a significant 
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difference in their performances for the PBGA 1156 components. However, the aging time and 

aging temperature have been major contributor in the degradation of their reliability. However, for 

the Innolot materials, unlike Tin-Lead and SAC305 materials the degradation effect of aging time 

do not approach a constant after 180 days of aging and after 720 days of aging in this temperature 

cycling test environment. Limited research is available on the creep properties of the Innolot 

material after aging. Dr. Anto Raj is currently investigating the behavior of Innolot material after 

aging in his dissertation.  

4.1.2. Mean-Time-To-Failure of SBGA 600 Components 

 

Figure 44 Mean-Time-To-Failure for SBGA 600 Components Tested @ 0 days of Aging 

The test results show a clear difference in the performance of the SBGA 600 components due to 

the presence of heatsinks and is dependent on the board substrate material. The Mean-Time-To-

Failures of the components with the Heat Sink are lesser than that of the components without the 
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heat sinks. Across all the various physical properties of the solder materials, the effect seen is to 

be the same. Therefore, the initial test conclusion is that the heat sinks are not improving the 

reliability of the SBGA 600 components but the Megtron-6 substrate is having a significant effect 

on the components performance. 

 

Figure 45 Mean-Time-To-Failure for SBGA 600 Components Tested @ 180 days of Aging 

The test results from aging the test boards to 180 days show a clear difference in the performance 

of the SBGA 600 components due to the presence of heatsinks. The overall Mean-Time-To-

Failures of the components with Heat Sinks are lesser than that of the components without the heat 

sinks but with one exception. Here, the board substrate materials have made a difference in the 

performance of the SBGA 600 components. Both the Tin-Lead material and Lead-free materials 

do not perform well with the presence of the heatsinks. This effect is similar in both the board 

substrates. 
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Figure 46 Mean-Time-To-Failure for SBGA 600 Components Tested @ 360 days of Aging 

The test results from aging the test boards to 360 days show a difference in the performance of the 

SBGA 600 components due to the presence of heatsinks and board substrates. The overall Mean-

Time-To-Failures of the components with Heat Sinks are lesser than that of the components 

without the heat sinks. Here, the board substrate materials have made a difference in the 

performance of the SBGA 600 components. Both the Tin-Lead material and Lead-free materials 

do not perform well with the presence of the heatsinks. This effect is similar in both the board 

substrates. The Megtron-6 substrate is having a significant improvement effect on the Tin-Lead 

materials components performance with heat sinks. However, lead-free materials with Megtron-6 

substrate show deleterious effects in the presence of heatsinks. This warrants for detailed materials 

analysis and creep properties of the SAC305 material in Megtron-6 substrates. Further explanation 

for this phenomenon is in the Chapter 5.  
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Figure 47 Mean-Time-To-Failure for SBGA 600 Components Tested @ 720 days of Aging 

The test results from aging the test boards to 720 days show a clear difference in the performance 

of the SBGA 600 components due to the presence of heatsinks. The overall Mean-Time-To-

Failures of the components with Heat Sinks are lesser than that of the components without the heat 

sinks but with one exception. Here, the Megtron-6 board substrate material with SAC305 material 

have made a reversal in the trend of the SBGA 600 components i.e., the components with the heat 

sinks have performed better than that of the components without heat sinks. Both the Tin-Lead 

material and Lead-free materials do not perform well with the presence of the heatsinks for the 

FR-406 substrate. However, the Megtron-6 substrate performs better than the FR-406 substrate at 

720 days of aging at 75°C.  
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Figure 48 Mean-Time-To-Failure for SBGA 600 Components Tested with Tin-lead Solders 

The test results from the Tin-lead Solder Paste and Alloy combination show that the presence of 

heat sink is adverse to the performance of the solder joints. The Mean-Time-To-Failures of the 

components with Heat Sink and without heat sinks show that there is a significant difference in 

their performances for the SBGA 600 components. However, the aging time and aging temperature 

have been the major contributor in the degradation of their reliability. This effect observed is in 

both the FR-406 and Megtron-6 substrates. However, the Megtron-6 substrate is far superior in 

performance compared to the FR-406 substrate. Another observation from the results are that the 

degradation effect of aging time seems to be dominant even after 180 days of aging, this 

observation holds true across all the three aging temperatures and also between the two different 

substrates. The damage accumulated from the solder joints do not seem to approach to a constant 
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after 180 days of aging in this thermal cycling test environment unlike the PBGA 1156 

components. Here, the main difference between the components are the package mold material. 

 

Figure 49 Mean-Time-To-Failure for SBGA 600 Components Tested with Lead-free SAC-305 

The test results from the Lead-free SAC305 Solder Paste and Alloy combination show that the 

presence of heat sink is extremely adverse to the performance of the solder joints. The Mean-Time-

To-Failures of the components with Heat Sink and without heat sinks show that there is a 

significant difference in their performances for the SBGA 600 components. However, the aging 

time and aging temperature have been major contributor in the degradation of their reliability. This 

effect observed is in both the FR-406 and Megtron-6 substrates. However, the Megtron-6 substrate 

is far superior in performance compared to the FR-406 substrate. Another important observation 

from the test results are that the Megtron-6 substrate after aging for 720 days components with 

heat sinks performed better than that without the heatsinks. The degradation effect of aging time 

seems to become lesser after 360 days of aging, this observation holds true across all the three 
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aging temperatures and between the two board substrates. The damage accumulated from the 

solder joints behave in a fashion that they approach to a constant after 360 days of aging in this 

thermal cycling test environment. 

4.1.3. Effects of Heat Sinks  

Å In PBGA 1156 components, the effect of heat sink is adverse for the Tin-lead and Lead-

free solder materials (both SAC305 and Innolot). The Tin-lead solder materials seems 

to approach a degradation constant but not so in the case of Lead-free materials. 

Å In SBGA 600 components, the effect of heat sink is adverse for the Tin-lead and Lead-

free solder materials (SAC305). The Tin-lead solder materials showed adverse effects 

with both the FR-406 substrate and Megtron-6 substrate but the Lead-free (SAC305) 

material after aging to 720 days showed that the components with the heat sinks 

performed better than that of the components without heat sinks. 

Summarizing the effects of heat sinks for isothermal aging conditions, the components with the 

heat sinks have an adverse effect on the solder joint performance. This conclusion is true for Tin-

lead and Lead-free materials, in both the substrates across all the aging temperatures and between 

the PBGA 1156 and SBGA 600 components. However when the Megtron-6 substrate when aged 

to 720 days with SAC305 lead-free solder material the SBGA 600 components performed better 

with the heat sinks.   

4.2. Reliability Study on the effect of Volume of the Solder Paste 

The effects of solder paste volume can only be experimented in the CABGA 36 and CABGA 208 

components. These are the only components that are present in two different solder volumes. 

However, the CABGA 36 components had very few failures to estimate a meaningful conclusion. 
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In CABGA 208 components, the results showed a significant difference in the performance of the 

solder joints due to the variations in solder paste volume for the doped SAC-Bi alloy. This 

difference is significant across all three different aging temperatures and aging times.  

4.2.1.  Mean-Time-To-Failure of CABGA208 Components 

 

Figure 50 Mean-Time-To-Failure for CABGA 208 Components Tested @ 0 days of Aging 

The test boards built in two batches the Top side with 0.127 mm and the Bottom side with 0.076 

mm. The test results show no difference in the performance of the CABGA 208 components due 

to the higher paste volume but there seems to be an effect of the solder paste volume on the board 

substrate material. The Mean-Time-To-Failures of the CABGA 208 components with the higher 

paste volume are lesser than that of the components with lower paste volumes for the FR-406 

substrate. However, for the Megtron-6 substrate the higher paste volume components performed 

better than that of the lower paste volume components. Therefore, the initial test conclusion is that 

the solder paste volume correlated is to that of the board substrate material and not dependent on 
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the component solder materials. The lead-free Innolot material with the FR-406 substrate is the 

clear best performer for the CABGA 208 components. The next best material that performed well 

are the Bismuth doped solder alloys on the SAC305 paste with FR-406 substrate with less solder 

paste i.e., the dopant of Bi have improved the performance of the components.  

 

Figure 51 Mean-Time-To-Failure for CABGA 208 Components Tested @ 180 days of Aging 

The test results from aging the test boards to 180 days show a difference in the performance of the 

CABGA 208 components due to the higher paste volume but there seems to be an effect of the 

solder paste volume on the board substrate material. The Mean-Time-To-Failures of the CABGA 

208 components with the higher paste volume are lesser than that of the components with lower 

paste volumes for the FR-406 substrate. However, for the Megtron-6 substrate the higher paste 
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volume components performed better than that of the lower paste volume components. Both the 

Tin-Lead material and Lead-free materials show the same trend with respective to their board 

substrate material. This effect is similar across all aging temperatures. The lead-free Innolot 

material with the FR-406 substrate is the clear best performer for the CABGA 208 components. 

 

Figure 52 Mean-Time-To-Failure for CABGA 208 Components Tested @ 360 days of Aging 

The test results from aging the test boards to 360 days show a difference in the performance of the 

CABGA 208 components due to the higher paste volume but there seems to be an effect of the 

solder paste volume on the board substrate material. The Mean-Time-To-Failures of the CABGA 

208 components with the higher paste volume are lesser than that of the components with lower 

paste volumes for the FR-406 substrate. However, for the Megtron-6 substrate the higher paste 

volume components performed better than that of the lower paste volume components. Both the 

Tin-Lead material and Lead-free materials show the same trend with respective to their board 

substrate material. This effect is similar across all aging temperatures. The lead-free Bismuth 
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doped alloy with SAC305 solder paste in the FR-406 substrate is the clear best performer for the 

CABGA 208 components. The lead-free Innolot material is not available in this subset, as they 

were not available in the test design after aging them to 360 days; therefore, we lack the 

performance of Bi doped alloys against the Innolot materials. 

 

 

Figure 53 Mean-Time-To-Failure for CABGA 208 Components Tested @ 720 days of Aging 

The test results from aging the test boards to 720 days show a difference in the performance of the 

CABGA 208 components due to the higher paste volume but there seems to be an effect of the 

solder paste volume on the board substrate material. The Mean-Time-To-Failures of the CABGA 

208 components with the higher paste volume are lesser than that of the components with lower 

paste volumes for the FR-406 substrate. However, for the Megtron-6 substrate the higher paste 

volume components performed better than that of the lower paste volume components. Both the 
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Tin-Lead material and Lead-free materials show the same trend with respective to their board 

substrate material. This effect is similar across all aging temperatures. The lead-free Innolot 

material in the FR-406 substrate is the clear best performer for the CABGA 208 components.  

 

 

Figure 54 Mean-Time-To-Failure for CABGA 208 Components Tested with Tin-lead Solders 

The test results from the Tin-lead Solder Paste and Alloy combination show that the lesser the 

solder paste volume is used the better the performance of the solder joints for the FR-406 board 

substrate across all aging time and temperatures. However, this is vice versa the case for the 

Megtron-6 substrate. The aging time and aging temperature have been the major contributor in the 

degradation of the reliability of the solder joints. This effect observed is in both the FR-406 and 

Megtron-6 substrates. The FR-406 substrate is far superior in performance compared to the 

Megtron-6 substrate. Another observation from the results are that the degradation effect of aging 

time seems to be less dominant after 180 days of aging, this observation holds true across all the 
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three aging temperatures and also between the two different substrates. The damage accumulated 

from the solder joints seem to approach to a constant after 180 days of aging in this thermal cycling 

test environment.  

 

 

Figure 55 Mean-Time-To-Failure for CABGA 208 Components Tested with SAC305 Solders 

The test results from the SAC305 Solder Paste and Alloy combination show that the lesser the 

solder paste volume is used the better the performance of the solder joints for the FR-406 board 

substrate across all aging time and temperatures. However, this is vice versa the case for the 

Megtron-6 substrate. The aging time and aging temperature have been the major contributor in the 

degradation of the reliability of the solder joints. This effect observed is in both the FR-406 and 

Megtron-6 substrates. The FR-406 substrate is far superior in performance compared to the 

Megtron-6 substrate. Another observation from the results are that the degradation effect of aging 

time seems to be less dominant after 180 days of aging, this observation holds true across all the 
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three aging temperatures and also between the two different substrates. The damage accumulated 

from the solder joints seem to approach to a constant after 180 days of aging in this thermal cycling 

test environment. 

4.2.2. Effects of Solder Paste Volume 

Å In FR-406 board substrate material, the CABGA 208 components performed better with 

the lesser solder paste volume. Both Tin-lead and Lead-free solder materials (both SAC305 and 

Innolot) showed the same trend in their Mean-Time-To-Failures.  

Å In Megtron-6 board substrate material, the CABGA 208 components performed better with 

higher solder paste volume. Both Tin-lead and Lead-free solder materials (both SAC305 and 

Innolot) showed the same trend in their Mean-Time-To-Failures. 

4.3. Reliability Study on the effect of Board Substrate Material  

The effect of board substrates are experimented for Tin-lead and Lead-free SAC305 materials, 

aged for 0 days, 360 days and 720 days at 75°C. All the components in the test matrix have 

experienced failures in this experiment except the CVBGA 97 component, which had far fewer 

numbers of failures to make a meaningful comparison. In both the substrates, the results showed a 

significant difference in the performance of the solder joints based on the solder materials physical 

properties. This difference is significant across all the different components, aging time and 

temperatures. In this reliability study, only 75°C one of the three aging temperature is chosen, 

since Megtron-6 substrate was aged only at that temperature.    
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Figure 56 Mean-Time-To-Failure of various Tin-lead components aged 0 days @75°C 

The test results show a significant difference in the performance of the SBGA and PBGA 

components due to the variance in the board substrate materials. The Mean-Time-To-Failures of 

the ceramic and plastic mold materials are better with FR-406 substrate and that of the BT materials 

are better with Megtron-6 substrates. Therefore, the initial test conclusion is that the board 

substrate material and package mold-compound materials are dependent on each other.  
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Figure 57 Mean-Time-To-Failure of various Tin-lead components aged 180 days @75°C 

The test results show a significant difference in the performance of the SBGA and PBGA 

components due to the variance in the board substrate materials. The Mean-Time-To-Failures of 

the ceramic and plastic mold materials are better with FR-406 substrate and that of the BT materials 

are better with Megtron-6 substrates. Therefore, the initial test conclusion that the board substrate 

material and package mold-compound materials are dependent on each other is still true after aging 

for 180 days @ 75°C. 



 

 

 

 

 80  

 

Figure 58 Mean-Time-To-Failure of various Tin-lead components aged 360 days @75°C 

The test results show a significant difference in the performance of the SBGA and PBGA 

components due to the variance in the board substrate materials. The Mean-Time-To-Failures of 

the ceramic and plastic mold materials are better with FR-406 substrate and that of the BT materials 

are better with Megtron-6 substrates. Therefore, the initial test conclusion and 180 days aged @ 

75°C conclusion that the board substrate material and package mold-compound materials are 

dependent on each other is still true after aging for 360 days @ 75°C. A very important observation 

on the SBGA 600 component is that the reliability of the component dropped by more than 50% 

in the case of the FR-406 substrate but not such a significant drop experienced in the case of the 

Megtron-6 substrate. 
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Figure 59 Mean-Time-To-Failure of various Tin-lead components aged 720 days @75°C 

The test results show a significant difference in the performance of the SBGA and PBGA 

components due to the variance in the board substrate materials. The Mean-Time-To-Failures of 

the ceramic and plastic mold materials are better with FR-406 substrate and that of the BT materials 

are better with Megtron-6 substrates. Therefore, the initial test conclusion, 180 days aged @ 75°C 

conclusion, and 360 days aged @ 75°C conclusion that the board substrate material and package 

mold-compound materials are dependent on each other is still true after aging for 720 days @ 

75°C. A very important observation on the SBGA 600 component is that the reliability of the 

component remained similar to that of the 360 days aging @ 75°C. 
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Figure 60 Mean-Time-To-Failure of various Lead-free components aged 0 days @75°C 

The test results show a significant difference in the performance of the SBGA and PBGA 

components due to the variance in the board substrate materials. The Mean-Time-To-Failures of 

the ceramic and plastic mold materials are better with FR-406 substrate and that of the BT materials 

are better with Megtron-6 substrates. Therefore, the initial test conclusion is that the board 

substrate material and package mold-compound materials are dependent on each other. An 

important point on the SBGA 600 component and SBGA 304 component is that the Mean-Time-

To-Failure are estimated using the Weibull distribution[51]. 
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Figure 61 Mean-Time-To-Failure of various Lead-free components aged 180 days @75°C 

The test results show a significant difference in the performance of the SBGA and PBGA 

components due to the variance in the board substrate materials. The Mean-Time-To-Failures of 

the ceramic and plastic mold materials are better with FR-406 substrate and that of the BT materials 

are better with Megtron-6 substrates. Therefore, the initial test conclusion that the board substrate 

material and package mold-compound materials are dependent on each other is still true after aging 

for 180 days @ 75°C. 
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Figure 62 Mean-Time-To-Failure of various Lead-free components aged 360 days @75°C 

The test results show a significant difference in the performance of the SBGA and PBGA 

components due to the variance in the board substrate materials. The Mean-Time-To-Failures of 

the ceramic and plastic mold materials are better with FR-406 substrate and that of the BT materials 

are better with Megtron-6 substrates. Therefore, the initial test conclusion and 180 days aged @ 

75°C conclusion that the board substrate material and package mold-compound materials are 

dependent on each other is still true after aging for 360 days @ 75°C.  
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Figure 63 Mean-Time-To-Failure of various Lead-free components aged 720 days @75°C 

The test results show a significant difference in the performance of the SBGA and PBGA 

components due to the variance in the board substrate materials. The Mean-Time-To-Failures of 

the ceramic and plastic mold materials are better with FR-406 substrate and that of the BT materials 

are better with Megtron-6 substrates. Therefore, the initial test conclusion and 180 days aged @ 

75°C conclusion that the board substrate material and package mold-compound materials are 

dependent on each other is still true after aging for 720 days @ 75°C.  

4.4. Reliability study on the effect of Aging Time Temperatures 

The test results show a degradation in the performance of all of the test components after aging 

through time and temperatures. The Mean-Time-To-Failures of the CABGA 256 component 

compared with Tin-lead and Lead-free (SAC305 material) solders between the FR-406 substrate 

and Megtron-6 substrates shown in the  

Figure 64. There is a direct correlation of the degradation to aging time and temperatures. 
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Figure 64 Mean-Time-To-Failure of CABGA 256 Components in all aging time temperatures 

 

Figure 65 Degradation Chart on Mean-Time-To-Failure for CABGA 256 Component with Tin 

lead and Lead-free (SAC305) Material 

Figure 64 and Figure 65 show the materials degradation due to effect of aging time and 

temperature. As, the aging time and temperature increases the materials degradation accelerates.  
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Tin-lead materials degradation percentages were better than lead-free SAC305 after aging time 

and temperatures for both the substrates. However, for the 75 °C with FR-406 substrate the lead-

free SAC305 materials had lesser degradation effect compared with tin-lead materials. Important 

understanding of these charts are that the degradation percentages compared are with respect to 

their no aging baseline mean times to fail. The lead-free SAC305 materials even after aging still 

have higher mean life than that of their tin-lead counter parts in FR-406 substrate. Another 

important observation is that the effect of degradation of tin-lead material is more, compared to 

that of the lead-free SAC305 material in the Megtron-6 substrate. This is explained by the glass 

transition temperature (Tg) differences in both the substrates and the CTE mismatch is higher with 

tin-lead materials. This is a new information available in this test and not reported in any of the 

predecessors research work from our research group. The general overall trend seen in all the 

materials in both the substrate is that the aging time and temperatures are detrimental to the solder 

joint performance. This negative effect correlated to other packages in the test, also correlated to 

similar research papers and dissertations in the academic and industrial communities.  












































































































































































