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ABSTRACT 

Accelerated temperature cycling (ATC) was used to assess 

the thermal fatigue reliability of a Pb free, 37.5 mm fully 

populated, 1284 I/O ball grid array (BGA) package 

assembled with backward compatible, mixed alloy (Pb free 

BGA/SnPb paste) assembly processes. The surface mount 

assembly was done using custom SnPb eutectic soldering 

profiles designed to optimize the complete (full) mixing of 

the Pb and to create two additional test cells with levels of 

Pb mixing in the Pb-free BGA balls defined as low and 

medium. The influence of partial mixing on reliability was 

evaluated because full Pb mixing is more challenging as the 

package size and board complexity increase. To complete 

the reliability comparisons and provide experimental 

controls, SAC405-SAC405 and SnPb-SnPb assemblies were 

included. Post-cycling failure analysis was performed on 

representative test samples. The thermal cycling data and 

failure analysis are discussed in terms of the initial Pb 

mixing levels, mixed alloy microstructures, and attachment 

failure modes. The results indicate that full Pb mixing 

provides acceptable reliability, but certain cases of partial 

Pb mixing have measurably lower reliability and may 

present a reliability risk.  

 

Key words: Pb-free solder backward compatibility, mixed 

alloy assembly, thermal fatigue, and accelerated temperature 

cycling   

 

INTRODUCTION 

Regardless of the accelerating trend for design and 

conversion to Pb-free manufacturing, many high reliability 

electronic equipment producers continue to manufacture and 

support tin-lead (SnPb) electronic products. Certain high 

reliability electronic products from the telecommunication, 

military, and medical sectors manufacture using SnPb solder 

assembly and remain in compliance with the RoHS 

Directive (restriction on certain hazardous substances) by 

invoking the European Union Pb-in-solder exemption [1]. 

Sustaining SnPb manufacturing has become more 

challenging because the global component supply chain is 

converting rapidly to Pb-free offerings and has a decreasing 

motivation to continue producing SnPb product for the low-

volume, high reliability end users [2]. Availability of 

critical, larger SnPb BGA components is a growing concern. 

Because complete Pb-free conversion is not always a viable 

option, these BGA availability issues can force companies 

to use Pb-free BGAs with the SnPb solder assembly 

process. Assembling Pb-free BGAs with a SnPb surface 

mount assembly process often is referred to as backward 

compatible, mixed alloy, or mixed metals processing.  

Mixed alloy processing is an alternative manufacturing path 

when immediate, complete product conversion to Pb-free 

manufacturing is not possible.  

 

The technical challenges associated with mixed alloy 

processing have been addressed in a significant number of 

studies [3-51] and those results have been reviewed and 

discussed in detail in previous publications [3, 48-53]. Many 

of those studies have focused on the optimization of process 

parameters that produce acceptable mixed alloy solder joint 

quality, which is understandable because mixed alloy 

assembly is not a drop-in replacement process. Mixed alloy 

studies using smaller BGA devices have shown that 

acceptable thermal fatigue reliability can be achieved with 

the backward compatible process [3, 6, 49, 53]. However, 

there are minimal mixed alloy thermal fatigue reliability 

data for BGA packages with a body size greater than 35 mm 

[49-52]. It is desirable to develop reliability data for larger 

packages because achieving acceptable mixed alloy 

assembly becomes more challenging as the package size and 

board complexity increase. The negative effects of large 

thermal mass and component warpage on Pb mixing was 

demonstrated in the work of Kinyanjui et al [48]. Therefore 

it is critical to understand the effect of imperfect mixing on 

reliability of large packages.  

 

In general, the literature indicates that there are fundamental 

inconsistencies and gaps that limit the understanding of 

mixed alloy reliability, particularly with larger body 

packages [4, 15, 16, 18, 32, and 35, 48-52]. Although recent 
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studies, including some by the current authors, have 

demonstrated acceptable fatigue performance of large BGA 

mixed alloy assemblies [49, 51, 52, 53], there have been 

studies that indicate additions of Pb degrade the reliability 

of Pb-free solder joints.  

 

In the current study, accelerated temperature cycling (ATC) 

was used to assess the thermal fatigue reliability of a Pb 

free, 37.5 mm fully populated, 1284 I/O ball grid array 

(BGA) package assembled with mixed alloy (Pb free 

BGA/SnPb paste) processing. The surface mount assembly 

was done using soldering profiles designed to produce 

several different levels of Pb mixing in the BGA solder 

balls. In addition to the mixed alloy samples, the test 

program included SAC405-SAC405 and SnPb-SnPb 

assemblies for reliability comparisons. Failure analysis and 

microstructural characterization was performed on 

representative test samples to assess the relationship 

between the thermal cycling data, Pb mixing levels, mixed 

alloy microstructures, and attachment failure modes.   

 

EXPERIMENTAL 

Test Vehicle  
The attributes of the Package Test Vehicle are listed in 

Table 1 and images of the top view of the package and 

populated printed circuit board test vehicle are shown in 

Figure 1. 

 

The printed circuit board test vehicle is an 8 layer board 

with dimensions 12 inches x 8 inches x 0.093 inches. The 

board contains four identical component footprints. The 

component sites have metal defined (MD) land patterns that 

are 17 mils in diameter and the surface finish on the test 

vehicle is organic solderability preservative (OSP).  

 

There is one daisy chain net for each land pattern. Daisy 

chain nets from each of the components patterns are brought 

out to a card edge connector and soldered connections are 

used to monitor the resistances of the daisy chain nets 

during temperature cycling. 

 

Table 1: The package attributes for the 1284 I/0 BGA test 

vehicle used in the experimental study.  

 

TV Description Package TV attributes 

Package Size 37.5 x 37.5 mm 

Die size 10.15 x 20.98 mm 

Substrate thickness 1.383 +/- 0.015 mm 

Solder ball diameter 0.6 mm 

Ball Pitch 1.0 mm 

Solder ball metallurgy SAC 405 

Ball count 1284 

Ball pattern 
fully populated array 

w/ 7 corner sacrificial balls 

Package surface finish NiPdAu 

 

 

 
 

Figure 1: Top views of the populated printed circuit board 

and the BGA Package Test Vehicle.  

 

Mixed Assembly Process Development and Assembly  
The primary objective of this experimental study was to 

evaluate the effect of various Pb mixing levels on solder 

joint thermal fatigue reliability in a large, high density BGA 

component. The experimental strategy to meet this goal was 

to design multiple experimental legs using assembly profiles 

that would create different Pb mixing levels.  

 

The various Pb mixing levels were defined and selected 

based on experience obtained from previous studies [48, 50-

52] on large BGA package test vehicles. In the previous 

work, there were three experimental mixing levels defined 

as follows: low partial Pb mixing (<30%), medium partial 

Pb mixing (50 to 70%) and full Pb mixing (100%). 

Repeated test trials showed that the low partial Pb mixing 

target of <30% was difficult to control in the large BGA. 

Solder joint quality and standoff height varied across the 

BGA package to the extent that it would reflect an unstable 

SMT manufacturing process in practice. Minor profile 

changes when attempting the low partial mixing often 

affected significant changes in Pb mixing that were 

manifested as inconsistent solder joint quality and 

ultimately, a narrow or unstable assembly process window. 

Based on those previous experiences, the current study 

increased the threshold for low partial Pb mixing leg to 

40%. The medium partial Pb mixing was set at 60-75% and 

full Pb mixing set at 100%. 

 

The reliability comparisons were completed by including a 

SAC405-SAC405 leg and a SnPb-SnPb leg in the test 

matrix. An initial sample size of either 16 or 32 was used for 

the various Pb-free, SnPb and mixed legs. Table 2 lists the 

details for each of the 5 basic experimental legs in this 

study.  

 



Table 2: Assembly details and sample sizes for all the 

experimental legs.  

 

 
 

Low magnification optical metallography was used to 

characterize the Pb mixing during profile development. The 

Pb mixing was documented along a diagonal plane through 

the BGA as shown in Figure 2.  

 
Figure 2: The pin diagram for the 1284 I/O BGA and 

location of the diagonal cross sectional plane used for Pb 

mixing characterization.  

 

Figures 3 through 5 show optical photomicrographs 

obtained from profile development samples for the three 

mixed alloy legs of the matrix. In the Low Pb mixed, Leg1 

samples shown in Figure 3, there is significant variation in 

the Pb mixing despite establishing the target threshold for 

low mixing at above 40%. This finding reinforces the results 

from the previous studies [50-52] that demonstrated the risk 

of inconsistent solder joint quality associated with a narrow 

or unstable assembly window when processing under 

conditions that generate low partial Pb mixing levels. There 

is variation in the Pb mixing in the Medium Pb mixed, Leg2 

samples shown in Figure 4, but it appears to be within the 

target mixing level of 60-75%.  

 

 
Figure 3: Multiple photomicrographs along the diagonals of 

two Low Pb mixed, Leg 1 samples. The Pb mixing ranges 

from 40 to 50% across the diagonal and often is not uniform 

across the solder ball.   

 
Figure 4: Multiple photomicrographs along the diagonals of 

two Medium Pb mixed, Leg 2 samples. The Pb mixing 

ranges from 60 to 70% across the diagonal and the Pb 

mixing is more uniform in the individual balls compared to 

Leg 1 shown in Figure 3).  



 
Figure 5: Multiple photomicrographs along the diagonals of 

two Full Pb mixed, Leg 3 samples. Compared to the 

partially mixed Legs 1 and 2, the standoff height is slightly 

lower for the fully mixed Leg 3 due to the complete melting 

and collapse of the solder balls.  

 
The details of the Pb mixing are illustrated better in Figure 

6, which shows backscattered electron images (BEI) of the 

Pb mixing for the Low and Medium Pb partial mixed legs 

and the Full Pb mixed leg. The BEI compositional mode is 

effective for differentiating phases in mixed alloy samples 

because the intensity of the backscattered electron signal is 

strongly related to the atomic number (Z) of the specimen. 

With backscattered imaging, the high density Pb-rich phase 

has a bright white appearance in contrast to the gray 

appearance of the Sn matrix. The effectiveness of the BEI 

method was demonstrated in previous mixed alloy studies 

[3, 49-52].  

 

Figure 7 shows backscattered images of the SAC405 Pb-

free and SnPb control legs. The dark phase in the SAC405 

ball is the Cu6Sn5 intermetallic; the Ag3Sn intermetallic 

particles cannot be resolved at this magnification. In BEI, 

the Sn-rich phase appears gray and the Pb-rich phase white. 

The regions of SnPb eutectic solidification cannot be 

resolved at this magnification.  

  

Table 3 contains the details of the surface mount assembly 

profiles for all of the experimental legs.   

 

 
Figure 6: Backscattered SEM images illustrating the 

differences in Pb mixing levels. The Pb-rich phase appears 

as fine, bright white particles in the BGA balls.    

 

 
Figure 7: Backscattered SEM images for the SAC405 Pb-

free and SnPb eutectic control legs. The dark phase in the 

SAC405 is the Cu6Sn5 intermetallic; the Ag3Sn intermetallic 

particles cannot be resolved at this magnification.  

 



Table 3: Reflow profile data showing peak temperature and 

time above liquidus (TAL) for the three mixed alloy legs 

and the pure SAC and pure SnPb control legs.   

 

 
 

Accelerated Temperature Cycling 
The components and the test circuit boards were daisy 

chained to allow electrical continuity testing after surface 

mount assembly and in situ, continuous monitoring during 

thermal cycling. The resistance of each loop was 

independently monitored during the temperature cycle test.  

All assembled circuit boards were thermally cycled from 0 

C to 100 C with a 10 minute ramp between temperature 

extremes. The hot and cold dwell times were each 10 

minutes in accordance with the IPC-9701A industry test 

guidance [54]. The solder joints were monitored 

continuously during thermal cycling using an event detector 

set at a resistance limit of 1000 ohms. A spike of 1000 ohms 

for 0.2 microseconds followed by 9 additional events within 

10% of the cycles to the initial event was flagged as a 

failure. The failure data were reported as characteristic life 

 (typically the number of cycles to achieve 63.2% failure) 

and slope  from a two-parameter Weibull analysis. 

 

Failure Analysis 

The failure mode characterization employed the same basic 

sample preparation and analytical techniques described 

earlier for characterizing the profile development samples. 

The scanning electron microscopy (SEM) operating in the 

backscattered electron imaging compositional mode was 

used to the differentiate phases and characterize the extent 

of Pb mixing throughout the basic SAC microstructures. 

Imaging using polarized light microscopy (PLM) was added 

to study Sn grain morphology.  

 

RESULTS AND DISCUSSION 

Thermal Cycling Test Results  

The thermal cycling test results are shown graphically in the 

Weibull plot in Figure 8 and are summarized in Table 4.  

The four test legs assembled with Pb-free solder balls (low, 

medium, and full mixed and SAC405) outperform the leg 

assembled with eutectic SnPb balls by more than a factor of 

two. The leg with full Pb mixing outperforms the legs with 

low and medium Pb mixing by 25-35%. The latter result 

contradicts results from several recent studies that indicate 

the performance of partially mixed microstructures is 

comparable to full Pb mixed microstructures and pure SAC 

microstructures containing no Pb [3, 6, 49-53]. This finding 

was unexpected because the low Pb concentrations typical 

of mixed assembly have not been associated with 

accelerated fatigue failure.  

 

Based on the calculated characteristic lifetimes, the full Pb 

mixing leg also outperforms the Pb-free SAC405 leg. 

However, there is a significant difference in Weibull slope 

(β) between these two data sets and this should be taken into 

consideration when making characteristic lifetime 

comparisons between the data sets. Additionally, the full Pb 

mixed and Pb-free legs use an initial sample size of only 16 

components per cell (the preferred number is 32 [54]) 

resulting from resource limitations imposed by the 

experimental plan.  

 
Figure 8: Weibull plot for the 1284 I/O BGA comparing the 

performance of SAC405 solder with various levels of Pb 

mixing. The plot also includes the eutectic SnPb results.   

 

Table 4: Temperature cycling failure statistics.   

 



Failure Analysis and Microstructural Characterization 
Metallographic failure analysis was performed to confirm 

the thermal fatigue failure mode and determine the failure 

location. The backscattered electron images in Figure 9 

show solder joint cracking in failed BGA solder joints from 

each of the three Pb mixed assembly legs, and the control 

legs with Pb-free SAC405 and SnPb eutectic solders.   

 

The failures in the SAC405 and SnPb eutectic BGA solders 

occur at the expected location for BGA fatigue cracking at 

the package side of the solder joint.  In contrast, the failures 

for the Low and Medium Pb mixed legs are at the printed 

circuit board side of the solder joint. More detailed failure 

analysis was conducted because the board-side failures and 

lower reliability of the Low and Medium Pb mixed legs 

(Figure 8 and Table 4), are not consistent with results 

reported previously [3, 6, 49-53].   

 
Figure 9: Backscattered electron images of thermal fatigue 

failures in the Low, Medium, and Full Pb mixed legs and 

the SAC405 Pb-free and SnPb eutectic control samples. 

 

Examples of solder joint fractures in the Low and Medium 

Pb mixed ATC samples are shown at higher magnification 

in Figures 10 and 11. The fractures are characteristic of 

thermal fatigue in SAC with intergranular crack propagation 

generally along Sn boundaries. The crack path is in 

proximity to the PCB-side intermetallic interface. However, 

several of the images show a distinct accumulation of Pb on 

many sections of the fracture path. In one of the earliest 

mixed alloy thermal cycling studies, Seelig and Suraski 

attributed reduced reliability to gross Pb segregation at 

soldered interfaces [40]. A similar argument can be made 

that crack initiation or propagation is assisted by the 

accumulation of Pb shown in the images in Figures 10 and 

11. The baseline images in Figure 12 show that the Pb 

accumulates at the PCB interface during reflow 

solidification. Regions of high Pb accumulation could 

stimulate a subtle mixed fracture mode consisting of the 

expected Sn creep fatigue mode coupled with random 

sections of grain boundary sliding typical of SnPb solder or 

interfacial decohesion caused by an extraordinary amount of  

Pb. There appears to be more Pb accumulated at the 

interface of the Low Partial Pb mixed sample, which is 

consistent with its slightly lower characteristic lifetime. In 

either case, the Pb accumulation appears sufficient to 

produce a measureable reduction in reliability of the partial 

Pb mixed legs but not sufficient to induce complete 

interfacial separations and catastrophic early failures. 

Further, this hypothesis is consistent with the 

uncharacteristic fractures observed at the board side of the 

joints.  

 
Figure 10: Backscattered electron images of thermal fatigue 

failures at the PCB side of the solder joint in the Low Pb 

mixed leg. Note the Pb (bright white phase) accumulated at 

the soldered interface and along the crack path.    

 

 
Figure 11: Backscattered electron images of thermal fatigue 

failures at the PCB side of the solder joint in the Medium Pb 

mixed leg. Note the Pb (bright white phase) accumulated at 

the soldered interface and along the crack path.    



 
Figure 12: Backscattered electron images of Pb (bright 

white phase) accumulated at the PCB soldered interface 

after reflow solder assembly.      

 

Examples of solder joint fractures in a Full Pb mixed sample 

are shown in the higher magnification images in Figure 13. 

The fatigue cracking in the bulk solder is located at the 

typical package side of the solder joint. Unlike the Low and 

Medium mixed samples, there is no significant Pb 

segregation along the fracture path that would indicate an 

interaction between the Pb phase (white) and the 

propagating fatigue crack. This is the anticipated finding 

based on the majority of the publications in the Pb mixed 

assembly literature.  

 
Figure 13:  High magnification backscattered images near 

the fatigue crack in a full Pb mixed sample. There is 

minimal interaction between the Pb phase (white) and the 

propagating fatigue crack.    

 

Examples of solder joint fractures in the Pb-free SAC405 

and eutectic SnPb samples are shown Figure 14. The 

features of the crack path in the Pb-free SAC405 include 

intergranular crack branching, recrystallization, and 

cavitation at boundary triple points. All of these are 

characteristic traits of thermal fatigue cracking in Sn-based 

Pb-free solders [55-57]. The eutectic SnPb crack path is 

characterized by grain coarsening in the solder in proximity 

to the crack and boundary sliding between the Sn-rich and 

Pb-rich phases [58-59].  

 

 

 

 
Figure 14:  High magnification backscattered images of 

fatigue cracking in the SAC405 Pb-free and eutectic SnPb 

control samples.   

 

The slightly better performance of the fully Pb mixed cell 

compared to the Pb-free SAC405 leg (Figure 8 and Table 4) 

very likely is not due to the presence of Pb but rather due to 

differences in the basic SAC microstructures in the two test 

legs. Numerous published reports such as those from the 

iNEMI Alloy Alternatives project [56, 57] have shown that 

thermal fatigue reliability is sensitive to microstructural 

features such as Sn grain size, intermetallic particle 

distribution, and interdendritic spacing. Because the reflow 

profiles for these two legs were very different, there could 

be significant differences in the SAC microstructures.  

 

The Sn grain morphology can be characterized using 

polarized light microscopy (PLM), which is a technique that 

can highlight basic Sn microstructural features resulting 

from reflow and solidification. This is illustrated in Figure 

15, which shows “beach ball” and interlaced twinned 

morphologies in a cross section of a SAC405 sample from 

the iNEMI Alloy Alternatives project [60]. Better thermal 



fatigue performance has been associated with the fine grain 

interlaced twinned morphology [61, 62].  

 

Figure 16 shows typical polarized light micrographs of full 

mixed and SAC405 BGA solder joints from the current 

study. The cross sectional images contain either a single Sn 

grain or the “beach ball” Sn grain morphology and there is 

no evidence of the interlaced twinned grain morphology.  

This is consistent with reports that beach ball 

microstructures tend to occur more often in larger BGA 

balls with higher Ag content. The slightly better 

performance of the fully Pb mixed cell cannot be due to the 

basic Sn microstructure, since it essentially is the same in 

the full mixed and SAC405 samples. 

 

 
Figure 15:  A polarized light micrograph illustrating 

regions that contain beach ball and interlaced twinned 

microstructures. This image was obtained from a SAC405 

sample used in the iNEMI alternative Alloys project [60].   

 
Figure 16.  Polarized light micrographs of full Pb mixed 

and SAC405 BGA solder joints showing single grain and 

beach ball Sn microstructures.   

 

The data in Table 3 indicate that full Pb mixing leg was 

achieved using a “hot” SnPb profile, with a peak 

temperature and TAL at the upper end of the acceptable 

SnPb assembly range. The SAC405 leg was assembled 

using a higher temperature Pb-free profile considered to be 

fairly standard for this type of a test vehicle. Representative 

photomicrographs for these two test legs are shown in 

Figure 17 and there are marked differences in the time-zero 

or starting microstructures. The Pb-free SAC405 

microstructure consists of primary Sn dendrites surrounded 

by wide eutectic bands containing very small equiaxed 

Ag3Sn intermetallic particles.  In contrast, the full Pb mixing 

microstructure has primary Sn dendrites and fewer, 

substantially larger Ag3Sn intermetallic particles at the Sn 

dendrite boundaries. The Ag3Sn particles in the full Pb 

mixed sample tend to be elongated with an almost lamellar 

morphology. There is no definitive correlation in the 

literature between particle size and reliability but some 

results indicate that larger diameter or lamellar shaped 

particles may be more resistant to particle coarsening, the 

precursor to recrystallization and fatigue crack propagation 

[45, 63].  The difference in intermetallic size and shape in 

the full Pb mixed leg might account for the slightly better 

thermal fatigue performance of the Full Pb mixed test leg. 

Figure 18 shows comparisons of the microstructures at time 

zero and after thermal cycling (ATC). It is difficult to 

determine if the particle coarsening is greater in the SAC405 

but the deterioration of the network of particles at the 

eutectic cell walls is very obvious.   

 
Figure 17. High magnification backscattered electron 

images illustrating the different solder microstructures in the 

full Pb mixed and SAC405 BGA solder balls.  



 
Figure 18. Comparisons of the microstructures for the Full 

Pb mixed and SAC405 test legs at time zero and after 

thermal cycling (ATC).  

 

CONCLUSIONS 
The results from this study demonstrate that the thermal 

fatigue performance of the Full Pb mixed, large-body, 1284 

I/O BGA assemblies is acceptable and comparable to 

SAC405 Pb free assemblies within expected experimental 

error. The full Pb mixed test leg actually outperformed the 

SAC405 Pb-free test leg by a small margin. The better 

performance of the full Pb mixed leg is not likely due to the 

presence of Pb in the microstructure but to the mixed 

assembly profile and its resultant effect on solidification of 

the SAC solder. It is suggested that the size, morphology, 

and distribution of the Ag3Sn particles in the microstructure 

of the full Pb mixed leg may be more resistant to particle 

coarsening, which would promote better thermal fatigue 

performance.  

 

To the contrary, the fatigue performance with Low partial 

and Medium partial Pb mixing is about one third lower than 

the Full Pb mixed and pure SAC405 Pb free assemblies. 

Each of the four test legs based on SAC405 Pb-free solder 

outperforms the SnPb eutectic control cell by more than a 

factor of two.  

 

Although the performance of the partial Pb mixed 

assemblies outperforms the SnPb control, there is a 

moderate reliability risk with partial Pb mixing in these 

large BGA assemblies. This finding contradicts results from 

several previous studies that have demonstrated acceptable 

reliability for the partial Pb mixing [3, 6, 49-53]. The 

findings from the current failure analysis provide support 

such a reliability risk assessment for partial mixing, at least 

for this specific component application. The metallographic 

analysis shows an atypical failure location at the PCB side 

of the solder joint and reveals a clear segregation or 

accumulation of Pb at the soldered interface and along the 

crack path. This analysis indicates strongly that the high 

concentrations of Pb are contributing to the lower fatigue 

resistance in the partial mixed assemblies. The exact 

mechanism causing the reduction in fatigue life is not clear 

nor is it clear if a high accumulation of Pb alters either the 

crack initiation or propagation processes.    

 

In summary, these results demonstrate that it is possible to 

attain acceptable attachment reliability with mixed alloy, 

backward compatible assembly as long as complete, full Pb 

mixing is achieved. Mixed alloy assembly typically has a 

more limited process window than standard surface mount 

assembly and complete, full Pb mixing always is preferred 

in practice. Fully collapsed joints enable consistent 

alignment and are a key characteristic of acceptable solder 

joint geometry and quality. Unlike many previously 

published studies, the current findings show a measureable 

degradation in reliability with partial Pb mixing. The loss of 

reliability appears to be related to a high accumulation of Pb 

along the crack path which appears to be a direct 

consequence of partial mixed assembly. Despite previous 

favorable reliability test results, partial Pb mixed assembly 

is not recommended and if required, should be used with 

extreme caution due to the possibility of the Pb-assisted 

failure mode. 

  

ACKNOWLEDGEMENTS 
The authors want to acknowledge the following people for 

their valuable contributions: the management support of 

Marc Benowitz and Sherwin Kahn from Alcatel-Lucent Bell 

Labs Reliability; the management support of Michael Stark 

of the Intel Customer Platform Technology Development 

Team, the management support of Marco H. Gonzalez and 

Mulugeta Abtew of Sanmina-SCI, and the PCB assembly 

support provided by the Sanmina-SCI (Guadalajara, MX) 

NPI team. The authors also want to acknowledge the special 

contributions of Alan Donaldson from Intel, for 

metallographic and solder joint analysis in support of profile 

development.   

   

REFERENCES 
[1] “Annex to Directive 2002/95/EC, Restriction on the 

use of hazardous substances (RoHS) in electrical and 

electronic equipment,” Official Journal of the 

European Union, 14.10.2006, L283/48-49, October 12, 

2006.  

[2] iNEMI Availability of SnPb-Compatible BGAs 

Workshop, Cupertino, CA, March 1, 2007.  

http://www.inemi.org/cms/projects/ese/SnPb_BGAs.ht

ml 

[3] Richard Coyle, Peter Read, Steven Kummerl, Debra 

Fleming, Richard Popowich, and Indraneel Chatterji, 

“A Comprehensive Analysis of the Thermal Fatigue 

Reliability of SnPb and Pb Free Plastic Ball Grid 

Arrays (PBGA) Using Backward and Forward 

Compatible Assembly Processes,” SMT Journal, 

Volume 21, Issue 4, 33-47, October-December, 2008. 

[4] B. Smith, P. Snugovsky, M. Brioux, and A. Grivon, 

“Industrial Backward Solution for Lead Free 

Exempted AHP Electronic Products, Part 2: Process 

Technology Fundamentals and Failure Analysis,” 

http://www.inemi.org/cms/projects/ese/SnPb_BGAs.html
http://www.inemi.org/cms/projects/ese/SnPb_BGAs.html


Proceedings of APEX 2008, S15-01, Las Vegas, NV, 

2008.    

[5] P. Snugovsky, H. McCormick, S. Bagheri, Z. Bagheri, 

C. Hamilton, and M. Romansky, “Microstructure, 

Defects, and Reliability of Mixed Pb free/SnPb 

Assemblies,” Supplemental Proceedings: Volume I: 

Materials Processing and Properties TMS (The 

Minerals, Metals, and Materials Society, 631-642, 

New Orleans, LA, 2008.    

[6] Robert Kinyanjui, Quyen Chu, Polina Snugovsky, 

Richard Coyle, “Solder Joint Reliability of Pb-free 

SnAgCu Ball Grid Array (BGA) Components in SnPb 

Assembly Process,” Proceedings of APEX 2008, S15-

02, Las Vegas, NV, 2008. 

[7] Robert Kinyanjui and Quyen Chu, “The Pb-free 

SnAgCu Ball Grid Array (BGA) Components in SnPb 

Assembly Process: Process Characterization and 

Solder Joint Reliability,” Proceedings of SMTAI, 760-

769, Orlando, FL, 2007. 

[8] H. McCormick, P. Snugovsky, C. Hamilton, Z. 

Bagheri, and S. Bagheri, “The Great SAC Debate: The 

Reliability of SAC305 and SAC405 Solders in a 

Variety of Applications,” Proceedings of PanPac 

Symposium, 333-341, January 31, 2007.  

[9] J. Nguyen, D. Geiger, D, Rooney, and D. Shangguan, 

"Backward Compatibility Study of Lead-Free Area 

Array packages with Tin-Lead Soldering Processes," 

Proceedings of APEX,  S09-03, Anaheim, CA, 2006. 

[10] J. Nguyen, D. Geiger, D, Rooney, and D. Shangguan, 

"Reliability Study of Lead-Free Area Array Packages 

with Tin-Lead Soldering Processes," Proceedings of 

SMTAI, 433-438, Chicago, IL, 2006. 

[11] H. McCormick, P. Snugovsky, Z. Bagheri, S. Bagheri, 

C. Hamilton, G. Riccitelli, and R. Mohabir, “Mixing 

Metallurgy: Reliability of SAC Balled Area Array 

Packages Assembled Using SnPb Solder,” 

Proceedings of SMTAI, 425-432, Chicago, IL, 2006. 

[12] A. Zbrzezny, P. Snugovsky, T. Lindsay, R. Lau, 

“Reliability Investigation of Mixed BGA Assemblies”; 

IEEE Transactions on Electronic Package 

Manufacturing, vol. 29, no.3, 211-216, July, 2006. 

[13] O. Maire, C. Munier, S. Bousquet, C. Chastenet, and 

M. Jeremias, “Backward Compatibility of Lead-Free 

BGA: Microstructural Characterization and 

Reliability,” Proceedings IPC Soldertec, Malmo, 

Sweden 2006.  

[14] C. Hunt and M. Wickham, “Impact of Lead 

Contamination on Reliability of Lead Free Alloys,” 

Proceedings IPC Printed Circuits Expo 2006, S39-01, 

2006. 

[15] I. Chatterji, “Backward Compatibility, Are We Ready- 

A Case Study”; Proceedings of SMTAI, 416-424, 

Chicago, IL, 2006. 

[16] M. Abtew, R. Kinyanjui, N. Nuchsupap, T. Chavasiri, 

N. Yingyod, P. Saetang, J. Krapun, and K. Jikratoke, 

“Effect of Inert Atmosphere Reflow and Solder Paste 

Volume on the Microstructure and Mechanical 

Strength of Mixed Sn-Ag-Cu and Sn-Pb Solder 

Joints,” Proceedings of SMTAI, 74-78, Chicago, IL, 

2006. 

[17] H. McCormick, P. Snugovsky, Z. Bagheri, and S. 

Bagheri, “Pb-free Test Vehicle, Microstructure and 

ATC Behavior of SAC305 and SAC405 BGAs 

Assembled with SnPb Solder,” Proceedings of 

International Conference on Lead-free Soldering, 

Toronto, ON, Canada, no. 11, 1-9, May 16-18, 2006.  

[18] A. Giamis, G. Wenger, and P. Solan, “Mixed Alloy 

Solder Joint Reliability Sanity Check,” Proceedings of 

International Conference on Lead-free Soldering, 

Toronto, ON, Canada, no. 12, 1-5, May 16-18, 2006.  

[19] Woodrow, T.A., “JCAA/JG-PP Lead-Free Solder 

Project: -20 to +80 °C Thermal Cycling Test”, 

Proceedings SMTA International, 825-835, Rosemont, 

IL, September 24-28, 2006. 

[20] A. Zbrzezny, P. Snugovsky, T. Lindsay, R. Lau, 

“Reliability Investigation of Mixed Solder 

Interconnects – Case Studies,” Proceedings of SMTAI, 

397-402, Chicago, IL, 2005. 

[21] H. McCormick, P. Snugovsky, Z. Bagheri, S. Bagheri, 

C. Hamilton, G. Riccitelli, and R. Mohabir, “Mixing 

Metallurgy: Reliability of SAC Balled Area Array 

Packages Assembled Using SnPb Solder,” SMTA 

Journal, Vol. 20, no. 2, 11-18, 2007. 

[22] P. Snugovsky, A. R. Zbrzezny, M. Kelly, M. 

Romansky, “Theory and Practice of Lead-Free BGA 

Assembly Using Sn-Pb Solder,” Proceedings CMAP 

(Centre for Microelectronics Assembly and Packaging 

in Canada) International Conference on Lead-free 

Soldering, University of Toronto, Toronto, ON 

Canada, May 2005.  

[23] J. Bath, S. Sethuraman, X. Zhou, D. Willie, K. Hyland, 

K. Newman, L. Hu, D. Love,  H. Reynolds, K. Kochi, 

D. Chiang, V. Chin, S. Teng, M. Ahmed, G. Henshall, 

V. Schroeder, Q. Nguyen, A. Maheswari, M. Lee, J-P 

Clech, J. Cannis, J. Lau, C. Gibson, “Reliability 

Evaluations of Lead-Free SnAgCu PBGA676 

Components Using Tin-Lead and Lead-Free SnAgCu 

Solder Paste,” Proceedings of SMTAI, 891-901, 

Chicago, IL, September 25-29, 2005. 

[24] D. Hillman, M. Wells, and K. Cho, “The Impact of 

Reflowing a Pb-free Solder Alloy using a Tin/Lead 

Solder Alloy Reflow Profile on Solder joint Integrity,” 

Proceedings CMAP (Centre for Microelectronics 

Assembly and Packaging in Canada) International 

Conference on Lead-free Soldering, University of 

Toronto, Toronto, ON Canada, May 2005.  

[25] J. L. Evans, C. Mitchell, M. Bozak, L. N. Payton, M. 

R. McQuenney, and J. R. Thompson, “Reliability of 

SAC BGA Using SnPb Paste for Harsh Environment 

Electronics,” Proceedings of SMTAI, 365-370, 

Chicago, IL, September 25-29, 2005. 

[26] B. Nandagopal, Z. Mei, and S. Teng, “Microstructure 

and Thermal fatigue Life of BGAs with Eutectic Sn-

Ag-Cu Balls Assembled at 210 °C with Eutectic Sn-Pb 

Paste,”  Proceedings of Electronic Component and 

Technology Conference, 875-883, San Diego, CA, 

2006.   



[27] B. Nandagopal, D. Chiang, S. Teng, P. Thune, L. 

Anderson, R. Jay, and J. Bath, “Study on Assembly, 

Rework Process, Microstructures and Mechanical 

Strength of Backward Compatible Assembly,” 

Proceedings of SMTAI, 861-870, Chicago, IL, 

September 25-29, 2005. 

[28] Gunter Grossmann,  Joy Tharian, Pascal Jud, and Urs 

Sennhauser, "Microstructural investigation of lead-free 

BGAs soldered with  tin-lead solder," Soldering & 

Surface Mount Technology, vol. 17 no. 2, pp. 10-21, 

2005. 

[29] C. Handwerker, "Transitioning to Pb-free 

Assemblies,” Circuits Assembly; March, 2005. 

[30] M. Wickham, L. Zou, M. Dusek, C. Hunt, “Measuring 

the Reliability of Electronics Assemblies During the 

Transition Period to Lead-Free Soldering”, NPL 

Report DEPC MPR 030, National Physical 

Laboratory, UK August 2005. 

[31] Peter Borgesen, 2005 Year End Report Unovis Area 

Array Consortium (formerly Universal Instruments 

Consortium).  

[32] Jean-Paul Clech, Lead-Free and Mixed Assembly 

Solder Joint Reliability Trends, Proceedings of APEX  

2004,  S28-3, Anaheim, CA,  February 24-26, 2004. 

[33] C. Handwerker and J. Bath, et al.; “NEMI Lead-Free 

Assembly Project:  Comparison between PbSn and 

SnAgCu Reliability and Microstructures,” Proceedings 

of SMTA International, 2003. 

[34] P. Snugovsky, M. Kelly, Z. Bagheri, and M. 

Romansky, “Lead Free and Lead Bearing Solder 

Intermetallic Formation on Electroless Ni/Immersion 

Au Interconnects Affected by Black Pad,” Proceedings 

of APEX, S02-1, January 20-24, 2002. 

[35] F. Hua, R. Aspandiar, T. Rothman, C. Anderson, G. 

Clemons, and M. Klier, “Solder Joint Reliability of Sn-

Ag-Cu BGA Components attached with Eutectic Pb-

Sn Solder Paste” Journal of Surface Mount 

Technology, Volume 16, Issue 1, 34-42, 2003. 

[36] F. Hua, R. Aspandiar, T. Rothman, C. Anderson, G. 

Clemons, C-K. Chung, M. Faizul, “Solder Joint 

Reliability Assessment of Sn-Ag-Cu BGA 

Components Attached with Eutectic Pb-Sn Solder,” 

Proceedings of SMTA International Conference, 246-

252, Chicago, IL, 2003. 

[37] C. K. Chung, R. Aspandiar, K. F. Leong, C.S. Tay, 

“The Interactions of Lead (Pb) in Lead-Free Solder 

(Sn/Ag/Cu) System,” Proceedings of Electronic 

Components and Technology Conference, 166-173,  

San Diego, CA, May 28-31, 2002. 

[38] P. Snugovsky, Z. Baghjeri, M. Kelly, M. Romansky, 

“Solder Joint Formation with Sn-Ag-Cu and Sn-Pb 

Solder balls and Pastes,” Proceedings of SMTA 

International Conference,  SOL3-1, Chicago, IL, Sep 

22-26, 2002. 

[39] J. Oliver, O. Rod, M. Nylén, C. Markou, “Fatigue 

Properties of Sn/3.5ag/0.7cu Solder Joints and Effects 

of Pb-Contamination,” Journal of SMT, Volume 15, 

Issue 4, 23-28, 2002. 

[40] Karl Seelig and David Suraski, “A Study of Lead-

Contamination in Lead-free Electronics Assembly and 

its Impact on Reliability,” Proceedings of SMTA, 

SOL4-3, Chicago, IL, 2002. 

[41] J. Bartelo, S. Cain, D. Caletka, K. Darbha, T. Gosselin, 

D. Henderson, D. King, K. Knadle, A. Sarkhel, G. 

Thiel, C. Woychik, D. Shih, S. Kang, K. Puttlitz and J. 

Woods, “Thermomechanical Fatigue Behavior of 

Selected Pb-Free Solders, IPC  APEX 2001, LF2-2, 

January 14-18, 2001.   

[42] S. Choi, T. R. Bieler, K. N. Subramanian, J. P. Lucas, 

“Effects of Pb contamination on the eutectic Sn-Ag 

solder joint”; Soldering & Surface Mount Technology, 

13/2, 26-29, 2001.  

[43] Q. Zhu, M. Sheng, and L. Luo, “The effect of Pb 

contamination on the microstructure and mechanical 

properties of SnAg/Cu and SnSb/ Cu solder joints in 

SMT,” Soldering & Surface Mount Technology, 

12/3,19-23, 2000. 

[44] Paul Vianco, Jerry Rejent, Iris Artaki, Urmi Ray, 

Donald Finley, and Anna Jackson, “Compatibility of 

Lead-Free Solders with Lead Containing Surface 

Finishes as a Reliability Issue in Electronic 

Assemblies,” Proceedings of Electronic Component 

and Technology Conference, 1172-1183, Orlando, FL, 

May 28-31, 1996. 

[45] R. Coyle, M. Reid, C. Ryan, R. Popowich, P. Read, D. 

Fleming, M. Collins, J. Punch, I. Chatterji, “The 

Influence of the Pb free Solder Alloy Composition and 

Processing Parameters on Thermal Fatigue 

Performance of a Ceramic Chip Resistor,” 

Proceedings of Electronic Components Technology 

Conference, 423-430, San Diego, CA, May 26-29, 

2009. 

[46] Mark Logterman and Lavanya Gopalakrishnan, “A 

Product Feasibility Study of Assembling Pb-free 

BGAs in a Eutectic Sn/Pb Process, Proceedings of 

59th Electronic Component and Technology 

Conference, 742-751, San Diego, CA, May 26-29, 

2009. 

[47] Quyen Chu, Girish Wable, Anthony Babasa, Evan 

Doxtad, Michael Lapitan, Michael Santos, Josh Solon, 

Ken Hubbard, Gnyaneshwar Ramakrishna, Greg 

Henshall, Ahmer Syed, Ranjit Pandher, Chrys Shea,  

“Low-Silver BGA Assembly Phase I – Reflow 

Considerations and Joint Homogeneity Third Report: 

Comparison of Four Low-Silver Sphere Alloys and 

Assembly Process Sensitivities,” Proceedings IPC 

APEX 2009, S05-03, Las Vegas, NV, April 2009.  

[48] Robert Kinyanjui, Raiyo Aspandiar, Richard Coyle, 

Vasu Vasudevan Stephen Tisdale, Jorge Arellano, and 

Satish Parupalli, “Challenges in Reflow Profiling 

Large and High Density Ball Grid Array (BGA) 

Packages Using Backward Compatible Assembly 

Processes,” Proceedings of IPC APEX 2010, Las 

Vegas, NV, xxx, April , 2010.   

[49] Richard Coyle, Heather McCormick, Peter Read, 

Richard Popowich, Debra Fleming, and John 

Osenbach, “A Reliability Comparison of SAC305 and 



SAC105 Plastic Ball Grid Arrays Assembled with 

Backward Compatible Soldering Processes,” 

Proceedings of  SMTAI 2010, 68-75, Orlando, FL, 

October 2010.   

[50] Vasu Vasudevan, Richard Coyle, Raiyo Aspandiar,  

Steve Tisdale, Robert Kinyanjui and Gary Long, 

“Thermal Cycling Reliability, Microstructural 

Characterization, and Assembly Challenges 

Encountered with Backward Compatible Soldering of 

a Large, High Density Ball Grid Array,” Proceedings 

of Electronic Components Technology Conference,  

IEEE, Piscataway, NJ 2011.  

[51] Richard Coyle, Richard Popowich, Peter Read, Debra 

Fleming, Raiyo Aspandiar, Alan Donaldson, Vasu 

Vasudevan, Iulia Muntele, Stephen Tisdale, and 

Robert Kinyanjui, “The Relationship between 

Backward Compatible Assembly and Microstructure 

on the Thermal Fatigue Reliability of an Extremely 

Large Ball Grid Array,” Proceedings of  APEX 2012, 

S32-02, Las Vegas, NV, March 2012.  

[52] Richard Coyle, Raiyo Aspandiar, Vasu Vasudevan, 

Steve Tisdale, Iulia Muntele, Richard Popowich, Peter 

Read, and Debra Fleming, “Thermal Fatigue 

Reliability and Microstructural Characterization of a 

Large, High Density Ball Grid Array with Backward 

Compatible Assembly,” Proceedings of SMTAI 2012, 

886-893, Orlando, FL, October 2012. 

[53] Rick Gunn, “Mixed Metals Impact on Reliability,” 

Proceedings of APEX 2013, S21-01, San Diego, CA, 

February 20, 2013.  

[54] IPC-9701A, “Performance Test Methods and 

Qualification Requirements for Surface Mount Solder 

Attachments,” IPC, Bannockburn, IL, 2006. 

[55] S. Dunford, S. Canumalla, and P. Viswanadham, 

“Intermetallic Morphology and Damage Evolution 

Under Thermomechanical Fatigue of Lead (Pb)-Free 

Solder Interconnections,” Proceedings of Electronic 

Components Technology Conference, 726-736, Las 

Vegas, NV, June 1-4, 2004.  

[56] Richard Parker, Richard Coyle, Gregory Henshall, Joe 

Smetana, and Elizabeth Benedetto, “iNEMI Pb-Free 

Alloy Characterization Project Report: Part II – 

Thermal Fatigue Results for Two Common 

Temperature Cycles,” Proceedings of SMTAI 2012, 

348-358, Orlando, FL, October 2012.  

[57] Richard Coyle, Richard Parker, Gregory Henshall, 

Michael Osterman, Joe Smetana, Elizabeth Benedetto, 

Donald Moore, Graver Chang, Joelle Arnold, and Tae-

Kyu Lee, “iNEMI Pb-Free Alloy Characterization 

Project Report: Part IV - Effect of Isothermal 

Preconditioning on Thermal Fatigue Life,” 

Proceedings of SMTAI 2012, 376-389, Orlando, FL, 

October 2012. 

[58] J. W. Morris, Jr., D. Tribula, T. S. E. Summers, and D. 

Grivas, “The Role Of Microstructure in Thermal 

Fatigue of Pb-Sn Solder Joints,” in Solder Joint 

Reliability - Theory and Applications, John H. Lau 

ed., 249-251, Van Nostrand Reinhold, 1991. 

[59] Paul G. Harris, M. A. Whitmore, and William B. 

Hampshire, “An Introduction to the Metallurgy of 

Soldered Joints,” Proc. Surface Mount International 

1992, San Jose, Ca., 445-452, September 1-3, 1992.  

[60] Richard Coyle, Richard Parker, Michael Osterman, 

Stuart Longgood, Keith Sweatman, Elizabeth 

Benedetto, Aileen Allen, Joseph Smetana, Keith 

Howell, and Joelle Arnold, “iNEMI Pb-Free Alloy 

Characterization Project Report: Part V – The Effect of 

Dwell Time on Thermal Fatigue Reliability,”  to be 

published in the Proceedings of SMTAI 2013, Ft. 

Worth, TX, October 2013. 

[61] B. Arfaei, L. Wentlent, S. Joshi, A. Alazzam, T. 

Tashtoush, M. Halaweh, S. Chivukula, L. Yin, M. 

Meilunas, E. Cotts, and P. Borgesen, “Improving the 

Thermomechanical Behavior of Lead Free Solder 

Joints by Controlling the Microstructure,” Proceedings 

of ITHERM, 392-398, 2012.  

[62] B. Arfaei, L. Wentlent, S. Joshi, M. Anselm, and P. 

Borgesen, “Controlling the Superior Reliability of 

Lead Free Assemblies with Short Standoff Height 

Through Design and Materials Selection,” 

Proceedings of IMECE, 2012  

[63] Richard Coyle, John Osenbach, Maurice Collins, 

Heather McCormick, Peter Read, Debra Fleming, 

Richard Popowich, Jeff Punch, Michael Reid, and 

Steven Kummerl, “Phenomenological Study of the 

Effect of Microstructural Evolution on the Thermal 

Fatigue Resistance of Pb-Free Solder Joints,” IEEE 

Trans. CPMT, Vol. 1, No. 10, 1583-1593, October 

2011.  

 

 

    

 

 

 

 

 


