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ABSTRACT 
iNEMI has an ongoing Low Temperature Solders Process 

and Reliability (LTSPR) Project with the goal of developing 

low temperature BiSn solder pastes for use in assembling 

board products within the consumer computer industry. As 

part of the Mechanical Shock Reliability Assessment phase 

of this project, heterogeneous, mixed SAC-BiSn alloy 

solder joints as well as homogeneous BiSn alloy solder 

joints of the 14mm x 14mm CABGA192 daisy-chained 

component were subjected to multiple shock drops. The 

Test Vehicle board and Shock Testing conditions were as 

specified in the JEDEC JESD- B111A standard. There were 

four component land sites on this board, two lands of a 

Solder Mask Defined (SMD) design and two of a Metal 

Defined (MD) design. The top two performing low 

temperature ductile metallurgy solder pastes from previous 

project evaluations were chosen for evaluation for this leg 

using a 14 x 14mm CABGA192 package assembled on an 

OSP board surface finish. Homogeneous SAC solder joints, 

formed by using a generic SAC305 solder paste, was also 

tested for comparison. 

In-situ monitoring of the component-to-board daisy chains 

was used to document component failure and a Weibull 

analysis was completed based on these failures to compare 

the performance of mixed and homogeneous solder joints 

formed with various solder pastes. In addition, failure 

analysis based on cross-sections and fracture surfaces 

produced by the Dye-and-Pull methodology was performed 

to understand the extent of Bi mixing, solder joint height 

effects, failure modes and locations of the cracks for the 

different combinations. The Weibull plots and failure 

interfaces observed were disparate for the two types of 

component sites with different land patterns. The Weibull 

analysis showed that for solder joints assembled on MD 

lands, three of the four LTS Bi-Sn solder joints performed 

28-44% better than the SAC leg, However, one of the 

heterogeneous, mixed BiSn-SAC solder joint legs on MD 

pads exhibited the lowest characteristic life of all legs tested. 

Most failures for the SMD pattern component sites were 

very close to the solder joint to PCB land interface, whereas 

failures for the MD land patterns were exclusively in the 

laminate under the PCB lands.  

Key words: Low temperature solder, Mechanical Shock 

testing, JESD22-B111A, Mixed SAC-BiSn solder Joints 

homogeneous BiSn solder joint 

INTRODUCTION 

The past few years have seen a growing interest in low 

temperature solders for electronics assembly, with dozens of 

publications in various international conferences. Indeed, 

current adoption of low temperature solders have so far 

supported earlier forecasts shared by the iNEMI. As per the 

2017 iNEMI Board and Assembly Roadmap, the adoption 

of low temperature solder pastes will reach 10% of all solder 

paste used for board assembly by 2021. Recently, extensive 

investigations have been conducted to evaluate the 

suitability of low temperature soldering for reducing 

dynamic warpage in the assembly of smaller, thinner and 

highly integrated electronic packages for new, emerging 

ultra-mobile computing, wearable devices and Internet of 

Things (IoT) markets [1-4]. It has been shown that lowering 

the reflow temperature below 200oC can reduce energy 

consumption in up to 20-25% (over SAC305) and improve 

surface mount yields [5, 6]. However, the replacement of 
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currently used Sn-Ag-Cu alloys with low temperature 

solders requires improving the mechanical and thermal 

reliability performance of the latter, particularly the shock 

performance.. Moreover, some board assembly processes 

may need to be created or adapted to account for these 

material changes. 

 

Bi-Sn is the preferred alloy system to achieve soldering 

temperatures below 200oC and is currently leading 

developments of a new class of reliable soldering materials 

and processes. A key advantage is the existence of a eutectic 

composition with approximately 42 wt.% Sn and 58 wt.% 

Bi that has a melting point of 138oC. Additionally, during 

the transition from Sn-Pb to lead-free, the eutectic 42Sn-

58Bi was one of the leading candidates, so there are already 

dozens of available reports on its performance, particularly 

its good thermal cycling performance relative to both SnPb 

and SAC305 [7-11]. Unlike Sn-Ag-Cu alloys that would 

require higher processing temperatures, the 42Sn-58Bi 

could lower Sn-Pb processing temperatures [12]. However, 

this advantage turned out to be a constraint, as its limited 

operating temperatures restrict its use to consumer 

electronics and telecommunications and excluding its use in 

under-the-hood and aerospace applications [8]. Another 

drawback was that Bi-Sn solder in combination with Pb-

containing printed circuit boards (PCB) finishes, 

components coating and assembly in general, could lead to 

formation of a ternary eutectic 51.5Bi-33Pb-15.5Sn that 

melts at 95oC [7, 13]. But, a major concern raised by 

independent investigations was that solders in the Bi-Sn 

metallurgical system exhibited poor mechanical shock 

resistance [14] and lower fatigue life [10].  

  

Nevertheless, a lot has changed in the past two decades. The 

conversion to Pb-free is complete and there is no risk of 

residual Pb contamination, as PCB finishes, components 

and assemblies are now mostly Pb-free.  In the past few 

years, solder suppliers have developed new low temperature 

solder pastes that aim to overcome the 42Sn-58Bi solder 

poor reliability performance. For example, the ductility of 

the Bi-Sn alloy can be enhanced by incorporating elemental 

additives promoting grain refinement, precipitate hardening 

or solid solution strengthening [5]. In this way, the Bi-Sn 

microstructure is modified to combine its inherent 

mechanical strength with better ductility and fatigue 

resistance to withstand mechanical stresses due to shock or 

cyclic stresses, such as those associated with mechanical 

shock or thermal cycling tests, respectively. Another option 

is the reinforcement of the solder joint by incorporating resin 

in the solder paste. In this case, the resins contained in these 

pastes cure during the reflow, forming a physical 

reinforcement layer that acts as a mechanical barrier around 

the metallic solder joint [2]. Independently conducted 

evaluations of both approaches have showed promising 

results of improved mechanical shock resistance [3, 5, 15] 

and thermal cycling performance [16] of mixed SAC-BiSn 

ball grid arrays (BGA) solder joints. 

A multitude of low temperature solder pastes and alloys are 

available for trial; few as commercial products and several 

still under optimization stage. The resources required for an 

unbiased and comprehensive evaluation, including 

soldering materials manufactured at locations around the 

globe, requires a concentrated effort. This is one of the 

propositions of the BiSn-Based Low Temperature Soldering 

Process and Reliability (LTSPR) Project that was initiated 

by iNEMI in 2015 and has the support of multiple 

stakeholders, including a diverse mix of Original Design 

Manufacturers (ODMs), Original Equipment Manufacturers 

(OEMs), Material Suppliers, and Universities. There are 

three categories of Bi-Sn solder pastes investigated in this 

project: (i) Eutectic, (ii) Ductile, and (iii) Joint Reinforced 

Paste (JRP). The first group includes three solder pastes with 

Bi content around 57-58 wt.% and 0, 0.4 or 1 wt.% Ag 

additions, including some with small alloying additions. The 

second category encompasses five solder pastes that include 

a broad variety of BiSn-based non-eutectic alloys, with Bi 

content ranging from 15 to 50 wt.%. While there are only 

limited alloying additions, the chemical formulation can 

vary considerably, and it is an important factor affecting the 

solder paste performance. This is even more critical in the 

JRP solder pastes, for example for preventing defects such 

as partial wetting and Head-on-Pillow (HoP) [17].  

 

The initial phase of the project covered material selection, 

and development/optimization of surface mount processes 

specific to low temperature solders, for which the results 

have been published elsewhere [17,18]. The project has 

completed Phase 2, which entails the evaluation of the 

mechanical shock performance of these three categories of 

solder pastes. Phase 3 has been initiated to evaluate the 

thermal cycling performance of the two best solder pastes 

resulting from mechanical shock evaluation in the Ductile 

and JRP categories.   

 

Within phase 2, three rounds of mechanical shock testing 

were planned. The first round of the mechanical shock 

testing of mixed alloy solder joints formed by soldering a 

SAC (SnAgCu) ball package-on-package (POP) BGA 

component with BiSn solder pastes was evaluated in the first 

part of the project’s Phase 2 and the results were published 

previously [19,20]. The latest JEDEC test vehicle design for 

board level mechanical shock testing [21, 22] was employed 

for the study covered here.  

 

The previous shock test study concluded that, based on the 

Characteristic Life () metric from the Weibull distributions 

of failures during shock, polymeric reinforcement of mixed 

BiSn-SAC POP component solder joints using resin in the 

solder paste significantly improves the mechanical shock 

reliability, when compared to similar mixed alloy solder 

joints with no polymer reinforcement. However, this 



 

 

improvement was not sufficient to attain equivalency to the 

homogeneous SAC solder joint composition.   

The mechanical shock results and respective failure modes 

from that study also indicated that there may be a 

dependency of the results on the package used and its 

geometry. Hence, the LTSPR project team decided to 

conduct second round of mechanical shock evaluation tests 

on a larger flip chip BGA (FCBGA) package, assembled on 

a specifically designed shock test board, with a solder joint 

height (~300 m) that is more than double the height of the 

POP BGA component (~130 m). A few of the alloy 

compositions and/or flux chemistry of the initial solder 

pastes were modified by the paste suppliers to enhance their 

paste performance, and these modified solder pastes 

replaced the original solder paste for these specific suppliers 

in the experiment In addition, the effect of the two PCB 

surface finishes (OSP vs ENIG) was also evaluated with the 

same set of LTS solder paste candidates. The results from 

this second round of testing shared the same trends for JRP 

pastes as previously observed with PoP packages. For all 

three paste categories stated earlier, OSP surface finish 

consistently exhibited better reliability performance than 

ENIG surface finish. The resulting ranking from this second 

round of testing yielded the top two LTS paste candidates in 

Ductile BiSn and JRP categories which were further 

evaluated in third and final round of the mechanical shock 

testing with CABGA192 packages. This paper details the 

efforts from that activity and shares the findings and 

conclusions. 

 

EXPERIMENTAL DETAILS 

Table 1 lists the details of solder pastes that were evaluated 

with CABGA192 components 

Table 1. Description of Various Solder Pastes Tested 

Code 

Name 
Category 

Bi 

wt

% 

Ag 

wt% 

Initial 

Melting 

Temp, C 

Liquidus 

Temp, C 

Raja 

Kunyit 

SAC 

Baseline 
0 3.0 217 220 

Red 

Flesh 

Ductile 

BiSn 
40 0 139 179 

Sultan3 
Ductile 

BiSn 

56-

58 
<1 138 145 

 

 

Package Test Vehicle 

The component test vehicle used for shock testing was a 

CABGA component with full daisy chain test vehicle. Table 

3 lists the key attributes and their values for the package test 

vehicle. Figure 1 shows a photograph of the top and bottom 

views of the package. Figure 2 shows the details about the 

daisy chain coverage and different net names that were used 

to monitor them in-situ during mechanical shock testing. 

 

Table 2. Key Attributes and Their Values for the Package 

Test Vehicle 

Attribute Value 

Package Size 14 x 14mm 

Package Type CABGA 

Number of Die 1 

Solder Ball Count 192 

Solder Ball Pitch 0.8 mm 

Solder Ball Metallurgy SAC405 and LTS 

Package Surface Finish Electrolytic Ni/Au 

Package Thickness 1.4mm 

 

  

 
Figure 1. Top and Bottom Views of Component Test 

Vehicle 

 

 
 

Figure 2. Daisy Chain Coverage for the Component Test 

Vehicle 
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Outer Daisy Chain 

Inner Daisy Chain 



 

 

Printed Circuit Board (PCB) Test Vehicle 

The printed circuit board used for the testing was designed 

as per JEDEC Standard No. 22-B111A, with four 

components per board. Each component was designed with 

three daisy chain monitoring test points: (1) Corner Daisy 

chain monitoring 6 solder joints per corner in the outermost 

rows of package corner, (2) Inner Daisy Chain monitoring 

the innermost row of the solder joints and (3) Outer Daisy 

Chain, monitoring rest of the solder joints. In addition to this, 

two of the four locations (U1 & U3) were designed with only 

Metal Defined (MD) pads while the remaining two locations 

(U2 & U4) was designed with only Solder Mask Defined 

(SMD) pads. The pad size was maintained at 14mils for all 

four locations. Table 3 lists key attributes of this PCB while 

Figure 3 shows the details of the PCB layout. 

Table 3. Key Attributes and Their Values for the PCB Test 

Vehicle 

Attribute Value 

Board Size 77 x 77 mm 

Board Layer Count 10 

Board Thickness 1 mm 

Surface Finish on Lands OSP 

PCB pad size 14 mils 

 

 
Figure 3. Details of PCB Test Board 

Experimental Legs 

Table 4 depicts the experimental legs that were set up for the 

mechanical shock testing. The experimental variables 

consisted of PCB pad design (MD vs SMD), solder ball 

metallurgy (SAC305 vs LTS) and two LTS solder paste 

manufacturers identified by a code name (Red Flesh vs 

Sultan3). Leg1 served as reference with SAC305 chemistry 

for both solder ball and solder paste. For the hybrid LTS legs 

(Legs 2 and 4), the CABGA192 test vehicle was built with 

SAC305 solder balls and assembled with respective solder 

pastes. For the homogenous Full stack LTS legs (legs 3 ad 

5), the test vehicle was built with LTS solder balls that 

matched the solder paste metallurgy and then assembled 

with respective solder pastes. 

A total of 8 boards were assembled for each leg. These eight 

boards yielded 16 samples per pad design type (MD vs SMD) 

for each leg. Previous to the assembly of these 8 boards, a 

couple of boards were assembled in the heterogeneous legs 

to assess the Bi mixing levels in the heterogenous SAC-

BiSn solder joints to ensure that there was sufficient mixing. 

Table 4. Experimental Legs Table 

Leg 

# 

Details Solder 

Ball 

 Solder 

Paste 

1 Full Stack 

SAC 

SAC305 SAC305 

2 Hybrid LTS 

Red Flesh 

SAC305 Red Flesh 

LTS 

3 Homogenous 

LTS Red 

Flesh 

Red 

Flesh 

LTS 

Red Flesh 

LTS 

4 Hybrid 

Sultan3 

SAC305 Sultan3 

LTS 

5 Homogenous 

LTS Sultan3 

Sultan3 

LTS 

Sultan3 

LTS 

 

BOARD ASSEMBLY PARAMETERS 

Stencil Design and Printed Solder Paste Volume 

The stencil aperture design for the component lands on the 

PCB are shown in Figure 4. The nominal stencil thickness 

for all legs was 127.0 m (5 mils). The aperture design was 

established to meet the requirement of the solder-paste 

volume-to-BGA ball volume (PBV) ratio being between 0.5 

and 0.6. This is the PBV ratio range which generates the 

maximum reliability of the BGA solder joints [35]. The area 

ratios for the stencil apertures for the CABGA192 is 0.91 

which is above the 0.66 minimum industry standard.  

 

A Galaxy ASM DEK stencil printer was employed to print 

the solder pastes on the boards. The solder paste volume 

printed on each land of the Alloy ATC TV board was 

measured using a Koh Young Aspire KY6070XL Solder 

Paste Inspection (SPI) tool.  

 



 

 

 
Figure 4. Stencil aperture designs for the two components 

on the CABGA192 JEDEC B111A board 

 

Figure A-1 in Appendix A plots the variability chart for the 

printed solder paste volume for each board from each leg 

subjected to mechanical shock in this study. All points 

measured fell within the 50% and 150% lower and upper 

control limits respectively. A glance at this plot indicates 

variation across the legs with the SAC leg having the 

narrowest range in values. A variance component analysis 

estimated that the 63.1 of the variation occurred between 

legs, 24.1% variation occurred within a board, 12.4% 

variation occurred from board to board. No variation could 

be attributed across the solder type or the solder paste code 

name. 

 

Reflow Soldering Profiles 

The Appendix A contains the reflow profiles for 

experimental legs 1, 2, 3, 4 and 5 in Figures A-2, A-3, A-4, 

A-5 and A-6, respectively. These reflow profiles were 

measured using the KIC thermal profiler. The 

Thermocouple locations on the Alloy ATC TV board are 

shown in Figure A-7, also in Appendix A. 

 

Two critical parameters in a reflow profile are the Peak 

Reflow Temperature (PRT) and the Reflow Time. These are 

critical to ensure a good quality BGA solder joint, both for 

a homogeneous microstructure, to enable complete collapse, 

and a heterogeneous macrostructure to enable adequate 

mixing of the molten solder paste with the un-melted BGA 

solder ball. 

 

The typical metric to measure reflow time is Time Above 

Liquidus (TAL), which is the temperature at which the 

entire solder paste is molten. The metallurgical 

compositions of the solders used in this study are near-

eutectic or hypo-eutectic. So, the temperature at which the 

`Initial melting`, which is usually the eutectic temperature 

of the metallurgical system of the paste’s solder alloy, and 

the Liquidus, which is the temperature when the solder paste 

is fully molten, will be different; even significantly different 

in one case, as seen in Error! Reference source not found. 

that gives these two values for the four solder pastes 

evaluated in this study. 

 

Due to the difference in the Initial Melting temperature and 

the Liquidus temperature, the Time above Initial Melting 

(TIM) and Time above Liquidus (TAL) Temperature will 

differ for the solder pastes. Figure 5 plots the values for 

these two parameters as well as the Peak Reflow 

Temperature.  

 

 
Figure 5. Three Critical Parameters extracted from the 

Reflow Profiles for the three Solder Pastes used in this Study 

The difference between TIM and TAL is significantly more 

for the Red Flesh solder paste than the Sultan 2 and Sultan 

3 solder pastes. However, the post reflow microstructure of 

the Heterogeneous (SAC-BiSn) solder joints is influenced 

predominantly by the PRT. The higher the PRT the more 

refined the grain structure post reflow [36]. 

 

Post Reflow Soldering Daisy Chain Resistances 

The daisy chain resistances for the components on each 

board of every leg was measured using Flying Probe testers. 

This data of the daisy chain resistances is plotted in Figure 

A-8 in Appendix A. The daisy chain resistances varied from 

close to 0 ohms to 1.5 ohms. No outliers were detected. At 

first glance, the resistances of the homogeneous solder joints 

appear to be lower than that for the heterogeneous solder 

joints since their mean lines are lower. However, the 

homogeneous and heterogeneous legs were measured on 

two different Flying Probe Tester machines and this created 

the minor discrepancy in the daisy chain resistances. 

 

MECHANICAL SHOCK SETUP AND PROCEDURE 

While setting up the boards on the shock table, each board 

was mounted in top down orientation, as shown in Figure 6. 



 

 

Mechanical Shock Input was measured with two 

accelerometers for redundancy. Four In-situ test points were 

connected for continuous monitoring during the testing.   

The boards were subjected to repeated drop testing at the 

same test condition: 1500G force and 0.5 millisecond half 

sine pulse. The Shock Table Input profile is shown in Figure 

7 for two boards as a plot of acceleration vs time. For each 

leg, the testing continued until at least 50% of samples had 

failed in-situ monitoring. 

 
Figure 6. Photograph of JEDEC STB Mounted to a 

Mechanical Shock Testing Fixture. In-situ 

Monitoring Test Points are shown 

 

 
Figure 7. Shock Table Input Profile for Two 

Boards during Shock Test 

 

RESULTS AND DISCUSSION 

Shock Test Results  

A voltage based electrical in-situ monitoring technique was 

used to continuously monitor solder joint failure during each 

mechanical drop for the entire duration of the testing. The 

failure criterion was defined as a sudden drop in monitored 

voltage that corresponds to 100% solder joint crack. A 

sample was considered to have failed when at least one of 

the three channels being monitored met this failure criteria. 

As the testing progressed, the number of drops to fail for 

each sample was noted. A Weibull distribution plot of % 

failure rate based on number of drops to fail was then used 

to compare the performance of the solder pastes. The metric 

for comparing the mechanical shock reliability of the solder 

joints formed using each solder paste was the characteristic 

life, , which corresponds to a 63.2% failure rate. 

 

Analysis of the in situ results showed that the corner daisy 

chain had consistently registered an electrical open for all 

legs for both MD and SMD pad designs. In addition, the 

components assembled on SMD pads design registered 

additional electrical fails in remaining two daisy chain nets 

for legs 2 through 5. In general, the failures observed at 

SMD pad location in either of hybrid LTS legs were greater 

in numbers in comparison to homogenous full stack LTS 

legs. In addition, components at SMD pad location (U2 and 

U4) had in-situ failures that was observed in the very first 

drop for legs 2, 4 and 5. This unexpected early fails 

prevented the team from understanding the full impact of 

SMD pad design for those three legs. 

Error! Reference source not found. shows a 2-parameter 

Weibull distribution of failures observed in corner daisy 

chain for all five legs when assembled with just MD pad 

design. Figure 9 shows a 2-parameter Weibull distribution 

of failures observed in corner daisy chain for Legs 1 and 3 

when assembled with just SMD pad design. It should be 

noted that Leg #3 is the only LTS leg that showed lesser 

capability than SAC Baseline for both pad designs. Further 

discussion of the observed trends will be discussed in next 

section. 

 
Figure 8. Weibull Distribution Plots of the Mechanical 

Shock Reliability of five legs with MD pads at Corner 

Daisy Chain 

 



 

 

 
Figure 9. Weibull Distribution Plots of the 

Mechanical Shock Reliability of Legs 1 and 3 with 

SMD pads at Corner Daisy Chain 

 
Table 5. Characteristic Parameters from the Weibull Plot 

for the 5 legs evaluated in this study 

Leg 

# 
Category 

Solder 

Paste 

Code 

name 

Pad 

Type 

Characteristic 

Parameters for 

the Weibull 

Plot 

  

1 SAC Baseline 
Raja 

Kunyit 

MD 4.9 121 

SMD 5.4 105 

2 
Hybrid LTS 

Red Flesh 

Red 

Flesh 

MD 4.6 177 

SMD N/A 

3 

Homogenous 

LTS Red 

Flesh 

Red 

Flesh 

MD 3.3 105 

SMD 3.1 21 

4 
Hybrid LTS 

Sultan3 
Sultan3 

MD 4.6 158 

SMD N/A 

5 
Homogenous 

LTS Sultan3 
Sultan3 

MD 3.3 154 

SMD N/A 

 Shape Parameter;  : Characteristic Life (63.2% pfail) 
 

Characteristic Life() Analysis  

The effect of the PCB pad design on the Characteristic Life 

of the solder joints formed with hybrid LTS and 

Homogenous LTS alloys was analyzed in comparison to 

Full SAC baseline. 

Figure 10 compares the Characteristic Life of the solder 

joints under Mechanical Shock for all five legs that were 

evaluated, with just MD pad design. It should be noted from 

the results that LTS Legs #2, #4 and #5 had higher 

characteristic number of drops to failure than the baseline 

SAC Leg # 1 while Leg #3 has lower characteristic number 

of drops to failure under the same comparison. The results 

showed that Legs #2, #4 and #5 showed a higher 

characteristic life ranging between 28-44% when compared 

against SAC Baseline (Leg #1). At the same time, Leg #3 

with homogenous LTS with Red Flesh alloys showed a 

lower characteristic life by ~10%, when using MD pads. 

 
Figure 10. Bar Chart Comparing the Characteristic Life 

of Solder Joints under Mechanical Shock for the Five 

Legs with MD pad design. 

 

Figure 11 compares the Characteristic Life of the solder 

joints under Mechanical Shock for two legs (#1 and #3) 

comparing MD vs SMD pad design. The results showed that 

Leg #3 with homogenous Red Flesh LTS alloy has lower 

characteristic number of drops to failure by ~80% when 

compared against baseline SAC Leg #1. The data for 

remaining legs is unavailable due to early fails observed 

during the testing. 

 
Figure 11. Bar Chart Comparing the Characteristic Life 

of Solder Joints under Mechanical Shock for the Legs 

#1 and #3 Comparing MD vs SMD pad designs 

 

Dye and Pull Failure Analysis 

After shock testing was completed, three samples from each 

leg were sent for dye and pull failure analysis to understand 

the failure mode and failure location. The solder joints at the 

four package corners that were monitored in situ were 

inspected. Figure 12 and Figure 13 show the worst-case 

solder joint cracking that was observed for Baseline SAC 

and LTS legs, respectively, with MD pads. These are 

representative of what was seen with other samples from 



 

 

those legs. The color coding for solder joint cracks indicted 

in these figures is displayed in Error! Reference source not 

found.. The colors indicate the amount of area covered by 

the dye at the breaking interface. Red colored lands 

exhibited 100% cracks. White colored lands exhibited 0% 

crack. The disbond mode for all these cracks stayed 

consistent with Type 4/pad cratering failure mode. This 

failure signature could help explain the unexpected 

observation with Characteristic Failure number of drops 

reported earlier for MD pad design and can be explained by 

interaction of the reflow profile on PCB laminate. Lower 

peak reflow temperature used in LTS reflow profiles could 

have a less detrimental impact on PCB pad-to-laminate 

integrity as opposed to higher peak reflow temperature seen 

with SAC reflow profile, thus explaining the higher Eta () 

for certain LTS legs. 

 

 
Figure 12. Solder Joint Crack Map after Dye and Pull 

for Leg #1 (SAC Baseline, Raja Kunyit) Sample with 

MD Pads 

 

 

 
Figure 13. Solder Joint Crack Map after Dye and Pull 

for typical LTS (hybrid and homogenous) Sample with 

MD Pads 

 

 

 
Figure 14. The Color Coding for the post Dye and Pry 

Solder Joint crack maps shown in Figures 12,13,15, and 16 

 

Figure 15 and Figure 16 show the worst-case solder joint 

cracking that was observed for Baseline SAC and LTS legs 

respectively with SMD pads. These are representative of 

what was seen with other samples from those legs. The 

disbond mode for all these cracks stayed consistent with 

Type 3/Ball-to-pad separation which is expected on samples 

with SMD pads. The number of solder joints with 100% 

cracking is much higher for Leg #3 (Homogenous LTS Red 

Flesh) when compared with Leg #1 (SAC Baseline), thus 

explaining the big difference in Eta () observed for those 

two legs with SMD pads. 

 

 
Figure 14. Solder Joint Crack Map after Dye and Pull for 

Leg #1 (SAC Baseline, Raja Kunyit) Sample with SMD 

Pads 

 



 

 

 
Figure 16. Solder Joint Crack Map after Dye and Pull 

for Leg #3 (Homogenous LTS Red Flesh) Sample with 

SMD Pads 

 

Cross Section Failure Analysis 

Time Zero (T = 0) cross sections were performed for Full 

Stack SAC (Leg1) and Hybrid LTS Legs (Leg2 and Leg4). 

The locations of cross section is shown in Figure 17 by the 

yellow line. Solder joint height measurements were 

collected using optical microscope (Figure 18). 

Measurements were performed at every third joint along 

each cross-section surface. 

 

 

Figure 15. Cross Section Locations 

 

Figure 16. T = 0 Standoff height for three metallurgies on 

SMD and MD pads. 

 

6 samples were used in the analysis, where three of them 

(from U1 location) were reflowed on MD pads while the rest 

(from U4 location) were reflowed on SMD pads. Because of 

the constant paste volume on three boards, solder joint 

height differences were observed. Figure 17 shows solder 

joints from Legs 1, 2 and 4 for MD and SMD pads. Solder 

on MD pads collapsed more than SMD pads due to higher 

Cu pad surface area and the trench around the pad. With 

SMD pads, the solder joint width is limited by solder resist 

resulted in the taller solder joint. Although SAC and Hybrid 

Sultan 3 exhibited similar solder joint heights, Hybrid Red 

Flesh remained higher on both MD and SMD pads than the 

other two. Lower Bi wt% combined with lower reflow 

temperature likely caused higher solder joint height post 

reflow. 

 

(a) 

 

 

(b) 



 

 

 

(c) 

 

(d)  

 

(e) 

 

(f) 

Figure 17. (a) U1 -  SAC healthy solder joints on MD 

pads. (b) U4 - SAC healthy solder joints on SMD pads. (c) 

U1 – LTS - Red Flesh healthy solder joints on MD pads. 

(d) U4 – LTS - Red Flesh typical healthy solder joints on 

SMD pads (e) U1 – LTS - Sultan 3 healthy solder joints 

 

Since these boards were built to characterize shock 

performance, further solder characterization was done using 

SEM & EDX analysis. Two joints per XS were 

characterized and the data is shown in Figure 20. 

 

(a) 

 

(b)  

Figure 18. (a) EDX data (b) EDX characterization location 

at T3 interface 

 

Hybrid Red flesh solder joints (Leg 2) showed 28 - 37 Bi 

wt %, while Hybrid Sultan 3 solder joints (Leg 4) showed 

25 – 34 Bi wt%.  Bi wt% were nearly similar in both 

metallurgies and consistent with previous results where 

different starting Bi wt% stabilizes post reflow between 25 

~ 40 wt% range [36].  

No Bi was detected in both T2 or T3 IMC interface analysis, 

which is consistent with previous observations. Similar IMC 

morphologies were observed at T2 and T3 interfaces across 

both legs as shown in Figure 21. No precipitated Bi was 

observed at or near the T2 interface, which could have been 

detrimental at shock testing. 

 



 

 

 

(a) 

 

(b) 

Figure 19. (a) Hybrid Red Flesh solder joints and T2/T3 

intermetallic compound substance. The white material is 

Bi, and the gray material is βSn.(b) Hybrid Sultan 2 solder 

joints and T2/T3 intermetallic compound morphology. The 

white substance is Bi, and the gray material is βSn 

 

Post Shock Testing Cross Section FA 

Post shock testing cross-section locations were decided 

based on crack maps generated during from dye and pull 

inspection process. Since most cracks were observed at 

outer edges, two outer rows were picked for Cross Section 

as shown in figure 17. Solder joint height measurements 

were performed on samples. 

Three different solder joint heights were observed, as 

illustrated in Figure 22. Full-stack LTS Sultan 2 leg yielded 

the lowest solder joint height due to melting of both solder 

pastes and the ball. However, hybrid Sultan and Red Flesh 

legs yield taller solder joint height due to unmelted SAC ball. 

The height difference between the two legs is likely driven 

by the reflow temperature and LTS metallurgy liquidus 

temperature. Lower liquidus and high reflow temperature 

give better solder joint collapse. 

 

 

(a) 

 

(b) 

Figure 20. (a) Solder joint height measurements (b) Solder 

joint height profile 

 
Packages assembled at U2 and U4 locations (with all SMD 

pads) failed prematurely during the shock testing, and fell 

off the board. This is evident in Figure 23,  which shows an 

photo of the board after the shock testing and the packages 

at U2 and U2 location are missing. On the other hand, 

packages assembled at U1 and U3 locations (with all MD 

pads) survived much better with Hybrid LTS metallurgy and 

stayed on the board. To understand this better, a scanning 

electron microscope (SEM) was utilized to inspect failed 

joints at U2 and U4 (Figure 22).  

Both U2 and U4 had cracked joints at T3 interface with 

exposed IMC, which is typical of brittle cracks. Interestingly 

both U2 and U4 have SMD pad which performed 

mechanically weaker compared to MD pad design. Brittle 

Bi-Sn combined with SMD pad design lead to premature 

failures at board side joints. 



 

 

 

Figure 21 SMD and MD pad locations on the JEDEC 

B111A Test Board 

 

 

(a) 

 

(b) 

Figure 22. Board side (T3) cracked joints (a) U2 SMD 

SEM images (b) U4 SMD SEM images at board side 
 

All packages on Metal defined (MD) pads had T4 (pad 

cratering) cracks. These cracks are depicted by yellow lines 

in Figure 25 which shows the bright field cross-section 

optical micrographs for 3 LTS legs in this study.. Solder 

coverage on the top and edges of the pad improves the 

mechanical adhesion strength, preventing T3 cracks as was 

seen in the SMD pad design. Joint stress is then relieved 

through PCB laminate resulting in T4 cracks. Data suggests 

that MD pad design is vital for LTS solder to prevent 

premature failures during mechanical shock testing. 

 

 

(a) 

 

(b) 

 

( c ) 

Figure 25. T4 cracks, (a) Full-stack Sultan 2 (b) Hybrid 

LTS Sultan 2 (c) Hybrid LTS Red Flesh 

 

A further analysis of the geometry of the MD / SMD land 

structures with the soldermask and the laminate, indicates 

that the difference in the crack location and propagation 

paths are due to the difference in the region where the stress 

is the highest during a shock test.  Figure 27 contains cross-

sectional diagrams of BGA solder joints formed on MD 

lands (left) and SMD lands (right). The locations of the 

stress points in these cross-sections are denoted by the red 

`X`. For the MD land, the stress is at contact point of the 

land circumferential edge to the laminate. This is the region 

where the T4 Pad crater cracks initiate for MD lands, and 

then propagate in the laminate under the land. For the SMD 

land, the stress point is at the contact between the solder 

joint and the soldermask that is located on the land. Again, 

this is the region where the cracks initiate for the SMD lands 



 

 

and then these cracks propagate through the solder at the 

solder-to-PCB land interface. 

 

 
Figure 26. Cross-sectional diagrams of Metal Defined 

Land Structure [left] and Soldermask Defined (SMD) land 

structure [right] 

 

CONCLUSION 

Heterogeneous, mixed SAC-BiSn alloy solder joints as well 

as homogeneous BiSn alloy solder joints of the 14mm x 

14mm CABGA192 daisy-chained component were 

subjected to multiple shock drops of 1500g using the 

JEDEC JESD-B111A standard board design, with two 

component sites having MD lands and the other two having 

SMD lands.  

 

The results indicate that: 

• LTS BiSn solder joints on MD lands were significantly 

more robust than solder joints on the SMD lands. 

Failures on the MD lands were pad craters, which are 

cracks in the laminate under the PCB lands.  

• Most LTS BiSn solder joints on SMD lands performed 

poorly, with failures occurring within the solder very 

close to the solder-to-PCB land interface.  

• For the SMD lands, homogeneous solder joints with the 

hypoeutectic composition of 40 wt% Bi were the best 

performing LTS BiSn solder joints among all the 

combinations tested, which included eutectic (~56-58wt% 

Bi) solder joints. This shows that reduction in the Bi wt% 

within the solder joint improves their robustness under 

mechanical shock/drop tests when using SMD lands.  

• For MD lands, three of the four LTS Bi-Sn solder joints 

performed better (28-44% based on Characteristic Life) 

than the SAC leg. Since the failure mode for MD land 

solder joints was in the laminate, the laminate fracture 

toughness is a more prominent factor than the solder 

joint metallurgy for shock resistance of solder joints on 

MD lands. 

FUTURE WORK 

Given the findings from this multi-year study, one suggested 

area to further explore and understand why MD pads 

performed better than SMD pads during shock testing with 

LTS solder joints. The extent of crack propagation under the 

PCB pads (T4 pad craters) with number of drops for SAC 

and LTS solder joint legs would need to be measured since 

the presence of these partial cracks in the T4 location does 

not lead to an in-situ electrical failure   Another area that 

warrants further attention would be to understand the impact 

of Bismuth segregation due to electromigration on SJR 

performance during Shock testing. of PCB pad definition 

(MD vs SMD) on SJR of LTS solder joints. Yet, another 

area to further explore would be to understand the impact of 

Bismuth and Silver content on SJR performance of the 

resulting solder joints (hybrid and full stack). 
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APPENDIX A 

Relevant Board Assembly Parameters 

 

 
Figure A-1: Solder Paste Transfer Efficiency for CABGA192 JEDEC B111A Boards in the 5 legs used in this study. 

 



 

 

 

Figure A-2. Reflow Profile for the Raja Kunyit paste used in Leg #1, the SAC Baseline category 



 

 

 

Figure A-3. Reflow Profile for the Red Flesh paste used in Leg #2, the Heterogeneous Ductile BiSn category 



 

 

 

Figure A-4. Reflow Profile for the Red Flesh paste used in Leg #3, the Homogeneous Ductile BiSn category 

  



 

 

 

Figure A-5. Reflow Profile for the Sultan 3 paste used in Leg #4, the Heterogeneous Ductile BiSn category 

 



 

 

 

Figure A-6. Reflow Profile for the Sultan 2 paste used in Leg #5, the Homogeneous Ductile BiSn category 

  



 

 

 

Figure A-7. the Location of the Thermocouples on the CBGA192 JEDEC B111A board for measurement the Reflow Profiles 

of various experimental legs. 

 

Figure A-6. Resistances after reflow soldering of the 3 Daisy Chains for the CABGA192 on the JEDEC B111A design 

boards for all Legs in this study. 

 


