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ABSTRACT 

Development of low temperature soldering of handheld and 

mobile computer board products is burgeoning because the 

lowering of peak reflow temperatures from the current 

240
o
C+ level for SnAgCu (SAC) solder paste to below 

200
o
C for BiSn based solder pastes has a triad of benefits -

economic, environmental and technical. The inherent 

brittleness of the bismuth phase in the BiSn solder is its 

major drawback and has stunted its growth for use in many 

electronic products. Recently, solder suppliers have 

developed ductile Bi-Sn metallurgical and resin reinforced 

formulations of solder pastes to overcome this drawback. In 

this study, many of these newly developed solder pastes 

systems were evaluated. Using these solder pastes, SAC ball 

Package-on-Package (POP) components were assembled on 

B111A JEDEC Standard design boards, which were  

subjected to mechanical drops until failure. Results show 

that though there was some improvement in the mechanical 

shock resistance of the mixed alloy solder joints formed 

using the ductile metallurgy solder pastes and even 

significant improvement for the resin reinforced 

formulations over those formed with the baseline eutectic 

Bi-Sn formulations, this improvement was still not up to par 

with that of  SAC solder joints.   

 

Key words: BGA solder joints, low temperature solder, Bi-

Sn metallurgy, Mechanical Shock Reliability, Polymeric 

reinforcement  

 

INTRODUCTION  

Economic, environmental and technical requirements have 

been driving the accelerated usage of low temperature 

solders in electronics assembly. Indeed, the 2017 iNEMI 

Board and Assembly Roadmap forecasts that 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 200
o
C can reduce energy 

consumption and improve surface mount yields. However, 

the replacement of currently used Sn-Ag-Cu alloys with low 

temperature solders requires a new class of reliable 

soldering materials and processes. 

 

From a metallurgical point of view, the Bi-Sn solder system 

is the primary target for achieving soldering temperatures 

below 200
o
C. This system was one of the leading candidates 

to replace Sn-Pb during the lead-free transition in the early 

2000’s. A key advantage was that its eutectic composition 

has a melting point of 138
o
C and it would therefore require 

lower reflow temperatures, unlike Sn-Ag-Cu alloys [5]. 

Unfortunately, this same advantage was also a limitation, as 

its lower melting point limits its operating temperatures, 

restricting its use to consumer electronics and 

telecommunications, and excluding under-the-hood and 

aerospace applications [6]. Another constraint was that Bi-

Sn solder in combination with Pb-containing PCB finishes, 

components coating and assembly in general, could lead to 

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

melts at 95
o
C [5, 7]. In addition to that, there were also 

reports on 42Sn-58Bi having poor mechanical shock 

resistance [8] and lower fatigue life [9], perhaps due to the 

inherent brittleness of its two-phase lamellar microstructure. 

  

Almost two decades later, the conversion to Pb-free is 

complete and there is no risk of residual Pb contamination, 
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so the only disadvantage of using Bi-Sn solders is related to 

the poor reliability of the 42Sn-58Bi solder.  In the past few 

years, solder suppliers have developed new low temperature 

solder pastes that aim to overcome such performance 

challenges. For example, the ductility of the Bi-Sn alloy can 

be enhanced by incorporating additives promoting grain 

refinement, precipitate hardening or solid solution 

strengthening [10]. 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 to 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, 10, 11] and thermal cycling 

performance [12] of mixed SAC-BiSn ball grid arrays 

(BGA) solder joints. 

 

Evaluating the multitude of low temperature solder pastes 

and alloys available, which are manufactured at locations 

around the globe, requires a concentrated effort and the 

support of multiple stakeholders. 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. After extensive discussions, three 

categories of solder pastes were identified: (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. 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.%. Whereas the chemical 

formulation is very important for the paste performance of 

the first two categories, it is extremely critical in the JRP 

solder pastes, for example for preventing defects such as 

partial wetting and Head-on-Pillow (HoP) [13]. Four JRP 

resin containing solder pastes were evaluated in this 

category, all using Bi-Sn eutectic solder compositions. 

 

The first phase of the project covered material selection and 

surface mount process development and its results have 

been published elsewhere [13-14]. Phase 2 is currently 

evaluating the mechanical shock performance of these three 

categories of solder pastes, whereas phase 3 will evaluate 

their thermal cycling performance. The mechanical shock 

testing of solder joints formed by soldering a SAC 

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

component with the BiSn solder pastes was evaluated as per 

the latest JEDEC test vehicle design for board level 

mechanical shock testing [15,16]. Initial findings from 

phase 2 were recently published and confirmed the 

expectations of performance improvement by modification 

of chemical formulation and BiSn alloy composition [17]. 

This paper reports on the project’s most recent results on the 

mechanical shock resistance of solder joints formed for the 

POP test vehicle when using 13 different solder pastes 

spanning all three categories of BiSn solder pastes with a 

SAC305 solder paste leg for comparison.  

 

EXPERIMENTAL DETAILS 

Key attributes of the package and printed circuit board 

(PCB) test vehicles are described below.  The mechanical 

shock test set-up and procedure for conducting the shock 

test are listed in detail, too. The names and description of 

the various solder pastes evaluated in this study are also 

listed in this section. 

 

Package Test Vehicle 

The component test vehicle used for shock testing was a 

POP daisy chain test vehicle. Figure 1 depicts a mechanical 

drawing of the POP test vehicle. This POP component has a 

substrate with a flip chip and an interposer. For POP 

components, generally a memory package is assembled on 

the interposer during the same reflow soldering process 

when the substrate is assembled on the motherboard. 

However, in this case no memory package was assembled 

on the interposer.  

 

 
Figure 1. Mechanical drawing of the POP component which 

includes the substrate and the interposer. 

 

 

Table 1 lists the key dimensional attributes and their values 

of this package test vehicle. The assembly stack-up of the 

POP component test vehicle soldered on the printed circuit 

board test vehicle is depicted in Fig. 2. This was the 

assembly configuration subjected to the mechanical shock 

tests. 

 

Table 1. Key Attributes and Their Values for the Package 

Test Vehicle 

Attribute Value 

Package Size 14 x 14 mm 

Package Type Package-On-Package (PoP) 

Die thickness 0.27 mm 
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Bottom Package Solder 

Ball Count 
760 

Bottom Package Solder 

Ball Pitch 
0.483 mm 

Bottom Package Solder 

Ball Metallurgy 
SAC1205 (Ni) 

 

 
Figure 2. Assembly stack-up of the POP Component Test 

Vehicle soldered on the PCB Test Vehicle. 

 

Printed Circuit Board (PCB) Test Vehicle 

The printed circuit board used for the testing was designed 

in accordance with JEDEC standard JESD-B111A [15]. The 

test board, shown in Fig.3, is 77 mm x 77 mm x 1.0 mm 

with 10 layers. It is a type 4 HDI PCB with Via-In-Pad 

design and OSP surface finish. Each board is designed to 

accommodate 4 POP components with OSP surface finish. 

The PCB land pattern design for each of these 4 POP 

components is identical and contains a mixture of solder 

mask design (SMD) and metal defined (MD) lands, as 

shown in Fig. 4.  Each POP package has three daisy chain 

nets which were monitored in-situ during shock testing in 

accordance with IPC-JEDEC-9706 standard. The daisy 

chain coverage at each of the four package corners is shown 

in Fig. 5, with the three daisy chain nets identified as: 

AW1_nCTF1, AR1_nCTF2, and AT38_CTF. 

 

 
Figure 3. Top View of the PCB Test Vehicle designed in 

accordance with the JESDB111A JEDEC Standard. 

 

 

 
Figure 4. Land Pattern Design for the each of the four 

packages on the PCB Test Vehicle, showing a mixture of 

MD and SMD pads 

 

 
Figure 5. Daisy chain coverage for each of the four corners 

of the package test vehicle. 

 

Mechanical Shock Setup and Procedure 

The main objective of this phase of the project was to 

evaluate the reliability performance during mechanical 

shock testing of the POP component’s second level solder 

joints formed using 12 different LTS pastes and compare 

them to that of solder joints formed using the current 

industry baseline, SAC305 solder paste. Table 2 lists the 

information for all these solder pastes, which were selected 

by the LTSPR Project team. The LTS pastes are broadly 

grouped into three categories: BiSn baseline, ductile BiSn 

and Resin-containing BiSn (JRP). 

 

The assembly parameters, such as reflow soldering profiles, 

for each solder paste were reported in a previous work [13]. 

The stencil aperture design for the component land patterns 

is shown in Figure. 6. The outer rows had larger stencil 

apertures than the centrally located lands in the pattern to 

enable larger solder paste volume to be printed for 

overcoming any package and/or board warpage during the 

reflow soldering process. 

 

The project goal was to test all 13 solder pastes listed in 

Table 2 and determine if any trends in the mechanical shock 

reliability of hybrid BiSn-SAC solder joints can be 

discerned between various BiSn solder alloy compositions 

in three categories.  
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A total of 7 boards/28 POP components were assembled 

with each of the solder paste under evaluation. 1 board/4 

POP components were set aside for Time Zero Solder Joint 

Quality Inspection from each leg while the rest of the 

samples were subjected to mechanical shock testing. To this 

end, each board was mounted in top down orientation, as 

shown in Fig. 7, and subjected to the repeated drop testing 

at the same test condition: 1500G and 0.5 millisecond half 

sine pulse. For each solder paste, the testing continued until 

at least 50% of samples had failed in-situ monitoring or 

completed 80 drops, whichever occurs later.  

 

Table 2. 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 

Cheh Chee 

BiSn 

Baseline 

57 1 139 139 

Teka 58 0 139 139 

Balik Pulau 57 0.4 139 143 

Red Flesh 

Ductile 

Bi-Sn 

40 0 139 179 

Black Thorn 15 0 125 191 

Kan You 40 0 139 174 

Sultan 50 0 138 151 

Red Prawn 57 0.4 139 142 

Beserah 

Resin Bi-

Sn based 

(JRP) 

58 0 139 139 

Golden Pillow 58 0 139 141 

HorLor 58 0 139 139 

Chanee 57 1 139 140 

 

 

 
Figure 6. Stencil Aperture Design for the POP component 

PCB Land Pattern. 

 

 
Figure 7. Test Boards Mounted to the Mechanical Shock 

Testing Fixture. 

 

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 criteria is 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 

failures based on number of drops to fail was then used to 

compare the performance of the solder pastes. 

 

The AW1_nCTF1 daisy chain net, which connects the outer 

two rows of solder joints (4 per package corner) was the 

only daisy chain net to exhibit failure in all the legs of 

testing. Table 3 lists the results in terms of , the 

characteristic life (ie.,63.2% failure rate) in number of drops 

to fail, and maximum numbers of drops that each board was 

subjected to, for a given solder paste.  
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Table 3. Weibull Plot Parameters for each Solder Paste 

evaluated 

Code 

Name 
Category 

Max 

Number 

of Drops 

Characteristic 

Parameters for 

the Weibull Plot 

 

Raja 

Kunyit 

SAC 

Baseline 
180 5.2 198 

Cheh Chee 
BiSn 

Baseline 

80 6.3 78 

Teka 80 4.5 68 

Balik Pulau 80 8.7 53 

Red Flesh 

Ductile 

BiSn 

80 4.7 64 

Black 

Thorn 
80 4.2 80 

Kan You 80 2.4 43 

Sultan 80 3.8 44 

Red Prawn 80 4.4 84 

Beserah 

Bi-Sn 

JRP 

(resin) 

180 3.6 155 

Golden 

Pillow 
80 1.1 6 

HorLor 120 3.7 116 

Chanee 80 7.6 80 

 

Figure 8, Figure 9 and Figure 10 display the 2-parameter 

Weibull distribution of the 3 paste categories, Baseline 

BiSn, Ductile BiSn and Bi-Sn JRP, respectively. The 

Weibull plot for the baseline SAC paste is also drawn in 

each of these plots for comparison. To generate enough 

electrical fails, the samples assembled with pastes from 

BiSn Baseline and Ductile BiSn categories were subjected 

to 80 drops whereas those assembled with some of the JRP 

pastes and the SAC baseline paste were tested beyond 80 

drops. 

 

 
Figure 8. Weibull of the mechanical shock reliability of 

POP component, comparing Baseline BiSn solders against 

SAC solder 

 
Figure 9. Weibull of the mechanical shock reliability of 

POP component, comparing Ductile BiSn solders against 

SAC solder paste 

 

Looking at three BiSn Baseline pastes with comparable Bi% 

content, Cheh Chee paste with 1% Ag content performs 

better than the remaining two BiSn baseline pastes, 

highlighting the positive impact of Ag within the Bi-Sn 

alloy for solder joint reliability performance during shock 

testing. However, Balik Pulau with 0.4% Ag content seems 

to perform worse when compared to Teka, which has no Ag 

added. The mechanical shock results for Balik Pulau are 

somehow unusual because the Ag addition was shown to 

improve bulk mechanical properties of 42Sn58Bi eutectic 

solder [18]. However, other aspects such as actual board 

assembly conditions and test repeatability, may also 

contribute to these results and could be further 
investigated. Further, all three BiSn baseline solder pastes 

were from different suppliers.   

 

 

 
Figure 10. Weibull of the mechanical shock reliability of 

POP component, comparing BiSn JRP solders against SAC 

solder paste 

Proceedings of SMTA International, Oct. 14 - 18, 2018, Rosemont, IL, USA



A comparison of five ductile BiSn solders shows a 

correlation between characteristic drops to fails and Bi%, 

with comparably better shock reliability performance seen at 

either end of the spectrum at 15% and 57% Bi 

concentrations while rest of the pastes with 40-50% Bi 

concentrations exhibit a lower performance. A comparison 

of Balik Pulau and Red Prawn with similar Bi% and Ag%, 

and from the same supplier, clearly demonstrate the Ductile 

BiSn composition outperforming the BiSn Baseline 

composition. It is possible that the mechanical shock results 

shown here are highly dependent on the package and its 

geometry. Further analysis involving the aspects such as the 

influence of pitch size, solder ball size, alloy composition of 

the solder ball used in the package and the degree of mixing 

in SAC/LTS mixed solder joints can help to clarify that. 

 

Comparing the performance of LTS pastes across three 

categories, it was observed that the JRP pastes, for the most 

part, performed better than the LTS pastes in the other two 

categories and came closest in matching the performance 

observed with SAC baseline. This overall trend is evident 

from comparing the characteristic life of the different pastes 

and validated by maximum numbers of drops that it took on 

average to induce failures in at least 50% of sample size. 

One of the JRP pastes, codenamed Golden Pillow, showed 

unexpectedly high failure rate resulting in low characteristic 

failure life. This was attributed to challenges observed with 

the manufacturing processes for some JRP pastes. During 

reflow soldering of JRP pastes, the initial ramp rate in 

temperature needs to be controlled appropriately. The solder 

paste powder has to melt, wet the lands and the BGA solder 

ball before the resin starts to gel and its decrease its 

viscosity in its cure progression. If the initial temperature 

ramp rate is slow, the resin will gel and cure before the 

solder joint has fully formed leading to partial wetting 

defect as well as head-on-pillow (HoP) defects [13]. 

 

Failure Analyses 

After shock testing was completed, a few samples from each 

solder paste 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. Figures 11, 12, 14 and 16 show the 

worst case solder joint cracking that was observed for each 

paste category. These are representative of what was seen 

with other solder pastes from those legs. The color coding 

for solder joint cracks indicted in these figures is displayed 

in Figure 17. The colors indicate the amount of area covered 

by the dye at the breaking interface. Red colored lands 

exhibited 100% cracks. Black colored lands were not 

inspected. Figures 13 and 15 show dye penetration at 

package corners corresponding to the solder joint crack map 

shown for Cheh Chee solder paste leg and Black Thorn 

solder paste leg respectively. 

 
Figure 11. Solder joint crack map after Dye and Pry for a 

Raja Kunyit Solder Paste Leg (SAC Baseline) sample 

 

 
Figure 12. Solder joint crack map after Dye and Pry for a 

Cheh Chee Solder Paste Leg (BiSn Baseline) sample 
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Figure 13. Dye penetration at package corners after Dye 

and Pry for a Cheh Chee solder paste leg (BiSn Baseline) 

sample 

 

 
Figure 14. Solder joint crack map after Dye and Pry for a 

Black Thorn solder paste leg (Ductile BiSn) sample 

 

 
Figure 15. Dye penetration at package corners after Dye 

and Pry for a Black Thorn solder paste leg (Ductile BiSn) 

sample 

 
Figure 16a. Solder joint crack map after Dye and Pry for a 

Horlor Solder Paste Leg (JRP) sample 

 

Looking at the solder joint crack map in Figures 11-15, the 

solder balls with SMD PCB pads in two diagonally opposite 

package corners showed 100% cracking and line up with 

AW1_nCTF in-situ channel which showed electrical fails. 

The other two package corners with MD pads showed 

minimal cracking. The dye and pull failure analysis also 

showed that the most predominant failure mode was the 

separation of solder ball from PCB pad (also called Type 3) 

with 100% solder joint cracking seen at package corners 

across the SAC and LTS pastes in BiSn baseline and Ductile 

BiSn categories.  

 

A unique observation pertained to the crack maps observed 

with Horlor paste as shown in Figure 16. Due to presence of 

cured resin encapsulating a part or the whole of the solder 

joints the dye did not penetrate all cracks present in the 

solder joints which were identified as failing during the in-

situ electrical test.  

 

 

 
Figure 17a. The Color Coding for the post Dye and Pry 

Solder Joint crack maps shown in Figures 11,12, 14 and 16 

 

One sample for each leg, was cross-sectioned along two 

rows, A and AW, as depicted in Figure 16 to determine the 
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location of cracks within the solder joint vertical plane. 

Typical micrographs of corner (AW1 and A39) solder joints 

for each of the four categories of Solder paste legs are 

shown in Figure 17. As it is not possible to cross-section 

each of the solder joints in a BGA, these images show the 

possible failure modes. However, additional cross-sections 

may show other failure modes, as observed in other 

investigations [19]. Also, for the BiSn JRP (resin) paste 

legs, the dye and pry method was not a reliable indicator of 

the failures observed because the resin encapsulating the 

solder joints would obstruct the dye from penetration any 

existing cracks in the solder joint.  

 

 
Figure 16b: Location of the two Cross-sectioned Rows for 

the post mechanical shock samples and the two solder joints 

whose micrographs are illustrated in Figure 17 
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AW1 Solder Joint 
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Figure 17b: Typical micrographs of corner (AW1 and A39) 

solder joints for each of the four categories of Solder paste 

legs 

 

 

 

CONCLUSIONS AND FUTURE WORK 

The mechanical reliability evaluation conducted with the 12 

different solder pastes indicated the following. 

 

 Mixed BiSn-SAC solder joints of a POP component are 

less reliable under the dynamic strain rates typically 

prevalent in mechanical drop tests than homogenous 

SAC solder joints. 

 Addition of 1 wt% Ag to the eutectic BiSn alloy in the 

solder paste improves the mechanical shock reliability 

of mixed BiSn-SAC solder joints, based on the 

characteristic life extracted from the Weibull plots. 

 Strategies employed to enhance the ductility of the 

BiSn solder by various solder paste suppliers resulted in 

varying results when mixed BSn-SAC POP component 

solder joints were evaluated for their mechanical shock 

reliability. Three of the five solder pastes exhibited a 

decrease in the mechanical reliability, whereas two of 

the solder pastes showed enhanced reliability, when 

compared to the eutectic 42Sn-58Bi  solder paste.   

 Polymeric reinforcement of mixed BiSn-SAC POP 

component solder joints using resin in the solder paste 

significantly improves the mechanical shock reliability, 

but does not achieve equivalency to the homogeneous 

SAC solder joint composition. 

 Failure interfaces for all solder paste legs were at the 

solder to PCB land interface. This is the interface which 

is expected to have the highest fraction of Bi phase 

from the low temperature Bi-Sn solder pastes and was 

expected to be the weakest interface during mechanical 

shock tests. Failure was observed predominantly at the 

corner joints of the POP solder joint array, where the 

stresses during the shock tests are the highest. 

 Corner Lands with solder mask design consistently 

exhibited cracks whereas corner joints with a metal 

design land were relatively free of cracks. 

 The mechanical shock results and respective failure 

modes shown here may be dependent on the package 

used and its geometry. Additional analysis of these 

aspects (e.g., effect of pitch size, solder ball size and 

composition, etc) will help clarifying the trends 

observed here. 

 

Future work will endeavor to ascertain whether there is a 

correlation of the shock performance with Bi mixing % 

levels, IMC thickness and morphology of all solder paste 

legs, as well as the extent of resin encapsulation of the 

solder joints and its correlation to mechanical reliability for 

the resin containing solder paste legs.  
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