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ABSTRACT 
Low temperature solder pastes in the Sn-Bi systems are being 
evaluated by the iNEMI Low Temperature Solder Process 
and Reliability (LTSPR) Project to attain economic, 
environmental, and manufacturing benefits for handheld, 
mobile computer and server board products.  The Bi-Sn 
solder system is beset by the inherent brittleness of the 
bismuth phase, which affects the reliability of solder joints 
formed. Solder suppliers have developed ductile Bi-Sn solder 
pastes with ductile metallurgies and resin reinforced 
formulations to enhance the reliability of the Bi-Sn solder 
joints.  Current lead free BGA components have SnAgCu 
(SAC) solder balls. When these are reflow soldered with 
BiSn solder paste, mixed SAC-BiSn BGA solder joints result, 
whose mechanical shock and thermo-mechanical fatigue 
reliability needs to be assessed. 
 
The iNEMI LTSPR Project team had assessed the mechanical 
shock reliability of mixed SAC-BiSn solder joints for a small 
Package on Package (POP) component assembled on a 
JEDEC Standard Shock testing board using 13 selected 
solder pastes. These pastes were divided in four different 
categories (SAC baseline, BiSn Baseline, BiSn Ductile and 
BiSn Joint Reinforced Pastes) and their results were reported 
at the 2018 SMTA International Conference. This work 
assesses the mechanical shock drop reliability of a much 
larger 42 x 24 mm body size flip chip BGA (FCBGA) 
package, having 1356 SAC405 balls on a mixed pitch ball 
array, assembled on a specifically designed shock test board. 
Both OSP and ENIG surface finished board lands were 
evaluated, for mixed SAC-BiSn solder joints formed by using 
four BiSn Joint Reinforced Pastes (JRP) containing resin. 
These were compared with mixed SAC-eutectic BiSn solder 
joints and homogenous SAC305 solder joints. The 

Characteristic Life (η) metric was extracted from Weibull 
plots of the shock test for each of these six legs and compared.  
 
Results showed that resin encapsulated mixed alloy SAC-
BiSn solder joints on OSP surface finished boards exhibited 
better mechanical shock solder joint reliability than ENIG 
surface finished boards. The increase in η for OSP over ENIG 
was in the 17 to 78% range. The reliability of the solder joints 
formed with the four JRP resin solder pastes varied 
significantly, and is linearly correlated to the % height of the 
solder joint being encapsulated by it. In all cases however, 
the η was higher than that for the BiSn baseline leg, the 
increase being in the 1.6X to 4.0X range. This indicates that 
the addition of resin encapsulation around the FCBGA mixed 
SAC-BiSn solder joints significantly reinforces their drop 
shock reliability.  
 
Key words: BGA solder joints, low temperature solder, Bi-
Sn metallurgy, Mechanical Drop Shock Reliability, 
Polymeric Reinforcement  

 
INTRODUCTION  
The past few years have seen a growing interest on 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 
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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 currently used Sn-
Ag-Cu alloys with low temperature solders requires 
improving the mechanical and thermal reliability 
performance of the latter. Moreover, processes may need to 
be created or adapted to account for these material changes. 
 
The 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 [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 exclude 
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]. Moreover, independent investigations 
confirmed the 42Sn-58Bi poor mechanical shock resistance 
[14] and lower fatigue life [10], which was largely expected 
due to the inherent brittleness of its two-phase lamellar 
microstructure. 
  
However, 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 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, 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 
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. 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]. In this study, 
four JRP resin containing solder pastes were evaluated, all 
using Bi-Sn eutectic solder compositions. 
 
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 is currently in 
Phase 2, which entails the evaluation of the mechanical shock 
performance of these three categories of solder pastes. Phase 
3, which has been initiated recently, will evaluate the thermal 
cycling performance of the two best solder pastes for shock 
performance in the Ductile and JRP categories.   
 
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 in the past year [19,20]. The latest 
JEDEC test vehicle design for board level mechanical shock 
testing [21, 22] was employed for this phase.  
 
That study concluded that, based on the Characteristic Life 
(η) 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.   
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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 similar 
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 µm) that is 
more than double the height of the POP BGA component 
(~130 µm). The focus in this paper is on four JRP solder 
pastes which contain resin that partially encapsulates the 
solder joints during reflow. The shock reliability of these 
solder joints is assessed and compared, as was done in the 
previous study, with mixed SAC-BiSn solder joints having 
no polymeric reinforcement as well as homogenous SAC 
solder joints. 
 
 
EXPERIMENTAL DETAILS 
Table 1 lists the Bi and Ag composition and melting 
temperature information for these solder pastes. One of the 
JRP solder pastes, Golden Pillow 2 had micro-alloying 
elements added in its solder alloy. The other JRP pastes had 
no micro-alloying elements additions in the alloy. 
 
Table 1. Description of Various Solder Pastes Tested 

Code Name Category 
Bi 
wt
% 

Ag 
wt
% 

Initial 
Melting 
Temp, 

 

Liquidus 
Temp, C 

Raja Kunyit SAC 
Baseline 0 3.0 217 220 

Balik Pulau BiSn 
Baseline 57 0.4 139 143 

Beserah 
Resin 
Bi-Sn 
based 
(JRP) 

58 0 139 139 

Golden Pillow 2* 58 0 140 145 

HorLor 58 0 139 139 

Chanee 2 57 1 139 140 
*Solder Alloy has micro-alloying elements added 
 
 
Package Test Vehicle 
The component test vehicle used for shock testing was a 
FCBGA component with a limited daisy chain test vehicle.  
Table 2 lists the key attributes and their values for the 
package test vehicle. Figure 1 shows a photograph of the 
package with the two dies visible on top of the substrate.  
 

Table 2. Key Attributes and Their Values for the 
Package Test Vehicle 

Attribute Value 
Package Size 42 x 24mm 
Package Type FCBGA 
Number of Die 2 
Solder Ball Count 1356 
Solder Ball Pitch 0.65mm (minimum) 
Solder Ball Metallurgy SAC405 
Package Surface Finish NiPdAu 

 

 

 
 

Figure 1: A Photograph of the Component Test Vehicle 
  
Figure 2 indicates the location of the solder joints that are 
evaluated during the mechanical shock tests. 
 

 
Figure 2. A Diagram depicting the Assembly Stack-up of the 
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 at 
Intel and uses a Shock Test Board (STB) standard developed 
at Intel. Key attributes of this STB are listed in Table 3. A 
photograph of the board is shown in Figure 3. Each board 
contains one package test vehicle.   
 

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

Attribute Value 

Board Size 279.4 x 279.4 mm 
 (11 x 11 inches) 

Board Layer Count 8 
Board Thickness 812.8 µm (32 mils) 
Surface Finish on Lands OSP  / ENIG 

 
 

 Substrate 
Die 
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Figure 3. Top View of the PCB Test Vehicle. 

 
The sizes and designs of the lands in the array for the FCBGA 
component under test are shown in Figure 4. During 
mechanical shock tests, the outer solder joints for FCBGA 
packages are subjected to the highest stresses and these are 
the solder joints that are expected to fail first. To force such 
failures at the interface between the PCB land and the solder 
joint, the corner solder joints had a soldermask defined land 
design. The daisy chain for in-situ electrical monitoring of 
these high-risk solder joints included the corner solder joints. 
The corner joints that were monitored during the shock 
testing are shown in red in Figure 4.  
 

 
Figure 4. PCB Land pattern of the Component Test Vehicle, 
with the ball designations at the four corners identified. Red 
colored lands were connected in a daisy chain. 
 
Board Assembly Parameters 
The stencil aperture design for the component lands on the 
PCB used for the SAC baseline solder paste leg is shown in 
Figure 5(a). This aperture varies across the land pattern to 
account for the dynamic warpage of the component at the 
SAC peak reflow temperature. The corners of this particular 
component warp upwards, away from the PCB, at the high 
reflow temperature and therefore the stencil apertures are 
higher for the lands at the corners of the component than at 

the center. More solder paste volume is needed to increase 
solder joint yields by avoiding head-on-pillow (HoP) defects. 
The stencil aperture design for the component lands on the 
PCB is shown in Figure 5(b) for the low temperature solder 
paste legs. The aperture for all lands is the same since the 
package dynamic warpage at the low peak reflow 
temperature is much less than for the SAC solder paste leg. 
The nominal stencil thickness for all legs was 101.6 µm (4 
mils). 
 
The reflow soldering profiles, for each solder paste were 
reported in a previous work [17]. 
 
 

 
(a) 

 

 
(b) 

Figure 5. (a) Stencil Aperture Design for the SAC Baseline 
Solder Paste Leg; (b) Stencil Aperture Design for the LTS 
Solder Paste Legs.  
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Experimental Legs 
Table 4 depicts the experimental legs for the mechanical 
shock testing. The experimental variables were the board 
surface finish, OSP and ENIG, the solder paste manufacturer, 
as differentiated by a code name, and a category, which 
includes one SAC Baseline paste, one BiSn baseline paste 
and 4 BiSn JRP resin reinforced pastes.  
 
The Leg #s are not in numerical sequence because many more 
legs using other BiSn baseline and recently developed ductile 
BiSn alloy solder pastes were also part of the larger 
comprehensive experimental plans. Results for these other 
`missing` legs in Table 4 will be published in the near future.  
 
A total of 16 STBs were assembled per leg. 15 were subjected 
to the shock test. One board per leg was set aside for post 
reflow (Time Zero) Solder Joint Quality and Inspection of 
key microstructural features of the hybrid SAC-BiSn solder 
joints.  

 
Table 4. Experimental Legs Table 

Leg 
# 

Solder Paste 
Code name Category Surface 

Finish 
1 Raja Kunyit SAC Baseline 

OSP 

2 Balik Pulau BiSn Baseline 
4 Beserah 

BiSn JRP 
(Resin 

Reinforced) 

11 Chanee 2 
12 Golden Pillow 2 
13 HorLor 
17 Beserah 

ENIG 24 Chanee 2 
25 Golden Pillow 2 
26 HorLor 

 
 
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 Fig. 6. The 
location of the accelerometers and stand-offs as wells as 25 
gram mass at each of the two diagonal corners are pointed 
out.  Four connectors used in the in-situ monitoring test points 
are also shown in Figure 6.  
 
The boards were subjected to repeated drop testing at the 
same test condition: 120G force and 2.0 millisecond half sine 
pulse. The Shock Table Input profile is shown in Figure 7 for 
two boards as a plot of time vs acceleration. For each solder 
paste, the testing continued until at least 50% of samples had 
failed in-situ monitoring or completed 600 drops, whichever 
occurred later. 

 

 
Figure 6. Photograph of a 11”x11” Test Board Mounted to 
the Mechanical Shock Testing Fixture. Location of Stand-
offs, accelerometer, In-situ monitoring test points and 25gm 
Masses added are shown. 
 

 
Figure 7. Shock Table Input Profile for two Boards during 
the 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 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 % failure 
rate based on number of drops to fail was then used to 
compare the performance of the solder pastes. The metric for 
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comparing the mechanical shock reliability of the solder 
joints formed using each solder paste was the characteristic 
life, η, which corresponds to a 63.2% failure rate. 
 
The In-situ failures were concentrated in the J2 and J4 test 
points. No failures were detected in the other test points. The 
J2.1 test point, which measures the A70 ball location in the 
solder joint array of the package test vehicle, typically had 
the first failure and the most failures for all legs. The Weibull 
distribution plots for failures shown here were from this J2.1 
test point for all legs.  
 
Since the board surface finish was one of the key variables 
being evaluated in this experiment, a comparison of the 
Weibull plots for the OSP and ENIG surface finish legs for 
each solder paste will be addressed first. Figures 8, 9, 10, and 
11 display the 2-parameter Weibull distribution of the two 
surface finishes within the same plot for Chanee 2, HorLor, 
Golden Pillow 2 and Beserah JRP solder pastes, respectively. 
For all four legs, the OSP surface finish boards had higher 
drops to failure than the ENIG surface finish boards. The 
surface finish line of best fit for the OSP data is clearly to the 
right of the ENIG data. This suggests that OSP surface finish 
produced more reliable mixed SAC-BiSn solder joints under 
mechanical drop conditions than ENIG surface finish on the 
board lands.  
 
 

 
Figure 8. Weibull Distribution Plots of the Mechanical shock 
reliability of the Shock test Boards assembled using the 
Chanee 2 JRP solder paste. The two cases where the boards 
had OSP and ENIG surface finishes are compared. 
 
 
 

 
Figure 9. Weibull Distribution Plots of the Mechanical shock 
reliability of the Shock test Boards assembled using the 
HorLor JRP solder paste. The two cases where the boards had 
OSP and ENIG surface finishes are compared. 

 
 

 
Figure 10. Weibull Distribution Plots of the Mechanical 
shock reliability of the Shock test Boards assembled using the 
Golden Pillow 2 JRP solder paste. The two cases where the 
boards had OSP and ENIG surface finishes are compared. 
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Figure 11. Weibull Distribution Plots of the Mechanical 
shock reliability of the Shock test Boards assembled using the 
Beserah JRP solder paste. The two cases where the boards 
had OSP and ENIG surface finishes are compared. 
 
Figure 12 displays the Weibull Distributions for the ENIG 
surface finished boards assembled with Chanee 2, HorLor, 
Golden Pillow 2 and Beserah JRP solder pastes. This plot 
enables a comparison between the four JRP solder pastes 
evaluated. It is apparent that Chanee 2 solder paste has the 
least reliability, with the Golden Pillow 2 and Beserah boards 
having the best reliability of the four JRP solder pastes 
evaluated.   
 

 
Figure 12. Weibull Distribution Plots of the Mechanical 
shock reliability of the ENIG surface finish Shock test Boards 
assembled using the four evaluated JRP solder pastes.  
 
Figure 13 displays the Weibull Distributions for the OSP 
surface finish boards assembled with Chanee 2, HorLor, 
Golden Pillow 2 and Beserah JRP solder pastes. For 
additional comparison, the Weibull distribution of the SAC 
baseline Raja Kunyit solder paste leg and the BiSn baseline 
Balik Pulau leg are also drawn in this plot.  
 

 
Figure 13. Weibull Distribution Plots of the Mechanical 
shock reliability of the OSP surface finish Shock test Boards 
assembled using the four evaluated JRP solder pastes, as well 
as the SAC Baseline (Raja Kunyit) and BiSn baseline (Balik 
Pulau) solder pastes. 

 
A comparison of the Weibull distributions for the four JRP 
solder paste legs evinces that the shock reliability rank order 
of the mixed SAC-BiSn resin encapsulated solder joints of 
four JRP pastes is the same for OSP as that for the ENIG 
board lands’ surface finish. The Golden Pillow 2 and Beserah 
solder pastes are equivalent and have the best reliability. The 
Chanee 2 solder paste has the least reliability with the HorLor 
paste falling in between these two sets.  
 
Further, comparing the JRP solder paste Weibull 
distributions with the baseline BiSn (Balik Pulau) solder 
paste leg, it is easily apparent that the shock reliability of the 
mixed SAC-BiSn resin encapsulated solder joints formed 
using the four JRP pastes is better than the baseline BiSn 
solder joints without any resin reinforcement. This clearly 
illustrates that encapsulation of the mixed SAC-BiSn solder 
joints with polymeric resin enhances their mechanical shock 
reliability.   
 
Table 5 lists the mechanical shock test results in terms of β, 
the Shape Parameter (slope) of the Weibull distribution and 
η, the Characteristic Life (ie.,63.2% failure rate) in number 
of drops to fail, for all solder paste legs evaluated in this 
study.  
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Table 3. Weibull Plot Parameters for each Solder Paste 
evaluated 

Leg 
# Category 

Solder 
Paste Code 

name 

Surface 
Finish 

Characteristic 
Parameters 

for the 
Weibull Plot 

β η 

1 SAC 
Baseline Raja Kunyit 

OSP 

5.8 315 

2 BiSn 
Baseline Balik Pulau 1.7 107 

4 

BiSn 
JRP  

(Resin) 

Beserah 3.9 427 
11 Chanee 2 2.2 169 

12 Golden 
Pillow 2 3.6 432 

13 HorLor 2.3 302 
17 Beserah 

ENIG 

1.6 341 
24 Chanee 2 1.8 95 

25 Golden 
Pillow 2 1.9 369 

26 HorLor 1.8 215 
β: Shape Parameter;  η: Characteristic Life 
 
Characteristic Life (η) Analyses   
The effect of surface finish and manufacturer of the JRP 
solder paste on the Characteristic Life (η) for the mixed alloy, 
resin encapsulated solder joints of the FCBGA test vehicle 
evaluated in this study was analyzed. 
 
The effect of surface finish of the board lands on the 
Characteristic Life under mechanical shock of the mixed 
alloy resin encapsulated solder joints formed using the four 
JRP finishes is illustrated in the bar chart shown in Figure 14. 
The red bars are for the ENIG surface finish and the green 
bars are for OSP surface finish boards. For all four JRP solder 
pastes, the green bars are taller than the red bars which 
indicates that OSP surface finish on the board lands leads to 
better mechanical shock solder joint reliability of the resin 
encapsulated mixed alloy SAC-BiSn solder joints, when 
compared to ENIG surface finish on the board lands.  
 
The effect of the encapsulated resin from four different JRP 
solder paste manufacturers around mixed SAC-BiSn solder 
joints on their Characteristic Life under mechanical shock is 
shown in Figure 15. For comparison the BiSn baseline and 
SAC Baseline solder paste results are also shown. The 
Characteristic Life (η) is normalized to the BiSn baseline 
paste and the SAC baseline paste, on the left and right y axes, 
respectively. This data is for boards with OSP surface finish.  
 

 
Figure 14. A Bar Chart comparing the Characteristic Life (η) 
of Solder Joints under Mechanical Shock when using two 
different Surface Finishes for the four JRP Solder Pastes 
evaluated.  

 

 
Figure 15. A Bar Chart comparing the Characteristic Life (η) 
of Solder Joints under Mechanical Shock for the four JRP 
Solder Pastes evaluated with the BiSn Baseline and the SAC 
Baseline Solder Pastes on OSP Surface Finish Boards.  

The data in Figure 15 clearly show that addition of resin 
encapsulation around the FCBGA Mixed SAC-BiSn solder 
joint reinforces the solder joint to an extent that the solder 
joints’ mechanical shock reliability is enhanced in the 1.6X - 
4.0X range. This confirms a similar result observed in 
previous studies, on FCBGAs [2, 3] and the LTSPR project’s 
results on a SoC package for a POP configuration [19, 20].   

Figure 15 also indicates that the Characteristic Life (η) varies 
with solder paste manufacturer for the JRP solder pastes. 
Solder Joints formed using two JRP pastes, Beserah and 
Golden Pillow 2, have a longer characteristic life under 
mechanical shock, than the baseline SAC solder paste (Raja 
Kunyit) leg. This enhancement in reliability, by adding resin 
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encapsulation around the mixed SAC-BiSn solder joint, in 
comparison to the SAC solder joint is about 40%. 
 
As manifested above, from the results of the shock test data, 
two key conclusions can be drawn: (i) OSP Surface Finish on 
the Board Lands resulted in higher reliability than ENIG 
surface finish; (ii) a wide variation in solder joint reliability 
was observed across the four JRP solder paste legs for both 
surface finishes, with the characteristic life varying from 169 
to 432 drops to failure for the OSP surface finish and 95 to 
365 drops to failure for the ENIG surface finish. 
 
 
Analyses of Solder Joint Encapsulated Height by the 
Cured Resin  
To ascertain the reasons for these results, the height to which 
the resin encapsulates the solder joints after reflow was 
investigated. If the resin encapsulates the solder joint to a 
higher extent, the reinforcing strength provided by the cured 
polymeric resin would intuitively increase the solder joint 
reliability proportionally. 
 
Towards this end, this resin encapsulation height was 
measured after reflow soldering on a sampling of solder joints 
for one board in each of the four JRP solder pastes’ legs 
evaluated, including for each surface finish. Two cross-
section cuts were made for each board, as depicted in Figure 
16. One was along an edge row of the solder joint array and 
one was towards the center of the array along the periphery 
of the depopulated region in the array. 
 

 
Figure 16. Location of the two cross-section cuts made in the 
component solder joint array for measurement of the resin 
encapsulated height for solder joints after reflow soldering. 
 
In the cross-section image of the resin encapsulated solder 
joints, the resin is present on two sides of the solder joint. The 
resin height for these two sides for a single solder joint is 
typically different. Hence, the average of these two 
measurements was taken to specify the resin height for a 
particular solder joint. The measurements made in a cross-
section for resin height are illustrated in Figure 17 and the 
formula for calculating the average resin height as a % of the 
solder joint height, which is the variable drawn in subsequent 
plots, is given in Equation (1). 
 

 
Figure 17. Parameters measured in the Cross-section Image 
of a Resin Encapsulated Solder Joint 
 
 

  % Resin Height = 
100∗(𝐻𝐻 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑙𝑙𝑟𝑟𝑙𝑙𝑙𝑙+𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑙𝑙)

2∗𝐻𝐻 𝑗𝑗𝑗𝑗𝑟𝑟𝑟𝑟𝑙𝑙 ℎ𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑙𝑙
 --- (1) 

 
Figure 18 portrays the variability chart, containing box plots 
of this % Resin Encapsulated Height as a function of the 
surface finish on the board lands for each of the four JRP 
pastes evaluated.  
 

 
Figure 18. The Resin Encapsulated Height as a % of solder 
joint height for the four JRP solder paste legs evaluated with 
Board Lands’ surface finish delineated. 
 
 
From Figure 18, it is apparent that the resin height% for the 
solder joints was significantly different statistically for each 
of the four JRP solder pastes evaluated. However, within each 
of the solder paste data, except for the Golden Pillow 2 resin 
height%, there was no significant difference in the 
distribution of the resin height % between the two surface 
finish samples. Even for the Golden Pillow 2 samples, the 
difference in the means (<4%) between the two surface 
finishes was less than that between the means of the other 
JRP paste distributions which varied from >4 to >11. 
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Therefore, resin height % does NOT account for the 
difference in Characteristic Lifs, η, seen for the resin 
encapsulated solder joints between the two surface finishes 
samples, for each of the JRP solder pastes which is  shown in 
Figure 13.  
 
Probable root causes for this difference in shock reliability of 
the solder joints between OSP and ENIG, with OSP being the 
better one, will be investigated after the post shock failure 
samples from these legs are cross-sectioned and analyzed. 
This is part of the future work planned in the iNEMI LTSPR 
Project.  
 
This impact of the ENIG surface finish limiting the 
enhancement of resin reinforced solder joint has been also 
observed by other researchers previously. Myung et. al. [23], 
concluded that the lower performance resulted from 
insufficient ejection of epoxy from the ENIG surface finishes 
during reflow, which reduced the interfacial bonding area. 
Liu et. al. [24] reported that the resin promoted the reaction 
between the Sn-58Bi solder and the Cu surface, which 
improved the wettability of the solder to the surface. Lee et. 
al. [24] performed drop shock reliability of full BiSn eutectic 
BGA solder joints on OSP, ENIG and ENEPIG surface 
finishes. They also observed that the OSP surface finish had 
a better drop shock performance then the other two and 
attributed it to a relatively stronger adhesion between the 
Solder/Cu6Sn5/Cu layers at the PCB land interface and the 
absence of a brittle N-P layer for the OSP surface finish 
boards. Myung et al. [26], in another study, went one step 
further, and studied the effect of ageing on the drop shock 
performance of resin reinforced solder joints on ENIG and 
ENEPIG surface finishes. Initially ENEPIG showed better 
drop shock performance than ENIG, but this trend was 
reversed after 85oC/85% RH ageing. This was attributed to 
differences in failure mode because of ageing on solder and 
IMC. Cracks in the joints soldered on ENIG were formed: i) 
between the IMC and Ni-P after soldering, and ii) between 
the IMC and the solder upon ageing, which decelerated their 
reduction in drop shock performance when compared to 
ENEPIG, which showed first ii) and later i) failure modes.  
 
 
Effect of Solder Joint Encapsulated Resin Height on its 
Mechanical Shock Reliability 
Analysis of the solder joint encapsulated resin height for the 
four JRP solder paste legs showed that this variation was 
directly correlated to their Characteristic Life, η, under 
mechanical shock drop testing. Figure 19 illustrates this 
correlation for both surface finishes. The shock reliability of 
BGA solder joints therefore increases linearly with the height 
to with the cured resin encapsulates the solder joint.  
 

 
Figure 19. Variation of the Resin Encapsulated height for the 
4 JRP Solder Paste Legs with the Characteristic Life (η) of 
the Resin Encapsulated Solder Joints under mechanical shock 
stresses. Data for the two Board Surface Finishes are plotted 
separately. 
 
If the Golden Pillow 2 data is excluded from plotting, the line 
of best fit as shown in Figure 19, the correlation coefficient 
(R2) increases to 0.84 and 0.83 for ENIG and OSP board 
lands’ surface finish, respectively. The Golden Pillow 2 
solder paste’s BiSn alloy had elemental dopants added to 
enhance the ductility of the alloy. Elemental major (up to 
1wt%) and minor (less than 1wt%) additions have shown to 
enhance the ductility and strength of BiSn solders by solid 
solution hardening, precipitation hardening and 
microstructure refinement [27-29].  No elemental additions 
were incorporated in the alloy compositions for the other 
three JRP solder pastes. The higher characteristic life, η, for 
the Golden Pillow 2 solder paste compared to the Beserah 
solder paste, despite the former having a lower resin 
encapsulated solder joint height, can thus be explained by the 
enhancement in its alloy ductility and strength. It appears 
from these results that micro-alloying additions to the BiSn 
solder paste alloy can improve drop resistance of mixed SAC-
BiSn solder joints formed using the paste. Additional benefits 
can be obtained by a synergistic addition of a resin to the 
paste, which encapsulates the solder joint after reflow 
soldering.  
 
Optical Microscopy (OM) images of a typical solder joint 
Cross-section from  a from the Beserah, Chanee 2 and Golden 
Pillow 2 JRP resin solder paste legs are shown in Figures 20, 
21, and 22, respectively. These are cross-sections from 
sample boards after assembly that had not been subjected to 
the shock test. The varying heights to which the resin 
encapsulates the solder joints for these three solder paste legs 
is apparent from these figures. Beserah has the highest 
encapsulation height, Chanee 2 the lowest. The height to 
which the bismuth has wetted up the solder joint on the 
outside of the solder joint vis-à-vis the resin encapsulation 
height differs for each of these three solder pastes. The resin 
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height is equivalent to the bismuth mixing height for the 
Beserah paste, but is slightly lower than the Bismuth mixing 
height for the Golden Pillow 2 solder paste. The resin height 
is significantly lower than the Bismuth mixing height for the 
Chanee 2 solder paste. Bismuth mixing height within solder 
joints can potentially have an effect on their shock reliability 
since the bismuth weight % in the solder joint at its PCB land 
interface is determined partly by the bismuth mixing height. 
 
 

 
Figure 20. An OM dark field image of a BGA solder joint 
cross-section formed by using BiSn JRP Beserah solder 
paste. 
 
 
 

 
Figure 21. An OM mixed field image of a BGA solder joint 
cross-section formed by using BiSn JRP Chanee 2 solder 
paste. 
 
From Figure 19, increasing resin encapsulation height of the 
solder joints is a viable pathway to increase the reliability of 
mixed SAC-BiSn solder joints under mechanical shock drop 
stresses. A full encapsulation (100% resin height) would 
maximize the mechanical shock solder joint reliability. When 
using JRP resin solder paste, there are two ways in which this 
can be achieved: (i) increasing the weight of the resin within 

the JRP paste, and (ii) increasing the paste volume printed on 
the lands by opening up the stencil aperture. 
 

 
Figure 22. An OM dark field image of a BGA solder joint 
cross-section formed by using BiSn JRP Golden Pillow 2 
solder paste. 
 
 
Increasing resin weight within the solder paste has a limit. 
JRP solder paste suppliers have indicated that too much resin 
in the paste will have a deleterious effect on its rheological 
properties and could increase the potential of voids being 
entrapped in the resin and the solder joint [30]. The chemical 
composition of the resin and the resin wt% in the four JRP 
pastes tested was a trade secret but the wt% of the flux 
component as reported by the paste suppliers varied from 9% 
for Chanee 2 to 18% for Beserah. 
 
Increasing printed solder paste volume on the lands also has 
a limit. For mixed SAC-BiSn solder joint formation, the 
solder paste to solder ball volume ratio should be optimized. 
A high solder paste-to-solder ball volume ratio has a 
deleterious effect on the reliability by creating a brittle 
interface at the nickel based land on the package substrate 
side [4]. 
 
FUTURE WORK 
Failed samples from each of the four JRP resin legs of the 
experimental matrix will be analyzed to determine the root 
cause of the failures. The corner solder joints that exhibited 
in-situ electrical opens during the shock testing will be cross-
sectioned and the location of the crack in the solder joint 
stack-up and the encapsulating resin will be determined. The 
Bi wt% in the cracked region as well as the entire solder joint 
will be measured using EDX analysis.  
 
A total of 24 legs were planned to be tested under Mechanical 
Shock using the same Package and Board Test Vehicles used 
in this study. Results from 10 legs comprising of one each 
SAC Baseline and BiSn Baseline as well as 8 BiSn JRP 
(Resin Reinforced), have been reported here. The rest of the 
16 legs will undergo shock testing next and results will be 
reported in the near future. Table 4 describes these 16 legs, 
which comprise of 1 SAC Baseline, 5 BiSn baseline and 10 
Ductile BiSn solder pastes. 
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Table 4. Experimental Legs table for Second Round of 
Mechanical Shock Testing 

Leg 
# 

Solder Paste 
Code name Category Surface 

Finish 
3 Red Prawn Ductile BiSn 

OSP 

5 Chee Chee BiSn Baseline 6 Teka 
7 Black Thorn 2 

Ductile BiSn 8 Kan You 2 
9 Red Flesh 

10 Sultan 2 
14 Raja Kunyit SAC Baseline 

ENIG 

15 Balik Pulau BiSn Baseline 
16 Red Prawn Ductile BiSn 
18 Chee Chee BiSn Baseline 19 Teka 
20 Black Thorn 2 

Ductile BiSn 21 Kan You 2 
22 Red Flesh 
23 Sultan 2 

 
Concurrently, the next phase of the iNEMI LTSPR Project 
that entails evaluation of BGA BiSn solder joints under 
temperature cycling, is underway. Mixed SAC-BiSn solder 
joints formed by assembling SAC305 ball Practical 
Components’ CABGA192 and CTBGA84 daisy chain test 
vehicles with two BiSn JRP resin solder pastes and two 
ductile BiSn solder pastes. The iNEMI Alloy ATC board 
design will be used with a standard temperature cycling 
protocol. 
 
 
CONCLUSIONS  
The mechanical shock reliability evaluation conducted on 
mixed SAC-BiSn BGA solder joint, formed by reflow 
soldering a FCBGA test vehicle with SAC405 solder balls, 
on a Shock Test Board with ENIG and OSP surface finishes, 
and using the 4 different JRP resin solder pastes, indicated 
the following. 
 
• Addition of resin encapsulation around the FCBGA 

Mixed SAC-BiSn solder joint reinforced the solder joint 
to an extent that the characteristic life of these 
encapsulated solder joints was enhanced in the 1.6X - 
4.0X range. 

• Solder Joints formed using two JRP pastes, Beserah and 
Golden Pillow 2, with boards with an OSP surface finish, 
have a 40% longer characteristic life under mechanical 
shock, than homogeneous SAC solder joints without any 
polymeric reinforcement, formed by using the baseline 
SAC solder paste (Raja Kunyit). For Beserah and Golden 
Pillow 2 boards the slope, β, is lower than that for Raja 
Kunyit.  

• The solder joints’ characteristic life under mechanical 
shock increases linearly with the height to which the 
solder joint is encapsulated by the resin. Solder alloy 
composition synergy with resin height to enhance shock 
resistance  

• OSP surface finish on the board lands leads to better 
mechanical shock solder joint reliability of the resin 
encapsulated mixed alloy SAC-BiSn solder joints, when 
compared to ENIG surface finish on the board lands.  
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