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ABSTRACT 

In 2015, the International Electronics Manufacturing 

Initiative (iNEMI) initiated the Bismuth-Tin (Bi-Sn) based 

Low-Temperature Soldering Process and Reliability 

(LTSPR) Project. The goal of this project was to address the 

challenge of evaluating new formulations from multiple 

suppliers of low temperature melting solder pastes 

incorporating Bi-Sn solder metallurgy. These new 

formulations were developed to overcome the inherent 

brittleness of the Bi-Sn eutectic solder composition. Five 

solder pastes from the ductile Bi-Sn solder paste category and 

four solder pastes from the Joint Reinforced Paste (JRP) resin 

containing solder paste category were chosen for evaluation 

by the Project team members. Three Bi-Sn eutectic 

composition pastes, with Ag added in varying amounts to the 

solder alloy, and one SnAgCu (SAC) solder paste were also 

chosen to be evaluated for comparison as the baseline 

materials.  

Phase 1 of the LTSPR Project plan entailed determination of 

the surface mount processing ability of these solder pastes. 

Results from this assessment were published before at the 

2017 SMTA International Conference [1]. The present paper 

is a continuation of the previously published work but with a 

focus on the characteristics of the mixed SAC—BiSn solder 

joints formed when high density Ball Grid Arrays (BGA) 

with SAC solder balls are assembled to printed circuit boards 

(PCB) using Bi-Sn solder pastes at peak reflow temperatures 

that are significantly below the liquidus temperatures of the 

SAC solder ball.  

The characteristics of the mixed SAC-BiSn alloy BGA solder 

joints analyzed and results obtained were as follows: (i) 

Solder Joint Stand-off Height (SJH) for mixed SAC-BiSn 

solder was significantly less than that for homogenous SAC 

solder joints, with, for example, the collapse during reflow 

being almost half for the Socket R4 (SAC balls) solder joints; 

(ii) The amount of Bismuth mixing in the solder joint 

quantified as a  % of Solder Joint Height, varied widely from 

10 to 100% across the 13 BiSn based solder pastes evaluated; 

hot tearing, an insidious solder joint at the package interface 

for FC BGA solder joints, noted in [1], was found to occur 

only at the high (>80%) and low (<30%) Bi mixing levels; 

(iii) The amount of encapsulation of the solder joint by the 

cured resin, quantified as a % of SJH, for solder joints formed 

using JRP materials varied from 25 to 55% and the 

distribution was different for each paste tested; (iv) the voids 

content measured along three relevant slices of mixed SAC-

BiSn solder joints was at or below the 5 % area of joint 

baseline for SAC solder joints.  

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

Sn metallurgy, Mechanical Shock Reliability, Temperature 

Cycle Reliability, Polymeric reinforcement  

 

 

INTRODUCTION  

 

As an industry-led consortium, part of iNEMI’s mission is to 

identify future technology trends, infrastructure gaps, and, 

together with its membership from supply chain to producers, 

accelerate innovation and technology deployment in the 

global electronics industry. One technology trends first 

identified in the biennial iNEMI Roadmap [2] in 2007 was a 

migration to lower temperature and lower cost lead-free 

solder materials. Subsequent versions of the iNEMI 

Roadmap confirmed a continued rising trend for the adoption 



of low temperature solders. Therefore, based on this roadmap 

trend as well as widespread interest within iNEMI member 

companies, the “BiSn Based Low Temperature Soldering 

Process and Reliability Project” (LTSPR) was initiated in 

2015.  

Low Temperature Soldering (LTS) provides potential low-

cost solutions to prevalent challenges in the assembly of 

smaller, thinner and highly integrated electronic packages 

and boards for new, emerging ultra-mobile computing, 

wearable devices, and the Internet of Things (IoT) markets. 

The LTRPR Project team ascertained that the Bi-Sn binary 

metallurgical system was a promising candidate for LTS due 

to the low eutectic temperature (138.8ºC) of this system [3] 

and selected this system for evaluation. However, the eutectic 

58Bi42Sn alloy has some drawbacks due to the inherent 

brittleness of the bismuth phase within the two-phase 

microstructure of the alloy. This results in poor mechanical 

shock resistance [4] and lower fatigue resistance [5] of solder 

joints formed using this alloy when compared to other lead-

free alloys in use today. 

To overcome these drawbacks, two technological 

advancements have been pursued by solder paste 

manufacturers [6].  One is the improvement of the ductility 

of the BiSn solder alloy by employing various strategies 

which include decreasing the bismuth content, and the 

addition of specific elements or oxide particles in small 

concentrations (dopants) to refine the solder alloy 

microstructure and impart solid solution hardening as well as 

precipitation hardening [7].  The other is the use solder pastes 

containing resin, which are termed Joint Reinforcement 

Pastes (JRP). The resin in these pastes cures around the solder 

joints after they have formed during the reflow solder process 

and provides polymeric reinforcement to the metallic joint 

[8]. Both these pathways have shown promise in enhancing 

the mechanical shock resistance of mixed SAC-BiSn BGA 

solder joints [7, 9, 10].  

The iNEMI LTSPR project was divided into three phases. 

Phase 1 is the material selection and process development 

phase. Phase 2 is the Mechanical Shock testing phase and 

Phase 3 is the temperature cycling and other related reliability 

tests phase. The goal of Phase 1 was the selection and 

processing ability assessment of available Bi-Sn based solder 

pastes with a ductile metallurgy or with a resin for 

reinforcement. The processing ability assessment included 

determining the solder paste suitability and capability for 

specific board assembly process steps, such as stencil 

printing, no-clean reflow soldering process, rework, the 

surface insulation resistance (SIR) of the solder paste residue 

post soldering, and the microstructural characteristics of the 

solder joints formed when using these solder pastes for 

specific components types, which included SAC-ball BGAs, 

Bottom Termination Components, chip components, through 

hole connectors, non-IC switch components.  

Phase 1 has been completed and most of the results were 

published in a paper presented at the 2017 SMTA 

International Conference [1]. In the present paper, the results 

from characterization of the geometry and critical 

microstructural aspects of mixed SAC-BiSn alloy BGA 

solder joints for two different BGA packages will be 

reported. Mixed SAC-BiSn alloy BGA solder joints are 

formed by soldering SAC solder composition spheres with 

Bi-Sn solder pastes, at peak reflow temperatures below 

200ºC. At these temperatures, the SAC solder ball will not 

melt during the reflow soldering operation. The solder joint 

will form by the Bi-Sn solder paste first melting and then 

wetting the SAC solder ball, and the bismuth diffusing up 

though the ball from the printed board land side and from the 

surface off the ball towards its central region. Figure 1 depicts 

the typical dual microstructure regions of a mixed SAC-BiSn 

BGA solder joints. The region on the top of the solder joint, 

close to the package substrate and away from the PCB land 

where the Bi-Sn solder paste was printed, is the un-melted 

SAC solder from the original BGA solder sphere attachment 

process at the package supplier. The lower region of the 

solder joint is the region where the bismuth from the solder 

paste has diffused into the SAC solder ball. This region 

comprises of -Sn grains with bismuth surrounding these 

grains. These mixed SAC-BiSn alloy solder joints are very 

similar to a lead free Backward Compatibility solder joints 

formed when using Sn-Pb solder pastes to solder BGAs with 

SAC spheres [11].  

 

 
Figure 1. Cross-section of a Mixed SAC-BiSn BGA Solder 

joint illustrating two distinct microstructure regions 

 

The following characteristics of the mixed SAC-BiSn alloy 

BGA solder joints will be analyzed: (i) Solder Joint Stand-

off Height (SJH); (ii) The amount of Bismuth mixing in the 

solder joint quantified as a  % of Solder Joint Height; (iii) 

The amount of encapsulation of the solder joint by the cured 

resin,  quantified as a % of SJH, for solder joints formed 

using JRP materials, (iv)  The voids content in the solder 

joint close to the solder-land interfaces at the package and 

PCB sides and in the middle of the solder joint.  



One insidious solder joint defect discovered during earlier 

process development studies was hot tearing at the package 

interface of the BGA solder joints [1]. The impact of the 

amount of Bi mixing in the solder joint towards the formation 

of this hot tearing defect will also be expounded. 

 

EXPERIMENTAL DETAILS 

 

Solder Paste Materials  

The LTSPR project team selected 13 solder pastes, in four 

different categories, for evaluation in Phase 1. The 

distribution of these pastes was as follows: 

• 5 Ductile Bi-Sn Metallurgy pastes 

• 4 Resin Reinforced Bi-Sn pastes 

• 3 Bi-Sn `baseline` pastes (0%, 0.4%, 1%Ag added)  

• 1 SAC paste to serve as the current technology `baseline` 

 

The solder paste supplier selection process is described in [1]. 

All solder pastes were assigned code numbers and code 

names to ensure that each paste supplier, some of whom were 

members of the project team, did not know the identity of 

each of the pastes being evaluated, except for the one or more 

pastes submitted by them. The code names were derived from 

various species of Durian fruit available in Malaysia. Table 1 

lists the Code number and name, the paste category, the board 

assembly site, and the liquidus temperatures for these 13 

pastes.  

Table 1. Paste Name, Category, Board Assembly Site and 

Liquidus Temperatures for all pastes evaluated 

Name 
Paste 

Category 

Board 

Assmb 

Site 

Liquidus 

Temp, ºC 

Raja Kunyit SAC 1,2 219.6 

Balik Pulau 
Bi-Sn 

Baseline 

1 142.8 

Chee Chee 2 139.0 

Teka 3 139.0 

Kan You 

Ductile 

Bi-Sn 

3 174.0 

Black Thorn 2 191.4 

Red Prawn 1 142.2 

Red Flesh 2 179.0 

Sultan 2 151.1 

Horlor 
JRP Resin 

Bi-Sn 

Based 

1 139.0 

Golden Pillow 3 141.0 

Beserah 1 139.0 

Chanee 1 140.0 

 

The liquidus temperature of the solder pastes ranged from 

139ºC for the eutectic compositions to 191ºC for a 

hypoeutectic composition with 15 wt% bismuth. Test vehicle 

assembly was carried out at three different manufacturing 

sites, two in Asia and one in the US. These sites are identified 

as a number in Table 1. 

 

Test Vehicles’ Description 

The board test vehicle was named the Solder Paste 

Development Board (SPDB). Figure 2 shows a photograph of 

an assembled board. The three area array components of 

interest in this paper are indicated. Table 2 lists a description 

of these three components.    

 

 
Figure 2. Layout of the Solder Paste Development Board 

(SPDB) Test Vehicle  

 

 

   Table 2. Board and Component Description  

Designation Description 

PCB 
6” x 7”x 0.040”, 8 layers, 

OSP surface finish 

FC BGA 

16.5x20mm, 0.4mm nominal pitch, 

1505 SAC1205+Ni solder spheres 

of 229 µm diameter 

Socket R4 

(LTS) 

52.6x44.12mm, 2066 pins,  

Bi-Sn-Ag solder spheres 

Socket R4 

(SAC) 

52.6x44.12mm, 2066 pins,  

SAC305 solder spheres 

 

Reflow profile parameters to assembly the boards have been 

described in the previous paper on this project [1]. 

 

Solder Joint Cross-Section Procedure 

For each solder paste material listed in Table 1 the three 

components identified in Figure 2 were cross-sectioned to 

measure key attributes of their solder joints. The number and 

location of the cross-sectional cuts for each component is 

shown in Figure 3. As seen in the figure, 8 solder joints were 

inspected for each of the cross-section cuts made.  

 



 
Figure 3. Location of Cross-section cuts for the FC BGA 

(left) and the Socket R4 (right) 

 

The following characteristics of the solder joints was 

measured after cross-sectioning. 

• Stand-off height 

• Bismuth mixing as a % of Solder Joint Stand-off Height  

• Resin Coverage as a % of Solder Joint Stand-off height 

(JRP Pastes only) 

 

RESULTS AND DISCUSSION 

Stand-Off Height Measurements 

For collapsible sphere area array components, the solder joint 

formation during reflow entails melting and collapse of the 

solder sphere and its coalescence with the molten solder 

paste. The solder sphere collapse overcomes, to a large 

extent, the non-coplanarity of the spheres caused by the 

warpage of the substrate they are attached to. Though 

collapse of the molten solder spheres is desirable, excessive 

collapse, on the other hand, can lead to bridging between 

adjacent solder joints. Mixed SAC-BiSn solder joints studied 

here, exhibit only a partial collapse of the spheres because the 

entire SAC solder sphere does not melt during reflow. 

Therefore, an assessment of the post reflow solder joint 

stand-off heights is an important analysis to undertake for 

such mixed solder joints.  

The post reflow stand-off heights of the area array 

components was measured from cross-section photographs, 

as indicated in Figure 4. For the Socket R4 component, which 

has the solder sphere attached to the paddle rather than a fixed 

land on a substrate, the height measurements were taken from 

the lowest point on the paddle. 

 
Figure 4. Solder Joint Stand-off Height measurements for 

the Socket R4 and FCBGA area array components 

 

Figure 5 displays all measured the Stand-off Heights as a 

Variability Chart with Component Type, Component Solder 

Joint Metallurgy, Reflow Profile, Solder Joint Type, Solder 

Paste Type and the code name of the paste identified for each 

data point. Solder joint stand-off heights are different for each 

of the three components. Pre-SMT reflow solder sphere 

heights of the solder spheres attached to the components are 

also indicated in Figure 5 to compare the extent of solder joint 

collapse for each case. 

A visual analysis of Figure 5 reveals the following: 

• The FC BGA solder joint stand-off height is the least of 

the three components due to its sphere size, and therefore 

the pre-SMT solder sphere height, being smaller than the 

Socket R4 sphere size. The mean stand-off height for 

solder joints of each components’ data lumped together 

are shown as an orange line in the figure. 

• The solder joints assembled with SAC solder paste at the 

higher peak reflow temperatures have the largest collapse 

and therefore the lowest solder joint stand-off heights.   

• The stand-off heights are different for solder joints formed 

when using the three different classes of the low 

temperature solder pastes.  

• However, there is very little variation between the solder 

pastes within each category.  One exception to this is the 

Teka paste, which gave higher stand-off height for the 

Socket R4 component with SAC balls, when compared 

with the other solder pastes. This could be due to 

excessive warpage or paddle heights of the particular 

socket unit assembled with the Teka paste.  

 

Statistical analysis of the variations in the data in Figure 5 

follows.  

 

 

 

 

 



                                                                                                                                                            

 
Figure 5. Stand-off Heights of Solder Joints for BGA and Socket R4 components plotted as a Variability Chart. Pre-SMT 

reflow Heights of the solder spheres attached to the components are indicated to portray a visual comparison of the solder joint 

collapse for each case during reflow soldering.  

 

Figure 6 shows a plot of the solder joint heights for the FC 

BGA component. The stand-off height distributions are 

statistically different for each category with the SAC solder 

pastes results in the lowest and the Resin Paste in the highest 

values. The mean difference between these two was 42 

microns. This indicates the extent of partial collapse obtained 

for mixed SAC-BiSn solder joints resulting from the 

incomplete melting of the SAC solder sphere under BiSn 

lower temperature reflow conditions.   

 
Figure 6. Comparison of Solder Joint Stand-off Heights 

obtained when using four different types of solder pastes 

However, the range of the stand-off heights obtained within 

each category was larger than expected, as reflected by the 

long box plots in Figure 6. Further investigation led to the 

determination that the FCBGA package warpage 

characteristics were the cause of this large range in stand-off 

heights measured. Figure 7 breaks out the stand-out data for 

each paste category by the cross-sectioned row. In each paste 

category case, row BP (outer row) solder joints had higher 

stand-off heights than row AH (center row) solder joints.  

FCBGA packages typically have a convex shape (smiley 

face, -ve warpage) at reflow temperatures [12]. This leads to 

the solder joints on the outer rows having higher stand-off 

heights than the rows in the central region of the package. 

This is the case for the FCBGA component measured in this 

study. As shown in Figure 8, the convex shape of the 

component resulted in the row BP solder joints having a 

higher stand-off height than the row AH solder joints.  

 



 
Figure 7. Comparison of the Solder Joint Stand-off heights 

for the two cross-sectioned rows, AH and BP for all 

categories of solder paste evaluated. 

 

 
Figure 8. Location of the two rows (AH and BP) that were 

cross-sectioned (top) and how the package substrate warpage 

results in significantly different solder joint stand-off heights 

for these two rows (bottom). 

 

Table 3 lists the average % collapse of the FCBGA solder 

joints during reflow for various sphere and paste 

metallurgies. These % collapses range from 19.7% to 37.7% 

with the SAC paste using the higher SAC reflow profile 

resulting in the highest % collapse. 

 

Figure 9 displays the stand-off height data for the Socket R4 

component when soldered with the low temperature solder 

paste materials. Since this component was available under 

two part numbers, one with the SAC solder sphere and the 

other with BiSnAg solder spheres, an interesting comparison 

can be made of the extent of solder joint collapse under 

identical reflow conditions for both these socket types. As 

seen in Figure 9, the solder joints for SAC solder ball Sockets 

exhibit only a partial collapse due to the incomplete melting 

of the SAC sphere during low temperature reflow. In 

comparison, the BiSnAg solder spheres exhibit full collapse, 

because the BiSnAg solder spheres melt completed during 

the low temperature reflow soldering process. This full 

collapse of the solder joints reduces the stand-off height by 

an average of 150 microns. Full collapse of solder joints is 

beneficial since it overcomes part of the package warpage 

effects and can overcome any significant mis-alignment 

during component placement. 

 
Table 3. Average % Collapse for FCBGA component solder 

joints during Reflow for various Sphere and Paste 

Metallurgies (Pre-Reflow Height = 240 m) 

Sphere 

Metallurgy 

Solder Paste 

Metallurgy / Reflow 

Profile 

Average % Solder 

Joint Collapse 

during Reflow 

SAC 

SAC305 37.7 

Bi-Sn Baseline 32.5 

ductile Bi-Sn 28.3 

Bi-Sn JRP (resin) 19.7 

 

 

 
Figure 9. Stand-off height data for the Socket R4 component 

when soldered with the low temperature solder paste 

materials. 

 

Table 4 lists the average % collapse of the Socket R4 solder 

joints during reflow for various sphere and paste 

metallurgies. These % collapses range from 21.2% to 47.6% 

with the BiSnAg sphere Socket R4 components exhibiting 

higher % collapse as explained above. 

Another interesting result from Table 4 is that Socket R4 

units with BiSnAg spheres exhibited a higher % collapse than 

the Socket R4s with SAC spheres (46.8% vs 42.5%) when 

soldered with the SAC paste under the higher temperature 

reflow profile. This can be attributed to the effect that the 

surface tension of Bi-Sn based solders is lower than that of 

SAC based solders [13].   

 



Table 4. Average % Collapse for Socket R4 component 

solder joints during Reflow for various Sphere and Paste 

Metallurgies (Pre-Reflow Height = 600 m) 

Sphere 

Metallurgy 

Solder Paste 

Metallurgy / Reflow 

Profile 

Average % Solder 

Joint Collapse 

during Reflow 

SAC 

SAC305 42.5 

Bi-Sn Baseline 21.2 

ductile Bi-Sn 21.2 

Bi-Sn JRP (resin) 22.7 

Bi-Sn-Ag 

SAC305 46.8 

Bi-Sn Baseline 47.6 

ductile Bi-Sn 45.4 

Bi-Sn JRP (resin) 47.6 

 

 

Bismuth Mixing Percentage  

Today, a large majority of BGA and other area array 

components with solder spheres as terminations, such as 

sockets and connectors, have spheres with a SAC metallurgy. 

As explained previously and depicted in Figure 1, soldering 

these spheres to the PCB lands with Bi-Sn based solder paste 

will create mixed alloy solder joints. The region on the top of 

the solder joint, close to the package substrate and away from 

the PCB land where the Bi-Sn solder paste was printed, is the 

un-melted SAC solder from the original BGA solder sphere 

attachment process at the package assembler. The lower 

region of the solder joint is the region where the bismuth from 

the solder paste has diffused into the SAC solder ball. This 

region comprises of -Sn grains with bismuth surrounding 

these grains.  

Bismuth mixing in the SAC sphere-BiSn solder paste stack-

up is obviously required for good solder joint quality. It is 

equally important for solder joint reliability. A larger volume 

of the bismuth diffused region will have a lower bismuth 

content which is better for mechanical shock resistance since 

bismuth is the brittle phase in the solder. However, a solder 

joint fully mixed with bismuth can exhibit hot tearing of the 

solder at the interface with the package substrate land, as 

reported in [1] and discussed further below. 

Another characteristic of the mixed alloy SAC-BiSn solder 

joints is the crescent shaped boundary between the un-melted 

SAC region and the bismuth diffused region, which is 

distinctly visible in Figure 1. This crescent shape boundary, 

as opposed to a horizontal boundary, results due to the molten 

Bi-Sn solder wetting up on the surface of the SAC solder ball 

faster than the bismuth diffusing through the solid SAC 

solder ball, when the Bi-Sn solder initially melts in the reflow 

zone within the reflow soldering oven.  

In this study, bismuth mixing was measured from cross-

sections using an optical microscope. To account for the 

crescent shaped boundary between the two microstructure 

regions, three measurements were taken on each solder joint 

cross-section inspected; two on the outside and one on the 

middle as shown in Figure 10.  

 

 
Figure 10. Cross-section of a mixed SAC-BiSn solder joint 

indicating lengths measured to determine Bi Mixing %. 

Based on these measurements, the Bi Mixing % was 

calculated by the formula given below. 

 
100*(HJoint Height -(0.25*Hupper-left+0.25*Hupper-right+0.5*Hmiddle))

HJoint Height
     ---- (1) 

 

Figure 11 plots the results of the Bi Mixing % for solder joints 

formed when using twelve low temperature Bi-Sn based 

solder pastes. The data are separated for the BGA and the 

Socket R4 components. The data for solder pastes of each 

type, Bi-Sn baseline, ductile Bi-Sn and JRP, are also grouped 

separately for each component.   

A wide range of variation from 10 to 100% was observed. 

This was not initially expected. Hence, a variance component 

analysis was done to determine the reasons for this. Figure 12 

lists the results of the variance components analysis of the Bi 

Mixing % data.  

 



 
Figure 11. % Bismuth Mixing % for mixed SAC-BiSn Solder Joints of BGA and Socket R4 (SAC sphere) 

components plotted as a Variability Chart. The group mean for each component is indicated. 

Figure 12. Variance Components of the Bi Mixing % Data 

 

The largest variance, 51.9%, is from the component. Mean Bi 

Mixing % values are higher for the BGA (65%), than for 

Socket R4 (35%). This is explained by the difference in the 

solder sphere diameters of the two components, BGA (229 

m) and Socket R4 (600 m). For the same amount of 

bismuth diffusion during reflow into the solder sphere, the % 

height will be less for the Socket R4.  

However, the next largest variance, 37.8%, is from Code 

Name, which is essentially the manufacturer and type of 

solder paste.  Further investigation is needed to identify the 

key parameters of the solder paste and/or their processing 

parameters that lead to this variation. Possible areas of 

investigation are: 

• Reflow Profile Parameters, Peak Reflow Temperature, 

and Time above Liquidus 

• Printability of the solder paste process parameters, 

particularly for low aspect ratio stencil openings 

• Metallurgical composition of the solder pastes. The Bi 

wt% of the alloy would be covered by the paste type 

variation since the Ductile Bi-Sn alloys typically have a 

lower Bi wt% than the baseline Bi-Sn alloys which have 

a near eutectic composition. But that variance component 

is much lower (6.1%).  

• The chemistry of the solder paste flux, how it activates 

and its effect on the wetting time  

 

During the process development phase of the project, whose 

results were reported in a previous publication [1], hot tearing 

of mixed SAC-BiSn alloy solder joints was observed in 

FCBGA solder joints located the die shadow area when using 

4 of the 12 low temperature Bi-Sn solder pastes studied. For 

3 of these pastes the hot tearing occurred at the Package 

Substrate interface and for the 4th paste it occurred at the PCB 

interface. Figure 13 displays photographs of cross-sections 

showing hot tearing in solder joints formed when using 4 LTS 

solder pastes. This hot tearing phenomena is caused by an 

interaction of the bismuth stratification at the package 

substrate interface, the FCBGA substrate dynamic warpage 

characteristic as it cools down from peak reflow temperatures 

and the cooling rate during reflow soldering. It can also be 

caused without bismuth stratification, if the solder paste 



metallurgy composition results in the solidification 

temperature to overlap the package substrate warpage 

inversion temperature.  

Figure 14 displays the result of re-plotting Figure 11 but with 

the data for those solder pastes that resulted in hot tearing of 

solder joints being observed in the FC BGA component, 

being separated out.  Closer examination of this plot indicates 

that there is a bismuth mixing % range, from about 30 to 80% 

where no hot tearing was observed. This implies that hot 

tearing is promoted at both the high and low ends of Bi 

mixing %.  

 
Figure 13. Cross-section Images of Hot Tearing observed in 

solder joints formed when using 4 LTS solder pastes 

At the high end of bismuth mixing % range, hot tearing is 

caused by bismuth stratification at the BGA substrate land 

interface, as is seen in Figure 13. This bismuth stratification 

has been observed in other studies by Raeder et. al. [14] and 

Coyle et. al. [15]. However, in those studies, the bismuth 

stratification was observed after extended isothermal aging 

and accelerated temperature cycling, respectively. In this case, 

the bismuth stratification was seen after reflow soldering. 

Nevertheless, the mechanism of stratification is identical: Bi 

does not participate in the Cu-Sn IMC formation reaction 

when the Sn reacts with the Cu or Ni from the BGA substrate 

land, but is instead rejected into the solder joint where it 

stratifies just below the IMC layer. For the present case, the 

peak reflow temperature used is below that of the liquidus for 

the solder joint composition.  If the reflow soldering was done 

at peak temperatures above the solder sphere liquidus 

temperature, this bismuth stratification would not be 

observed, because the Bi would then be able to diffuse away 

from the IMC layer due to a higher Bi diffusion rate in liquid 

Sn solders. 

At the low end of bismuth mixing % range, the root cause of 

hot tearing is the significantly lower bismuth composition 

(~15 wt% Bi) of the Black Thorn solder paste, when 

compared to the other 11 LTS solder pastes evaluated (>30 

wt% Bi). This low Bi composition results in the bismuth 

concentration of the liquid that solidifies last to be close to 

that determined to have the largest risk for hot tearing by 

Boettinger et. al. [16] in their studies on fillet lifting of Bi-Sn 

solders. The cross-section image of hot tearing for the Black 

Thorn leg, with the Cu6Sn5 IMC needles clearly visible in 

Figure 13, are similar to that observed by Boettinger. Solder 

pastes with bismuth content closer to the eutectic 

composition (~57 wt% Bi), are not expected to experience 

similar hot tearing of the solder joints at the PCB land 

interface if there is a low amount (<30%) of bismuth mixing 

in the solder joints, since the bismuth composition of the last 

region to solidify will be much higher.

 
Figure 14. Bismuth Mixing % plot for 12 LTS solder pastes with solder pastes that 

resulted in Hot tearing of solder joints in FCBGA solder joints being separated out. 



 

Appendix A-1 and A-2 contains examples of cross-section 

photographs that illustrate the Bi mixing % within the 

FCBGA and Socket R4 solder joints when various solder 

pastes are used. 

JRP Resin Height  

Soldering with JRP pastes results in solder joints partially 

encapsulated by a cured resin. For BGA and other area array 

solder joints, this cured resin forms a collar around the 

circular solder joint and the PCB land, as illustrated in Figure 

15.  The resin is expected to provide added reinforcement and 

strength to the solder joint and improve its reliability under 

stresses encountered during a mechanical shock or drop event 

and during thermal cycling. 

The height to which the cured resin coats the solder joint is 

an important parameter because it is one factor that 

determines the extent to which the solder joint is strengthened 

by the presence of the cured resin. Yamaguchi et. al. [17,18] 

reported an increase in the shear strengths with an increase in 

the cured resin height coverage on the solder joints of (i) SAC 

solder spheres soldered to PCB lands with a JRP paste and 

(ii) BGA components with only the corner joints soldered to 

PCB lands with JRP paste,  

The resin height around the solder joints was measured from 

cross-sections of the solder joints of the BGA, and the Socket 

R4 with both types (SAC and BiSnAg) of solder spheres. The 

distances measured in the XS photographs using an optical 

microscope are shown in Figure 15. From these measured 

lengths, the resin height was calculated as a % of the solder 

joint height using equation (2) below. 

 

% Resin Height=
100*(Hresin left+ Hresin right)

2*HJoint Height
          ---- (2) 

 

Figure 16 displays the results of the % resin height for solder 

joints formed using all four JRP materials evaluated. 

The resin coverage as a % of solder joint height varied from 

25% to 55%, with the mean of each distribution being 

significant different from the others. Beserah had the 

highest % resin coverage, Chanee had the lowest. However, 

Beserah and Chanee both had a lower variation of the resin 

coverage than the other two JRP pastes. This lower variation 

indicates better consistency of coverage across the solder 

joints. This consistency in resin coverage of the solder joint 

is desirable.  

 

 
Figure 15. Cross-section of a BGA Solder Joint formed 

using JRP paste  

 

The resin height can be controlled to some extent by varying 

the solder paste to solder sphere volume ratio. A higher solder 

paste volume printed on the PCB lands will lead to a higher 

resin height on the solder joints since the source of the resin 

is the solder paste. Increasing the % of volume of the resin in 

the solder paste is also another way to increase the resin 

height around the solder joints, but there is a limit to the 

amount of resin that can be added to the paste without 

deleteriously affecting its rheological properties that are 

paramount to achieving acceptable printability.  

 

 
Figure 16. % Resin Height on area array solder joints 

formed when using four JRP pastes  

 

Appendix A-1 contains examples of cross-sections that 

illustrate the resin coverage of the FCBGA and Socket R4 

solder joints. 

 

Voids in Mixed SAC-BiSn Solder Joints 

There are many different types of voids in solder joints, and 

these can impact the solder joints’ reliability depending on 

the type, area (or volume) content and location of voids in a 

solder joint [19]. The amount of solder joints in a 

component’s termination array that contain these voids as 



well as the location of these solder joints within that array are 

also factors that can determine whether the presence of voids 

in solder joints is detrimental to reliability. 

In this study, macro voids, also called process voids, are of 

interest. Since, the LTS solder pastes assessed are newly 

developed, determining the baseline amount of macro voids 

generated during the reflow process, particularly in the BGA 

solder joints, is of considerable value to ensure effective 

process control in a high-volume manufacturing process.  

During the initial process development phase using the SPDB 

board design, the specific voids content of each FCBGA or 

Socket R4 solder joint was not recorded. Only if this value 

exceeded a pre-set upper limit (25% joint area in the X-ray 

image) was it recorded as a defect. This procedure was 

effective in determining that excessive voids were formed in 

BiSnAg sphere Socket R4 having BiSnAg spheres when they 

were soldered with SAC solder pastes at the higher SAC 

reflow temperatures [1]. But, this procedure was not effective 

to determine the baseline voids content generated by the LTS 

solder paste compositions evaluated in this project.  

To close this gap, the project team measured voids in solder 

joints of a BGA component which was specifically used for 

mechanical shock tests in Phase 2 of the LTSPR project. 

Table 5 lists the attributes of the System on Chip (SOC) BGA 

package and design of the PCB [20] it was soldered on. 

 

Table 5. Attributes of the BGA Package and PCB used to 

measure Voids content. 

Attribute Value 

Package Type SoC BGA with Interposer 

Package Solder Ball Count 760 

Package Solder Ball Pitch 0.483mm 

Solder Ball Metallurgy SAC1205 (+Ni) 

PCB Design JEDEC B111A 

 

 

Figure 17 shows a cross-sectional diagram of the SoC BGA 

with interposer. Figure 18 displays a photograph of the 

JEDEC B111A [20] mechanical shock board. There are 4 

SoC BGA components on this board. 

 

 

 
Figure 17. Cross-sectional Diagram of the SoC BGA with 

Interposer used for solder joint voids measurement. 

 

 

 
Figure 18. Photograph of the B111A board with 4 Soc BGA 

with Interposer components assembled on it. 

 

Voids in electronic assemblies are usually measured with a 

2D X-ray [21]. However, 5DX X-ray Laminography is better 

for determining voids location with respect to the dual 

microscopic regions in a mixed SAC-BiSn alloys BGA solder 

joint. 5DX X-ray Laminography was used to measure voids 

in 3 planar slices across the height of the mixed alloy BGA 

solder joints, as shown in Figure 19. Each of these slices gives 

information about the source of voids in the solder joint as 

explained below. 

• Top Slice: voids present in this region are from incoming 

package solder spheres since the solder in this region does 

not melt during reflow soldering. 

• Center Slice: This region is near the transition region 

between Bismuth and SAC regions, and voids present can 

be either from the incoming solder spheres or generated 

during the reflow soldering process. 

• Bottom Slice: Voids in this region are predominantly 

process voids generated by the LTS solder paste used. 

 

 
Figure 19. Depiction of the 3 slices at which voids were 

measured at using the 5DX Laminography metrology 

 

12 of the 13 solder pastes listed in Table 1 were measured for 

voids. 6 boards were measured for each solder paste leg. All 

solder joints in each of the 4 components on each board were 

measured. If a void could be detected by the X-ray 

Laminography machine, the void content, as a % of the solder 

joint area in the X-ray image, was recorded. 



Figure 20 depicts the variability chart of the Voids Content 

measured as a % of the solder joint area in the X-ray image. 

The data is parsed out by the Solder paste category, the solder 

paste codename and the measurement slide location. Most of 

the data is below the 5% baseline. No LTS paste shows any 

gross process voiding. There are some data points above 5% 

baseline level, including that for the SAC solder paste.  

Two LTS solder paste legs contained some data points above 

5%. The Chee Chee leg solder paste had two solder joints 

with excessively large voiding. These voids are shown in 

Figure 21. As shown previously in Figure 11 in the Bismuth 

Mixing Percentage section, this paste had 100% Bi mixing 

and the entire solder ball would expected to have been molten 

during some stage in the reflow soldering process. However, 

these two data points are outliers. The other solder joints in 

the same component were relatively free of solder voids upon 

further examination using a 2D Transmission X-ray machine, 

and the combined mean of this Chee Chee leg for all three 

slices was the second lowest of all LTS legs. The Black Thorn 

leg solder paste also had a few data points above the 5% level. 

The composition of this solder paste was unique when 

compared to the other LTS pastes, with the Bi content in the 

low range (~15wt%), leading to a low solidus and a high 

liquidus temperature than the typical eutectic and near 

eutectic BiSn alloys. Moreover, this solder paste leg 

exhibited solder joints with hot tearing at the PCB interface. 

Both factors can lead to high voids content measurements.  

 

 
Figure 20. Variability chart of the Voids Content, measured as % solder joint area for 12 Solder Pastes. The data is 

parsed out by Solder Paste Category, the Solder Paste Codename and the measurement slide location. Data from any 

one particular board is identified by the shape of each data point.

 

 

 
Figure 21. 2D Transmission X-ray Images showing Large 

voids seen in two solder joints for the Chee Chee Solder Paste 

Leg.  

 

Figure 22 depicts the Distribution Histograms of Voids 

Content in Solder joints of all LTS legs, for each of the three 

slices measured using 5DX X-ray Laminography All three 

distributions are skewed to the lower end, which is typical for 

process generated voids. The Near Package Land slice has the 

largest number of solder joints with voids, which reflects 

voids generated in the components’ ball attach process, since 

the solder joint does not melt in this region for mixed SAC-

BiSn alloy microstructures. This distribution is also bi-modal 

but both modes are <=1% Solder Joint Area. The Mid Solder 

Joint slice has the least number of solder joints, as expected 

since this is the transition region between the bismuth and the 

SAC microstructure region. Most importantly, the voids 



distribution for Near PCB Land slice, which is directly 

associated with the LTS solder paste process, is typical of that 

seen for common SAC solder pastes. This implies no unusual 

voids generation mechanisms for any LTS solder paste 

studied. 

 
Figure 22. Distribution Histograms of Voids Content in 

Solder joints of all LTS legs.  

 

SUMMARY AND CONCLUSIONS 

 

This work focused on the characteristics of the mixed, dual 

microstructure SAC-BiSn solder joints, formed when high 

density Ball Grid Arrays (BGA) with SAC solder spheres are 

assembled to printed circuit boards (PCB) using Bi-Sn solder 

pastes at peak reflow temperatures that are significantly 

below the liquidus temperatures of the SAC solder ball. Two 

component types were used; a FC BGA, a socket. A socket 

with BiSnAg solder spheres was also studied for comparison, 

though the solder joints formed were not of a mixed, dual 

microstructure. 

 

The FCBGA component solder joint stand-off heights were 

directly impacted by the package substrate warpage 

characteristics with the convex shape of this package 

resulting in solder joints in the middle rows having much 

smaller stand-off heights than the outer rows. As expected, 

the mixed SAC-BiSn FCBGA solder joints had less collapse 

(19.7 to 32.2%) during reflow than the full SAC solder joints 

(37.7%) formed when using a SAC solder paste. Solder joint 

stand-off height is one contributor to solder joint reliability 

under thermo-mechanical stresses and is important for 

determining the product thickness (z-height) particularly for 

some markets, such as wearable and mobile phones.   

 

As also expected, for the Socket R4 component, the mixed 

SAC-BiSn solder joints had almost half the amount of 

collapse (~22% vs 42.5%) during reflow than the full SAC 

solder joints. Socket R4 components with BiSnAg spheres 

exhibited a higher % collapse than the Socket R4 components 

with SAC spheres (46.8% vs 42.5%) when soldered with the 

SAC paste under the higher temperature reflow profile. The 

presence of Bi in the former solder joints caused this 

additional collapse due to a lower surface tension of the 

molten solder.  

 

Mean Bi Mixing % values were higher for the FC BGA 

(65%), than for Socket R4 (35%), but this was expected since 

the FC BGA has a smaller sphere diameter. However, there 

was a wide variation (10 to 100%) in the Bi Mixing % across 

the various LTS solder pastes evaluated for each component. 

Reflow profile parameters, solder paste printability, Bi wt% 

and flux chemistry were identified as the variables that would 

cause individual solder paste variables and these require 

further study to determine the extent of their impact on this 

parameter. The amount of Bi mixing % is expected to play an 

important role in both solder joint quality and reliability for 

mixed alloy solder joints. 

 

For the 4 joint reinforcing pastes containing resin, the amount 

of encapsulation of the solder joint by the resin as a % of 

solder joint height varied from 25% to 55%, with the mean of 

distribution of the data for each paste leg being significant 

different from the others. The height of coverage of the cured 

resin around the solder joint is expected to play an important 

role in the amount of reinforcement provided to solder joints 

when subjected to mechanical and thermo-mechanical 

stresses. 

 

Voids content in mixed SAC-BiSn solder joints formed with 

the 11 of the 12 LTS solder pastes studied were 

predominantly below 5 % solder joint area which is the 

baseline for current SAC305 solder pastes. Void content data 

distribution for voids located near the PCB Land, where 

process voids are expected to be located in mixed SAC-BiSn 

BGA solder joints, were typical of common SAC solder 

pastes, thus implying no unusual process voids generation 

mechanisms. 
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APPENDIX A-1 

Examples of Cross-section images of SAC Baseline and Joint Reinforced Pastes with Resin  

Solder Paste 
Type 

Code 
Name 

Component 

FCBGA 
Socket R4 

(SAC Sphere) 
Socket R4 

(BiSnAg Sphere) 

SAC Baseline 
Raja 

Kunyit 

 
  

Joint 
Reinforced 
Paste with 

Resin 

Horlor 

 

  

Golden 

Pillow 

   

Beserah 

  

 

 
 

Chanee 

  
 

 

 

 

 

 



APPENDIX A-2 

Examples of Cross-section images of BiSn Baseline and BiSn Ductile Pastes  

Solder Paste 
Type 

Code 
Name 

Component 

FCBGA 
Socket R4 

(SAC Sphere) 

BiSn Baseline 

Balik 

Pulau 

  

Chee 

Chee 

  

Teka 

  

BiSn Ductile 

Kan You 

  

Black 

Thorn 

  

Red 

Prawn 

  

Red 

Flesh 

  

Sultan 

  

 


