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ABSTRACT 

The research focused on improving the adhesion of low melting temperature lead free solders to soda lime glass 
through ultrasonic soldering. All soldering parameters involving temperature, time, vibration amplitude and frequency 
were kept constant except for the new alloying elements to Sn40Bi solders. Improvement on adhesion strength of Sn40Bi 
solders was attempted by alloying with Al, Mg, Zn and Ag elements. Tensile test was applied on soldered specimen to 
determine shear separation strength. The positive effect of metal oxide passivation from alloying elements was observed on 
the adhesion strength. Tensile test and thermogravimetry analysis were applied to determine mechanical and chemical 
properties of selected solder alloys (Sn40Bi) 0.3 Mg and (Sn40Bi) 0.5Al.  Scanning electron microscope (SEM) and 
energy dispersive X-ray spectroscopy (EDX) were used to examine the bonding mechanism of the selected solders to glass. 
Sn and Bi were observed to remain in metallic form without adhering to glass. Mg and Al were observed to passivate to 
metal oxide form. MgO from (Sn40Bi) 0.3 Mg forms metal oxide bond to glass. Al2O3 from (Sn40Bi) 0.5Al forms metal 
oxide bond to glass.  
 
Keywords: ultrasonic soldering; metal oxide bond; glass soldering; bonding mechanism; PB-free solder. 
 
INTRODUCTION 
         Ultrasonic soldering (US) technique is able to 
bond difficult to solder substrates together. Bonding is 
achieved by combining heat and ultrasonic vibration 
through suitable solder alloy. The research focused on the 
development of low melting temperature lead free solder 
alloys to solder soda lime glass and pewter (Sn5Sb1.2Cu 
by wt%) with solidus temperature of 222.4 °C. Giftware 
products combining glass and Sn5Sb1.2Cu require good 
match up for strong adhesive bonding. Adhesive bonding 
is weakened by gaps in between. Bonding by US requires 
only moderate matching up by having molten solder filling 
up the gaps. US adhesion strength is affected by soldering 
time [1, 2] and soldering temperature [3, 4]. Variations in 
both parameters affect the liquid fraction, diffusion and 
intermetallic compound formation of solder alloys. Higher 
vibrational amplitude assists in the spreading of solder 
alloys [5]. Ultrasonic frequency ranges from 19 to 60 kHz 
with higher frequency for difficult to solder parts [3 - 11].   

US for Al alloys mainly uses various 
compositions of Zn, Al and Sn as solder alloys. Zn-Al and 
pure Sn filler metals were used to determine optimum 
soldering time for US joining of 2024 Al [1, 2]. Diffusion 
of Al and alumina substrates into the filler metals 
strengthens the joint. US of 5056 Al joints was conducted 
using Zn-Al and Zn-Sn solder alloys [3, 4]. US was 
conducted on 1070 Al using Sn23Zn solder alloy [1]. In 
non US setting, addition of 0.3 wt. % Ag to Sn-9Zn-xAg 
improves the solder alloy microstructures, wettabilities 
and mechanical properties due to increasing oxidation 
resistance [12]. Zn-Al-Mg-Ga solder produces higher die 
shear strength and may replace leaded Pb5Sn solder for Si 
die attachment with Cu lead-frame in automatic die attach 
machine [13].  

Development of low temperature solder alloys 
was conducted by selecting Sn40Bi by wt% as the base 

solder alloy. Sn40Bi has solidus temperature of 138 °C 
and liquids temperature of 170 °C [14]. The low melting 
temperature is ideal for soldering glass and Sn5Sb1.2Cu 
without damaging the surface of substrates. By itself, 
Sn40Bi solder alloy failed to adhere to glass using US. Al, 
Mg, Zn and Ag were selected as alloying elements to 
improve Sn40Bi adhesion property to glass. The shear 
separation strength of soldered specimen between glass 
and Sn5Sb1.2Cu was measured by tensile test. 

 
MATERIALS AND METHODS 

US was conducted using a device, Sunbonder 
USM-5 from Kuroda Techno with adjustable soldering 
temperature ranging from 200 – 500 °C and vibration 
power at 1 -12 Watt with fixed frequency at 60 kHz. 
Sn40Bi as the base solder alloy was prepared by adding Bi 
(40 wt%) into molten Sn in an electric pot set at 500 °C. 
Small granules of Al, Mg, Zn and Ag as alloying elements 
were weighed, added and stirred separately to molten 
Sn40Bi. Smooth flow of solder alloys is important for 
uninterrupted soldering. Mg proportion was limited to 
0.5% (wt%) due to its high viscosity at molten stage. Ag 
was limited to 1.25% (wt%) due to high cost involved. Al 
and Zn were limited to 5% (wt%) with solder flow 
remaining smooth. The compositions of the selected 24 
solder alloys with added Al, Mg, Zn and Ag are shown in 
Table-1.  

The solder alloys were cast into 2mm diameter 
rod and cut to granule at uniform weight of 0.10 gram. 
Soda-lime-silica glass was used as substrate. 2 mm thick 
glass panel was cut to dimensions of 33 x 16 mm. 
Sn5Sb1.2Cu substrate was alloyed by adding small 
granules of Sb (5 wt%) and Cu (1.2 wt %) into molten Sn 
in an electric pot and cast in a steel mold. The cast sheet 
was rolled to thickness of 2 mm and guillotined into 
dimensions of 55 x 20 mm.  
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Table-1. Compositions of Sn40Bi solders alloyed with Al, 
Mg, Zn and Ag. 

 

 
      
     A soldering apparatus shown in Figure-1 was 
fabricated for holding of glass and Sn5Sb1.2Cu plates in 
lap joint position. It was fitted with 150 W electrical heater 
set at optimum temperature of 150 °C. The temperature 
was ideal, as lower setting inhibited solder flow while 
higher setting delayed solders solidification. The heater 
was added to ensure fast soldering cycle. The apparatus 
heater was switched on. Glass plate was wiped clean with 
petrol and cloth and inserted into the apparatus. The oxide 
layer on the sides of Sn5Sb1.2Cu plate was scrapped by 
knife and inserted into the apparatus. The solder granule 
was placed on glass surface when surface temperature 
reached 150 °C. US tool tip was set at 450 °C and 
vibration amplitude at 8W. Solder granule melted upon 
contact to the tool tip. The plates bonded when vibrating 
tool tip was rubbed throughout the glass surface and the 
edge of Sn5Sb1.2Cu for 30 seconds. The same process 
was repeated on the opposite segment. US for each solder 
alloy was replicated on 4 glass and pewter specimens. 
Heater was switched off and soldered specimen removed 
upon cooling to room temperature. The combined soldered 
area on glass is at 1.12 cm2 while the soldered area for 
Sn5Sb1.2Cu is at 0.64 cm2.  
 

 
 

Figure-1. Schematic diagram of soldering apparatus. 
 

An apparatus shown in Figure-2 was fabricated 
for holding the soldered specimen during tensile test. The 
apparatus with soldered specimen was clamped in Instron 

5582 tension testing machine. Tensile test rate was set at 2 
mm/ min at room temperature. Shear separation strength 
measurements were based on the average of 4 replications. 

 
 

Figure-2. Schematic diagram of tensile test apparatus. 
 

Evaluation of shear separation strength values 
resulted in selection of (Sn40Bi) 0.3Mg and (Sn40Bi) 
0.5Al. Experimentations were conducted on the properties 
of the two selected solder alloys. The chemical 
compositions of both solder alloys are listed in Table 2. In 
addition, the mechanical properties of both solder alloys 
were evaluated and obtained using Instron 5582 tension 
testing machine. 

 
Table-2. Chemical compositions of (Sn40Bi) 0.5Al and 

(Sn40Bi) 0.3Mg. 
 

 
 

The solidus and liquidus temperatures for both 
solder alloys were obtained using Hitachi STA7300 
thermogravimetric analyzer. Characterization was 
conducted only on solder joint between glass specimens 
soldered with (Sn40Bi) 0.5Al and (Sn40Bi) 0.3Mg 
solders. This is due to fracture not detected between 
solders and Sn5Sb1.2Cu during tensile test. SEM 
micrographs were taken using JEOL JSM-6700F for both 
solder joints at 25000X magnification. EDX analysis using 
JEOL JSM-5600 at 15.0 KV on the elements and 
compound by wt% was conducted starting from the 
interface and expanding on both sides of glass and solders. 
The elements involved were Sn, Bi, Al, Mg, Si, Ca and 
Na. Subsequent measurements after the interface were 
taken at the intervals of 10 μm. Measurements were 
continuously taken until the readings of elements by wt% 
reached stable values.               
                                      
RESULTS AND DISCUSSION 
        The tensile test conducted on the soldered 
specimen produced shear separation force and extension 
before fracture graph. Graph for a sample specimen is 
shown in Figure-3. Shear separation force is the force 
required to separate the soldered specimen of glass and 
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Sn5Sb1.2Cu. Shear separation force can be converted to 
shear separation strength by dividing with soldered surface 
area at 1.12 cm2. Fracture only occurred between glass and 
solders and not between Sn5Sb1.2Cu and solders.  Bond is 
weaker between solders and glass despite smaller soldered 
surface area between solders and Sn5Sb1.2Cu at 0.64 cm2. 
 

 
 

Figure-3. A sample graph of shear separation force and 
extension before fracture. 

 
Shear separation strength data involving (Sn40Bi) 

xAl, (Sn40Bi) xMg, (Sn40Bi) xAg and (Sn40Bi) xZn 
solder alloys is shown in Figure-4. Sn40Bi solder alloyed 
with Mg and Al have higher shear separation strength. 
Shear separation strength peaked at 2.95 MPa for (Sn40Bi) 
0.3Mg and at 2.10 MPa for (Sn40Bi)0.5Al. 
 

 
 

Figure-4. Graph of shear separation strength for four 
groups of solder alloys. 

 
       Sn40Bi did not adhere to glass during test conducted 
by the author. Adhesion to glass occurred due to the 
presence of the alloying elements Al, Mg, Ag and Zn. The 
alloying elements form different passivation layers when 
exposed to atmosphere. Al reacts with atmospheric oxygen 
and forms passivation layer of Al2O3 or aluminum oxide 
[15]. Mg in air forms instantaneous passivation layer of 
MgO or magnesium oxide at 25nm thick [16, 17]. Zn 
exposed for four days to air at 35 °C and 85 % RH formed 
oxide layer of ZnO topped with thin layer of Zn (OH)2 
[17]. The zinc hydroxide layer was formed from moisture 
in high humidity level. With continuous exposure to CO2, 

ZnO forms ZnCaO3. Ag is stable in pure air. In the 
presence of sulfide, it tarnishes to form Ag2S [18]. 
Adhesion of solders to glass is stronger for alloying 
elements with passivated layer of metal oxide. Adsorption 
of oxygen by solder alloy strengthens adhesion with glass 
surface. Bonding between glass and solders is more 
conducive with the presence of metal oxide.  
       The derived mechanical properties of solder alloys 
(Sn40Bi) 0.5Al and (Sn40Bi) 0.3Mg are shown in Table 3. 
(Sn40Bi) 0.3Mg has both higher tensile strength and 
greater ductility than (Sn40Bi) 0.5Al. The mechanical 
properties signify that (Sn40Bi) 0.3Mg is a stronger solder 
metal alloy than (Sn40Bi) 0.5Al as low temperature lead 
free solder alloy for bonding to glass. At specific equal 
conditions, the solder alloy (Sn40Bi) 0.3Mg will require 
stronger shear separation strength to rupture in comparison 
to (Sn40Bi) 0.5Al. 
 

Table-3. Mechanical properties of glass, Sn5Sb1.2Cu, 
(Sn40Bi) 0.5Al and (Sn40Bi) 0.3Mg. 

 

 
 

The phase diagram for (Sn40Bi) 0.3Mg is shown in 
Figure-5. The solidus temperature is at 141.6 °C while the 
liquidus temperature is at 170.8 °C. The phase diagram for 
(Sn40Bi) 0.5Al is shown in Figure-6 with solidus 
temperature at 143.3 °C and liquidus temperature at 171.1 
°C. The difference between the solders’ liquidus 
temperature against Sn5Sb1.2Cu solidus temperature of 
222.4 °C exceeds 50 °C. Soldering can be done without 
damaging the surface of Sn5Sb1.2Cu and soda lime glass.   

 

 
 

Figure-5. Phase diagram of solder alloy (Sn40Bi) 0.3Mg. 
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Figure-6. Phase diagram of solder alloy (Sn40Bi) 0.5Al. 
 

The SEM micrographs at 10000 magnifications on 
the cross section of joint between glass and both solder 
alloys, (Sn40Bi)0.5Al and (Sn40Bi)0.3Mg are shown in 
Figure-7. Formation of intermetallic compound (IMC) is 
not visible at the interface between glass and both solder 
alloys. The absence of IMC layer signifies that the 
bonding mechanism is not based on diffusion of solders 
and migration of substrates crossing the interface. Bonding 
between glass and (Sn40Bi) 0.3Mg is more comprehensive 
without numerous gaps signifying a more complete 
bonding. Bonding between glass and (Sn40Bi) 0.5Al is not 
comprehensive with visible gaps signifying incomplete 
bonding. The difference is reflected by the higher shear 
separation strength values for (Sn40Bi) 0.3Mg when 
compared to (Sn40Bi) 0.5Al. In the case of ceramic and 
solder, their bond is in the form of metal oxide adhesion 
[19]. The bond between glass and solders is also in the 
form of metal oxide adhesion. In addition, the metal oxide 
adhesion bond is strengthened by formation of mechanical 
adhesion when molten solder flowed into the crevices of 
glass surface created by the strong vibration amplitude of 
soldering tool. The protrusions formed by flowing molten 
solders are visible on both (Sn40Bi) 0.3Mg and 
(Sn40Bi)0.5Al  solder alloys. 
 

 
 

Figure-7. SEM micrographs of joint between (Sn40Bi) 
0.5Al solders and glass. 

 
 

Figure-8. SEM micrographs of joint between (Sn40Bi) 
0.3Mg solders and glass. 

 
       Measurements of the wt% of elements were taken 
through EDX analysis conducted on the cross section of 
solder joint between glass and the solders. Apart from the 
interface, 4 measurements at intervals of 10 μm were taken 
on both solders and glass sides. The compositions of 
elements and compounds by wt% reached stable values by 
the distance of 40 μm from the interface. The elements and 
compounds detected were Sn, Bi, Al2O3 (alumina), MgO 
(magnesia), Na2O (sodium oxide), SiO2 (silica) and CaO 
(lime). 
       The elements and compounds by wt% 
documented at interface between (Sn40Bi) 0.3Mg and 
glass are shown in Figure-9. From the solders side, Sn, Bi 
and MgO (magnesia) were detected. Both Sn and Bi 
remained in pure metallic form. Earlier test confirmed 
Sn40Bi did not adhere to glass. Flow of molten Sn stopped 
at the interface while molten Bi diffused deep into the 
glass region. Mg from the solder passivated completely 
into MgO. MgO migrated to the region within 10 μm of 
both sides of the interface, becoming the agent bonding 
solders to glass. From the glass side, Al2O3 (alumina), 
MgO (magnesia), Na2O (sodium oxide), SiO2 (silica) and 
CaO (lime) were detected. Both Al2O3 and MgO were part 
of minor additives of glass and did not migrate beyond the 
interface to solders region. CaO also did not migrate 
beyond the interface. Both SiO2 and Na2O migrated to 
beyond 40 μm into the solders region. However, SiO2 is 
the likeliest agent bonding glass to MgO due to its position 
as the main constituent of glass. The role of Na2O is to 
reduce the transition temperature of glass. 

 

 
 

Figure-9. Elements and compounds at intermediate region 
between glass and (Sn40Bi) 0.3Mg solders. 
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        The elements and compounds by wt% 
documented at interface between (Sn40Bi) 0.5Al and glass 
are shown in Figure-10. From the solders side, Sn, Bi and 
Al2O3 were detected. Both Sn and Bi remained in pure 
metallic form and did not adhere to glass. Flow of molten 
Sn stopped at 20 μm beyond the interface while molten Bi 
diffused deep into the glass region. Al from the solder 
passivated completely into Al2O3. Al2O3 migrated to the 
surface at the interface and 30 μm into glass region 
becoming the agent bonding solders to glass. On the glass 
side, Al2O3, MgO, Na2O, SiO2 and CaO were detected. 
Both Al2O3 and MgO were part of minor additives of glass 
and did not migrate beyond the interface to solders region. 
CaO also did not migrate beyond the interface. SiO2 and 
Na2O migrated into the solders region. SiO2 is the likeliest 
agent bonding glass to Al2O3 due to its position as the 
main constituent of glass.  

Research by [20] concluded that chemical bond is 
responsible for bonding glass plate and SnZn solders and 
most likely in the form of ‘Zn-O-Si’. The EDX analysis 
based on wt% of both elements and compounds strongly 
suggests that SiO2 migrated beyond 40 μm into the solders 
region forming metal oxide bond. The most likely metal 
oxide bond between (Sn40Bi) 0.3Mg and glass is ‘Mg-O-
Si’. The metal oxide bond between (Sn40Bi) 0.5Al and 
glass is ‘Al-O-Si’. ‘Mg-O-Si’ metal oxide adhesion is 
stronger than ‘Al-O-Si’ based on shear separation strength 
experimental results. The bond between Mg-O-Si is likely 
in the form of imperfect union between Oxygen from both 
solder and substrate created by heat, intense pressure and 
ultrasonic vibration during soldering. Bond dissociation 
energies for Mg-O is 358.2 kJ/mol, Al-O is 501.9 kJ/mol 
and Si-O is 799.6 kJ/mol as shown in Table-4. The weaker 
ionic bond within Mg-O against Al-O resulted in stronger 
imperfect bond of O-O from Mg-O-Si. Stronger pull factor 
of Al-O resulted in weaker O-O bond within Al-O-Mg. 
 

 
 

Figure-10. Elements and compounds at intermediate 
region between glass and (Sn40Bi) 0.5Al solders. 

 

Table-4. Bond dissociation energies in diatomic molecules 
[21]. 

 

 
 
CONCLUSIONS 
  Study on low temperature solder alloys for 
ultrasonic soldering of glass reached the following 
conclusions. The adhesions of solders to glass are stronger 
for Sn40Bi solders alloyed with Mg or Al than Ag or Zn. 
This is due to both Mg and Al forming passivated layer of 
metal oxide. SEM observations of cross section of solder 
joints between glass and solder alloys (Sn40Bi) 0.3Mg and 
(Sn40Bi) 0.5Al did not show any IMC layer at the 
interface. The metal oxide adhesion between glass and 
solders is most likely in the form of Mg-O-Si for (Sn40Bi) 
0.3Mg and Al-O-Si for (Sn40Bi) 0.5Al. (Sn40Bi) 0.3Mg 
formed stronger bond with smooth glass surface than 
(Sn40Bi) 0.5Al. The stronger bond is likely due to weaker 
ionic bond within MgO as compared to Al2O3 resulting in 
stronger metal oxide bond with SiO2. Bonding between 
glass and solder alloys (Sn40Bi) 0.3Mg and (Sn40Bi) 
0.5Al is a combination of metal oxide adhesion and 
mechanical adhesion.  
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