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RESEARCH ARTICLE 

Effect of Microwave Hybrid Heating on Mechanical Properties and 
Microstructure of Sn3.0Ag0.5Cu/Cu Solder Joints   
S.R.A. Idris* and M.N. Mazelan1 
 Faculty of Mechanical and Automotive Engineering Technology, Universiti Malaysia Pahang Al-Sultan Abdullah, 26600 Pahang, Malaysia 

ABSTRACT - Microwave hybrid heating (MHH) has become soldering’s alternative method 
for lead-free solder alloys due to its benefits towards modern microtechnology, such as shorter 
processing time, lower energy consumption and lower defect rate. Nonetheless, it still requires 
susceptors to improve its heating performance, such as SiC, which is known for its high loss 
factor under low microwave frequencies. In this study, the effect of microwave hybrid heating 
on mechanical properties, as well as the microstructure of solder joint between Sn3.0Ag0.5Cu 
(SAC305) solder alloy and Cu substrate was investigated. Solder joint was created using MHH 
with different soldering parameters (amount of SiC in a range of 3-7g and exposure time in a 
range of 7-10min) between SAC305 solder alloy (in the form of wire and paste) and Cu 
substrate. Then, a lap shear test was carried out following a standard of ASTM D1002 to 
determine solder joint strength. Characterization was made using an optical microscope and 
scanning electron microscopy. Results showed that solder wire produced the highest solder 
joint strength with the value of 115.45 MPa when using 3.05g of SiC for 8.92min soldering 
time. Meanwhile, the solder paste produced 109.76MPa solder joint strength when using 3.03 
g of SiC for 9.39 min soldering time. The intermetallic compound (IMC) form was scallop-like 
Cu6Sn5, both solder/substrate joints with a thickness of 2.87 µm for solder wire and 3.62 µm 
for solder paste. Nonetheless, an excessive amount of SiC would generate more heat in MHH 
and increase the IMC thickness as well as reduce shear strength, which eventually decreases 
the solder joint stability. 
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1.0 INTRODUCTION 
Microelectronic systems demanded an increasing urge on the dependability of interconnecting solder joints due to the 

rapid growth of electronic devices towards volume downsizing and functional integration. In addition, rough working 
environments such as thermal cycling, vibrations and drop impact make reliable solder joints more crucial [1-3]. 
Previously, Sn-lead solder was used due to its excellent properties, which include thermal properties and superior 
wettability. Nonetheless, when Sn-lead solder was prohibited due to its toxicity, several types of Sn-based solders were 
discovered by other researchers [3-6]. These types of solders possess lower solder joint properties than Sn-lead solder; 
hence, researchers employed a novel strategy to enhance their properties. 

A conventional reflow soldering process is a well-known process that can affect the formation and growth of thin as 
well as uniform IMC layers. This is important as it represents a good and reliable solder joint strength between solder and 
substrate material. However, excessive growth of IMC during reflow soldering may lead to poor solder joint strength 
since IMC is brittle in nature. Previous studies have proved that the use of MHH can be another alternative to create solder 
joints due to its lower energy usage, high heating rate and less material losses [7-9]. Moreover, heating from a microwave 
alone is not enough to create a good interconnection between solder and substrate and hence, it needs other sources of 
heat from external susceptors to make it possible to be considered for soldering. External susceptors include iron powder, 
silicon carbide and graphite which are being used in the current research [10-12].  

Studies have compared SiC with other susceptor materials, such as graphite boats and charcoal, to evaluate its 
performance in hybrid heating [13]. These comparative analyses provide insights into the advantages and disadvantages 
of using SiC as a susceptor material. SiC was found to have high energy absorption capabilities during the microwave 
heating process. This means that it can efficiently convert microwave energy into heat, making it a suitable material for 
heating applications. SiC can also be used as a microwave susceptor due to its high loss factor under low microwave 
frequencies [14]. Overall, studying SiC in microwave hybrid heating allows researchers to optimize energy absorption, 
heating rates, and temperature capabilities, leading to more efficient and effective heating processes in various 
applications. Even though those studies suggested that SiC can be used as a susceptor material in microwave hybrid 
heating, its amount and content can affect the formation of IMCs, which is still not properly addressed. Hence, in this 
study, the research is focused mainly on exploring microwave hybrid heating to produce high solder joint strength as well 
as the transformation of IMC layer, especially for powder compacted solder in comparison with wired solder type.  
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2.0 EXPERIMENTAL SETUP 
2.1 Sample Preparation  

In the study, a substrate, which is a pure copper rod of 10 mm length×6 mm diameter and a copper plate of 10 mm×10 
m×2 mm were prepared, ground, and cleaned ultrasonically to ensure there are no impurities attached to the surface of 
the substrate. Solder wires were coiled to 6 mm diameter for ease of soldering and then were cleaned in an ultrasonic 
cleaner. 

2.2 Soldering Procedure  

Soldering between SAC305 solder alloy (both wire and paste type) and Cu substrate was conducted in a microwave 
oven (Panasonic NN CD997S, 1000 W, 2.45 GHz), as shown in Figure 1. No clean flux was applied to the surface of the 
substrate in order to clean it from contamination as well as to ensure the solderability between the solder and substrate. 
The solder was then sandwiched between the substrate and made ready for soldering. The parameters used for soldering 
is stated in Table 1. After the soldering, the specimen was removed from the microwave and cooled in air.  

 
Figure 1. Schematic diagram of the soldering process step 

Table 1. Optimization goal for the variables and response 
Name Goal 
Exposure time (minutes) In range (7 to 10) 
Amount of susceptor (g) In range (3 to 7) 
Shear strength Maximized 

2.3 Lap Shear Test Preparation  

The shear strength of IMC was analyzed by conducting the lap shear test. The lap shear test is frequently used to 
examine the strength of the adhesive and/or interface strength bonded with adhesives. In this study, the lap shear test was 
conducted following the ASTM D1002 standard. The crosshead speed was set to 1 mm/min, and the test was performed 
in a standard laboratory atmosphere. For every set of parameters, four specimens were taken for the lap shear test, and 
the average value was calculated. Figure 2 displays the setup for the shear test.  
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Figure 2. Experimental setup for shear test 

2.4 Characterization Methods   

The cross-sectional images of the solder joints were observed with optical microscopy and scanning electron 
microscopy – energy dispersive x-ray (SEM-EDX). The specimen was immersed in an acid solution of 5 ml hydrochloric 
acid and 95 ml ethanol for several minutes to remove the solder by etching completely. Then, they were characterized in 
terms of IMC type and thickness. 

3.0 RESULTS AND DISCUSSION 
3.1 Shear Strength of SAC305/Cu Solder Joints 

Since solder joints are frequently subjected to mechanical loading throughout their service lives, their mechanical 
properties, such as shear strength, have a major effect on the reliability of overall electronic packaging. Therefore, a series 
of shear strength tests were conducted for both solder types (wire and paste) of SAC305/Cu joints to determine their shear 
strength. Average values of shear strength for the SAC305 wire/Cu joint and SAC305 paste/Cu joint sample are presented 
in Table 2 and Table 3, respectively. The test was conducted three times for each sample. For wire SAC305/Cu joints, 
sample 1 has the lowest shear strength value of 60.51 MPa. It was produced by 4g of susceptor for 7 minutes. The joint 
produced by 6g of susceptor for 9 minutes resulted in the highest shear strength (sample 4). Sample 3 showed the second-
highest shear strength (96.74 MPa) with only a 1.0 MPa difference from sample 4. Samples 9 to 13 showed approximately 
the same results of shear strength ranging from 87.32 MPa to 95.85 MPa.  

On the other hand, in SAC305 solder paste/Cu joints, it was observed that sample 7 has the highest shear strength 
value (107.38MPa) as it has been produced with 8 minutes exposure time and 3 g susceptor. The second highest shear 
strength of 106.53 MPa was achieved with 5 g of susceptor for 6 minutes (sample 5). Sample 4 has the lowest shear 
strength with a value of 86.32 MPa. Samples 9 through 13 have the same parameters (5 g susceptor and 8 minutes exposure 
time), and the shear strength ranged from 96.35 MPa to 92.23 MPa. Figure 3 summarizes the shear strength for wire 
solder and solder paste in Table 2 and Table 3. These shear strength results showed improvement compared to the previous 
study, where the highest shear strength value was 57.5MPa after reflow soldering with 5 s of ultrasonic treatment [15]. 

Table 2. Shear strength result according to the experiment order for SAC305 wire  
Sample Amount of susceptor (g) Exposure time (minutes) Shear strength (MPa) 

1 4 7 60.51 
2 4 9 88.44 
3 6 7 96.74 
4 6 9 97.38 
5 5 6 80.47 
6 5 10 90.17 
7 3 8 64.91 
8 7 8 92.65 
9 5 8 89.94 

10 5 8 95.85 
11 5 8 87.32 
12 5 8 93.32 
13 5 8 93.71 

In general, solder paste produced better solder joint strength even with a small amount of susceptor and shorter 
exposure time. This was expected since solder paste can easily melt and diffuse into Cu substrate to form strong as well 
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as reliable IMC. The chemical reaction in the bulk solder paste makes it easier to react. Meanwhile, solder wire requires 
more time to melt and react with Cu substrate; hence producing lower solder joint strength.  

Table 3. Shear strength result according to the experiment order for SAC305 paste 
Sample Amount of susceptor (g) Exposure time (minutes) Shear strength (MPa) 

1 4 7 103.89 
2 4 9 94.12 
3 6 7 94.85 
4 6 9 86.32 
5 5 6 106.53 
6 5 10 96.12 
7 3 8 107.38 
8 7 8 91.09 
9 5 8 93.36 

10 5 8 93.03 
11 5 8 93.69 
12 5 8 92.23 
13 5 8 96.35 

 

 
Figure 3. Comparison of shear strength for both forms of SAC305 according to the experiment order 

The fracture mechanism of the solder joints was investigated by examining the fracture surfaces of the solder joints. 
Figure 4 displays the shear fracture surface for solder wire (a) and solder paste (b). Based on the figures, fracture surface 
smearing can be seen, which is a common phenomenon as the loading direction is parallel to the fracture surface. The 
presence of this dimple-like elongated structure suggests that it is a ductile fracture mode that had occurred in the solder 
area (failure mode I). The same finding was found in a previous research [16]. Ductile failure is a mode of fracture that 
occurs following considerable plastic deformation. During ductile failure, a part will experience a localized reduction in 
area due to plastic deformation until it ultimately fractures. The fracture appearance is rough and torn, and the cross-
section is reduced or distorted. Shear lips are observed at the latter part of the fracture and indicate the final failure of the 
part. The fracture surface is dull, with a fibrous appearance. These results proposed that the IMC layer is stronger than 
the solder matrix. Both shear fractures occurred at the bulk solder.  

 
Figure 4. Shear fracture surface for (a) solder wire and (b) solder paste 
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In addition, the effect of experiment parameters on the shear strength was also recorded. According to the results, 
interactions between the factors did not record a significant p-value at a 95% confidence level in both forms of solder. 
However, the interaction plot showed that there is an interaction occurred between exposure time (A) and the amount of 
susceptor (B). Figure 5(a) and 5(b) display the interaction plot for both solder wire and solder paste, respectively, obtained 
from the design expert software. Based on Figure 5 (a), the amount of susceptor (B) shows a significant effect on shear 
strength compared to exposure time (A). As the amount of susceptor increases, the shear strength also increases. Different 
interaction was observed for solder paste. From Figure 5 (b), it was observed that a low amount of susceptor and exposure 
time will result in higher shear strength. Two different interactions observed between solder wire and solder paste imply 
that these two forms of solder possess different microstructures.  

  
Figure 5. Interaction plot for (a) solder wire and (b) solder paste 

3.2 Intermetallic Compound Formation at SAC305/Cu Solder Joint  

The optimized soldered sample that yielded the highest shear strength was selected to analyze the microstructure and 
its IMC thickness. Figure 6 and Figure 8 show the cross-section image of the optimized sample for wire solder form and 
paste shear form, respectively, with the highest shear strength (3.05 g SiC, 8.92 minutes and 3.03 g SiC, 9.39 minutes). 
Meanwhile, Figure 7 and Figure 9 show an EDX analysis from the top view, confirming the IMC type formed after 
soldering. As seen in Figure 6, a scallop shape Cu6Sn5 was observed at the solder/substrate interface as well as spallation. 
The gap between the neighboring scallops was far, which may be due to the coarsening of scallop Cu6Sn5. According to 
a previous study, this reaction is governed by the Gibbs-Thomson effect in the ripening process [17]. Smaller IMC grains 
were dissolved in the liquid solder, making the growth of neighboring grains elevated. Other than Cu6Sn5, Cu3Sn was also 
observed at the SAC/Cu interface. Precipitation of Cu3Sn becomes thermodynamically possible after the precipitation of 
Cu6Sn5 [17]. The Cu3Sn is said to be grown by solid-state diffusion while scallop shape Cu6Sn5 by the ripening process.  

For the solder paste in Figure 8, it can be seen that the IMC observed at the solder/substrate interface were Cu6Sn5 
and Cu3Sn. Scallop-like and polygon-like (sharp edges) IMC peaks were observed. The IMC shape and size were different 
from each other. It signifies that they have different growth stages due to the different IMC distributions on the Cu 
substrate. The IMC shape was mostly polygon-like. It may be due to the incomplete ripening process. Spallation was 
observed, as well as a far gap between the adjacent scallops. The spalling of Cu6Sn5 was observed because the Sn 
concentration in SAC305 was high. The evolution of IMCs at the SAC/Cu solder joint is based on the continuous growth 
of Cu6Sn5 (from soldering) and the formation of Cu3Sn. The formation of Cu3Sn from Cu6Sn5 is shown as follows:  

𝐶𝐶𝐶𝐶6𝑆𝑆𝑆𝑆5 + 9𝐶𝐶𝐶𝐶 →  𝐶𝐶𝐶𝐶3𝑆𝑆𝑆𝑆 (1) 

Alternatively, Cu3Sn could dissolve itself and react with the Sn atom to produce Cu6Sn5. The formation of Cu6Sn5 is 
governed by the following transformation equation:  

5𝐶𝐶𝐶𝐶3𝑆𝑆𝑆𝑆 → 9𝐶𝐶𝐶𝐶 + 𝐶𝐶𝐶𝐶6𝑆𝑆𝑆𝑆5 (2) 
  

2𝐶𝐶𝐶𝐶3𝑆𝑆𝑆𝑆 + 3𝐶𝐶𝐶𝐶 →  𝐶𝐶𝐶𝐶6𝑆𝑆𝑆𝑆5 (3) 

Figure 10 presents the average IMC thickness of the optimized soldered sample (wire and paste) which has the highest 
shear strength. Based on the table, the average IMC thickness for both solder form is less than 4 µm, which are considered 
thin for first-level packaging. The standard deviation for wire solder form is 0.76, while for solder paste is 1.73, which is 
considered quite high. This result is in relation to the cross-section image. Based on Figure 6, the scallop-like IMCs were 
close together, and the adjacent scallop was close together. This results in a standard deviation of less than 1. The same 
concept applies to the solder paste. Figure 8 shows that the IMCs have sharp edges, and the adjacent scallops are far apart, 
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resulting in a standard deviation of more than 1. Meanwhile, Figure 11 shows XRD results, which confirm the existing 
compound was Cu3Sn and Cu6Sn5 IMC for both solder wire and solder paste.  

 
Figure 6. Cross section of an optimized soldered sample of Sn-Ag-Cu (wire)/Cu from sample 3 

 
 

 
Figure 7. EDX results of interface intermetallic formed at Sn-Ag-Cu (wire)/Cu solder joint from sample 3 
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Figure 8. Cross section of an optimized soldered sample of Sn-Ag-Cu (paste)/Cu from sample 2 

 
 

 
Figure 9. EDX results of interface intermetallic formed at Sn-Ag-Cu (paste)/Cu solder joint from sample 2 
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Figure 10. Average IMC thickness for optimized solder wire and solder paste 

 
Figure 11. XRD spectrum of Sn-Ag-Cu/Cu solder joint 

4.0 CONCLUSIONS 
In this study, the effect of microwave hybrid heating on mechanical properties as well as the microstructure of solder 

joint between Sn3.0Ag0.5Cu (SAC305) solder alloy and Cu substrate, was investigated. The results concluded that: 

i. Solder wire produced the highest solder joint strength with a value of 115.45 MPa when using 3.05 g of SiC for 
8.92 minutes of soldering time. Meanwhile, the solder paste produced 109.76 MPa solder joint strength when 
using 3.03 g of SiC for 9.39 minutes of soldering time. 

ii. The intermetallic compound (IMC) form was scallop-like Cu6Sn5, both solder/substrate joints with a thickness 
of 2.87 µm for solder wire and 3.62 µm for solder paste. Nonetheless, an excessive amount of SiC would generate 
more heat in MHH and increase the IMC thickness as well as reduce shear strength, which eventually decreases 
the solder joint stability. 
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