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ABSTRACT 

In this research, comparative analyses were performed concerning various lead-free SAC 

(SnAgCu) and micro-alloyed SAC (SnAgCu+Bi+Sb) solder alloys. The mechanical properties 

of these solder alloys were characterized by measuring the shear strength of 0603 (1.5 x 0.75 

mm) size chip resistors’ joints. A testboard was designed, which contains fifty pieces of 0603 

size resistors. Thirty of them are intended for shear strength measurements and the remaining 

twenty are intended for cross-sectional analyses. During the experiment, twenty-eight pieces 

of testboards were soldered with Vapour Phase soldering (seven with each solder alloy) and 

twenty-four of them are subjected to Thermal-Shock (TS) life-time tests with temperature 

range of +140 – -40 °C up to 2 000 cycles. The shear strength of the solder joints was 

measured on as-reflowed and on aged samples to examine their reliability performance also.  

INTRODUCTION 

In recent years, several investigations have been carried out concerning micro-alloyed solders. 

The main aim of these studies is to find lead-free solder alloys with higher quality and 

reliability than the commercially available SAC alloys (SnAgCu – Tin-Silver-Copper) by 

reducing silver content. In large silver content SAC alloys (in the case of improper cooling 

rate during reflow soldering), large Ag3Sn intermetallic compounds (IMC) can form [1–5]. 

Generally, three types of Ag3Sn compounds can be found: particle-like, needle-like, and plate-

like as well. The sequential evolution or changing of Ag3Sn compounds with decreasing 

cooling rate can be particle-like → needle-like → plate-like [2]. 

These plate-like Ag3Sn IMCs are very brittle and during the reflow cool down phase, they can 

be a starting-point of cracks in solder joints and can result in the so-called shrinkage defect 

[6]. Besides, they can promote the crack propagation along their boundary during the life-time 

of electronic circuits, thus reducing their reliability [7]. If the silver content in the solder is 

lower, there will be less Ag3Sn IMC inside; more precisely large Ag3Sn plates may be 

effectively minimized by using SnAgCu alloys with hypoeutectic Ag compositions, of 

approximately 2.7 wt% or below [7,8] So the decrement of silver content can have a positive 

effect on the mechanical properties of solder joints as well. Therefore, investigations were 

performed regarding the shear strength of different low silver content solder joints and they 

were also compared to traditional SAC305 (Sn96.5Ag3Cu0.5) and to SAC405 

(Sn95.5Ag4Cu0.5) alloys. Besides, the reliability of these solder joints were analysed by 

carrying out Thermal Shock tests. 
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EXPERIMENTAL 

In this experiment, four kinds of solder alloys were compared from the viewpoint of shear 

strength of solder joints. The exact alloy composition is listed in Table 1. With these alloys, 

28 testboards were soldered, each containing 50 pieces of 0603 (1.5 x 0.75 mm) size chip 

resistors.  

Table 1. Alloy composition of solders under investigation. 

Solder Alloy Sn Ag Cu Bi Sb 

SAC405 95.5 4 0.5 – – 

SAC305 96.5 3 0.5 – – 

mSAC1 98.4 0.8 0.7 0.1 – 

mSAC2 98.9 0.3 0.7 0.1 0.01 

The solder pastes were deposited onto the testboards by stencil printing (DEK248), using a 

100 µm thick, lasercut stainless steel stencil. Afterwards, the resistors were placed by an 

Essemtech Quadra Laser semi-automatic pick&place machine. At last, the soldering was 

performed by Vapour Phase soldering (Asscon Quicky 450) to ensure as similar heating 

conditions for all samples as possible. 

During the soldering, the heating factor was set to 1 000 K·s. The heating factor (1) is the 

integral of the temperature T(t) above the melting point of the alloy [9]. 
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where Qη is the heating factor [K∙s], T(t) is the measured temperature [K], (t2–t1) is the time 

above liquidus [s], and Tl is the melting point of the alloy. After the soldering, 16 samples out 

of 28 were subjected to Thermal Shock tests with temperature range of +140, -40 °C (Fig. 1.) 

up to 2000 cycles to obtain information about the reliability of the different solder alloys. 
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Fig. 1. Temperature profile of Thermal Shock test 

(+140 – -40 °C, soak time: 1 800 s). 

The mechanical properties of the joints were examined by shear strength measurements 

(DAGE2400 tester: speed – 200 µm/s, height – 5 µm), which were carried out on samples 

after 24h of the soldering (as-reflowed state) and on other samples after aging. 
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RESULTS 

After inspecting the solder joints, shear strength measurements were performed to 

characterize the mechanical properties of the alloys. Based on these results (Fig. 2.) it can be 

said, that the SAC405 alloy has the highest initial shear strength. The solder joints formed by 

the SAC305 alloy have slightly lower shear strength, and the mSAC1 micro-alloyed solder 

has the lowest strength. 
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Fig. 2. Shear strength of as-reflowed samples. 

After the analysis of the as-reflowed samples, the samples aged up to 2.000 Thermal Shock 

cycles have been investigated. Samples with the different solder alloys were taken out from 

the TS chamber after 200, 500, 1 000 and 2 000 cycles. Then, the mechanical 

characterisations have been performed on each sample. By analysing the cross-sections of the 

samples after the TS cycles, it can firstly be said that the path of cracks inside the solder joints 

is in agreement with the literature [10]; the cracks propagate next to the metallisation of the 

chip components (Fig. 3.).    

 
Fig. 3. Crack propagation in mSAC2 sample after 2 000 TS cycles. 

At last, the mechanical strength of chip resistor solder joints was characterised in all aged 

samples with shear strength measurements. After performing the shear strength 
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measurements, the failure rate (Fig. 4.) for the aged samples was calculated by defining the 

failure criteria as 75% strength to the shear strength of the as-reflowed samples according to 

industrial standards. 
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Fig. 4. Failure rate of SM resistors’ solder joints. 

Concerning the reliability results, it can be said that the two traditional solder alloys 

(SAC305, SAC405) have roughly the same reliability properties; the TS cycle amounts 

belonging to the failure rate of 63.2% are 710 and 695 cycles for SAC405 and SAC305 alloys 

respectively. The mSAC2 solder alloy has worse reliability properties comparing to the 

traditional solder alloys; its characteristic life is 630 TS cycles. Among the four alloys, the 

mSAC1 solder alloy has the best reliability performance. The failure rate for this alloy reaches 

the 63.2% after 850 TS cycles. 

CONCLUSION 

In this work, different SAC alloys (micro-alloyed and not micro-alloyed) were compared from 

the viewpoint of their shear strength and reliability. The results of the investigations can be 

summarized as: 

• Concerning the mechanical strengths of as-reflowed samples, the SAC405 alloy has the 

highest initial shear strength; SAC305 alloy has slightly lower, and the mSAC1 solder has 

the lowest strength; the strength of mSAC2 and SAC305 solders is the same 

• Concerning the reliability results, it can be said that the two traditional solder alloys 

(SAC305, SAC405) have roughly the same reliability properties; the mSAC2 solder alloy 

has worse, while the mSAC1 alloy has better reliability properties comparing to the 

traditional solder alloys 

To conclude the work, it can be said that the micro-alloyed solders perform nearly the same as 

the traditional SAC alloys; the mSAC1 alloy showed the best reliability performance.  
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