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Abstract: Microstructural and mechanical properties of the eutectic Sn58Bi and micro-alloyed 8 
Sn57.6Bi0.4Ag solder alloys were compared. With the addition of Ag micro-alloy, the tensile 9 
strength was improved and this is attributed to a combination of microstructure refinement and an 10 
Ag3Sn precipitation hardening mechanism. However, ductility is slightly deteriorated due to the 11 
brittle nature of the Ag3Sn intermetallic compounds (IMCs). Additionally, a board level reliability 12 
study of Ag micro-alloyed Sn58Bi solder joints produced utilising a surface-mount technology 13 
(SMT) process, were assessed under accelerated temperature cycling (ATC) conditions. Results 14 
reveal that micro-alloyed Sn57.6Bi0.4Ag has a higher characteristic lifetime with a narrower failure 15 
distribution. This enhanced reliability corresponds with improved bulk mechanical properties. It is 16 
postulated that Ag3Sn IMCs are located at the Sn-Bi phase boundaries and suppress the solder 17 
microstructure from coarsening during the temperature cycling, hereby extending the time to 18 
failure. 19 
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1. Introduction 22 
The implementation of legislation entitled “Restriction on the use of certain Hazardous 23 

Substances (RoHS)” in the European Union in July 2006 marked the beginning of the phasing out of 24 
conventional Sn-37Pb eutectic solder in the electronic industry. RoHS has been since adopted in 25 
countries and regions with dense electronics manufacturing: Korea, Japan, China and a range of US 26 
states [1]. In response, most major electronics manufacturers have stepped up their search for 27 
alternatives to Pb-containing (Sn-37Pb) solders, i.e., Pb-free solders. Sn-Ag, Sn-Cu and Sn-Ag-Cu 28 
(SAC) Pb-free eutectic or near eutectic systems have emerged as the front runners in the replacement 29 
of Sn-37Pb solder [2]. Among them, near-eutectic SAC alloys have established themselves as the 30 
interconnect materials of choice for the electronic packaging industry [3-7]. Various SAC alloy 31 
systems have been proposed by Japanese (SAC305, short for Sn-3.0Ag-0.5Cu), EU (SAC387, short for 32 
Sn-3.8Ag-0.7Cu) and US (SAC396, short for Sn-3.9Ag-0.6Cu) consortiums [8], with the SAC305 alloy 33 
widely used by the industry as the most promising candidate for reliable Pb-free solder due to its 34 
reliability under thermal cycling [9, 10]. 35 

Comparing conventional Sn-37Pb eutectic solder (183 °C), the higher melting temperature of 36 
SAC305 (217 – 221 °C) limits its application when facing miniaturisation challenges associated with 37 
emerging ultra-mobile computing, wearable devices, and the Internet of Things (IoT) markets [11]. 38 
Therefore, further studies have been carried out globally by industrial as well as academic 39 
consortiums on new Pb-free alternatives [12-14]. Sn58Bi solder is gaining considerable attention 40 
because of its low melting temperature of 138 °C [15, 16], with other advantages of Sn-Bi-based solder 41 
associated with good solderability, superior mechanical properties, good joint strength, excellent 42 
creep resistance, low coefficient of thermal expansion (CTE, 1.5 × 10−5/°C), and low cost [17]. 43 

A range of different nano particles have been added to Sn58Bi-based solder to investigate their 44 
effects. For example, Al2O3 nanoparticles were reported to strengthen the thermal properties, 45 
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corrosion resistance and creep performance [18]. Graphene nanosheets were found to refine the 46 
microstructure, enhance the wettability, corrosion resistance, tensile strength, ductility, hardness and 47 
creep performance [19]. SiC nanoparticles were found to increase the shear strength of solder bumps 48 
on Si wafer, attributed to grain refinement and dispersion hardening [20]. In addition, nano-49 
structured cage-type polyhedral oligomeric silsesquioxane (POSS) were introduced to inhibit 50 
oxidation processes under high humidity and temperature, therefore mitigating Sn whisker growth 51 
in Sn58Bi, which is expected to benefit its reliability [21]. 52 

Micro-alloying, by addition of a trace amount of third element, is also believed to enhance the 53 
performance of Sn58Bi-based solder. Ni was found to refine the initial microstructure and enhance 54 
the tensile strength [22]. Zn was found to refine the microstructure as well as supress the 55 
microstructure coarsening during aging, resulting in improved elongation and ultimate tensile 56 
strength (UTS) both before and after thermal aging [23]. Ti was also found to refine the 57 
microstructure, improve both UTS and yield strength (YS), even after aging [24]. Sb was reported to 58 
form SnSb IMCs that precipitated finely from the solid Sn solution near the grain boundaries with Bi, 59 
and they supressed the coarsening of the eutectic structure [25]. Rare earth (RE) elements such as Ce 60 
and La were found to greatly improve the wettability and shear strength of solder joints, as well as 61 
decrease the intermetallic layer (IML) thickening on Cu substrate [26]. Ag was reported to increase 62 
the alloy ductility, attributed to a substantial refinement of solidified microstructure [27]. More 63 
details regarding effects of micro-alloying on Sn-Bi solder can be found in a comprehensive review 64 
produced by the authors [13] 65 

Sun et. al. studied the effects of both Ag micro-alloy and Ag nano particles on Sn58Bi-based 66 
solder on electroless nickel immersion gold (ENIG) substrate, revealing that micro-alloyed 67 
Sn57.6Bi0.4Ag solder joints had better mechanical properties than nano particle reinforced Sn58Bi + 68 
0.4Ag solder joints after long-time aging, due to serious degeneration of Ag nanoparticle 69 
reinforcement [28]. Therefore, micro-alloyed Sn57.6Bi0.4Ag solder is selected in this study to conduct 70 
a joint scale reliability study. 71 

The effect of micro-alloying Ag on Sn58Bi-based solder has been studied by different groups [25-72 
29]. Although well studied, a board level joint scale reliability study of Ag micro-alloyed Sn58Bi 73 
solder joints produced with SMT has not been reported and this is essential to assess its viability as a 74 
SnPb replacement. The combination of thermal fatigue and solder joint creep is considered to be a 75 
predominant failure mechanism of electronic assemblies, and it is of particular interest to end users 76 
requiring high reliability [30]. ATC is a widely used reliability evaluation technique that 77 
simultaneously produces static and strain-induced microstructural evolution in solders as a result of 78 
thermal expansion mismatch, thereby accelerating fatigue and creep damage mechanisms [10, 12, 31-79 
36]. In this article, board level reliability of Sn58Bi-based solders is fully investigated using ATC. The 80 
influence of micro-alloying Ag on the mechanical performance and reliability of Sn58Bi is fully 81 
elucidated utilising Sn37Pb as a control. 82 

 83 

2. Materials and Methods  84 
Alloys consisting of Sn-58Bi and Sn-57.6Bi-0.4Ag were provided by Henkel (Hemel Hempstead, 85 

UK). The alloy was melted in a stainless steel crucible at 450 °C and chill cast in a custom designed 86 
stainless steel mould at room temperature, to form a thick dog-bone shaped ingot. The ingot was then 87 
sliced into tensile specimens of 2 mm thickness, as shown in Figure 1. The as-cast solder alloys were 88 
cross-sectioned, metallographically polished, and examined using scanning electron microscope 89 
(SEM, Hitachi TM1000). 90 
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 91 
Figure 1. Schematic diagram of the specimen for tensile test (unit: mm) 92 

Tensile tests were performed at room temperature at the strain rate of 0.75 mm/min (5×10-4 s-1) 93 
on a tensile test instrument (Tinius Olsen H25KS). A Zwick ZHV30 Vickers hardness tester was used 94 
to determine the hardness of as-cast solder alloys. For each composition, 5 tests are carried out to 95 
achieve a statistical result. A phase identification of the various solder were carried out using an X-96 
ray diffractometer (XRD, Phillips X’pert) operated at 40 kV, and the Cu-Kα radiation was used at 97 
diffraction angles (2θ) from 10° to 90° with a scanning speed of 1.2°/min. 98 

In addition, two solder pastes, Sn-58Bi and Sn-57.6Bi-0.4Ag were produced utilising a rosin-99 
based flux. Commercial Sn-37Pb solder paste was used in this study as a control. As shown in Figure 100 
2, dummy components consisting 16 of 1206 chip resistors were soldered with these pastes on a FR4 101 
PCB with a Cu OSP surface finish,. The PCB is 1.55mm thick and consisted of 2 layers. A standard 102 
right angle 37 pin D-type male connector was used to connect the PCB to an external data logger. 103 

 104 

Figure 2. PCB test board, including 16 of 1206 chip resistors and type-D external connector 105 

A Weiss WT −180/40/5 thermal cycling chamber was used to generate thermal cycling for all test 106 
vehicles. A 0 – 100°C cycle was imposed, which had the ramp rate 6.7 °C/min on heating and 4 °C/min 107 
on cooling. The dwell times were 10 min at both the high and low extremes of the cycle. During ATC, 108 
the solder joints were monitored continuously with an Anatech (model 128/256 STD) event detector 109 
set at a resistance limit of 1000 Ω. Data were recorded and stored using the WinDatalog software. In 110 
accordance with the IPC-9701A industry test guideline, a spike of 1000 Ω for 0.2 ms followed by 9 111 
additional events within 10% of the cycles to the initial event is marked as a failure [37]. 112 

3. Results 113 

3.1 Microstructural 114 
The microstructure of as-solidified Sn58Bi and Sn57.6B i0.4Ag solder alloys are shown in Figure 115 

3 and Figure 4. The microstructure of Sn58Bi alloy is made up of two phases, Sn phase (black area) 116 
and Bi phase (white area). This has been identified in XRD patterns shown in Figure 5. Sn57.6Bi0.4Ag 117 
shows a slightly more refined microstructure than Sn58Bi. 118 
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(a) 

 
(b) 

Figure 3. Microstructure at lower magnification (×800): (a) Sn58Bi and (b) Sn57.6Bi0.4Ag 119 

 120 

 
(a) 

 
(b) 

Figure 4. Microstructure at higher magnification (×4000): (a) Sn58Bi and (b) Sn57.6Bi0.4Ag 121 

 122 

 123 

Figure 5. XRD patterns of Sn58Bi and Sn57.6Bi0.4Ag 124 

  125 
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In the microstructue of Sn57.6Bi0.4Ag, an extra rod-like phase can be observed, as shown in 126 
Figure 6. According to the phase diagram of Sn-Bi-Ag as shown in Figure 7, this phase is confirmed 127 
to be Ag3Sn IMCs precipitated from from Sn matrix. However, Ag3Sn phase has not been detected 128 
in XRD, presumably due to its limited content. 129 

 130 

 
(a) 

 
(b) 

Figure 6. Rod-like phase discovered in Sn57.6Bi0.4Ag solder alloy: (a) ×4000 magnification and (b) 131 
×10000 magnification 132 

 133 

 134 
Figure 7. The phase diagram of Sn-Bi-Ag alloy [28] 135 

3.2 Mechanical 136 

Figure 8 shows the typical tensile stress-strain curves of Sn58Bi-based solder alloys. UTS, YS 137 
(represented by 0.2% proof stress), elongation, Young’s modulus and micro-hardness of each alloy 138 
are listed in Table 1 as well as presented in Figure 9. It can be clearly observed that UTS, YS and 139 
Young’s modulus of Sn58Bi-based solder alloy are all slightly increased by micro-alloying 0.4 wt.% 140 
Ag. UTS of Sn57.6Bi0.4Ag alloy is 58.7 MPa, which is 6.7% higher than that of Sn-37Pb eutectic alloy 141 
(55 MPa) [39] and 2.6% higher than that of Sn58Bi (57.2 MPa). It is worth noting that the YS of Sn58Bi 142 
solder alloy is improved by 1.8% with addition of 0.4 wt.% Ag, to 46 MPa. Also, the Young’s modulus 143 
is raised by 14.7% as compared with Sn58Bi. While the tensile strength has been increased, the Ag 144 
micro-alloy has nelegible effect on micro-hardness of Sn58Bi. The elongation, however, is decreased 145 
by 10.6%, with Ag addition, compared with that of original Sn58Bi. 146 
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 147 
Figure 8. Tensile curves of Sn58Bi and Sn57.6Bi0.4Ag 148 

 149 

Table 1. Result of mechanical properties 150 
Alloy UTS 

(MPa) 
YS 
(MPa) 

Elongation 
(%) 

 Young's modulus 
(GPa) 

Micro-hardness 
(HV) 

Sn58Bi 57.2 45.2 54.6  5.0 19.9 
Sn57.6Bi0.4Ag 58.7 46.0 48.9  5.7 19.8 

 151 

 152 

Figure 9. The comparison of mechanical properties: (a) ultimate tensile strength and yield strength, 153 
(b) elongation, (c) Young’s modulus and (d) micro-hardness, for Sn58Bi and Sn57.6Bi0.4Ag solder 154 
alloys. 155 

3.3 Reliability 156 
Reliability data is fit to a two-parameter Weibull distribution: 157 

F(t) = 1 – exp[-(t/η)β], (1)

0

10

20

30

40

50

60

70

0 10 20 30 40 50 60

Te
ns

ile
 s

tre
ss

 (M
Pa

)

Strain (%)

Sn58Bi

Sn57.6Bi0.4Ag

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 April 2019                   doi:10.20944/preprints201904.0136.v1

Peer-reviewed version available at Metals 2019, 9, 462; doi:10.3390/met9040462

http://dx.doi.org/10.20944/preprints201904.0136.v1
https://doi.org/10.3390/met9040462


 7 of 10 

 

where F(t) is the unreliability rate, t is the time (number of cycles) η is the scale parameter (or 158 
characteristic life), β is the shape parameter (or slope). 159 

The two-parameter Weibull distribution is shown in Figure 10. A summary of test results is 160 
given in Table 2. N63.2, the number of cycles to 63.2% failures [4], is used to express the characteristic 161 
life in this study. 162 

 163 
Figure 10. Weibull logarithm plot of solder joint lifetime for 1206 chip resistors. 164 

 165 

Table 2. Result of board level solder joint reliability test 166 

Solder Characteristic lifetime 
η 

Shape parameter 
β 

Sn37Pb 1969 2.08 
Sn58Bi 3844 6.07 
Sn57.6Bi0.4Ag 3986 7.08 

 167 
Both Sn58Bi and Sn57.6Bi0.4Ag solders show approximately doubled characteristic lifetime 168 

compared with conventional Sn37Pb solder. Upon micro-alloying Ag, lifetime of Sn58Bi is marginally 169 
increased. Their lifetime can be ranked as follows: Sn57.6Bi0.4Ag > Sn58Bi > Sn37Pb. Compared with 170 
Sn37Pb, Sn58Bi and Sn57.6Bi0.4Ag show much higher shape parameters, indicating solder joints 171 
failed within a relatively short time span. 172 

4. Discussion 173 
This phenomenon of microstructure refinement is commonly observed in micro-alloyed low 174 

temperature solder alloys [22-28, 38]. By micro-alloying Ag, the microstructure of Sn58Bi alloy 175 
becomes more refined whilst Ag3Sn intermetallic compounds form, and these intermetallics enhance 176 
strength through a precipitation hardening mechanism which in turn deteriorates ductility due to 177 
their inherent brittleness. 178 
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The simultaneous combination of these two mechanisms: microstructure refinement and 179 
precipitation hardening improves the mechanical properties of Sn57.6Bi0.4Ag, and this manifests 180 
itself in an enhanced reliability performance. In addition, it is postulated that during thermal cycling 181 
Ag3Sn intermetallic compounds are located at the Sn-Bi phase boundaries and they suppress the 182 
solder microstructure from coarsening through a grain boundary pinning effect, therefore extending 183 
the time to failure for these alloys. 184 

5. Conclusions 185 
By adding small amount of Ag (0.4 wt.%) into Sn58Bi solder alloy, the follwing can be concluded: 186 

1. Mechanical properties, including tensile strength, yield strength, and Young’s modulus are 187 
improved due to a combination of microstructural refinement and precipitateion hardening. 188 

2. Ductility is deteriorated due to the formation of brittle Ag3Sn IMCs. 189 
3. Board level reliability of solder joints is enhanced during ATC testing. Ag3Sn IMCs are assumed 190 

to be located at the Sn-Bi phase boundaries and this leads to a suppression of coarsening in the 191 
solder microstructure. 192 
 193 
 194 
 195 
 196 
 197 
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