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Abstract
In electronics assembly, solder joints not only serve as mechanical supporters-, but also as heat removers. Therefore, solder 
joint reliability is a major concern not only during production, but also during the life time of electronic products. It can be 
pointed out that reliability of solder joint determines the lifetime of electronics products. This issue becomes more important 
with the use of Pb-free soldering alloys. This study focuses on the reliability of Sn–9Zn and Sn–8Zn–3Bi lead-free solder 
joints with Cu substrates. This study deals with interface intermetallic morphology, solder joint strength and fracture sur-
face analysis after isothermal aging at 50, 100, and 150 °C for 100, 250, and 500 h. For all aging conditions, a flat  Cu5Zn8 
intermetallic was formed, and as the aging conditions increased, Cu atoms diffused through the intermetallic to form isolated 
 Cu5Zn8 intermetallics in the bulk solder. Furthermore, Sn atoms from bulk the solder diffused through the intermetallic to 
form  Cu6Sn5 on the Cu side. The formation of a thick  Cu5Zn8 intermetallic and the diffusion of Sn and Zn atoms created a 
depletion zone near the solder/intermetallic boundary, which weakened the joint strength. As the intermetallic layer thick-
ness increased, the joint strength decreased as the aging increased. The fracture path generally occurred at the bulk solder/
intermetallic boundary under all aging conditions.
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1 Introduction

Tin–Lead solder has been one of the main components in the 
electronic manufacturing industry for years because of its 
low melting temperature, good wetting, good ductility, and 
long shelf life. However, Lead, is the most dangerous heavy 
metal affecting the health and environment. So, due to its 
toxicity, legislation and regulations have been put in place 
to prohibit its use, which presents a significant challenge to 
conventional electronic assembly technology.

In recent years, there has been a rising push to replace 
lead-based solder alloys with lead-free alternatives. Hence, 
the evolution of electronic products has made “lead-free” a 

trend and researchers are working to find alternative lead-
free packaging solders to replace the conventional Sn–Pb 
solder.

Over the years, many tin-rich lead-free solders have been 
proposed, some of which are already in commercial use to 
replace Pb-containing solders. Solder joints in electronic 
products provide electrical continuity and thermal disper-
sion, and experience mechanical stress during their life-time 
[26]. Because the mechanical behavior of lead-free solder 
joints is a major issue in electronic industries, knowledge 
of the stress/strain properties of solder joints under extreme 
conditions is required.

With the introduction of newer and smaller portable 
devices, the robustness of the product is more important when 
dealing with the mechanical properties and intermetallic for-
mation in solder joints. With smaller devices, the size of sol-
der joints decreases (high density) and speed [1, 2, 6, 27]. A 
smaller solder size means that the ratio between the intermetal-
lic phase and solder volume increases. This intermetallic ratio 
increment results in dominant mechanical properties because 
solder and intermetallic have different thermal expansion coef-
ficients [3, 11]. Choudhury and Ladani [4] point out that with 
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higher intermetallic volume, shear behavior and failure mecha-
nisms may change drastically. During usage and in the pres-
ence of heat, the intermetallic compound becomes thicker and 
unstable owing to its brittleness. This leads to crack formation 
and solder joint failure [5, 10, 12, 22, 25]. Hence, intermetallic 
compounds play an important role in electronic packaging [9].

Although there are many available lead-free solders, 
Sn–9Zn and Sn–8Zn–3Bi solders are still potential replace-
ments for Sn–Pb solder. These two solders behave differently 
compared to Sn–Pb or Sn–Ag–Cu solders when Cu is used as 
the metallization finish. Both solders with a Cu substrate will 
form Cu–Zn intermetallics at the interface instead of Cu–Sn 
intermetallics. During the initial soldering, an intermediate 
thin Cu–Zn5 layer formed near the solder and a flat  Cu5Zn8 
intermetallic formed near the Cu substrate [24]. However, as 
soldering or aging temperature/time increases, the Cu–Zn5 
intermetallic transforms to  Cu5Zn8 [14, 16]. Although  Cu5Zn8 
is the dominant intermetallic formed, in the later stage of 
aging, island-type  Cu6Sn5 will start to form, which will sig-
nificantly affect the reliability of solder joint [16].

The addition of Bi to lead-free solders has some advantages. 
In Sn–Ag–Cu (SAC) solders, the addition of Bi improves its 
solder joint shear strength [15, 23] and drop impact perfor-
mance [21]. This improvement due to solid-solution strength-
ening of β-phase Sn and/or precipitation strengthening of the 
Bi phase [19, 28, 29]. Hu et al. [7] reported that the addition of 
Bi to SAC solder, increased its hardness from 0.095 to 0.141 
GPa when the Bi content increased from 1 to 3 wt%.

The presence of Bi in the Sn–8Zn–3Bi solder refines 
its microstructure [17] and improves its wetting force and 
contact angle [18] on a copper substrate. Furthermore, Bi 
retarded the  Cu5Zn8 intermetallic growth and increases the 
activation energy from 44.05 to 55.36 kJ/mol for Sn–9Zn and 
Sn–8Zn–3Bi, respectively [16].

Because the intermetallic thickness and solder microstruc-
ture change in the presence of heat, it can be concluded that 
thermal aging significantly affects the solder joint strength. 
Therefore, the joint strength performance after aging is an 
important tool for evaluating the bonding strength over the 
shelf life of electronic products.

Sn–9Zn and Sn–8Zn–3Bi were investigated as potential 
lead-free solder candidates using the single-lap shear tech-
nique. They were reacted on a copper substrate and aged at 
different temperatures for different durations. The intermetallic 
morphology, thickness, joint strength, and fracture morphol-
ogy were compared.

2  Experimental

Table 1 shows the X-ray florescent (XRF) analyses of 
the Sn–9Zn and Sn–8Zn–3Bi solders used in this study. 
The analysis shows the weight (%) of 90.6Sn-9.1Zn and 
89Sn–8.3Zn–3.0Bi for the 91Sn–9Zn and 89Sn–8Zn–3Bi 
solders, respectively. Although a small amount of Pb was 
present in the Sn–9Zn and Sn–8Zn–3Bi solders, it still 
complies with the RoHS Directive, which limits the maxi-
mum of 0.1 wt% Pb in solders.

An aluminium plate was placed on the hot plate. The 
Cu-solder-Cu joint was soldered manually onto the plate. 
The temperature profile that the solder undergoes during 
soldering is plotted with respect to time in Fig. 1. The 
temperature was measured using two thermocouples (each 
one on a hot plate and aluminum plate) connected to a 
multi-functional digital meter model UNI-T. Tempera-
ture was increased at a rate of approximately 30 °C/min. 
Upon reaching 220 °C, the hot plate was switched off and 
left to cool. The temperature was increased to a maxi-
mum of (250 ± 5) °C before decreasing at a cooling rate 
of approximately 10 °C/min. These procedures enable the 
temperature to be maintained above 200 °C for approxi-
mately 4.5 min. It is important to maintain the solders in 
thier liquid state for the duration of time for interactions 
to occur.

A 1.5 mm thickness dog-bone Cu was cut in the middle 
to form two parts. 0.2 g the solder alloy was sandwiched 
between the two Cu ends. To obtain the desired solder 
joint area and gap thickness, Cu substrates were placed 

Table 1  Elemental 
compositions of solders

Solder Weight (%)

Sn Zn Pb Bi Fe Ni Cu

Sn–9Zn 90.58 9.10 0.09 0.01 0.09 0.02 0.11
Sn–8Zn–3Bi 88.50 8.29 0.08 2.96 0.07 0.02 0.08
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Fig. 1  Soldering temperature profiles on hotplate and aluminium 
plate
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in a setup, as shown in Fig. 2. This setup limits the solder 
joint spread area to (4 × 8)  mm2 and 0.5 mm in thickness.

The zinc chloride flux was used in this study. Soldering 
was performed based on the temperature profiles shown in 
Fig. 1. Optical images of the Cu/solder/Cu joints are shown 
in Fig. 3.

Because temperature and storage time influence inter-
metallic growth, and bonding strength, soldered samples 
were placed in an oven at various temperatures. The joints 
were aged at 50, 100, and 150 °C for 100, 250, and 500 h, 
respectively. Longer aging times were not selected because 
of the brittleness of solder joints. For each aging condition, 
six samples were tested, with one sample allocated for the 
intermetallic study. For the intermetallic study, the solder 
joint was cross-sectioned and mounted using an epoxy resin. 
The solder joint was polished to smooth the surface before 
being analyzed with FESEM operating in the backscatter 
mode, and energy dispersive X-ray (EDX) was used to deter-
mine the elemental compositions. Based on the elemental 
composition and phase diagram, the phases presence was 
determined. The thickness of the intermetallic formed at 
the interface was measured by using Image-J software. The 
thickness was measured by dividing the total area of the 
intermetallic layer by the length of the FESEM micrograph.

The lap area (8 × 4)  mm2 and initial length  (lo = 4 mm) 
were used as input data for the stress and strain calculations, 
respectively. The load was applied parallel to the solder joint 
layer with a crosshead speed of 0.2 mm/min and the test was 
performed at room temperature. The ductility of the solder 
joint was measured from the strain at failure. The values of 
maximum stress and strain at failure are shown in Fig. 4. 
Specimens after tensile test were examined under FESEM 
to observe the fracture mode.

3  Results and Discussion

3.1  Intermetallic Formation

The relationships between intermetallic formation, strain at 
failure of solder joints and shear strength were investigated 
and discussed. Figure 5 shows the soldered solder joints for 
Sn–9Zn and Sn–8Zn–3Bi lead-free solders. Both display two 

intermetallic layers: layer 1, a scallop type, and layer 2, a 
continuous morphology.

Further details of aging are shown in Fig. 6. EDX analysis 
(spot 1) confirmed that layer 1 was next to the solder as a 
Cu–Zn5 intermetallic with some Sn dissolved in it. Layer 2, 
near the Cu substrate (spot 2), had a ratio of 48Cu–52Zn by 
wt%. Based on these ratios, the intermetallic compound was 
concluded to be  Cu5Zn8. The EDX elemental compositions 
of the samples are presented in Table 2.

As aging progressed, Sn from the bulk solder diffused 
towards the Cu substrate by penetrating the intermetallic 
layer (spot 3). Cu and Zn were also detected at this spot. 
Cu is from the substrate diffusing towards the bulk solder. 
These Sn reacted with Cu to form an isolated intermetallic 
phase on the Cu side, as shown in Fig. 6b. This phase is in 
grey contrast with that of 39Cu–55Sn–6Zn (in wt%) com-
position (spot 4). This phase was identified as the  Cu6Sn5 
phase, and similar findings have been reported elsewhere 
[16, 22]. Diffusion of Sn with some Bi was also observed 
in the Sn–8Zn–3Bi solder, as indicated by EDX at spot 5 
(Fig. 7a).

Spot 6 shows the  Cu5Zn8 intermetallic formation in the 
Sn–8Zn–3Bi/Cu system with a ratio 41Cu–49Zn–6Sn–4O. 
Although no Sn-rich spots were observed for the 
Sn–8Zn–3Bi/Cu system at this temperature, some Sn was 
detected using EDX. The diffusion of Sn atoms through the 
 Cu5Zn8 intermetallic was delayed, which may have been due 
to the presence of Bi in the solder.
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Fig. 2  Shear joint set up
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Figure 7b shows the aging of the Sn–8Zn–3Bi/Cu joint 
at 150 °C for 500 h. Sn diffuses (with some Bi and Zn) 
from the solder towards the Cu substrate and reacts with 
Cu to form an island  Cu6Sn5 intermetallic. The formation 

of voids/cracks at the boundary may be attributed to dif-
ferences in the thermal expansion between the intermetal-
lic phase and solder. Furthermore, some Cu atoms diffused 
through the intermetallic layer and moved towards the bulk 

Fig. 5  FESEM micrograph for 
as-soldered a Sn–9Zn/Cu b 
Sn–8Zn–3Bi/Cu join
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Fig. 6  FESEM micrograph 
for Sn–9Zn/Cu joint aged at 
a 100 °C for 500 h, b aged at 
150 °C for 500 h
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Table 2  EDX elemental 
analysis

Spot Wt% Compound/element

Sn Cu Zn O C Bi

1 15.68 35.87 48.45 – – – CuZn5

2 – 48.48 51.52 – – – Cu5Zn8

3 80.71 5.58 6.31 5.24 2.15 – Sn with some other elements dissolved
4 54.57 39.42 6.00 – – – Cu6Sn5 with some Zn dissolved
5 87.78 4.01 5.78 – – 2.42 Sn with some other elements dissolved
6 5.88 41.49 48.60 3.93 – – Cu5Zn8

7 87.86 4.22 4.22 – – 4.41 Sn with some other elements dissolved
8 – – 2.50 3.96 – 93.54 Bi
9 78.98 – 1.92 4.10 12.20 2.80 Sn with some other elements dissolved

Fig. 7  FESEM micrograph for 
Sn–8Zn–3Bi/Cu joint aged at 
150 °C for a 100 and b 500 h
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solder- forming island-type  Cu5Zn8. The diffusion of Sn and 
Zn atoms created a depletion zone at the boundary.

A magnified image of the Sn–8Zn–3Bi/Cu joint aged at 
150 °C for 500 h is are shown in Fig. 8. Massive diffusion 
of Sn towards the Cu substrate and the formation of voids 
near the IMC/solder interface can be clearly seen. EDX 
analysis showed that some Bi dissolved in Sn (spot 7). The 
Sn–8Zn–3Bi solder microstructure after aging at 50 °C for 
500 h is shown in Fig. 8b. The Sn–8Zn–3Bi bulk solder 
displayed a Zn groove with some Bi precipitates in the Sn 
matrix (spot 8). The precipitation of Bi is due to its solubil-
ity in Sn of less than 1 wt% as reported by Zhao et al. [30].

The FESEM image of the Cu/solder/Cu solder joint at 
smaller magnifications is shown in Fig. 9. The movement 
of the Sn atoms towards the Cu substrate is clearly shown. 
Both Sn–9Zn and Sn–8Zn–3Bi exhibited eutectic systems. 
The Zn phase is homogenously dispersed in the β-Sn matrix.

The intermetallic layer thickness measured at the inter-
face is shown in Fig. 10. The addition of Bi clearly retarded 
the growth of the  Cu5Zn8 intermetallic compound. However, 
Bi coarsening was not observed near or at the interface. A 
similar observation was reported by Nishikawa et al. [20] for 
Sn-Bi solder joints. Detailed descriptions of intermetallic 
formation and growth rate have been discussed elsewhere 
[16].

3.2  Aging Temperature and Time Effect on Shear 
Strength

Figures 11 and 12 show the strain at failure and the shear 
strength of the Cu/Sn9Zn/Cu and Cu/Sn8Zn3Bi/Cu joints, 
respectively. The strain at failure indicates the maximum 
change in the length before the solder joint breaks. Aging 
at 50 °C did not significantly change the strain at failure for 

Fig. 8  a Higher magnification 
(2000X) FESEM micrograph 
for Sn–8Zn–3Bi/Cu joint aged 
at 150 °C for 500 h, b Solder 
microstructure of Sn–8Zn–3Bi 
solder aged at 50 °C for 500 h
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Fig. 9  Cu/solder/Cu interface 
for a Sn–9Zn (Magnification 
100×) aged at 150 °C for 500 h 
and b Sn–8Zn–3Bi (Magnifica-
tion 100×) aged at 150 °C for 
100 h
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Fig. 10  Intermetallic thickness for Sn–9Zn/Cu and Sn–8Zn–3Bi/Cu joint aged until 500 h a 50 °C b 100 °C c 150 °C



53Transactions on Electrical and Electronic Materials (2024) 25:48–58 

1 3

either solder. However, the Sn–8Zn–3Bi solder had higher 
strain values than the Sn–9Zn solder. A smaller IMC layer 
thickness for the Sn–8Zn–3Bi/Cu joints contributed to the 
ductility of the joint.

Aging at 100 and 150 °C significantly degraded the sol-
der joint strain at failure for the Sn–9Zn and Sn–8Zn–3Bi 
solders. For the Sn–9Zn solder, aging at 100 °C for 100 h 
reduced the strain at failure by 35% and further by 10 and 
21% when the aging time was increased to 250 and 500 h, 
respectively. When the aging temperature was increased to 
150 °C, after 100 h, the strain at failure degraded by 68% 
compared with the un-aged solder joint. After 250 h of 
aging, the failure strain decreased by 27%.

A similar trend was observed for the Sn–8Zn–3Bi sol-
der joints. Aging at 100 °C for 100 h reduced the strain at 
failure by 34%, and further by 30 and 37% when the aging 
time continued to 250 and 500 h, respectively. When the 
aging temperature was increased to 150 °C, after 100 h, the 
strain at failure degraded by 73% compared with the un-
aged solder joint. After 250 h of aging, the failure strain 
decreased by 36%. The increase in IMC thickness signifi-
cantly reduced the ductility of the solder joints. However, 

there was no significant difference in ductility between the 
Sn–9Zn and Sn–8Zn–3Bi solders when aging was performed 
at 100 and 150 °C.

Figure 12 shows the shear strength of the solder joints 
for Sn–9Zn and Sn–8Zn–3Bi solders. For as-soldered solder 
joint, Sn–8Zn–3Bi solder joint has higher shear strength of 
25.1 MPa compared to Sn–9Zn which has 16.5 MPa. Ther-
mal aging at 50 °C, the solder joint.

show no significant degradation for up to 500 h for both 
solders. The shear strength values remained at 15 MPa for 
Sn–9Zn and 23–28 MPa for Sn–8Zn–3Bi solder.

Although the shear strength did not degrade at aging 
temperature of 50 °C, the strength decreased as the aging 
temperature and time increased. At an aging temperature 
of 100 °C (~ 0.5Tm) (Tm = melting temperature of solder) 
and aging time of 500 h, a significant reduction in the bond-
ing strength was observed. Strength drops from 12.6 and 
21.0 MPa to 10.5 and 11.3 MPa for Sn–9Zn and Sn–8Zn–3Bi 
solder joints, respectively. Further aging at 150 °C (~ 0.7Tm) 
reduces shear strength significantly to 5.5 and 5.2 MPa for 
Sn–9Zn and Sn–8Zn–3Bi solder joints, respectively after 
250 h of aging. Results on aging for 500 h could not be 
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Fig. 11  Strain at failure for Sn–9Zn and Sn–8Zn–3Bi solder joints at different aging time a 50 °C b 100 °C c 150 °C
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obtained because solder joints break even before they are 
clamped to the Instron machine.

In Sn–9Zn and Sn–8Zn–3Bi solders, the strength of the 
solder joint degrades after aging because of the thicker 
 Cu5Zn8 intermetallic layer. As mentioned earlier, this brittle 
failure may be caused by cracks and/or stress in the inter-
metallic layer owing to differences in the thermal expansion 
coefficients.

After aging at 150 °C, the drop in the shear strength of 
these solder joints becomes more obvious. The back diffusion 
of Sn into the Cu side behind the reaction layer, forming a Sn-
depletion zone, may have contributed to the decrease in the 
shear strength. Excessive growth of the  Cu5Zn8 phase, which 
consumed Zn from the solder and generated a Zn-depletion 
zone near the interface, might also be another reason for solder 
degradation near the intermetallic/solder interface. Further-
more, the diffusion of Sn and Zn atoms near the intermetallic 
layer produced Kirkendall voids. These results contribute to 

a reduction in the effective area to resist the tensile load and 
result in a reduced joint strength as reported by some research-
ers [13].

Solder joint failure is generally attributed to excessive 
growth of the intermetallic layer and formation of voids near 
the intermetallic/solder boundary. A very thick intermetallic 
layer may lead to structural defects owing to a mismatch in 
the coefficient of thermal expansion between the intermetallic 
and the substrate. Furthermore, excessive intermetallic growth 
might elevate internal defects, thereby reducing the solder joint 
strength. Hence, the growth of intermetallics and the forma-
tion of voids near the interface decrease the shear strength as 
aging progresses.
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3.3  Fracture Path and Surface Morphology in Solder 
Joint

FESEM was used to observe the fracture morphology in 
order to study the fracture behavior of the solder joints. Fig-
ures 13 and 14 show the fracture paths in the Sn–9Zn/Cu and 
Sn–8Zn–3Bi/Cu joints, respectively. Fracture occurred at the 
solder/Cu5Zn8 interface for both Sn–9Zn and Sn–8Zn–3Bi 
joints, regardless of the intermetallic layer thickness or aging 
conditions. The presence of Sn (bulk solder) at the solder/
Cu5Zn8 interface was observed at spot 9.

Figure 15 shows the fracture path along the intermetallic/
solder boundary. The fracture paths for the Sn–9Zn/Cu and 
Sn–8Zn–3Bi/Cu interfaces were initiated and propagated 
along the solder/Cu5Zn8 boundary owing to the Sn and Zn-
depletion zone and Kirkendall void formation, as mentioned 
earlier. Stress concentration occurs near the solder/IMC 
interface owing to the difference in the thermal expansion 
coefficient between the solder, IMC, and substrate.

When an intermetallic interface other than  Cu5Zn8 was 
formed, a different fracture mechanism was observed. Hu 

et al. fabricated a Cu/SAC305/Cu joint after isothermal 
aging [8]. During the initial aging process, the fracture path 
was within the bulk solder. At longer aging conditions, the 
fracture mode changed to within the  Cu6Sn5 intermetal-
lic phase. However, as aging progressed and the volume 
fraction of the  Cu3Sn intermetallic increased, the fracture 
mode was along the  Cu6Sn5/Cu3Sn boundary. Finally, as 
microcracks increase at the intermetallic/Cu boundary, the 
fracture changes to the  Cu3Sn/Cu mode. Choudhury and 
Ladani tested Cu/Sn3.5Ag/Cu solder joints and reported 
similar results [4]. They reported that fracture occurs along 
the bulk solder in ductile mode when the volume fraction 
of solder is higher than that of IMC. However, when the 
joint had a higher IMC  (Cu3Sn +  Cu6Sn5) volume fraction 
compared to the bulk solder, fracture occurred within the 
intermetallic phase.

Figure 16 shows the fracture morphologies of the Sn–9Zn 
and Sn–8Zn–3Bi solder joints under different aging condi-
tions. The effect of high-temperature aging is well illustrated 
in the Sn–9Zn and Sn–8Zn–3Bi solder joints. Both the sol-
ders exhibited a dimple structure. These dimples show evi-
dence of plastic deformation, and ductile fracture occurred 
as a shear load was applied to the solder joint in the early 
stages of aging. From the EDX analysis, the fracture surface 
was mainly composed of Sn and some Zn atoms, as shown 
in Fig. 16 (bulk solder side). The detailed composition is 86 
wt% Sn and 9 wt% Zn which is Sn–9Zn solder (Fig. 16b). 
When EDX was performed on the bulk solder side (Fig. 16c) 
at 100 °C and 250 h of aging, the composition showed 46 
wt% Sn and 45 wt% Zn. The reduction in the Sn content 
is attributed to the diffusion of Sn atoms towards the Cu 

Fig. 13  As-soldered joint 
fracture path a Sn–9Zn/Cu b 
Sn–8Zn–3Bi/Cu
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Fig. 14  Fracture path in a 
Sn–9Zn/Cu (150 °C, 500 h) 
and b Sn–8Zn–3Bi/Cu (150 °C, 
250 h)
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substrate at higher aging temperatures. These diffusions cre-
ated a Sn-depletion zone along the intermetallic layer which 
weakened the solder joint. Therefore, shear fractures occur 
alongside the intermetallic layer and the bulk solder.

The fracture surfaces on the bulk solder side of the 
Sn–8Zn–3Bi solder are shown in Fig. 16d–f. The composi-
tion of the as-soldered joint (Fig. 16d) was, 86 wt% Sn and 
9 wt% Zn and after 150 °C for 250 h aging, compositions 
were 73 wt% Sn and 11 wt% Zn. As mentioned before, the 
percentage of Sn decreased after aging, indicating the diffu-
sion of Sn atoms near the boundary.

The fracture mode of the solder joint changed from duc-
tile dimple failure to mixed brittle and dimple failure as 

the aging time increased and total brittle failure at 500 h 
of aging. Therefore, aging at 50, 100, and 150 °C for 500 h 
causes the planar  Cu5Zn8 phase to be the prevailing factor 
that prompt the fracture behavior.

4  Conclusions

This study investigated the interfacial intermetallic evolu-
tion and shear fracture behavior of Cu/Sn–9Zn/Cu and Cu/
Sn–8Zn–3Bi/Cu solder joints after soldering and isothermal 
aging using a single lap-shear test. For all aging tempera-
tures and times, only a single layer of  Cu5Zn8 intermetallic 

10��m 

(a) (b)

(c) 

shear 
deformation 

dimple 

(d) 

10 �m 

(e) 

10 � m 

(f)

10 �m

Fig. 16  FESEM micrograph Backscattered fracture surface taken 
at the bulk solder side for a Sn–9Zn joint as-soldered, b Sn–9Zn/
Cu joint 50 °C, 250 h, c Sn–9Zn/Cu joint 100 °C, 250 h, d Sn–8Zn–

3Bi/Cu joint for as-soldered, e Sn–8Zn–3Bi/Cu joint 150 °C, 250 h, f 
Sn-8Zn-Bi solder joint 150 °C, 500 h
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compound was observed. At a later stage, an isolated  Cu6Sn5 
intermetallic compound on the Cu side was observed. The 
presence of Bi retarded intermetallic growth in Sn–8Zn–3Bi/
Cu–, and increased the joint strain and strength. Hence, the 
Sn–8Zn–3Bi/Cu joint was more ductile than the Sn–9Zn/
Cu joint. The fracture mode displays ductile failure at lower 
aging temperatures and times-, but shows brittle failure at 
higher aging temperatures and longer times. For all aging 
temperatures and times, the failure mode occurred along the 
solder/intermetallic boundary resulting from the diffusion 
of Sn and Zn atoms, which weakened the boundary. Thus, 
Sn–9Zn/Cu and Sn–8Zn–3Bi/Cu joints at all aging tempera-
tures and times experienced single fracture paths along the 
solder/IMC interface due to the formation of a single  Cu5Zn8 
intermetallic layer.
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