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Abstract 

The interfacial reaction of Sn-8Zn-3Bi-xSb (x = 0, 0.5, 1.0, 1.5) on Cu substrate has 

been investigated under 150 °C thermal aging up to 720 h and an interfacial reaction 

mechanism, which governs the aging process, has been proposed. A 1 μm thin layer of 

scallop-shaped ε-CuZn5 intermetallic compounds (IMCs) and a 4 μm thin layer of 

planar γ-Cu5Zn8 IMCs were formed at the interface after solder reflow. During initial 

aging, ε-CuZn5 transformed to γ-Cu5Zn8 and the intermetallic layer (IML) at the 

interface thickened. As aging prolonged, Cu5Zn8 started to degrade due to the depletion 

of Zn and voids formed throughout the IML. These voids were rapidly filled by 

diffusing Sn atoms, inducing a tunnelling effect, allowing Sn to reach the Cu substrate 

and form Cu6Sn5 IMCs at the interface. The thickening of the IML is controlled by a 

diffusion mechanism and this is suppressed by introducing Sb as a micro-alloying 

component, hypothetically though the pinning effect to reduce the diffusion rate of Zn 

in Sn matrix. 
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Introduction 

Sn-Pb solder alloy has been used in the electronics industry for decades due to their low 

cost, good solderability and mechanical performance. However, Pb is toxic to both 

human health and environment and it was therefore banned by EU legislation 

(restriction on hazardous substances - RoHS) in 2006. Since then Sn-Ag-Cu (SAC) 

based alloys have been the interconnect materials of choice [1-3]. However, SAC based 

solder alloys have the following disadvantages: 1) the higher melting temperature up to 

217 °C (compared to 183 °C  of eutectic Sn-37Pb) limits their use with thermal sensitive 

components which are essential in aeronautical, medical and military applications; 2) 

the cost is higher due to the  Ag; 3) higher processing temperature contradicts the global 

efforts to curb the carbon footprint; 4) coarsening of Ag3Sn IMCs can induce brittle 

fracture at the interface and provide crack initiation sites, which result in reliability 

issues 5) resistance to drop impact and fatigue varies depended on Ag content difference, 

all of these makes it difficult to become a “drop-in” lead-free alterative of conventional 

eutectic Sn-37Pb solder alloy [4-11]. 

Sn-Zn based alloys have received increasing attention due to their low cost and more 

importantly, their low melting temperature, e.g., eutectic Sn-9Zn has a melting 

temperature of 198 °C, and shows comparable mechanical properties with Sn-37Pb [12]. 

Although highly-active Zn’s tendency to oxidise and react with flux mediums can result 

in poor wettability and shorter paste shelf life, this can be resolved by the development 

in micro-alloying [13] and flux technology [14]. Convinced by its potential to become 



the next generation low temperature lead-free replacement, numerous academia and 

industrial research teams have been actively researching Sn-Zn based solder alloys [15-

22] and the latest findings have been reviewed [23]. Among these studies, Sn-8Zn-3Bi 

shows significantly improved wettability and mechanical properties, with an even 

lower melting temperature of 187 °C [24].  

Most electronic device reliability issues are caused by solder joint failure rather than 

device malfunction. IMCs formed at the interface between solder alloy and substrate 

play a crucial role on maintaining a robust bond, both mechanically and electrically. 

However, the IML can become thicker at elevated temperature during normal use and 

becomes unstable due to IMCs’ brittleness, which leads to crack formation, propagation 

and eventual failure [11, 25]. Hence, a full understanding of the mechanism governing 

the interfacial reaction is of vital importance to elucidate solder joint reliability. 

At the interface, Cu is the most commonly used metallisation finish in electronic 

assemblies. Instead of Cu-Sn IMCs that form at SAC based solder/Cu interfaces, Cu-

Zn IMCs are observed at Sn-Zn based solder/Cu interfaces. The initial interface is made 

up of a thin scalloped CuZn5 layer adjacent to solder and a thick flat Cu5Zn8 adjacent 

to the Cu [22], but with longer reaction time CuZn5 IMC transforms to Cu5Zn8 IMC 

[26, 27]. While Cu5Zn8 is the dominant reaction product at the as-soldered interface, 

Cu-Sn phases emerge at Cu5Zn8/Cu interface after long-term aging and have the 

tendency to replace the Cu-Zn phase [28-31]. In addition, some micro-alloys, such as 

Cu, Ni, Ag and Pr, were found to effectively supress the thickening of IML but 

simultaneously introduce extra IMCs or even induce Sn whiskers, both of which have 

a negative effect on reliability [19, 26, 27] 



In a previous study, the authors of this paper found trace Sb alloying in Sn-8Zn-3Bi 

solder alloy can refine the microstructure without forming new IMCs and it enhanced 

mechanical properties through solid solution strengthening [32]. In this study, the long-

term interfacial reaction of Sn-8Zn-3Bi-xSb/Cu during thermal aging at 150 °C has 

been investigated. The effect of Sb micro-alloying on IML growth has been discussed 

and an interfacial reaction mechanism has been proposed for these alloys, in order to 

predict and fully explain the microstructural evolution of Sn-8Zn-3Bi-xSb/Cu interface 

under isothermal aging. 

Materials and experimental methods 

Alloy powders consisting of Sn-8Zn-3Bi-xSb were purchased from 5N plus (Montreal, 

Canada). The Sb content in the Sn-8Zn-3Bi-xSb solder is 0, 0.5, 1.0 and 1.5 wt.%. A 

series of alloy ingots have been prepared from these alloy powders. Table 1 shows the 

final chemical composition of the alloy ingots, determined by inductively coupled 

plasma mass spectrometry (ICP-MS). 

Table 1 The chemical composition of the solder alloys 

Nominal composition (wt.%) Final chemical composition (wt.%) 

 Sn Zn Bi Sb 

Sn-8Zn-3Bi Balance 7.62 3.09 0 

Sn-8Zn-3Bi-0.5Sb Balance 7.39 3.01 0.52 

Sn-8Zn-3Bi-1.0Sb Balance 7.31 2.97 0.96 

Sn-8Zn-3Bi-1.5Sb Balance 7.27 2.97 1.44 

 



The alloy ingot was machined into pieces, which were then punched to 0.3 g discs. Cu 

substrates (20 mm × 20 mm × 0.5 mm) have been ground to remove the surface oxides 

and ultrasonically cleaned in isopropyl alcohol (IPA). The alloy disc was then cleaned 

and placed on the Cu substrates, with flux coated, as shown in Figure 1. The solder/Cu 

coupon was placed in an oven at 250 °C for 3 min to conduct the reflow reaction. The 

spreading area and contact angle of each sample was measured using microscope and 

image analysis (ImageJ). 

 

Figure 1 Diagram for solder/Cu coupon (not in scale) 

Then the solder/Cu coupon was aged in an oven at 150 °C for: 72, 168, 240, 360 and 

720 h respectively. An as-reflowed sample was left as a control. After aging, the sample 

was cross-sectioned and metallographically polished to 1 μm finish to reveal solder/Cu 

interface. Scanning electron microscope SEM (Hitachi SU70) and electron probe 

microanalysis (EPMA) were used to investigate the interfacial morphology. Energy 

dispersive spectrometer (EDS) was utilised to examine the composition of precipitated 

IMCs. The thickness of IML was measured from high magnification image using image 

analysis software ImageJ.  As the thickness of IML varies along the interface, the 



thickness was measured by dividing the area of IML by its length along the interface. 

For each sample, at least 5 random locations were chosen along the interface and the 

average value was used as the representative thickness. 

Results and discussion 

Interfacial reactions between the Sn-8Zn-3Bi-xSb solder and the Cu substrate during 

reflowing 

As a similar interfacial evolution process was observed for all four Sn-8Zn-3Bi-xSb/Cu 

coupons in this study, the Sn-8Zn-3Bi-1.5Sb/Cu coupon was selected as an example to 

elaborate the interfacial evolution. Figure 2 shows the SEM images of as-reflowed Sn-

8Zn-3Bi-1.5Sb/Cu interfaces. Two IMLs can be found at the Sn-8Zn-3Bi-1.5Sb/Cu 

interface after reflowing, a 1 μm thick scallop-shaped layer adjacent to the solder alloy 

and a 4 μm thick planar layer next to the Cu substrate. From the EDS analysis result, 

the composition of scallop-shaped IMC (Spectrum 2) is 20 at. % Cu + 80 at. % Zn, 

which is confirmed as ε-CuZn5. The composition of thicker planar IMC (Spectrum 1) 

is 37 at. % Cu + 63 at. % Zn, which is identified as γ-Cu5Zn8. Similar observations have 

been reported in numerous studies [26-29, 33]. The addition of Sb did not alter the as-

reflowed interfacial morphology. 

 



 

Figure 2 High magnification image of Sn-8Zn-3Bi-1.5Sb/Cu interface, with elemental composition analysed by EDS 

Figure 3 shows the SEM morphology and the corresponding EDX line scan profiles 

from point A to B of the as-received interface of Sn-8Zn-3Bi-1.5Sb/Cu coupon soldered 

at 250 °C for 3 mins. The EDX line scan profile clearly confirmed the existence of the 

two layers of IMCs. The line scan profile across solder/Cu also revealed that Sb content 

decreases from the interface where IML forms, indicating that Sb did not participate in 

the interfacial reaction.  

 

Figure 3 EDS line scan profile of Sn-8Zn-3Bi-1.5Sb/Cu interface 

Figure 4 shows the elemental mapping analysis of the interface of Sn-8Zn-3B-1.5Sb/Cu 

after soldering at 250 °C for 3 min. It can be observed that the interfacial layer is mainly 

made up of Cu and Zn elements. Zn was primarily concentrated at the interfacial layers. 

The micro alloy Sb was homogeneously dissolved in the Sn. The granular Bi-rich phase 



commonly seen in Sn-8Zn-3Bi-based solder alloy bulk has not been detected near the 

solder/Cu interface. 

 

 

Figure 4 SEM morphology and EPMA mapping analysis of as-soldered Sn-8Zn-3Bi-1.5Sb/Cu interface 

 

 

Figure 5 Isothermal section of Cu-Sn-Zn ternary phased diagram at 250 °C: (a) full-scale, (b) Sn-rich corner 

(redrawn from [34]) 



The local equilibrium at the reaction interfaces is an important assumption for 

interfacial reaction elucidation when governed by diffusion  [35]. This assumes that the 

reaction products at the interface can be preliminarily predicted using phase diagrams 

[36]. Figure 5 represents the isothermal section of the ternary Cu-Sn-Zn phase diagram 

at 250 °C. Since the content of Zn in Sn-8Zn-3Bi-xSb solder is 14.0 at.%, the 

composition is represented by point “A” on the Sn-Zn baseline. If a line is drawn to 

connect point “A” and the Cu apex, it cuts right across the three-phase junction point 

of γ-Cu5Zn8/ε-CuZn5/liquid. The driving force of flat γ-Cu5Zn8 formation is larger than 

that of scallop-shaped ε-CuZn5 formation, based on a thermodynamic modelling [33]. 

Therefore, γ-Cu5Zn8 phase is the predominantly formed IMC at the Sn-8Zn-3Bi-

xSb/Cu interface. 

 

Figure 6 Isothermal Cu-Sn-Zn ternary phased diagram at (a) 210 °C and (b) 180 °C (redrawn from [34]) 

However, ε-CuZn5 could also form through two subsequent peritectic reactions, i.e., L 

+ γ-Cu5Zn8 → δ-CuZn3 and L + γ-CuZn3 → ε-CuZn5 [37]. Figure 6 indicates that the 

intersection point of ε-CuZn5 phase boundary at Sn-Zn baseline shifts towards the Sn 

apex as the temperature decreases. This indicates there is still strong possibility of ε-



CuZn5 formation during the cooling process after reflow. Experimental results reveal 

that both phases, ε-CuZn5 and γ-Cu5Zn8, are formed at the as-reflowed interface, which 

is in well agreement of the thermodynamic prediction discussed above. 

The dashed line connecting “A” point and Cu apex in Figure 5a also cuts across multiple 

phase boundaries and phase regions, including Cu6Sn5 and Cu3Sn, which are both 

thermodynamically stable phases. However, Sn remained in the bulk solder alloy and 

did not form any Cu-Sn IMC with Cu at all solder/Cu interfaces, as clearly shown in 

Figure 3 and Figure 4. The absence of the Cu-Sn phases may be due to the limit of 

higher energy barrier of nucleation. Firstly, the Gibbs free energy of Cu-Zn IMCs 

formation is lower than that of Cu-Sn IMCs formation [38], this makes the Cu-Sn 

phases difficult to form. Therefore, when Cu atoms diffuse from the substrate towards 

the interface, they will preferentially react with the active Zn to form Cu-Zn IMCs, 

rather than to form Cu-Sn IMCs with Sn, at the Cu-8Zn-3Bi-xSb/Cu interface. Secondly, 

Cu-Sn phases may form but have a relatively slow growth rate, which makes them too 

thin to be observed microscopically. Based on the phase diagram of Cu-Sn-Zn, Cu-Sn 

phases should only form at the γ-Cu5Zn8/Cu interface, which in turn demands the 

diffusion of Sn from the solder alloy to the Cu substrate. However, since the Sn 

diffusion is retarded by the increasingly thicker Cu-Zn phases [28], formation of the 

Cu-Sn phases is expected to be increasingly unfavourable. 

  



Interfacial evolutions between the Sn-8Zn-3Bi-xSb solder and the Cu substrate under 

aging 

Figure 7 shows SEM morphology of the interface between Sn-8Zn-3Bi-1.5Sb and Cu 

substrate, with increasing aging time. It is shown that upon aging at 72 h, the scallop-

shaped ε-CuZn5 vanishes and the planar γ-Cu5Zn8 is the only IML at the interface which 

becomes thicker on aging, from 4 μm to 9 μm. The jagged features of the solder/IML 

interface may indicate the coalescence and transformation of ε-CuZn5 IMC to γ-Cu5Zn8. 

Date et al. compared the diffusivity of each element in the case of eutectic-Sn/Zn/Cu 

and point out that Cu is the dominant diffusing species due to its highest diffusivity 

[39]. The diffusion speed of Cu atoms in Sn is approximately 1000~10,000 times larger 

than that of Zn atoms in Sn matrix [40, 41]. Due to lower diffusivity of Zn, the supply 

of Zn from the solder is insufficient for ε-CuZn5 growth. On the other hand, ceaseless 

diffusion of Cu from Cu substrate rapidly complements the interfacial reaction, 

boosting the transformation of ε-CuZn5 to γ-Cu5Zn8 phase. 

 



Figure 7 Sn-8Zn-3Bi-1.5Sb/Cu interfacial layer development with prolonged aging: (a) as-reflowed, (b) aged for 72 

h, (c) aged for 168 h, (d) aged for 240 h, (e) aged for 360 h, (f) aged for 720 h 

 

In addition, the standard Gibbs free energy of ε-CuZn5 IMC formation is higher 

compared with that of γ-Cu5Zn8 IMC formation [42]. Thus, from the perspective of 

Gibbs free energy of formation and onset temperature of crystallisation, scallop-shaped 

ε-CuZn5 will tend to transform to planar γ-Cu5Zn8 which is more thermodynamically 

stable. As a result, when the interfacial reaction time is long enough, e.g., aging at 150 ℃ 

for 72 h, the ε-CuZn5 layer completely disappears and γ-Cu5Zn8 layer thickens. 

Additionally, the number of needle-like primary Zn-rich phases at the solder side near 

the interface decreases and instead, some isolated γ-Cu5Zn8 particles were observed 

near the solder interface. This implies that some Cu atoms moved through the planar γ-

Cu5Zn8 IML and reacted with the Zn atoms within the solder bulk to form isolated γ-

Cu5Zn8 IMCs during aging, which can be ascribed to the larger magnitude of Cu 

diffusivity in Sn matrix compared to that of Zn. 

The IML kept growing and became thicker as the aging time is prolonged, and this is 

shown in Figure 7a-f, Zn-rich phases in the solder matrix gradually disappeared due to 

the diffusion of Zn towards the joint interface. At the same time more isolated γ-Cu5Zn8 

particles were formed in the solder matrix due to the rapid diffusion of Cu. Upon aging 

of 240 h, as shown in Figure 7d, no primary Zn-rich phases and very few γ-Cu5Zn8 

particles can be found in the solder matrix near the interface. The growth of γ-Cu5Zn8 

IML becomes slower with extended aging time and its morphology is serrated and 

discontinuous. After aging for 360 h, as shown in Figure 7e and f, a new phase emerged 



between the IML and the Cu substrate. This newly formed phase was identified as 

Cu6Sn5 IMC, as shown in Figure 8. 

 

Figure 8 High magnification image of Sn-8Zn-3Bi-1.5Sb/Cu interface after 720 h of aging, with elemental 

composition analysed by EDS 

 

Suganami et al. reported that the Cu–Zn IML of Sn-9Zn/Cu coupon was not stable at 

150 °C and became thin. When the gap at the reaction layer was open, Sn directly reacts 

with the Cu substrate to form a Sn–Cu IMC growing deep into the substrate [43]. Duan 

el al. studied Sn-8Zn-3Bi/Cu interfacial reaction and reported the decomposition of the 

Cu-Zn IML by the diffusion of Zn into the Cu substrate. It was found that upon aging 

at 170 °C for 500 h three IMLs were detected at the interface: Cu-Zn IML in the middle 

of the reaction layers and Cu-Sn IMLs adjacent to it on both sides. Moreover, with 

increasing aging time to 1000 h the thickness of Cu-Zn IML decreased, while both the 

two Cu-Sn IMLs thickened at the same time. It was then concluded that the Cu-Zn IML 

acts as the diffusion channel for Cu and Sn just like a bridge [31]. 



Incorporating the observations from this study and hypothesis of Suganami et al. and 

Duan el al. introduced above. It can be assumed that during initial aging, the supply of 

diffusing Zn is sufficient and the γ-Cu5Zn8 IML grows accordingly and this acts as 

interfacial diffusion barrier that Sn atoms cannot penetrate through in order to react 

with Cu. However, as aging proceeds, the thickening of γ-Cu5Zn8 IML slows down as 

the Zn-rich phase from solder side depletes. The interfacial equilibrium then shifts due 

to inadequate Zn supply. As a result, the γ-Cu5Zn8 IMC becomes unstable and begins 

to degrade, leaving voids which are rapidly filled by Sn atoms diffusing (tunnelling) 

from the solder alloy. This also explains the serrated morphology of IML observed in 

Figure 7. This interfacial evolution continues with prolonged aging time, and Sn atoms 

continue to diffuse towards the Cu substrate, as can be clearly seen from elemental 

mapping in Figure 9, resulting in the ultimate formation of Cu6Sn5 IMCs at the interface, 

as shown in Figure 7e and f. However, it seems that Cu6Sn5 IMCs appear not only under 

the Sn channels, but also randomly between Cu5Zn8 and Cu substrate, as revealed in 

Figure 8. This is probably due to the metallurgical polishing’s “wiping off” certain Sn 

tunnels which existed previously and lead to the formation of these seemingly randomly 

located Cu6Sn5 IMCs. 

 



 

Figure 9 SEM morphology and EPMA mapping analysis of Sn-8Zn-3Bi-1.5Sb/Cu interface after aging of 720 h 

 

Figure 10 shows the schematic diagram presenting thermodynamic interfacial reaction 

of Sn-8Zn-3Bi-xSb/Cu during reflowing and aging, and is elucidated as follows: 

b) When the melting Sn-8Zn-3Bi-xSb solder alloy contacts the Cu substrate, Zn atoms 

from the solder bulk and Cu atoms from the substrate diffuse towards the interface and 

form γ-Cu5-Zn8. 

c) During soldering, ε-CuZn5 is formed through two subsequent peritectic reactions, 

i.e., L + γ-Cu5Zn8 → δ-CuZn3 and L + γ-CuZn3 → ε-CuZn5.  

d) Due to Cu’s higher diffusivity than Zn, upon initial aging, newly formed ε-CuZn5 is 

converted to γ-Cu5Zn8. Some Cu atoms diffuse and penetrate the IML, to form γ-Cu5Zn8 

with the Zn phase within the solder bulk. 



e) The depletion of Zn leads to the degradation of unstable Cu5Zn8, thus initialling 

forming voids within the IML and which are subsequently filled rapidly by diffusing 

Sn atoms. 

f) These Sn atoms from the solder alloy tunnel to the Cu substrate and form Cu6Sn5. 

 

Figure 10 Schematic diagram to indicate thermodynamic interfacial reaction during reflowing: (a) the diffusion of 

Zn and Cu, (b) formation of γ-Cu5Zn8 IML and (c) formation of ε-CuZn5 IML; and during aging: (d) transformation 

of ε-CuZn5 to γ-Cu5Zn8 IML and formation of γ-Cu5Zn8 particles within solder matrix; (e) depletion of Zn and 

emergence of voids; (f) Sn tunnelling and formation of Cu6Sn5 

 



Figure 11 shows that the average thickness of γ-Cu5Zn8 IML in all joint coupons 

increases as the aging time increases, and this growth follows the square root time law. 

This indicates that the IML growth of Sn-8Zn-3Bi-xSb/Cu interface is mainly 

controlled by diffusion of elements to the reaction interface. 

 

Figure 11 Thickness of IML with different aging time at the interface between Sn-8Zn-3Bi-xSb solder alloys and Cu 

substrate. 

 

The change of IML thickness as a function of time can be fitted to Fick’s law: 

d - d0 = (kt)1/2 

where d is the thickness of the IMC layer, d0 is the initial thickness, k is the growth 

rate constant, and t is the growing time. 
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The growth rate constant k1/2
 of each solder couple is listed in Table 2. It can be found 

that Sb alloyed solder coupons show marginally slower growth rate, which presumably 

indicates that Sb retarded the IML thickening at Sn-8Zn-3Bi-xSb/Cu interface. 

Table 2 The slope (growth rate constant k1/2) of IML thickness 

  

Slope 

k1/2 

Linearity 

R2 

Sn-8Zn-3Bi 0.0085 0.9943 

Sn-8Zn-3B-0.5Sb 0.0076 0.9905 

Sn-8Zn-3B-1.0Sb 0.0076 0.9853 

Sn-8Zn-3B-1.5Sb 0.0077 0.9851 

 

Sb is detected in not only Sn matrix of solder bulk but also Sn tunnels, as revealed in 

Figure 9, which indicates the high solubility of Sb in Sn. As discussed above, IML 

thickening is mainly controlled by diffusion of elements, it can be hypotheses that Sb 

micro alloy has the pinning effect therefore to reduce the diffusion rate of Zn in Sn 

matrix, eventually supressing the growth of Cu5Zn8 IML. 

 

Conclusions 

The interfacial reaction at the interface of Sn-8Zn-3Bi-xSb/Cu in soldering and the 

interfacial evolution during isothermal aging has been studied. An interfacial reaction 

mechanism has been proposed and summarised as follows: Cu5Zn8 and CuZn5 IMLs 

were initially formed at the Sn-8Zn-3Bi-xSb/Cu interface after soldering, however 

CuZn5 was transformed to Cu5Zn8 upon initial aging. While Cu5Zn8 was the dominant 

reaction product at the interface, it is unstable and can degrade once Zn is depleted, 

gradually forming a number of voids throughout the IML. Sn atoms rapidly fill up these 



voids and tunnel to the Cu substrate and to form Cu5Sn6 at the IML/Cu interface. The 

addition of Sb did not alter this reaction mechanism or introduce any new IMCs, but 

supresses the IML thickening at the interface. Hypothetically, Sb micro-alloys 

homogeneously dissolved in Sn reduced the diffusion rate of Zn in Sn matrix though 

the pinning effect. 
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