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Abstract: The effects of different Bi contents on the properties of Sn solders were studied. The 
interfacial reaction and growth behavior of intermetallic compounds (IMCs) layer (η-Cu6Sn5 + e-Cu3Sn) for 
various soldering time and the influence of Bi addition on the thermal behavior of Sn-xBi solder alloys were 
investigated. The Cu6Sn5 IMC could be observed as long as the molten solder contacted with the Cu substrate. 
However, with the longer welding time such as 60 and 300 s, the Cu3Sn IMC was formed at the interface 
between Cu6Sn5 and Cu substrate. With the increase of soldering time, the thickness of total IMCs increased, 
meanwhile, the grain size of Cu6Sn5 also increased. An appropriate amount of Bi element was beneficial for the 
growth of total IMCs，but excessive Bi (≥ 5 wt%) inhibited the growth of Cu6Sn5 and Cu3Sn IMC in Sn-xBi/
Cu microelectronic interconnects. Furthermore, with the Bi contents increasing (Sn-10Bi solder in this present 
investigation), some Bi particles accumulated at the interface between Cu6Sn5 layer and the solder.
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1 Introduction

In recent decades, electronic packaging industry 
has made great achievements. However, as lead-based 
electronic products have caused serious pollution, the 
electronic packaging industry also calls for lots of 
pollution-free solders, more and more countries and 
regions have begun to pay attention to the development 
and research of the lead-free solders[1-3]. In recent 
decades, Lead-free solders have attracted a great deal 
of attention and made great progress such as Sn-Ag, 
Sn-Cu, Sn-Ag-Cu, Sn-Zn, Sn-In and Sn-Bi systems[4-8]. 
Among the various alternative lead-free solder systems, 
Sn-Bi alloy is one of the best substitutes to lead-
containing solders[11]. It has not only a lower melting 
temperature (139 ℃), but also a lower coefficient 
of thermal expansion[9,10].  Meanwhile, it has other 

advantages, such as energy saving，reducing heat 
damage, good wettability and high creep resistance[12,13].

The interfacial reaction between solder and metal 
substrate is a very important process, which is the key 
to determining the good metallurgical combination 
of the electronic interconnections[9,14,15]. As we all 
known, IMCs have a great influence on the firmness of 
the soldered joint due to the inherent hard and brittle 
nature of the IMCs, the formation of excess and thick 
intermetallic compounds (IMCs) can lead to decrease of 
the bond strength between solder and metallization[16]. 
The formation of IMCs during the soldering process 
also plays an important role in the wettability of the 
solder[17]. In the electronic packaging industry, the 
soldering time for the interfacial reaction from a few 
seconds to several minutes in most of researches[18]. 
There have some papers focused on the kinetics of IMC 
growth and interfacial reaction between Sn-xBi solders 
and Cu substrates[8,19]. An amount of investigations 
were studied about the growth behaviors and growth 
kinetics of the IMC. Additionally, the researches of 
the thermal behavior of SnBi solders are still lacking 
data. This study aimed at the interfacial reaction and 
the growth behavior of the IMC layer between Sn-
xBi solders and Cu substrate during soldering with 
different time. The paper would further deepen the 
comprehension of the effect of Bismuth addition on 
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interfacial reaction between Sn-based solders and 
substrate. Moreove, we provide a reference for the 
growth behavior of IMCs between liquid SnBi solders 
and Cu substrate. Additionally, the influence of Bi 
addition on the thermal behavior of SnBi solders were 
also systematically investigated in this paper.

2 Experimental

The substrate was prepared from pure Cu plate 
(99.99 wt%) with dimensions of 10×10×2 mm3

 and 
the SnBi solders alloys were prepared by melting pure 
Sn, and Bi (with 99.99% purity) together in an Al2O3 
crucible put in a vacuum induction-furnace. In order to 
reduce the error generated by the experimental process, 
the furnace chamber was evacuated and purged 
with argon before the melting. The solder was then 
remelted at least three times to assure the uniformity 
of the composition. Finally, the solders was poured 
out and cooled to room temperature. The chemical 
ingredient of the different Sn-xBi alloys was examined 
using inductive coupled plasma-optical emission 
spectrometry (ICP-OES), as shown in Table 1.

The thermal behavior of Sn-xBi solders were 
studied by using a Netzsch STA 499C differential 
scanning calorimeter (DSC) instrument with a 
continuous scanning rate of 10 ℃/min. The alloy 
samples were heated to 280 ℃ and then cooled to room 
temperature.

The pure Cu 99.99 (wt%) substrate was cut and 
ground with 400#, 800#, 1200#, 2000# SiC paper, 
then the Cu substrate were polished by using 0.1 μm 
polishing pastes and rinsed in pure water respectively. 
The experimental samples of SnBi/Cu couples were 
divided into five groups, and every group have four 
samples. The experimental samples were dipped into 
the molten solder at 280 ℃ for various soldering time, 
such as 5, 30, 60 and 300 s.

When the soldering process was finished, the 
experimental samples were cooled to room temperature, 

and then the SnBi/Cu couples were prepared for 
observations on the cross sectional structure as well as 
the top view of the IMC morphology at the interface 
between SnBi solders and Cu substrate under a FEI 
Quanta 200F scanning electron microscope (SEM) at a 
voltage of 20 keV. 

The ordinary metallographic practice was used to 
observe the microstrcture of cross-section. The etchant 
of 2%HCl+5%HNO3+93%CH3OH was prepared to 
observe the view of cross-section. Moreover, the top-
view morphology of the IMC particles was revealed by 
deep etching to the solder joint with 10% HNO3 and 
90% distilled H2O at room temperature for 5 min in 
order to remove the remaining solder. 

The image analysis software was used to calculate 
the area and length of IMCs layer from cross sectional 
SEM images. And the IMC grains size of Cu6Sn5 were 
calculated from the top-view micrograph by using the 
image analysis software too. The average thickness 
of IMCs layer (T) was calculated for using measured 
area (S) divided by length(L) in the area. Each sample 
was measured at least ten locations. The obtained 
thickness of the IMCs layer is the average value of 
more than 10 measurements. The total thickness (TIMC) 
of the interfacial layer was shown by the following 
equation,the same equation is used for the thickness of 
the individual IMC layer:

TIMC=S/L                                (1)

3 Results and discussion

Fig.1 shows the DSC exothermic and endothermic 
peaks of the different Sn-xBi solder alloys upon 
heating and cooling, as well as the results are conclued 
in Tables 2 and 3. Table 2 reveals that the addition of 
Bi have influence on the liquidus temperature (Tpeak), 
solidus temperature (Tonset) and melting range of Sn-
xBi solders during the melting process. The melting 
ranges of SnBi alloys have obviously increase with 

Table 2 Solidus temperature (Tonset) and liquids temperature (Tpeak) 
for Sn-xBi solderalloys during heating

Solder alloy 
/wt%

Heating Cooling Undercooling 
(Theat-Tcool)/℃Tonset/℃ Tonset/℃

Sn 231.8 182.5 49.3

Sn05Bi 229.1 184.6 44.5

Sn1Bi 226.5 208.6 17.9

Sn5Bi 215.5 210.5 5

Sn10Bi 197.9 202.3 4.4

Table 1 Chemical compositions of the different Sn-x Bi solder 
alloys.

Solder alloys
Mass contents of elements/%

Bi Sn

Sn
Sn05Bi

0
0.51

Bal.
Bal.

Sn1Bi 1.02 Bal.

Sn5Bi 5.02 Bal.

Sn10Bi 10.01 Bal.
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the addition of bismuth. Besides, the solidification 
temperature of Sn solder increases with the increase 
of Bi content during the cooling process remarkably. 
The difference between the solidus temperature 
during heating (Theat) and the liquidus temperature 
during cooling (Tcool) has been used to evaluate 
the undercooling of Sn-xBi solder alloys. It can be 
observed from Table 3 that the high undercooling value 
of the pure Sn solder significantly decreased from 49.3 
to 4.4 ℃ with the addition of 10 wt% Bi element. More 
specifically, during the solidification process in the Sn-
Bi system, the Bi particles are existed in the Sn matrix 
all the time, which can serve as extra heterogeneous 
nucleation sites, enhancing the rate of nucleation and 

remarkably lowering the undercooling of solder alloys.
Fig.2 shows the SEM micrographs of cross-

section view microstructures between Sn-0.5Bi solder 

Table 3 Comparison of solidus temperature (Tonset) during 
heating, liquids temperature(Tonset) during cooling and 
undercooling range of Sn-x Bi solder alloys

Solder alloy/wt%
Heating Melting range

/℃Tonset/℃ Tpeak/℃

Sn 231.8 241.8 10.0

Sn05Bi 229.1 241.0 11.9

Sn1Bi 226.5 239.6 13.1

Sn5Bi 215.5 233.8 18.3

Sn10Bi 197.9 222.7 24.8

Fig.1  DSC results of Sn-xBi solder alloys: (a) Sn, (b) Sn-0.5Bi, (c) Sn-1Bi, (d) Sn-5Bi, (e) Sn-10Bi
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and Cu substrate after soldering for 5, 30, 60, 300 s 
at a constant temperature of 280 ℃ respectively. The 
soldered couples with soldering time of 5 s, the single 
layer of interfacial intermetallic compound (IMC) 
was discovered between the solder and Cu substrate. 
Meanwhile, two layers of interfacial intermetallic 
compound (IMCs) were detected when the soldering 
time increased to 30, 60 and 300 s, as shown in 
Fig.2(b)-2(d). In order to confirm the IMC phases 
between Cu substrate and solders by using Energy 
Dispersive X-ray Detector (EDX). The results of 
EDX were shown in Fig.3. Fig.3(a)-(c) corresponded 
to the EDX patterns of points A, B and C in Fig.2(e), 

correspondingly. According to the test results of EDX, 
as shown in the Fig.3(a), the point A is determined to 
be Sn-rich phase, in Fig.3(b), the EDX result of point 
B reveals that the atomic percent ratio of Cu atoms and 
Sn atoms is close to 6 : 5, and the EDX result of point 
C shows that the atomic percent ratio of Cu atoms and 
Sn atoms is close to 3:1. According to the previous 
studies[20,21], so the intermetallic phase of point B and 
point C can be estimated as Cu6Sn5 phase and Cu3Sn 
phase, in other words, the layer of IMC near the Cu 
substrate is Cu3Sn, and the layer of IMC near Sn-
xBi solder is Cu6Sn5, as shown in the Fig.2(b)-2(d), 
respectively. 

Fig.3 EDX analysis of IMCs between solder and Cu substrate: (a) EDX pattern of point A; (b) EDX pattern of point B; (c) EDX pattern of 
point C in Fig.2(d)

Fig.2 Cross-sectional views of the Sn–0.5Bi/Cu interface soldered at different soldering time for the same temperature of 280 oC: (a) 5 s; (b) 
30 s; (c) 60 s; (d) 5 min
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As depicted in the Fig.2(b)-2(d), there are two 
layers near the Cu substrate, due to the Cu6Sn5 IMC 
was formed firstly at the interface adjacent to the solder, 
and followed by the Cu3Sn IMC formed between 
Cu6Sn5 IMC the Cu substrate with higher soldering 
temperature[22,23]. Thus, the closest to the Cu substrate 
is Cu3Sn IMC layer, which was distinguished from 
the other IMC by its gray level, the upper is Cu6Sn5 
IMC layer, the results are consistent with the result of 
EDX analysis. In this paper the Cu3Sn IMC between 
Cu6Sn5 IMC and Cu substrate was formed with longer 
soldering time.

The total thickness of IMC was 3.08, 3.57, 4.24, 
and 4.72 μm and the thickness of Cu6Sn5 IMC was 
2.78, 3.08, 3.51, and 3.89 μm, the thickness of IMC 
was 0.3, 0.49, 0.73, and 0.83 μm respectively. Firstly, 
Cu6Sn5 IMC was formed between the solder and Cu 
substrate followed by Cu3Sn IMC formed adjacent to 
the Cu substrate with longer soldering time. 

Fig.4 reveal the SEM micrographs of cross-section 
view microstructures between solders with various 
Bismuth contents and Cu substrate after soldering time 
of 60 s at a constant temperature of 280 ℃ individually. 
With the soldering time of 60 s the Cu3Sn IMC was 
detected between the Cu6Sn5 IMC and Cu substrate 
as shown in Fig.4(a)-4(e), the total thickness of IMC 
was 3.12, 4.24, 4.88, 3.92 and 3.88 μm for various Bi 
additions. The interfacial IMCs layers between pure Sn 
solder and Cu Substrate were formed by the interaction 

between the Sn atoms and Cu atoms from the solder 
and the substrate, respectively, which can be described 
by the following three equations[24]:

6Cu + 5Sn →Cu6Sn                    (2)

3Cu + Sn →Cu3Sn                    (3)

9Cu + Cu6Sn5→ 5Cu3Sn             (4)

Generally speaking, the above refered conse-
quence represented that Cu6Sn5 IMC was formed firstly 
as long as the solder alloys contacted with Cu substrate, 
and the Cu3Sn layer was developed between Cu6Sn5 
IMC and Cu substrate for the longer welding time.

Fig.5 shows the schematic diagram of the Bi 
segregation in the Sn-10Bi solder matrix and on the 
Cu6Sn5 IMC surface. With the increasing of Bi contents 
(such as 10 wt%), the Bi segregated at the interface 
between solder and Cu6Sn5, which dramatically 
influenced on the mechanical properties of the solder/
Cu joints. In the present investigation, lots of Bi 
particles can be discovered easily at the solder/Cu6Sn5 
interface of the Sn-10Bi/Cu couple soldered at 280 ℃ 
for 60 s, as depicted by the black arrows in Fig.4(e). 
In Reference[25], there was an assumption for the 
formation of Bi segregation. During the soldering 
process Bi segregation is mostly due to the diffusion of 
Bi atoms in the SnBi solder through the solder alloys. 
According to Reference[26], the solid solubility limit of 

Fig.4 Cross-sectional views of the Sn–xBi/Cu couples soldered of various Bismuth contents at 280 ℃for one minute: (a) pure Sn; (b) Sn-
0.5Bi; (c) Sn-1Bi; (d) Sn-5Bi; (e) Sn-10Bi
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Bi in Sn at room temperature is about 1% from binary 
Sn-Bi phase diagram. Therefore, when the contents of 
Bi was saturated in this paper the diffusion of Bi atoms 
led to the formation of Bi segregation.

In this study, Bi was added into the pure Sn solder. 
It is reported that the bismuth acted as a kind of catalyst 
in the process of interfacial reaction between Sn solder 
and Cu substrate, but it did not directly participate in 
the chemical reaction[27]. Therefore, the Cu-Sn reaction 
rate between Bi-containing Sn-based solders and Cu 
substrate is faster than that of the Sn/Cu interface. 
As well known, the chemical reaction includes many 
steps, such as atoms activation and metastable mid-
reaction[28]. The addition of a small quantity of Bi can 
result in more chemical bonds between Cu and Cu 
atoms or Cu and Sn atoms to be broken, which leads to 
lots of Cu and Sn atoms activated[19,29]. Thus, the rates 

of interfacial reaction described by Eqs.(2)-(4). When 
the Bi content was less than one percent, the thickness 
of the total IMC layer increased with increasing Bi 
contents. However, excessive Bi suppressed the growth 
of interfacial IMC and consumption of Cu substrate. 
According to the study of MJ Rizvi et al[30], it was 
suggested that the Bi-addtion into the solder resulted in 
lower interfacial reaction and lower Cu-consumption 
during soldering process between Sn-based solder and 
Cu substrate. Thus, excessive Bi restrained the growth 
of total IMCs.

Fig.6 depicts the average thickness of total IMCs 
layer between solders with different Bismuth contents 
and Cu substrate after soldering at 280 ℃ for various 
time. It indicated that the average thickness of the 
total interfacial IMCs layer increased with increasing 
soldering time for all Sn-xBi/Cu solder joints. 
Compared with average thickness of total IMCs layer 
of Sn/Cu solder joints, the addition of the Bi contents 
increased the thickness of IMCs between Sn-xBi 
solders and Cu substrate. According to our previous 
results[19], Bi atoms segregated at the Cu3Sn/Cu 
interface accelerated the growth rate of Cu6Sn5 IMC. 
With the Bi contents increasing, the thickness of the 
total IMCs layers increased firstly and then decreased. 

Fig.5 Schematic diagram of the Bi segregation in the Sn–10Bi 
solder and Cu6Sn5 IMC surface

Fig.6 Average thickness of total IMCs layer of different Bismuth 
contents for different soldering time

Fig.7 Average thickness of Cu6Sn5 IMCs layer of different Bismuth 
contents for soldering time of one minute

Fig.8 Top view of Sn-xBi/Cu interfacial Cu6Sn5 grain reflowed at 
280 oC of different bismuth contents for five minutes: (a) 
pure Sn; (b)Sn-0.5Bi; (c)Sn-1Bi; (d)Sn-5Bi; (e) Sn-10Bi
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Fig.7 shows the average thickness of Cu6Sn5 IMCs 
layer between solders with different Bi contents and Cu 
substrate for soldering at 280 ℃ with 60 s. It indicates 
that the average thickness of Cu6Sn5 of Sn-1Bi alloy 
was the thickest. For the pure Sn solder, in the solder-
substrate interface the Cu-Sn intermetallic forms and 
increases due to continuous diffusion of Cu from the 
substrate into the solder matrix. Addition of 1 wt% Bi 
element into the pure Sn solder controls the nucleation 
of Cu6Sn5 and Cu3Sn intermetallics in the solder matrix 
during soldering condition.

Fig.8 displays the top views of the Sn-xBi/Cu 
couples soldered at 280 ℃ for 300 s. In Figs.8(a), (b), 

(c) and (d), the Cu6Sn5 IMCs displayed faceted scallop-
like morphology. While in Fig.8(e), a part of IMCs 
changed from hexagon scallop-type to spherical-type. 
Fig.9 shows that the average interfacial Cu6Sn5 grain 
size of Sn-xBi/Cu joints soldered at 280 ℃ for 300 s. It 
can be clearly seen that the average interfacial Cu6Sn5 
grain size of Sn-xBi/Cu joints increases first and then 
decreases with the increasing of Bi contents.

Fig.10 presents the top-view of the Sn-1Bi/Cu 
couples soldered at 280 ℃ for various reaction time, 
which was confirmed as Cu6Sn5 grains at the interface 
between the solder alloys and Cu substrate. Fig.10(a), 
(b) show scallop-like intermetallic compound grains of 
Cu6Sn5, (c) and (d) depict the prism-like intermetallic 
compounds, which can be detected in all soldered 
couples. Fig.11 indicates that the soldering time 
have an effect on the growth of Cu-Sn intermetallic 
compounds at the interface between Sn-1Bi solder and 
Cu substrate. Particularly, it illustrates that the grains 
size of the Cu-Sn IMCs increased with the increasing 
soldering time. In Reference[31], interfacial Cu6Sn5 

grains are enlarged with a prolonged soldering time, 
and in this investigation the experimental data is 
consistent with the result.

4 Conclusions

a) The high undercooling value of the SnBi alloys 
was markedly decreased from 49.3 to 4.4 ℃ with the 
addition of 10 wt% Bi. The melting range increased 
from 10 to 24.8 ℃ with the addition of 10 wt% Bi. 
Furthermore, it can be proved that the addition of Bi 
can lowered the melting points of the Sn-xBi solders.

b) Both thickness of total IMCs layer and Cu6Sn5 
grains size increased with increased soldering time. At 
the same soldering time when the Bi content was ≥5 
wt%, Bi additions into the pure Sn solder suppressed 
the thickness of the Cu-Sn IMCs layer and controlled 
the nucleation of Cu6Sn5 in the solder matrix and in the 
solder/substrate interface. Besides, both Cu6Sn5 grains 
size and the thickness between solders and Cu substrate 
with different Bi contents exhibit a non-linear function 
with the soldering time. 

c) Comparing with the thickness of total IMCs 
layer and the Cu6Sn5 grains size of Sn-xBi/Cu joints 
at the same soldering time (such as 60 and 300 s), the 
samples of Sn-1Bi/Cu group possessed the thickest 
IMC layer and largest IMC grain among the all of Sn-
xBi/Cu samples.

d) The excessive diffused Bi atoms resulted in Bi 

Fig.9 The average interfacial Cu6Sn5 grain size of Sn–xBi/Cu 
joints soldered at 280 oC for 300 s

Fig.10 Top views of the Sn-1Bi/Cu couples soldered at 280 ℃ for 
various reaction time: (a) 5 s; (b) 30 s; (c) 60 s; (d) 300 s

Fig.11 Average size of Cu6Sn5 grains in Sn-1Bi/Cu solder joints 
for different soldering time
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accumulation at the interface between the solder and 
Cu6Sn5 layer with the longer soldering time (such as 
300 s), so that some isolated Bi particles were formed.
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