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1 Introduction

Solder alloy plays a critical role in connecting the electronic 
components to a substrate in electronic devices. Traditional 
Sn–Pb solders owning low melting point, good wettabil-
ity and mechanical properties has been widely applied in 
microelectronic industry. However, the toxicity of lead and 
increasing environmental concern limit the application of 
Sn–Pb solder alloy, accelerating the development of lead-
free solder [1–3]. As present, Sn–0.7Cu eutectic alloy is 
identified as an attractive candidate solder due to its good 
wettability, mechanical properties and lower cost compared 
to other lead-free solder alloys. However, the high melting 
point and rapid growth of interfacial intermetallic com-
pounds (IMCs) need to be further improved. Microalloying 
as a convenient and effective method to improve the perfor-
mance of solder alloys has been widely adopted for the last 
two decades [4, 5]. Some metallic element such as Ag [6, 
7], Bi [8], Ni [9–11], Al [12], Zn [13] and Fe [14] has been 
added into Sn–Cu binary alloy systems.

Soldering is a critical process in electronic packaging. 
During soldering, IMCs form at the interface between 
molten solder and substrate. It has been reported that 
interfacial IMCs are much harder and more brittle than 
the solder alloy and the overgrown IMCs deteriorate 
the mechanical properties of solder joints [15]. Various 
alloying elements have been added into solder alloys to 
suppress the growth of interfacial IMCs [16–19]. Wang 
et  al. [20] has investigated the interfacial microstructure 
of Sn–58Bi/Cu and Sn–58Bi/Cu–Zn joints, the forma-
tion of  Cu3Sn IMC was depressed, Kirkendall voids and 
Bi segregation at interface were avoided with minor Zn 
added into Cu substrate. Yu et al. [21] has found that Zn 
and Ge were helpful element to suppress the formation of 
 Cu3Sn layer. With more Zn addition,  Cu6Sn5 IMC layer 
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varied to Cu–Zn IMC layer and voids were formed at 
 Cu6Sn5/Cu–Zn interface. The addition of nano-TiO2 into 
Sn–3.0Ag–0.5Cu solder suppressed the growth of  Cu6Sn5 
layer, but has little influence on the growth of  Cu3Sn 
layer. The adsorption theory and grain boundary pinning 
were conducted to explain the suppressed growth rate of 
interfacial IMCs [22]. Indium is well known as a benefi-
cial element to solder alloy, but the influence of indium 
addition on the reaction between the Sn–Cu solder and 
Cu substrate is seldom systematically investigated.

In this paper, the effect of indium addition on micro-
structure and composition of interfacial IMCs between 
Sn–0.7Cu–xIn (x = 0–5.0 wt%) and Cu substrate was 
investigated. The growth coefficients at 150, 170 and 
190 °C as well as the activation energy of the interfacial 
IMCs layer were calculated according to the Arrhenius 
equation. Bending test was conducted to evaluate the 
mechanical properties of Cu/Sn–0.7Cu–xIn/Cu solder 
joints. The transformation of fracture mode consider-
ing the effect of indium content and aging time was also 
discussed.

2  Experimental procedures

Predetermined quantities of Sn, Cu and In were melted 
at 800 °C in a quartz crucible inside a resistance furnace. 
The molten alloy was held for 60 min and stirred for each 
10 min to avoid the segregation of composition. The liquid 
solder alloys were casted into a steel mold and air-cooled 
to 25 °C. The analyzed chemical compositions of each 
Sn–0.7Cu–xIn alloys by inductive couple plasma (ICP) 
were given in Table 1.

The spreading specimens were prepared by Cu sub-
strate and Sn–0.7Cu–xIn solder on the heating platform 
at 250 °C for 60  s. To study the growth of the interfacial 
reaction layer, a set of specimens were isothermal aged 
by oil bath at three different temperatures of 150, 170 and 
190 °C for varying aging time intervals of 120, 240, 480, 
720 and 960 h. After isothermal aging, the average thick-
ness of interfacial IMCs was calculated by measuring the 
total area of the IMCs and dividing it by the total length of 
the images. For each aging condition, three specimens were 
examined to obtain the average thickness value of the reac-
tion layer.

Commercial oxygen-free copper sheet in a dimension of 
15 × 15 × 1  mm was used as the based metal. The copper 
surfaces were grinded on sandpapers, mechanically pol-
ished to 1 μm with diamond paste, followed by ultrasoni-
cally cleaned in acetone. A film of solder alloy with 200 μm 
in thickness was supplied for soldering. The schematic dia-
gram of the bending joint is illustrated in Fig. 1a. The sol-
dering process was carried out by means of reflow furnace. 
Sn–0.7Cu–xIn solder films covered with flux between the 
copper sheets was heated at 250 °C for 60 s, and air-cooled 
to ambient temperature. After preparation, the joints were 
aged by oil bath at 190 °C for 240, 480, 720 and 960  h, 
respectively. The bending strength of solder joints were 

Table 1  Chemical compositions of Sn–0.7Cu–xIn lead-free solder 
alloy

Alloy Composition (wt%)

Sn Cu In

Sn–0.7Cu Bal. 0.743 ND
Sn–0.7Cu–1.0In Bal. 0.712 0.984
Sn–0.7Cu–2.0In Bal. 0.736 2.012
Sn–0.7Cu–3.0In Bal. 0.698 2.963
Sn–0.7Cu–4.0In Bal. 0.725 4.149
Sn–0.7Cu–5.0In Bal. 0.688 5.033

Fig. 1  Schematics on (a) 
bending joints fabrication and 
(b) three point flexural test on 
bending joints
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measured with a three point flexural test method at a load-
ing rate of 0.1 mm/s. The radius of loading point and two 
supporting points was 2 mm, and the span between the two 
supporting points was 24 mm as shown in Fig. 1b.

Common metallographic sample preparation method 
was used for microstructure observation of the cross sec-
tions. The specimens were etched with a solution of 5 vol% 
 HNO3 + 5 vol% HCl + 90 vol%  CH3OH. The microstruc-
ture of interfacial IMCs was probed by scanning electron 
microscopy (SEM). Energy Dispersive X-ray (EDX) was 
employed to determine the elemental compositions. The 
accurate compositions of IMCs at interface were identified 
using X-Ray Diffraction (XRD). During bending test, the 
initiation and propagation of cracks on the bending joints 
were also observed by SEM.

3  Results and discussion

3.1  Morphology and compositions of as‑soldered IMCs 
layer

Figure  2 shows the microstructure of interfacial IMCs 
between Sn–0.7Cu–xIn and Cu substrate after reflow at 

250 °C for 60  s. In all cases, a scallop shaped interfacial 
IMC layer formed at the interface as shown in Fig. 2a, d, 
g. The scallop shaped interfacial layer was also observed 
after various solder alloys soldered on Cu substrate, such 
as Sn–Bi [16, 23], Sn–Ag [24], Sn–Zn [25] and Sn–Ag–Cu 
[26]. Figure  2b, e, h show the top-view of the interfacial 
IMCs. The IMCs at Sn–0.7Cu/Cu interface showed a gran-
ular morphology and the grain diameter was about 3.1 μm. 
After 1.0  wt% indium addition, some needle-like IMCs 
which were much larger than the granular ones were found 
at the Sn–0.7Cu–1.0In/Cu interface. Similarly, more nee-
dle-like IMCs were observed when the indium content was 
up to 5.0 wt% as shown in Fig. 2h, indicating that indium 
addition could change the morphology of IMCs at solder/
Cu interface.

The composition of the Sn–0.7Cu/Cu interfacial IMCs 
was Cu–Sn compounds and transformed to Cu–In–Sn com-
pounds with indium addition as shown in Fig. 2c, f, i. To 
identify the accurate compositions of IMCs, the results of 
XRD analysis on the top-view of the interfacial IMCs are 
given in Fig. 3.  Cu6Sn5 phase was confirmed at the inter-
face of Sn–0.7Cu/Cu. With added indium in Sn–0.7Cu sol-
der, the reaction product with Cu substrate kept the same as 
 Cu6Sn5, suggesting the needle-like Cu–In–Sn IMCs found 

Fig. 2  Microstructure of IMCs layer between Sn–0.7Cu–xIn and Cu substrate reflowed for 1960s: a–c Sn–0.7Cu; d–f Sn–0.7Cu–1.0In; g–i Sn–
0.7Cu–5.0In
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in Fig. 2e, h have the same crystal structure as  Cu6Sn5. The 
atom percentage of IMCs at solder/Cu interface was shown 
in Table 2. According to the atom percentage in Table 2, 
the ratio between Cu and (Sn,In) was about 6 to 5, indi-
cating that  Cu6(Sn,In)5 IMCs formed with indium addition. 
The increasing indium content in Sn–0.7Cu solder from 
1.0 to 5.0 wt% leaded to an increase in the percentage of 
indium atoms in as-soldered  Cu6(Sn,In)5 IMCs layer from 
0.43 to 1.54 at%. During soldering, Sn atoms in liquid 
Sn–0.7Cu solder reacted with Cu atoms and formed  Cu6Sn5 
IMCs layer according to the following equation:

According to Refs. [27, 28], the radii of Sn atom and In 
atom are 145 and 155 pm. Furthermore, Sn and In share the 
consistent crystal structure. The similar atomic radii and 
consistent crystal structure usually created the atomic sub-
stitution. At the initial stage of soldering, Some Sn atoms 
which involved in the reaction at interface were replaced 
by In atoms and  Cu6Sn5 transformed to  Cu6(Sn,In)5 phase. 
This similar phenomenon such as the formation of interfa-
cial (Cu,Ni)6Sn5 phase was also observed when soldering 
Ni-containing solder on Cu substrate [9, 11, 29].

(1)6Cu + 5Sn → Cu
6
Sn

5

Regarding the shape of interfacial IMCs layer shown in 
Fig.  2, the scallop shaped layer suggesting that the mor-
phology of as-soldered layer was independent on the com-
position of the Sn–0.7Cu–xIn solder alloys. Differing from 
the document in Ref. [30], a uniform layer of IMCs formed 
between Sn–0.7Cu–0.05Ni solder and Cu substrate after 
soldering. The morphology of as-soldered IMC layer is still 
inconclusive which is needed to be further investigated. 
Figure 4 shows the thickness of interfacial IMCs layer after 
soldering between Sn–0.7Cu–xIn and Cu substrate. With 
the increase of indium content, the thickness of interfacial 
IMCs layer decreased slightly. The thickness ranged from 
2.5 to 3.0  μm, suggesting that indium addition has little 
influence on the thickness of interfacial IMCs in the solder-
ing stage.

3.2  IMC growth during solid aging

Figure  5 shows the interfacial microstructure of 
Sn–0.7Cu–xIn solder reacted with Cu substrate after aging 
at 150 °C for 960 h. Compared with the as-prepared inter-
faces shown in Fig. 2, the scallop shaped IMCs were flat-
tened after aging. The grooves of scallop shaped grains in 
as-soldered interfaces provided the convenient diffusion 
path for Sn and Cu atoms to pass through the interfacial 
layer. Moreover, the transformation from scallop to planar 
shaped could decrease the interfacial energy, resulting in a 
more stable IMC layer.

It is interesting to find that indium atom percentage in 
 Cu6(Sn,In)5 increased after aging for 960  h as shown in 
Table 3. The solubility of indium in  Cu6(Sn,In)5 IMCs layer 
increased with the increasing of indium content in solder. 
According to the Fick’s laws, the atomic flux at solder/
Cu6Sn5 interface can be expressed by:

Fig. 3  XRD patterns of the IMCs on Sn–0.7Cu–xIn/Cu interface

Table 2  EDX results of IMCs at solder/Cu interface

Solder alloy Cu, at% Sn, at% In, at% Cu:(Sn,In)

Sn–0.7Cu 54.82 45.18 ND 6.06:5
Sn–0.7Cu–1.0In 54.77 44.81 0.43 6.05:5
Sn–0.7Cu–2.0In 54.31 44.77 0.92 5.94:5
Sn–0.7Cu–3.0In 54.67 44.35 0.98 6.03:5
Sn–0.7Cu–4.0In 55.18 43.52 1.30 6.15:5
Sn–0.7Cu–5.0In 54.53 43.93 1.54 5.99:5

Fig. 4  Thickness of interfacial IMCs layer after soldering
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where J is the indium atomic flux at solder/Cu6Sn5 inter-
face, D is the diffusion coefficient of indium atom, ∂C∕∂x is 
the indium atomic concentration gradient at solder/Cu6Sn5 
interface.

With the increase of indium content, the concen-
tration gradient of indium atomic increased at solder/
Cu6Sn5 interface. When the concentration of indium 
reached balance at interface, more indium atoms would 

(2)J = −D(�C∕�x) pass through the interface and substitute the Sn atoms 
in  Cu6Sn5. Hence, more indium atoms were detected in 
 Cu6(Sn,In)5 IMCs layer. The indium solubility (about 
4.9 at%) found in this study reached a maximum value 
when indium beyond 4.0 wt%. The maximal solubility of 
indium in  Cu6(Sn,In)5 suggesting that the average com-
position of  Cu6(Sn,In)5 phase was  Cu6(Sn0.89,In0.11)5. The 
maximal solubility of indium in  Cu6(Sn,In)5 after aging 
at three different temperatures remain about the same, 

Fig. 5  Microstructure of IMCs layer after aging at 150 °C for 960 h: a Sn–0.7Cu; b Sn–0.7Cu–1.0In; c Sn–0.7Cu–2.0In; d Sn–0.7Cu–3.0In; e 
Sn–0.7Cu–4.0In and f Sn–0.7Cu–5.0In

Table 3  Atom percentage in 
interfacial  Cu6(Sn,In)5 after 
aging for 960 h

Solder alloy Aging tempera-
ture, °C

Cu, at% Sn, at% In, at% Intermetallics

Sn–0.7Cu–1.0In 150 55.83 42.73 1.43 Cu6(Sn0.96,In0.04)5

170 55.52 42.95 1.53
190 55.40 43.06 1.54

Sn–0.7Cu–4.0In 150 56.27 38.86 4.87 Cu6(Sn0.89,In0.11)5

170 57.13 38.07 4.80
190 56.96 38.31 4.72

Sn–0.7Cu–5.0In 150 56.41 38.70 4.89 Cu6(Sn0.89,In0.11)5

170 55.71 39.38 4.90
190 55.48 39.59 4.94
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indicating the maximal solubility of indium in  Cu6Sn5 is 
independent of aging temperature.

In Fig. 5a, a new interfacial IMCs layer formed between 
 Cu6Sn5 and Cu substrate during aging. According to the 
EDX analysis in Fig.  6a, the new layer was confirmed as 
 Cu3Sn IMCs. Voids were found between  Cu3Sn layer and 
Cu substrate in Fig.  5a, indicating Kirkendall voids formed 
after long time aging. In Cu/Sn diffusion couple, the domi-
nant diffusing component in  Cu6Sn5 and  Cu3Sn is Sn and Cu 
respectively. During soldering, Sn atoms diffused through 
 Cu6Sn5 and reacted with Cu substrate to form  Cu3Sn IMCs, 
as expressed in Eq. (3). After  Cu3Sn layer forming, Cu atoms 
as the dominant diffusing component diffused through  Cu3Sn 
layer and reacted with  Cu6Sn5 to further increasing the thick-
ness of  Cu3Sn layer, as expressed in Eq. (4). Due to the Cu 
diffusion in  Cu3Sn, Kirkendall voids formed in the interface 
between  Cu3Sn and Cu substrate. It has been reported that the 
growth of  Cu3Sn leads to the formation of a large number of 
Kirkendall voids [31]. Voids are undesirable defects in sol-
der joints, therefore it is of reliability propose to restrict the 
growth of  Cu3Sn.

After indium addition as shown in Fig. 5b–f, the IMC layer 
between  Cu6(Sn,In)5 and Cu was confirmed as  Cu3(Sn,In) as 

(3)Sn + 3Cu → Cu
3
Sn

(4)Cu
6
Sn

5
+ 9Cu → 5Cu

3
Sn

shown in Fig. 6b. Table 4 summarizes the atom percentage of 
interfacial  Cu3(Sn,In) after aging for 960 h. With the increase 
of indium content, the solubility of indium in  Cu3(Sn,In) 
IMCs layer increased. In Sn–0.7Cu–5.0In/Cu couple, the 
maximal solubility of indium in  Cu3(Sn,In) was about 3.10 
at% which was slightly lower than that in  Cu6(Sn,In)5 and 
the average composition of  Cu3(Sn,In) was  Cu3(Sn0.88,In0.12). 
Meanwhile, the maximal solubility of indium in  Cu3Sn was 
also independent of aging temperature.

With the increase of indium content in Sn–0.7Cu solder, 
the growth of  Cu3Sn IMCs layer was depressed obviously 
as shown in Fig. 5b–f. The thicknesses of  Cu3Sn layer after 
aging were measured and summarized in Fig. 7. The growth 
rate of  Cu3Sn was slow when the aging temperature was 
150 °C as shown in Fig. 7a. It can be seen in Fig. 7b, c that the 
growth rate was increased rapidly with the increase of aging 
temperature. The thickness of  Cu3Sn at Sn–0.7Cu/Cu inter-
face was about 10.57 μm after 960 h aging at 190 °C. Com-
pared with the thickness about 3.46 μm at Sn–0.7Cu–5.0In/
Cu interface, the growth rate of  Cu3Sn was much slower with 
5.0 wt% indium addition.

The correlation between the thickness of interfacial IMCs 
layer and aging time can be expressed as the diffusion con-
trolled kinetics in which D following Arrhenius equation:

(5)X = X
0
+
√

Dt

Fig. 6  Composition of IMCs layer after aging: a between  Cu6Sn5/Cu; b between  Cu6(Sn,In)5/Cu

Table 4  Atom percentage in 
interfacial  Cu3(Sn,In) after 
aging for 960 h

Solder alloy Aging tempera-
ture, °C

Cu, at% Sn, at% In, at% Intermetallics

Sn–0.7Cu–1.0In 150 74.48 24.12 1.10 Cu3(Sn0.96,In0.04)
170 74.65 24.34 1.01
190 74.01 24.95 1.04

Sn–0.7Cu–4.0In 150 75.36 21.93 2.71 Cu3(Sn0.89,In0.11)
170 74.84 22.39 2.77
190 75.69 21.64 2.67

Sn–0.7Cu–5.0In 150 74.06 22.84 3.10 Cu3(Sn0.88,In0.12)
170 74.50 22.44 3.06
190 74.26 22.65 3.09
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where X is the thickness of IMC layer, X0 is the IMC layer 
at t = 0 and D is the diffusion coefficient dependent on tem-
perature variable, t is aging time, D0 is diffusion constant, 
Q is activation energy, R is gas constant and T is the abso-
lute temperature. The activation energy Q for the growth 
of interfacial layer can be obtained by multivariable linear 
regression analysis:

The value of activation energy Q is obtained from the 
slope of Eq. (7). The diffusion coefficient D and activation 
energy Q for the growth of  Cu3Sn during isothermal aging 
were calculated with the results listed in Table 5. The dif-
fusion coefficient of  Cu3Sn in Sn–0.7Cu/Cu couple was 
calculated to be 1.88E−9, 3.24E−9 and 5.54E−9  m  s− 1/2 
at 150, 170 and 190 °C respectively as shown in Fig.  8a. 
The higher the diffusion coefficient is, the faster the  Cu3Sn 
IMC grows. It can be seen that the growth of  Cu3Sn IMC 

(6)D = D
0
e−Q∕RT

(7)lnD = lnD
0
−

Q

RT

was easier at higher temperature. With the addition of 
indium, the diffusion coefficient decreased compared with 
Sn–0.7Cu/Cu couple at the same aging temperature as 
shown in Fig. 8b–f.

With the increase of indium content, the diffusion coeffi-
cient in Sn–0.7Cu–xIn/Cu couples decreased. According to 
Eq. (7), the activation energy for the growth of  Cu3Sn was 
calculated to be 44.10 kJ mol−1. After indium addition, the 
activation energy increased obviously as shown in Fig. 9. 
With the increase of indium content, the activation energy 
increased from 58.66 to 94.77 kJ mol−1. Therefore, adding 
indium into Sn–0.7Cu was beneficial to depress the growth 
of  Cu3Sn IMC, and the growth rate continuously decreased 
with the increase of the indium content.

It has been reported that some microalloying elements 
would substituted the compositional atom of interfacial 
IMCs with lower thermodynamic affinity, forming a new 
IMCs with higher stability. In Refs. [25, 32], the addi-
tion of Zn element made the interfacial IMCs transform 
from  Cu6Sn5 to  Cu6(Sn,Zn)5 which owns lower Gibbs free 
energy, as well as depressed the growth of  Cu3Sn. The 

Fig. 7  Thickness of  Cu3Sn layer aged at: a 150 °C; b 170 °C and c 190 °C
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transformation from stable  Cu6(Sn,In)5 to  Cu3(Sn,In) was 
more difficult compared to that from  Cu6Sn5 to  Cu3Sn. 
Therefore, the growth of  Cu3(Sn,In) was slower than that of 
 Cu3Sn with indium addition.

3.3  Bending properties of Sn–0.7Cu–xIn solder joints

Figure  10 shows the influence of aging time and 
indium addition on the maximum bending load of Cu/
Sn–0.7Cu–xIn/Cu solder joints. With the increase of aging 
time, bending strength decreased obviously. In as-soldered 
Sn–0.7Cu solder joints, bending strength was about 2.1 N. 
After aging at 190 °C for 240  h, the bending strength 
decreased to 1.6  N seriously. The bending strength stabi-
lized at approximately 1.3 N after aging for 480 h. Indium 
addition plays a beneficial role in increasing the bending 
strength of solder joints. With the increase of indium con-
tent, joints strength showed an increasing trend, followed 
by a continuous decrease. The maximum bending load 
of In-containing joints was 2.8  N when the indium con-
tent was 3.0 wt%. When increasing the indium content to 
5.0  wt%, the bending strength decreased to 2.3  N. In all 
cases, the joints strength of In-containing solder joints was 
higher than that of Sn–0.7Cu solder joints. Aging plays a 
detrimental effect on the bending strength of In-containing 
joints. The maximum bending load decreased with the 
increase of aging time and then stabilized after aging for 
480 h. Fig. 10 also presents the fracture mode of each sol-
der joint after aging. The empty symbol was expressed as 
the ductile fracture indicating the cracks were propagated 
in the solder matrix. The half solid symbol was represented 

as the partly ductile fracture indicating the cracks were 
propagated in the solder matrix and interfacial IMCs. The 
Sn–0.7Cu solder joints showed a ductile fracture in as-sol-
dered joints and the joints aged for 240 and 480  h. After 
aging for 720 h, the joints showed a partly ductile fracture 
mode. After the addition of indium, the fracture mode did 
not show a partly ductile fracture until aging for 960  h. 
When the indium content was more than 3.0 wt%, cracks 
always initiated and propagated in the solder matrix. It 
can be concluded that indium addition apparently slowed 
down the fracture mode transforming from ductile fracture 
to partly ductile fracture. Considering both the cost and 
mechanical properties before and after isothermal aging, 
3.0 wt% was given as the optimum indium addition amount 
in Sn–0.7Cu solder.

Figure 11 shows the cracks propagation during bending 
test and fracture morphologies of Sn–0.7Cu solder joints. In 
as-soldered Sn–0.7Cu joints, the cracks initiated and propa-
gated along the interfaces between solder and Cu substrate 
as shown in Fig. 11a. Residual solder was observed on the 
top of scallop shaped  Cu6Sn5, indicating the cracks were 
initiated and propagated in the solder matrix. Figure 11d, g 
show the fracture morphologies of Sn–0.7Cu solder joints 
after bending test. The fracture surfaces showed a typical 
ductile feature in which dimples were observed on the sur-
face.  Cu6Sn5 IMCs were found in the dimples as shown in 
Fig. 11d. In as-soldered Sn–0.7Cu solder joints, the inter-
facial IMCs were extremely thin and the strength of solder 
matrix was much higher than the bonding strength of sol-
der matrix and IMCs. As a consequence, the bonding area 
between solder matrix and IMCs became weak and cracks 

Table 5  Diffusion coefficient 
and the activation energy of 
 Cu3Sn IMCs in Sn–0.7Cu–xIn/
Cu couples

solder Intermetallics T (°C) D (m s−1/2) Q (kJ mol−1)

Sn–0.7Cu Cu3Sn 150 1.88E−9 44.10
170 3.24E−9
190 5.54E−9

Sn–0.7Cu–1.0In Cu3(Sn0.96,In0.04) 150 9.12E−10 58.66
170 2.03E−9
190 3.89E−9

Sn–0.7Cu–2.0In Cu3(Sn0.94,In0.06) 150 7.22E−10 63.06
170 1.66E−9
190 3.39E−9

Sn–0.7Cu–3.0In Cu3(Sn0.92,In0.08) 150 4.19E−10 72.81
170 1.04E−9
190 2.51E−9

Sn–0.7Cu–4.0In Cu3(Sn0.89,In0.11) 150 2.16E−10 83.68
170 6.53E−10
190 1.70E−9

Sn–0.7Cu–5.0In Cu3(Sn0.88,In0.12) 150 1.09E−10 94.77
170 3.35E−10
190 1.12E−9
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were liable to initiate and propagate in the solder matrix 
near the interface. After aging for 480 h, the cracks were 
observed in the solder matrix as shown in Fig. 11b. Deep 
dimples were found on the fracture surface as presented 
in Fig. 11e, h. It has been documented that the dispersive 

distribution of fine  Cu6Sn5 particles in as-cast Sn–0.7Cu 
solder would aggregate and grow into bulk  Cu6Sn5 under 
thermal aging, deteriorating the mechanical properties [15, 
33, 34]. The function of dispersion strengthening was weak 
after long time aging, reducing the mechanical properties 

Fig. 8  Growth rate of  Cu3Sn IMCs layer: a Sn–0.7Cu/Cu; b Sn–0.7Cu–1.0In/Cu; c Sn–0.7Cu–2.0In/Cu; d Sn–0.7Cu–3.0In/Cu; e Sn–0.7Cu–
4.0In/Cu and f Sn–0.7Cu–5.0In/Cu



16129J Mater Sci: Mater Electron (2017) 28:16120–16132 

1 3

including the strength and hardness. After aging for 480 h, 
the strength of solder matrix was less than the bonding 
strength of interfaces. Therefore, cracks were initiated and 
propagated in the solder matrix. After aging for 960 h, the 
crack was initiated in the solder matrix and then propagated 
in the interfacial IMCs layer which can be seen in Fig. 11c. 
According to the fracture morphologies of Sn–0.7Cu joints 
aged for 960  h as presented in Fig.  11f, i, Sn–0.7Cu sol-
der,  Cu6Sn5 and  Cu3Sn IMCs were detected on the fracture 
surface. From the two sides of fracture surfaces,  Cu3Sn 
IMCs were exposed indicating the cracks have been propa-
gated in the  Cu3Sn IMCs layer. The fracture of intermetal-
lics usually exhibits typical brittle-fracture features which 
is a risky mode of fracture. The growth of  Cu3Sn layer 
resulted in the formation of Kirkendall voids which deterio-
rated the mechanical properties of the solder joints. It can 

be concluded that slowing the growth rate of  Cu3Sn IMCs 
layer would be helpful to improve the reliability of solder 
joints.

For In-containing solder joints, the cracks propaga-
tion and fracture morphologies of Sn–0.7Cu–1.0In and 
Sn–0.7Cu–5.0In solder joints are shown in Fig.  12 with 
aging for 960 h. Cracks were detected in the solder matrix 
and interfacial IMCs layer as shown in Fig.  12a. How-
ever, unlike the interfacial cracks in Fig.  11c, the cracks 
was propagated along the  Cu6(Sn,In)5 IMCs layer with 
1.0 wt% indium addition into the solder. Cracks were not 
observed in the  Cu3(Sn,In) IMCs layer due to its lower 
growth rate compared with the  Cu3Sn IMCs. The fracture 
morphologies of Sn–0.7Cu–1.0In solder joints were pre-
sented in Fig. 12b, c. Besides the typical dimples charac-
teristic, plate-like IMCs were observed on the edge of the 
fracture surfaces. According to the EDX profile, the plate-
like IMCs were confirmed as  Cu6(Sn,In)5. It can be con-
cluded that after 1.0 wt% indium adding into the solder, 
cracks were initiated and propagated in the solder matrix 
and  Cu6(Sn,In)5 IMCs layer, showing a partly ductile frac-
ture. With the increasing indium content, evidence found in 
Sn–0.7Cu–5.0In solder joints suggested a ductile fracture 
after aging for 960 h. Crack was initiated and propagated 
in the solder matrix as shown in Fig. 12d. IMCs were not 
exposed on the fracture surface indicating a ductile fracture 
occurred during bending as shown in Fig. 12e, f. The rapid 
spread of cracks in the brittle intermetallics would acceler-
ate the failure of solder joints during deformation. Indium 
addition can suppress the growth of  Cu3Sn and Kirkendall 
voids effectively. The initiation and propagation of cracks 
in IMCs layer were prevented after long time aging with 
the addition of indium.

4  Conclusion

The interfacial microstructure and bending properties of 
Cu/Sn–0.7Cu–xIn/Cu solder joints under solid aging were 
investigated. The diffusion coefficient and the activation 
energy of  Cu3Sn IMCs in Sn–0.7Cu–xIn/Cu couples were 
calculated. The conclusions are drawn as follows:

1. After indium addition, needle-like Cu–In–Sn IMCs 
were observed instead of scalloped-like  Cu6Sn5 at the 
interface of as-soldered Sn–0.7Cu–xIn solder joints. 
The Cu–In–Sn IMCs were confirmed as  Cu6(Sn,In)5 
IMCs. Meanwhile, the thickness of interfacial layers 
in as-soldered solder joints decreased slightly with the 
increase of indium content.

2. During solid aging,  Cu3Sn IMCs layer formed and 
Kirkendall voids were observed at the interface 
between  Cu3Sn and Cu substrate. With the indium 

Fig. 9  Growth activation energy of  Cu3Sn IMCs layer

Fig. 10  The maximum bending load and fracture mode of Sn–
0.7Cu–xIn solder joints
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Fig. 11  Cracks propagation and fracture morphologies of Cu/Sn–0.7Cu/Cu solder joints: a, d, g as-soldered; b, e, h aged for 480 h; c, f, i aged 
for 960 h

Fig. 12  Cracks propagation and fracture morphologies of Sn–0.7Cu–1.0In and Sn–0.7Cu–5.0In solder joints with aging for 960  h: a–c Sn–
0.7Cu–1.0In; d–f Sn–0.7Cu–5.0In
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addition, Sn atoms in  Cu3Sn IMCs were substituted by 
indium atoms and formed  Cu3(Sn,In) IMCs. Indium 
addition had little influence on the growth of  Cu6Sn5 
IMCs, while strongly suppressed the growth of  Cu3Sn 
IMCs. In Sn–0.7Cu–5.0In/Cu couple, the maximum 
solubility of indium in  Cu6Sn5 and  Cu3Sn was about 
4.9 and 3.1 at.% which was independent of aging tem-
perature. The average composition of  Cu6(Sn,In)5 
and  Cu3(Sn,In) were given as  Cu6(Sn0.89,In0.11)5 and 
 Cu3(Sn0.88,In0.12).

3. The diffusion coefficients in Sn–0.7Cu–xIn/Cu cou-
ples were found to be lower than that of in Sn–0.7Cu/
Cu couple at all experimental temperature. The activa-
tion energy for the growth of  Cu3Sn increased with the 
increasing indium content in Sn-0.7Cu–xIn/Cu cou-
ples.

4. Doping indium into Sn–0.7Cu solder improved the 
bending properties of solder joints. For Cu/Sn–0.7Cu/
Cu solder joints, the maximum bending load decreased 
with the increase of aging time. Cracks were initiated 
and propagated in the solder matrix in as-soldered sol-
der joints. After aging more than 480  h, cracks were 
initiated and propagated in  Cu3Sn IMCs layer and 
the fracture mode transformed from ductile fracture 
to partly ductile fracture. However, in the case of In-
containing solder joints, the maximum bending load 
was higher than that of Sn–0.7Cu solder joints. Interfa-
cial cracks were suppressed effectively after long time 
aging with indium addition.
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