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Abstract
Full intermetallics (IMCs) solder joints are of great significance to electronic packaging technology. In this paper, some 
efforts have been made for bridging research gap on reliabilities of such joints. Shear fracture of different strain rates, for Cu/
Cu3Sn/Cu joints derived from Cu–15μm Sn–Cu sandwich structure, was comprehensively analyzed. With the strain rates of 
6.67 × 10−2 s−1, 6.67 × 10−1 s−1 , and 6.67 s−1, the shear strength of Cu/Cu3Sn/Cu joints was, respectively, 44 MPa, 48.4 MPa, 
and 57.6 MPa, which presented an ascending trend. The increased strength of joints was attributed to the intensification of 
work-hardening effect within interfacial region. For the strain rates of 6.67 × 10−2 s−1 and 6.67 × 10−1 s−1, the fracture of 
joints was both a mixture of transgranular fracture and intergranular fracture within  Cu3Sn, while the fractured path both 
had no diversion and kept continuous. For the strain rate of 6.67 s−1, only transgranular fracture occurred within  Cu3Sn, and 
the fractured path diverted with the appearance of step. The transgranular fracture at these three strain rates all belonged to 
cleavage fracture, and their proportion presented the increasing trend of 25.5% → 59.5% → 100% (Strain rates: 6.67 × 10−2 
s−1 → 6.67 × 10−1 s−1 → 6.67 s−1). Because of the fracture mechanism of different strain rates, the crack propagation resist-
ance increased by a larger extent for 6.67 × 10−1 s−1 → 6.67 s−1 in comparison with that for 6.67 × 10−2 s−1 → 6.67 × 10−1 
s−1. Moreover, the strain rate sensitivity of Cu/Cu3Sn/Cu joints was smaller than that of conventional joints, which was due 
to the different interfacial structure of two joints.

1 Introduction

With the coming of Artificial Intelligence (AI) and Inter-
net of Things (IOT) era, the chips industry has obtained an 
increasing number of attentions because of its significant 
effects on AI and IOT [1–4]. As one part of the whole indus-
try chain of chips, electronic packaging technology plays 
quite an important role, because it is the precondition for 
chips realizing anticipated functions. Specifically, electronic 
packaging technology refers to placing chips on frames or 
substrates for arrangement and fixation firstly [5, 6]. Then, 
chips are encapsulated through pouring special materials for 
protection and support, which is followed by mounting the 

encapsulated chips on Print Circuit Boards (PCBs). Finally, 
the system or structure with certain functions is installed.

For the electronic packaging, interconnected technol-
ogy is a key element because of its bridging effect among 
chips, frames and PCBs [7]. The interconnected technology 
includes several methods, such as wire bonding, flip chip, 
and so on.[8]. Essentially, most of these methods are realized 
through soldering process, because the soldering process 
has advantage of  high cost performance and little damage 
on chips. When the soldering process is ended, solder joints 
obtained mainly play functions in following aspects [9]. On 
the one hand, they provide thermal and electrical conduction 
to the connected devices. On the other hand, they also give 
mechanical support to the connected devices. Thus, the qual-
ity of solder joints is bound to affect the quality of electronic 
packaging, which means it is of great importance to conduct 
studies regarding solder joints within electronic packaging.

Generally, solder thickness for soldering process within 
electronic packaging is several hundreds of micrometers. 
The solder thickness is also called the interconnected height. 
Under such interconnected height, the solder cannot be con-
sumed completely during soldering process, which means 
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the joints obtained (hereafter mentioned as conventional 
joints) have the interfacial structure of substrates/IMCs/sol-
der/IMCs/substrates [10–16]. The residual solder takes up 
quite a large proportion in comparison with interfacial IMCs 
for conventional joints. As there is a trend for consumer elec-
tronics having multifunctionality and portability in recent 
years, several changes have been made to comply with the 
trend in some electronic products. For example, more and 
more function modules are mounted within these electronic 
products, and the volume of these electronic products is 
declined. As a result, the interconnected height is declined 
from several hundreds of micrometers to less than dozens 
of micrometers. With the decreased interconnected height, 
the solder can be consumed completely to produce IMCs if 
soldering time is extended suitably [17–21]. This indicates 
full IMCs joints, with the interfacial structure of substrates/
IMCs/substrates, can be obtained under the declined inter-
connected height. It is clearly seen that full IMCs joints have 
the interfacial structure different from that of conventional 
joints. Due to high melting point of IMCs, full IMCs joints 
can service under high temperature, indicating they have 
great significance to electronic packaging.

By now, the studies related to solder joints of electronic 
packaging have mainly focused on conventional joints. 
Because of the difference in interconnected height, there 
must be difference regarding soldering process between full 
IMCs joints and conventional joints [10, 11, 17, 18]. Then, 
the difference in soldering process causes difference of inter-
facial structure for the two joints [12–14, 19–21], while the 
different interfacial structure further leads to difference in 
reliabilities of the two joints [15, 16, 19–21]. In other words, 
the study findings for conventional joints, which involve the 
soldering process, interfacial phase evolution, and reliabili-
ties, cannot shed adequate guidance on corresponding stud-
ies of full IMCs joints. Thus, it is necessary to study these 
aspects of full IMCs joints.

For the quality of full IMCs joints, the reliabilities of 
joints play quite an important indicator. Unfortunately, the 
studies paid attention to reliabilities of such joints are not 
adequate. The existed studies only focus on the reliabilities 
under a specific service condition [19–21], while no study 
focuses on the reliabilities under different service conditions. 
Some endeavors have been done in this paper for bridging 
the research gap. As a matter of fact, solder joints within 
electronic products confront varied strain rates during the 
use of electronic products [22]. Because there is mismatch of 
thermal expansion coefficient between solder and substrates, 
thermal stress is produced, resulting in strain rates of low 
level. Comparatively, mechanical vibrations of electronic 
products lead to moderate strain rates, while strain rates of 
a high level are caused with accidental drops of electronic 
products. For the common Cu–Sn soldering system within 
electronic packaging, it is known Sn solder can be totally 

consumed to form Cu/Cu3Sn/Cu joints as the interconnected 
height less than dozens of micrometers [17, 18]. When the 
reliabilities of joints are evaluated in electronics industry, 
shear test actually acts as a main method. Therefore, based 
on the above, Cu/Cu3Sn/Cu solder joints were primarily fab-
ricated from Cu–15μm Sn–Cu sandwich structure in this 
paper, and the shear fracture of Cu/Cu3Sn/Cu joints under 
different strain rates was further studied.

2  Experimental details

2.1  Fabrication of Cu/Cu3Sn/Cu joints

In order to fabricate Cu/Cu3Sn/Cu solder joints, pure Sn was 
used as solder, while high pure polycrystalline Cu foils, with 
the size of 2 mm × 2 mm × 1 mm, were used as substrates. 
The Sn solder was electroplated on Cu surface with the area 
of 2 mm × 2 mm. The thickness of each Sn layer on the Cu 
surface was controlled to be 7.5 μm. For electroplating Sn 
solder, the flatness of Cu surface is quite important. There-
fore, several measures were done to ensure the flatness of 
Cu surface. At first, abrasive papers (#800, #1000, #1500, 
#2000 and #3000) were adopted to grind the Cu surface. 
Then, the Cu surface was mechanically polished using dia-
mond polishing paste with the grain diameter of 0.5 μm. 
After the electroplating of Sn solder was finished, the Sn 
solder was cleaned and dried successively. Next, two Cu 
substrates with Sn layers of 7.5 μm were aligned through a 
special clamp. As a result, Cu–15μm Sn–Cu sandwich struc-
ture was formed, which indicated the interconnected height 
during soldering was 15 μm. Figure 1 presents the schematic 
illustration for forming Cu–15μm Sn–Cu sandwich structure.

After the Cu–15μm Sn–Cu sandwich structure was 
obtained, soldering process was conducted on the 
Cu–15μm Sn–Cu sandwich structure using tube furnaces. 
During the soldering process, the tube furnace was full 
of pure Ar as protection gas. The formation of Cu/Cu3Sn/
Cu joints means that Sn solder is totally consumed and 
transformed into  Cu3Sn. As a result, it is necessary to 
control soldering process parameters for guaranteeing 
the formation of Cu/Cu3Sn/Cu joints. Specifically, the 
soldering temperature, soldering pressure, and solder-
ing time were controlled to be 260 °C, 0.04 MPa, and 
40 h. It should be noted that the soldering pressure of 
0.04 MPa was applied along the thickness direction of Sn 
solder. Because the fabrication of Cu/Cu3Sn/Cu joints was 
realized under the small interconnected height of 15 μm, 
the application of pressure was very important. It was 
thought that applying soldering pressure could make the 
Cu–15μm Sn–Cu sandwich structure contact tightly, which 
was good for improving the capillarity of liquid Sn on Cu 
substrates during soldering. Since the solder capillarity 
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was improved, the quality of joints could be ensured. The 
schematic illustration, which describes the application of 
pressure on Cu–15μm Sn–Cu sandwich structure, is pre-
sented in Fig. 2. With the finish of soldering process, all 
the obtained joints were taken out from tube furnaces and 
cooled in ambient environment.

2.2  Shear test of Cu/Cu3Sn/Cu joints

Shear test was conducted on Cu/Cu3Sn/Cu joints using one 
uniaxial microforce test system. Moreover, the shear test was 
carried out at room temperature, and a special clamp was 
used to fix the joints during the shear test. Figure 3 gives the 
schematic illustration of shear test. The joints were sheared 
under different strain rates which were 6.67 × 10−2  s−1, 
6.67 × 10−1 s−1, and 6.67 s−1, respectively. After that, the 

Fig. 1  Schematic illustration for the formation of Cu–15μm Sn–Cu sandwich structure

Fig. 2  Schematic illustration for the application of pressure on Cu–15μm Sn–Cu sandwich structure

Fig. 3  Schematic illustration 
of shear test for Cu/Cu3Sn/Cu 
joints
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mathematic average of shear strength of joints was calcu-
lated for each strain rate. It should be noted that the different 
strain rates were obtained through different loading rates of 
shear test.

2.3  Characterization and fracture analysis of Cu/
Cu3Sn/Cu joints

In order to observe connected status and verify interfacial 
microstructure, interfacial region of Cu/Cu3Sn/Cu joints 
needed to be characterized. The interfacial region of joints 
actually refers to the area between Cu substrates of opposite 
sides. Figure 4 presents the schematic illustration of interfa-
cial region for Cu/Cu3Sn/Cu joints. For the characterization, 
metallographic cross-sections of joints were prepared. The 
following method was used to prepare the metallographic 
cross-sections. The method successively included the mount 
of joints in epoxy resin, grind using abrasive papers (#800, 
#1000, #1500, #2000, #3000) and mechanical polishing 
using diamond polishing paste (0.5 μm). After the prepara-
tion of metallographic cross-sections, the interfacial region 
was, respectively, characterized by optical microscope 
(OM), scanning electron microscope (SEM) under backscat-
tered electron signal, as well as X-ray diffraction (XRD). 
The OM images were used to analyze the connected status, 
while the SEM images, as well as the XRD result, were used 
to confirm the interfacial microstructure. It should be noted 
that the 2θ was changed from 25° to 80° for XRD.

After the shear test, cross-sectional fractured morpholo-
gies of Cu/Cu3Sn/Cu joints were observed by SEM with 
backscattered electron signal, while top-view fractured mor-
phologies of joints were observed by SEM with secondary 
electron signal. For observing the cross-sectional fractured 
morphologies, the sheared joints also experienced the above 
method for preparing metallographic cross-sections. For the 
top-view fractured morphologies of each strain rate, SEM 
images of different positions were taken. Within each SEM 
image, the area of different fracture was, respectively, meas-
ured using Image J software. As a result, the area propor-
tion of different fracture in each image was obtained. For 
each strain rate, the area proportion of different images was 
averaged. The obtained mathematic average of one strain 
rate was finally regarded as the proportion of corresponding 
fracture under the strain rate.

3  Results and discussion

3.1  Shear strength of Cu/Cu3Sn/Cu joints 
under different strain rates

Figure 5 shows the interfacial region of joints after solder-
ing the Cu–15μm Sn–Cu sandwich structure at 260 °C, 
0.04 MPa, and 40 h. Figure 6 shows the XRD pattern for 
the interfacial region of joints. As shown in Figs. 5 and 6, 
after the Cu–15μm Sn–Cu sandwich structure was soldered 
at 260 °C, 0.04 MPa, and 40 h, Sn solder was completely 

Fig. 4  Schematic illustration of 
interfacial region for Cu/Cu3Sn/
Cu joints

Fig. 5  Interfacial region 
of joints after soldering of 
Cu–15μm Sn–Cu sandwich 
structure (260 °C, 0.04 MPa, 
40 h). a OM image b SEM 
image
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consumed, and the interfacial region of joints was com-
pletely composed of  Cu3Sn. It was confirmed that the Cu/
Cu3Sn/Cu joints were obtained after the soldering of 260 °C, 
0.04 MPa, and 40 h. Moreover, it was also known that the 
connected status of Cu/Cu3Sn/Cu joints was well because of 
no defect (e.g., the local unconnected defect) in the interfa-
cial region (Fig. 5a).

Figure 7 gives the shear strength of Cu/Cu3Sn/Cu joints 
under the strain rates of 6.67 × 10−2 s−1, 6.67 × 10−1 s−1 and 
6.67 s−1. The shear strength of Cu/Cu3Sn/Cu joints was 
44 MPa under the strain rate of 6.67 × 10−2 s−1. As the strain 
rate increased to 6.67 × 10−1 s−1, the shear strength of joints 
increased to 48.4 MPa. Compared with the strength under 
6.67 × 10−2 s−1, the strength of joints under 6.67 × 10−1 s−1 
increased by 10%. Then, with the strain rate increasing to 

6.67 s−1, the strength of joints further increased to 57.6 MPa, 
which increased by 19% in comparison with the strength 
under 6.67 × 10−1 s−1. Therefore, the shear strength of Cu/
Cu3Sn/Cu joints increased gradually when the strain rate was 
6.67 × 10−2 s−1, 6.67 × 10−1 s−1 , and 6.67 s−1. It was thought 
that the intensification of work-hardening effect had caused 
the increased strength of joints with the strain rate increasing 
from 6.67 × 10−2 s−1 to 6.67 s−1. According to the literature 
[23–25], it is known dislocation density within interfacial 
region of joints increases as the increase of strain rates, 
which means intersection and pinning happen among an 
increasing number of dislocations within interfacial region. 
Under this case, the interfacial region has more remarkable 
work-hardening effect, which further leads to the increase 
of joints strength.

Figure 8 gives the stress–strain curves of Cu/Cu3Sn/
Cu joints under the strain rates of 6.67 × 10−2  s−1, 
6.67 × 10−1 s−1, and 6.67 s−1. When the strain rate was, 
respectively, 6.67 × 10−2 s−1, 6.67 × 10−1 s−1 , and 6.67 s−1, 
there was no obvious stage of plastic deformation for the 
stress–strain curves. After stress arrived at peak points, it 
declined quite rapidly with the increase of strain. In other 
words, the stress–strain curves of joints under these strain 
rates all presented typical characteristics of brittle fracture. 
Moreover, as the strain rate increasing from 6.67 × 10−2 s−1 
to 6.67 s−1, the joints’ ability for resisting elastic defor-
mation gradually increased, which indicated the stiffness 
of joints gradually magnified. It was considered that the 
increase of stiffness also resulted from the intensification of 
work-hardening effect within interfacial region.

3.2  Fracture mechanism of Cu/Cu3Sn/Cu joints 
under different strain rates

Figure 9 gives the cross-sectional fractured morphologies of 
Cu/Cu3Sn/Cu joints under the strain rates of 6.67 × 10−2 s−1, 
6.67 × 10−1 s−1 , and 6.67 s−1. As shown in Fig. 9, when the 
strain rate was 6.67 × 10−2 s−1, 6.67 × 10−1 s−1 , and 6.67 s−1 
, respectively, Cu substrates were all covered by  Cu3Sn in 
the cross-sectional fractured morphologies. It should be 
noted that the  Cu3Sn on Cu substrates had uniform thickness 
with the strain rates of 6.67 × 10−2 s−1 and 6.67 × 10−1 s−1 
(Fig. 9a, b). However, after the joints fractured under the 
strain rate of 6.67 s−1, the  Cu3Sn on Cu substrates could be 
divided into two parts with different thickness (Fig. 9c). The 
two parts, respectively, had uniform thickness, and the thick-
ness difference between them resulted in the appearance of 
obvious step. Therefore, it was thought that fractured path 
did not divert when the Cu/Cu3Sn/Cu joints fractured under 
the strain rates of 6.67 × 10−2 s−1 and 6.67 × 10−1 s−1, while 
there was diversion regarding the fractured path for the strain 
rate of 6.67 s−1.

Fig. 6  XRD pattern for the interfacial region of joints after soldering 
Cu–15μm Sn–Cu sandwich structure at 260 °C, 0.04 MPa, 40 h

Fig. 7  Shear strength of Cu/Cu3Sn/Cu joints under different strain 
rates
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Figure 10 shows the thickness of  Cu3Sn in the cross-sec-
tional fractured morphologies under different strain rates. 
With the strain rates of 6.67 × 10−2 s−1 and 6.67 × 10−1 s−1, 
the  Cu3Sn on Cu substrates, respectively, had thickness of 
4.6 μm and 4.7 μm. As the strain rate increased to 6.67 s−1, 
the thickness of thin part of  Cu3Sn was merely 0.6 μm, while 
the thick part of  Cu3Sn had thickness of 2.6 μm. The inter-
connected height for fabricating Cu/Cu3Sn/Cu joints was 
15 μm (Fig. 1), which was larger than the  Cu3Sn thickness 
in these fractured morphologies. It was thus inferred that the 
fracture of Cu/Cu3Sn/Cu joints all happened within  Cu3Sn 
under these strain rates.

Figure 11 gives the top-view fractured morphologies of 
Cu/Cu3Sn/Cu joints under the strain rates of 6.67 × 10−2 s−1, 
6.67 × 10−1  s−1 , and 6.67  s−1. It should be noted that 
Fig. 11d, f, respectively, present the magnified morphologies 
marked by red rectangular boxes in Fig. 11c, e. As shown in 
Fig. 11, no obvious plastic deformation could be observed 
in the top-view fractured morphologies, which indicated 
that the fracture of Cu/Cu3Sn/Cu joints all belonged to brit-
tle fracture under these strain rates. When the strain rates 
were 6.67 × 10−2  s−1 and 6.67 × 10−1  s−1, the fractured 

surface was relatively planar (Fig. 11a–d). The fractured 
surface with planar shape suggested the  Cu3Sn covered on 
Cu substrates had uniform thickness. It was further known 
that there was no diversion regarding the fractured path of 
joints under these two strain rates. However, with the strain 
rate of 6.67 s−1, the fractured surface presented stepladder-
like shape, indicating the thickness of  Cu3Sn covered on Cu 
substrates was not uniform, and the fractured path of joints 
diverted (Fig. 11e, f). Undoubtedly, these characteristics in 
Fig. 11 complied with what had been inferred based on the 
stress–strain curves (Fig. 8), as well as the cross-sectional 
fractured morphologies (Fig. 9).

The top-view fractured morphologies of joints were com-
posed of exposed  Cu3Sn grains and broken  Cu3Sn grains for 
the strain rate of 6.67 × 10−2 s−1 (Fig. 11a, b). The appear-
ance of broken  Cu3Sn grains meant transgranular fracture 
happened within  Cu3Sn. However, there was no feather of 
transgranular fracture on the exposed  Cu3Sn grains, which 
demonstrated the occurrence of intergranular fracture. As 
a result, it was known that a mixture of transgranular frac-
ture and intergranular fracture happened within joints when 
the strain rate was 6.67 × 10−2 s−1. Similar to the top-view 

Fig. 8  Stress–strain curves of Cu/Cu3Sn/Cu joints under different strain rates. a 6.67 × 10−2 s−1 b 6.67 × 10−1 s−1 c 6.67 s−1



2868 Journal of Materials Science: Materials in Electronics (2020) 31:2862–2876

1 3

fractured morphologies of 6.67 × 10−2 s−1, the fractured mor-
phologies of 6.67 × 10−1 s−1 were also composed of exposed 
 Cu3Sn grains and broken  Cu3Sn grain (Fig. 11c, d). This led 
to a fact that the fracture of joints under 6.67 × 10−1 s−1 was 
also the mixture of transgranular fracture and intergranu-
lar fracture. Compared with the fracture of 6.67 × 10−2 s−1, 

the fracture of 6.67 × 10−1 s−1 involved that the transgran-
ular fracture happened at more positions within joints. It 
should be noted that the fractured surface of each broken 
 Cu3Sn grain was one cleavage plane for the strain rate of 
6.67 × 10−2 s−1 or 6.67 × 10−1 s−1. Therefore, under these 
two strain rates, the transgranular fracture happened actually 
belonged to cleavage fracture. Crack had propagated along 
cleavage planes during the transgranular fracture.

When the strain rate was 6.67 s−1, the top-view fractured 
morphologies were completely composed of broken  Cu3Sn 
grains, which indicated only transgranular fracture within 
 Cu3Sn happened for joints (Fig. 11e, f). For the fractured 
surfaces of some  Cu3Sn grains, they were, respectively, 
one cleavage plane. On the fractured surfaces of other 
 Cu3Sn grains, cleavage step as well as river pattern could 
be observed. This suggested that crack had passed a series 
of parallel cleavage planes during propagating within these 
 Cu3Sn grains. In addition to cleavage planes, it is known 
that cleavage step and river pattern are also typical charac-
teristics of cleavage fracture. Therefore, similar to the trans-
granular fracture of 6.67 × 10−2 s−1 and 6.67 × 10−1 s−1, the 
transgranular fracture of 6.67 s−1 also belonged to cleav-
age fracture. As shown in Fig. 11e, f, it could be also seen 
that there existed ridge between different regions of  Cu3Sn 
grains, which was due to the height difference of these 

Fig. 9  Cross-sectional fractured morphologies of Cu/Cu3Sn/Cu joints under different strain rates. a 6.67 × 10−2 s−1 b 6.67 × 10−1 s−1 c 6.67 s−1

Fig. 10  Thickness of  Cu3Sn in cross-sectional fractured morpholo-
gies under different strain rates
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regions. The appearance of ridge was consistent with the 
formation of step in corresponding cross-sectional fractured 
morphologies (Fig. 9c).

In Fig. 9 or in Fig. 11, some microcrack could be seen 
within  Cu3Sn. It was considered that the inherent brittleness 
of  Cu3Sn was the root cause for forming the microcrack. As 
mentioned above, the proportion of transgranular fracture 

increased with the strain rate increasing from 6.67 × 10−2 s−1 
to 6.67 s−1, which resulted in the proportion of intergranular 
fracture declining simultaneously. This could be also proved 
through quantitatively analyzing the proportion of  different 
fracture under these strain rates, as shown in Fig. 12. For 
the strain rate of 6.67 s−1, the proportion of transgranular 
fracture reached 100%. When the strain rate increased from 

Fig. 11  Top-view fractured morphologies of Cu/Cu3Sn/Cu joints under different strain rates. a, b 6.67 × 10−2 s−1 c, d 6.67 × 10−1 s−1 e, f 6.67 s−1
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6.67 × 10−2 s−1 to 6.67 × 10−1 s−1, the proportion of trans-
granular fracture increased from 25.5% to 59.5%, and the 
proportion of intergranular fracture decreased from 74.5% 
to 40.5%.

3.3  Effects of fracture mechanism on crack 
propagation

Through analyzing the fractured path and fractured type, 
the fracture mechanism of Cu/Cu3Sn/Cu joints under dif-
ferent strain rates was revealed, and Fig. 13 presents the 
schematic illustration of fracture mechanism. For the strain 
rates of 6.67 × 10−2 s−1 and 6.67 × 10−1 s−1, the fracture of 
Cu/Cu3Sn/Cu joints was both the mixture of transgranu-
lar fracture and intergranular fracture, while the fractured 
path both kept continuous without diversion (Fig. 13a, b). 
Nevertheless, under the strain rate of 6.67 s−1, the fracture 
happened completely belonged to transgranular fracture, and 
the fractured path diverted with the formation of step in the 
meantime (Fig. 13c).

According to the fractured theory of metals [26, 27], it is 
known that crack needs to obtain energy when propagating 
within metals, which is due to the continuous formation of 

new plastic-deformation zones in crack tip. In other words, 
the energy obtained for crack is consumed in the forma-
tion of plastic-deformation zones during crack propagating 
within metals. The work, needed to be done when form-
ing plastic-deformation zones, acts as resistance for crack 
propagation. Only when the energy obtained is larger than 
the resistance, the crack propagation can happen [26]. It is 
therefore considered that the more energy obtained indicates 
the larger resistance during crack propagation.

Actually, during crack propagation, the continuous for-
mation of plastic-deformation zones is realized through 
dislocation slip in crack tip. If the dislocation slip is easy 
to happen, the plastic-deformation zones in crack tip is 
easy to form. This leads to small propagation resistance 
of crack. For the transgranular fracture, crack needs to 
transverse grain boundary between different grains. When 
the crack propagates to grain boundary, the grain boundary 
acts as obstacle for the dislocation slip in crack tip. This 
results in the formation of dislocation pile-up around the 
grain boundary. With the dislocation pile-up, it is tough 
for the dislocation slip, which causes difficulty in form-
ing plastic-deformation zones in crack tip. However, when 
the intergranular fracture happens, crack propagates along 

Fig. 12  Proportion of transgran-
ular fracture and intergranular 
fracture for Cu/Cu3Sn/Cu joints 
under different strain rates. a 
6.67 × 10−2 s−1 b 6.67 × 10−1 s−1 
c 6.67 s−1
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grain boundary all the time, and there is no need for the 
crack to transverse the grain boundary. Under this case, the 
dislocation slip in crack tip cannot be impeded by the grain 
boundary. It can be seen the dislocation slip in crack tip is 
easier to happen for the intergranular fracture compared 
with the transgranular fracture. Thus, the plastic-defor-
mation zones of intergranular fracture are easier to form. 
The easier formation of plastic-deformation zones means 
smaller propagation resistance of crack for the inter-
granular fracture in comparison with that for the trans-
granular fracture. With the strain rates of 6.67 × 10−2 s−1, 
6.67 × 10−1 s−1 , and 6.67 s−1, the proportion of transgran-
ular fracture gradually increased (25.5%, 59.5%, 100%), 
while the proportion of intergranular fracture correspond-
ingly decreased (74.5%, 40.5%, 0), as shown in Figs. 11, 
12, 13. When the proportion and crack propagation resist-
ance of different fracture were taken into consideration, it 
was thought the propagation resistance of crack increased 

when the strain rate was 6.67 × 10−2 s−1, 6.67 × 10−1 s−1 , 
and 6.67 s−1.

For  6 .67  × 10 −2  s −1 →  6 .67  × 10 −1  s −1 and 
6.67 × 10−1 s−1 → 6.67 s−1, the proportion of transgranular 
fracture, respectively, increased by 34% and 40.5%, which 
indicated a roughly equal increased amplitude. Therefore, 
when merely considering the fractured type under differ-
ent strain rates, the increased amplitude of crack propaga-
tion resistance should be nearly the same for 6.67 × 10−2 
s−1 → 6.67 × 10−1 s−1 and 6.67 × 10−1 s−1 → 6.67 s−1. It was 
impossible to ignore a fact that there also existed difference 
regarding the fractured path under different strain rates 
(Figs. 9, 11 and 13). The fractured path kept continuous 
under 6.67 × 10−2 s−1 and 6.67 × 10−1 s−1, while diversion 
happened on the fractured path of 6.67 s−1. According to the 
literature [27], it is also learnt that the propagation resist-
ance for crack increases when the fractured path diverts and 
does not keep continuous. Compared with 6.67 × 10−2 s−1 
and 6.67 × 10−1 s−1, the diversion of fractured path under 

Fig. 13  Schematic illustration of fracture mechanism for Cu/Cu3Sn/Cu joints under different strain rates. a 6.67 × 10−2 s−1 b 6.67 × 10−1 s−1 c 
6.67 s−1
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6.67 s−1 resulted in the increase of propagation resistance 
for crack as well. Overall, with the consideration of frac-
ture mechanism (fractured type and fractured path), it was 
inferred the increase of crack propagation resistance for 
6.67 × 10−1 s−1 → 6.67 s−1 was at a larger amplitude than 
that for 6.67 × 10−2 s−1 → 6.67 × 10−1 s−1.

It has been pointed out that crack requiring more energy 
during propagation means larger propagation resistance. 
Actually, the acquired energy during crack propagation 
derives from released elastic energy during fracture [26]. 
In other words, the propagation resistance for crack can be 
reflected through the released elastic energy during frac-
ture. The released elastic energy per unit volume can be 
calculated based on stress–strain curves during fracture. 
Figure 14 describes the method to calculate the released 
elastic energy per unit volume according to the stress–strain 
curve. Two lines, which are, respectively, parallel to the elas-
tic zone and vertical to the strain axis, are made from the 
peak point of curves. Both the lines should intersect with 
the strain axis, leading to the formation of triangle between 
the lines and strain axis. The area of triangle is regarded 
as the released elastic energy per unit volume. With this 
method, the released elastic energy of Cu/Cu3Sn/Cu joints 
under different strain rates was calculated, which was on the 
basis of strain–stress curves in Fig. 8. It should be noted that 
the elastic zone of stress–strain curves under ideal status is a 
line across the zero point of coordinate system. However, the 
elastic zone of stress–strain curves from practical shear test 
is not a line, but a curve approximated to a line. Therefore, 
linear fitting crossing zero points was done for the elastic 
zone in Fig. 8. After the fitted lines were obtained, their 
parallel lines were made from peak points for calculating 
the released elastic energy of joints.

Through calculation, the released elastic energy per unit 
volume of joints was finally acquired, as shown in Fig. 15. 

When the strain rate was, respectively, 6.67 × 10−2  s−1, 
6.67 × 10−1 s−1, and 6.67 s−1, the released elastic energy 
per unit volume presented an ascending trend. As the strain 
rate increasing from 6.67 × 10−2 s−1 to 6.67 × 10−1 s−1, the 
released elastic energy of joints increased by 10.8%. Com-
paratively, for the strain rate changing from 6.67 × 10−1 s−1 
to 6.67 s−1, the increase of released elastic energy was at a 
larger amplitude(15.3%). According to the released elastic 
energy of joints, it was confirmed that the increase of crack 
propagation resistance during fracture was at a larger extent 
for 6.67 × 10−1 s−1 → 6.67 s−1 in comparison with that for 
6.67 × 10−2 s−1 → 6.67 × 10−1 s−1. Further, this also proved 
the effect of fracture mechanism on crack propagation we 
had discussed.

3.4  Strain rate sensitivity of Cu/Cu3Sn/Cu Joints

The strain rate sensitivity of metals not only represents the 
ability to resist necking, but also correlates with thermal 
fatigue resistance closely [24, 28]. Under this case, several 
researchers have conducted the studies related to strain rate 
sensitivity [22, 25, 28–31]. However, it should be noted 
that some of these studies were merely carried out on bulk 
solder specimens rather than real solder joints configura-
tion [28–30]. Although there are other studies focusing on 
the strain rate sensitivity of solder joints [22, 25, 31], only 
the conventional joints were involved in these studies. This 
means there has been no study about the strain rate sensi-
tivity of full IMCs joints yet. The strain rate sensitivity of 
joints is an important part for reliabilities, and there must 
be difference of strain rate sensitivity between full IMCs 
joints and conventional joints. As shown in Fig. 7, the shear 
strength of Cu/Cu3Sn/Cu joints increased continuously with 
the strain rate increasing from 6.67 × 10−2 s−1 to 6.67 s−1, 
which demonstrated the strength of Cu/Cu3Sn/Cu joints 

Fig. 14  Method for calculating released elastic energy per unit vol-
ume based on stress–strain curves

Fig. 15  Released elastic energy per unit volume of Cu/Cu3Sn/Cu 
joints under different strain rates
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depended remarkably on the strain rate. Consequently, the 
strain rate sensitivity of Cu/Cu3Sn/Cu joints was analyzed 
on the basis of shear strength under different strain rates.

According to the literature [22, 25, 28–31], it is known 
that the strength (σ) and the strain rate (ε) can be expressed 
as.

where A is one constant and m is the strain rate sensitivity 
index. The strain rate sensitivity index (m) actually describes 
the strain rate sensitivity. Then, one can get.

So the strength (σ) and the strain rate (ε) present a linear 
relationship under log–log coordinate. Figure 16 shows the 
relationship between the strength of Cu/Cu3Sn/Cu joints and 
the strain rate under log–log coordinate. Through linear fit-
ting, the strain rate sensitivity index (m) of Cu/Cu3Sn/Cu 
joints was determined to be 0.058. Table 1 gives the strain 
rate sensitivity index of Cu/Cu3Sn/Cu joints, as well as con-
ventional joints derived from Cu/Sn-based solder system. 
As shown in Table 1, the strain sensitivity rate index of con-
ventional joints are all larger than 0.058 [22, 25, 31]. It was 

(1)� = A�
m,

(2)lg � = lgA + m lg �.

known that the strain rate sensitivity of Cu/Cu3Sn/Cu joints 
was smaller than that of conventional joints. Compared with 
the conventional joints, the Cu/Cu3Sn/Cu joints had smaller 
resistance to necking and thermal fatigue.

The Cu/Cu3Sn/Cu joints and the conventional joints have 
different interfacial structure. Then, we considered that the 
distinction of interfacial structure had led to the difference 
in the strain rate sensitivity. Figure 17 presents the sche-
matic illustration of interfacial structure for two joints. For 
the conventional joints, they have the interfacial structure 
of Cu/Cu–Sn IMCs/residual Sn-based solder/Cu–Sn IMCs/
Cu. As shown in Fig. 17a, the residual solder occupies quite 
a large proportion in the interfacial region, while the IMCs 
merely occupy quite a small proportion. Because of the great 
ductility of residual solder [30, 32, 33], the conventional 
joints have large strain rate sensitivity. However, for the Cu/
Cu3Sn/Cu joints, there is no residual solder in the interfa-
cial region, and the interfacial region is totally composed of 
 Cu3Sn, as shown in Fig. 17b. Due to the natural brittleness 
of Cu–Sn IMCs,  Cu3Sn has poor ductility compared with 
the residual solder. When external loads are applied on sol-
der joints, the fracture is certain to happen in the interfacial 
region [34–37]. Therefore, as the strain rates increase, stress 
concentration is easier to occur in  Cu3Sn of Cu/Cu3Sn/Cu 
joints in comparison with residual solder of conventional 
joints. The easier happening of stress concentration further 
causes easier initiation and propagation of crack in  Cu3Sn 
of Cu/Cu3Sn/Cu joints. When the strain rate is at the same 
increment, the strength of conventional joints increases more 
remarkably than that of Cu/Cu3Sn/Cu joints. Finally, this 
results in the Cu/Cu3Sn/Cu joints having the smaller strain 
rate sensitivity.

Under the strain rates of 6.67 × 10−2 s−1, 6.67 × 10−1 s−1, 
and 6.67 s−1, the shear strength of Cu/Cu3Sn/Cu joints was, 
respectively, 44 MPa, 48.4 MPa, and 57.6 MPa (Fig. 7). 
However, for the conventional joints, the shear strength 
ranges from 10 to 30 MPa [38–43]. It was therefore thought 
that the Cu/Cu3Sn/Cu joints had larger strength in compari-
son with the conventional joints. Actually, the strength of 
solder joints depends on the strength of interfacial region, 
which is due to the fracture occurring within interfacial 
region under external loads. Because of the nonuniform-
ity of interfacial region, the position, at which the fracture 

Fig. 16  Relationship between strength of Cu/Cu3Sn/Cu joints and 
strain rate

Table 1  Strain rate sensitivity index of Cu/Cu3Sn/Cu joints and conventional joints derived from Cu/Sn-based solder system

Joints type Solder Strain rate sensi-
tivity index (m)

Linear correlation 
coefficient (R2)

Joints type Solder Strain rate sensi-
tivity index (m)

Linear correla-
tion coefficient 
(R2)

Cu/Cu3Sn/Cu 
joints

Pure Sn 0.058 0.945 Conventional 
joints [22, 25, 
31]

Sn–3.5Ag [25] 0.076–0.087 [25] 0.99 [25]
Sn–3.5Ag [31] 0.085–0.1 [31] –
Sn3.0Ag0.5Cu 

[22]
0.078, 0.089 [22] –
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happens within interfacial region, determines the strength of 
interfacial region. When the fracture happens among phases 
of high strength within interfacial region, the strength of 
interfacial region is high. With the large strength of interfa-
cial region, the strength of joints is bound to be high.

Figure 18 shows the schematic illustration describing the 
fractured position within interfacial region of conventional 
joints. As shown in Fig. 18, the fracture of conventional 
joints totally happens within the residual solder [38–40]. The 
interfacial structure of conventional joints has led to the frac-
ture within residual solder, which results from the residual 
solder taking up quite a large proportion in the interfacial 
region. For the Cu/Cu3Sn/Cu joints, it was found that the 
fracture completely happened within  Cu3Sn (Fig. 13). The 
interfacial region of Cu/Cu3Sn/Cu joints is totally composed 
of  Cu3Sn, and this causes the occurrence of fracture within 
 Cu3Sn. Based on the literature [44–47], it is known that the 

strength of Sn-based solder,  Cu6Sn5 and  Cu3Sn, presents 
an increasing trend, as shown in Fig. 19. For the Sn-based 
solder, the strength ranges from 14 to 81 MPa [44, 45]. In 
comparison with the solder, the strength of  Cu6Sn5 increases 
largely to 670 MPa [46], and then the strength of  Cu3Sn 
further increases to 1700–4400 MPa [47]. Therefore, it was 
considered the difference of fractured position resulted in 
the strength difference of two joints.

4  Conclusions

In this study, Cu/Cu3Sn/Cu joints were fabricated from 
Cu–15μm Sn–Cu sandwich structure, and shear fracture of 
Cu/Cu3Sn/Cu joints under different strain rates was system-
atically analyzed.

When the strain rate was 6.67 × 10−2 s−1, 6.67 × 10−1 s−1, 
and 6.67 s−1, Cu/Cu3Sn/Cu joints, respectively, had the shear 

Fig. 17  Schematic illustration of interfacial structure for Cu/Cu3Sn/Cu joints and conventional joints. a Conventional joints b Cu/Cu3Sn/Cu 
joints

Fig. 18  Schematic illustration of fractured position within interfacial 
region of conventional joints

Fig. 19  Strength of Sn-based solder,  Cu6Sn5 and  Cu3Sn [44–47]



2875Journal of Materials Science: Materials in Electronics (2020) 31:2862–2876 

1 3

strength of 44 MPa, 48.4 MPa, and 57.6 MPa, and the stiff-
ness of joints also gradually increased. The intensification 
of work-hardening effect within interfacial region resulted 
in the increased strength and stiffness.

Under 6.67 × 10−2 s−1 and 6.67 × 10−1 s−1, the fractured 
path of joints both kept continuous without diversion in 
 Cu3Sn, and the fracture both belonged to a mixture of trans-
granular fracture and intergranular fracture. As the strain 
rate increasing from 6.67 × 10−2 s−1 to 6.67 × 10−1 s−1, the 
proportion of transgranular fracture increased from 25.5% 
to 59.5%, while the proportion of intergranular fracture 
declined from 74.5% to 40.5% accordingly. Under 6.67 s−1, 
the fracture of joints merely belonged to transgranular frac-
ture within  Cu3Sn, while the fractured path diverted with 
the formation of step. Actually, the transgranular fracture of 
different strain rates was cleavage fracture.

The crack propagation resistance increased by a larger 
amplitude for 6.67 × 10−1 s−1 → 6.67 s−1 compared with that 
for 6.67 × 10−2 s−1 → 6.67 × 10−1 s−1, which was due to the 
fracture mechanism of different strain rates. The released 
elastic energy of joints proved the effect of fracture mecha-
nism on crack propagation.

Compared with conventional joints, Cu/Cu3Sn/Cu joints 
had smaller strain rate sensitivity. The different interfacial 
structure of two joints caused the difference in the strain rate 
sensitivity. Besides, the strength of Cu/Cu3Sn/Cu joints was 
larger than that of conventional joints, which resulted from 
the difference in fractured position of two joints.
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