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Abstract  

In this study, Ni-Cu/SAC composite solders with different Cu contents were used 

as an interlayer to solder Al alloy joints at 250 ℃ for different time. The results showed 

that the formation and evolution of the microstructure were affected by the Cu contents. 

In the Ni18Cu/SAC joint, the Sn solder was completely consumed to form a solid-phase 

joint in 5 min. And (Cu,Ni)6Sn5 was the initial phase formed from the reaction between 

Sn solder and the Ni18Cu skeleton. Due to the higher Ni concentration than (Cu,Ni)6Sn5 

phase in the Ni18Cu skeleton, the Ni atoms diffused from Ni18Cu skeleton to the 

(Cu,Ni)6Sn5 phase and replaced the Cu atoms in it. As a result, the content of Ni atoms 

in (Cu,Ni)6Sn5 phase increased continuously, and transformed into (Ni,Cu)3Sn4 at 10 

min. Phase transition also occurred in the Ni38Cu/SAC joints. However, the initial 

phase formed from the reaction between Sn solder and the Ni38Cu skeleton was 
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(Ni,Cu)3Sn4. Therefore, the (Ni,Cu)3Sn4 phase was transformed into (Cu,Ni)6Sn5 at 10 

min because the Cu atoms diffused from Ni38Cu skeleton to (Ni,Cu)3Sn4. On 

increasing the soldering time, the shear strength of the joints first increased and then 

decreased, the Ni18Cu/SAC joints soldered for 10 min exhibited the highest shear 

strength of 58.3 MPa, the shearing failure mainly happened in the composite solder 

layers. 

Keywords: Foam reinforced solders; Ni-Cu/SAC composite solder; Al joint; Solid-

phase transitions; Microstructure; Mechanical properties 

1 Introduction 

Al alloys, exhibiting high strength, low density, and good electrical conductivity, 

are commonly used in radio-frequency and microwave high-frequency devices. At 

present, some metal layers are electroplated on the Al alloys surface to improve the 

wettability of high-frequency devices, then soldered with Sn-based solder at low 

temperatures. However, the development of functional integration and volume 

miniaturization of high-frequency devices puts forward higher requirements for the 

soldered joints [1-3]. For example, some complex multilayer devices facing gradient 

welding require excellent thermal stability [4-6], which can be solved by transient liquid 

phase (TLP) soldering. 

In recent years, TLP soldering was considered to be a promising way to fabricate 

high melting points joints because of the process characteristics of “low-temperature 

welding and high-temperature service” [7-9]. TLP is usually a sandwich structure 

assembled with a low melting point solder interlayer and two high melting point 
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substrates, such as Ni/Sn/Ni [10], Ag/Sn/Ag [11], Cu/Sn/Cu [12], and Cu/Sn/Ni [13]. 

The intermetallic compounds (IMCs) with high melting points are formed by the 

metallurgical reactions between substrates and the Sn solder to realize the connection 

of brazing joints. Nevertheless, the traditional TLP usually takes tens of minutes or even 

longer to completely consume the solder and form the full-IMC [3, 10], resulting in the 

base materials being excessively corroded and the production of thermal stress. It is 

more serious for high-frequency devices with thin electroplated metal layers. 

Furthermore, Cheng [14] found some cavities were appeared in the joints caused by the 

volume shrinkage while the Sn solder was exhausted and full-IMC was formed. The 

cavities induced by volume shrinkage and the thermal stress induced by the long 

reaction time could decrease the strength of the joints [10, 15]. To shorten the soldering 

time and remove the cavities, Shao [16] used a solder sheet pressed by mixing Cu and 

Sn powder to solder the Cu joints. As a result, a high melting point joint comprising of 

Cu6Sn5, Cu3Sn, and Cu particles was obtained, but the maximum shear strength of the 

joints was only 32.9 MPa. It is difficult to obtain a high strength joint by using the 

traditional Sn-based solder. Therefore, it is necessary to develop a new type of solder 

to shorten the soldering time and obtain a joint with excellent mechanical properties.  

Metal foam, exhibiting high strength, good toughness and large surface area, is 

widely used in electrocatalysis [17], alloy strengthening [18], sound insulation [19] and 

energy absorption [20]. For example, Zhang [21] fabricated the Cu-foam reinforced Sn-

Bi solder and found the Cu foam not only refined the solder structure but also enhanced 

the mechanical properties of the Sn-Bi solder. The Ni foam-Sn/Cu joints were 
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fabricated in our previous work [22-24]. The Sn solder was quickly consumed by the 

metallurgical reactions between Sn solder and Ni foam, forming a high melting point 

joint containing (Ni,Cu)3Sn4, (Cu,Ni)6Sn5 and Ni skeleton. The mechanical properties 

of joints were significantly improved by the double interpenetrating structure effects of 

the ductile Ni skeleton and the brittle IMCs [25]. On increasing the time, the 

(Cu,Ni)6Sn5 was transformed into (Ni,Cu)3Sn4 and the grains were simultaneously 

refined, ultimately enhancing the mechanical properties of the joints. However, the 

phase transition mechanism of the metallurgical reaction phases in the above mentioned 

joints is not clear in existing studies. In addition, the existing research is mainly based 

on the development of pure Ni foams, which can take a long time to form a high melting 

point joint due to the low reaction rate of the Ni/Sn solid-liquid interface. Numerous 

studies showed that Cu doping in the Ni-Cu alloys could accelerate the metallurgical 

reaction rate and improve the reactions with Sn matrix [26-29]. Therefore, it is expected 

to control the metallurgical reaction behaviors by selecting the Ni-Cu alloy foam and 

adjusting its composition.  

In this work, Ni-Cu/SAC305 composite solders with different Cu contents were 

used as an interlayer to solder Al alloy joints at 250 ℃ for different time. The 

microstructure evolution and mechanical properties of the joints were studied. The 

mechanisms of microstructure evolution and mechanical property strengthening were 

discussed. This work provides a new idea for obtaining a high strength Al alloy joint 

soldered at low temperatures. 

2 Experimental materials and methods 
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Al substrate with a dimension of φ5 mm×3 mm was electroplated with Ni, Cu, Ag 

layers with a thickness of 9 μm, 2 μm, and 7 μm, respectively. The Cu layer was 

electroplated on the surface of the Ni foam (the thickness, porosity, and purity were 0.5 

mm, 60 %, and 99.9 wt.%, respectively) by ultrasonic electroplating with a plating 

current density of 6 A/dm2. The Cu content was controlled by the plating time, and the 

Cu content was 18 wt.% and 38 wt.% at 30 min and 90 min, respectively. Then the Ni-

Cu alloy foam was prepared by sintering at 900 ℃ for 4 h in a vacuum environment. 

Subsequently, the Ni-Cu alloy foam was filled with Sn-3.0Ag-0.5Cu (wt.%, SAC305) 

solder after being immersed in a molten SAC305 solder at 240 ℃ for 2 min. Finally, 

the composite solder was rolled to foils with a thickness of 80 μm by an electric rolling 

machine (Kejing Co., Ltd., MSK-2150). 

Prior to the soldering process, composite solder foils and Al substrates were 

ultrasonically cleaned in absolute ethanol to remove the impurities on the surface. After 

applying the flux, composite solder foils and Al substrates were assembled as a 

sandwich structure shown in Fig. 1a. The samples were soldered at 250 °C for 1 min, 5 

min, 10 min, and 15 min in a vacuum furnace, respectively. Then the as-soldered joints 

were taken out at 200 °C and cooled to room temperature in air. 

The as-soldered joints and shear-failed joints were installed in epoxy resin, and 

then the cross-sections were observed after grinding and polishing. The microstructure 

and elemental compositions of the joints were characterized by an electron-probe 

micro-analyzer (EPMA, JEOL JXA-8230) equipped with an energy dispersive X-ray 

spectrometer (EDS, INCAX-ACT). To further observe the microstructure evolution of 
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the joints, electron backscatter diffraction (SEM/EBSD, JEOL JSM-7001F) was used 

to characterize the phase and the grain distribution. The shear strength of the joints was 

tested by an electronic universal testing machine (MTS-E44.104) with a tensile speed 

of 0.5 mm/min at room temperature. The schematic diagram for the shearing test sample 

and fixture is shown in Fig. 1b. Five samples were tested for each experimental 

parameter to obtain an average strength value. 

3 Results and Discussion 

3.1 Microstructure of composite solder 

Fig. 2 shows the cross section images of the Ni-Cu skeleton and Ni-Cu/SAC 

composite solders. As shown in Fig. 2a and Fig. 2b, the Cu layer was attached to the 

surface of the Ni foam and bonded well with it. Fig. 2c and Fig. 2d show the EPMA 

images of Ni18Cu/SAC and Ni38Cu/SAC composite solders. It can be found that the 

Ni-Cu alloy foam still maintains a three-dimensional continuous network structure and 

distributed in the SAC305 solder matrix. The Ni-Cu alloy foam is well combined with 

the solder matrix without voids and cracks. Due to more pores in the Ni18Cu skeleton, 

the Ni18Cu/SAC composite solder contains more Sn solder than Ni38Cu/SAC 

composite solder.  

3.2 Formation of IMCs in solid-liquid interfacial reaction stage 

Fig. 3 shows the SEM images of cross-section microstructure and EBSD images 

for phase and grain distribution of Ni18Cu/SAC and Ni38Cu/SAC joints for 1 min. 

Strong metallurgical reactions occur inside the composite solder and at the solder/Al 

substrate interface. According to the EDS analysis results shown in Table 1, the IMCs 
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inside the composite solders, e.g. (Cu,Ni)6Sn5 (A1) and (Ni,Cu)3Sn4 (A2), are formed 

by the reaction between the Sn solder and Ni-Cu skeleton.  

As shown in Fig. 3a, the Ni18Cu/SAC joint was composed of Ag3Sn, (Cu,Ni)6Sn5, 

Ni18Cu skeleton, and Sn solder. Continuous Ag3Sn layers are formed at the Ag layer/Sn 

solder interface. The (Cu,Ni)6Sn5 phase is mainly attached to the Ni18Cu skeleton 

surface and part of (Cu,Ni)6Sn5 disperses in the solder. As to the Ni38Cu/SAC joint 

(Fig. 3b), the IMC formed between the Sn solder and Ni38Cu skeleton was identified 

as (Ni,Cu)3Sn4, which attaches to the Ni38Cu skeleton. It can be seen from Fig. 3a3 and 

Fig. 3b3 that the Sn grains in Ni38Cu/SAC joint are much larger than those of 

Ni18Cu/SAC joint. The average grain size was calculated by Aztec Crystal software 

(Oxford instrument). The average sizes of Sn grains in Ni18Cu/SAC joint and 

Ni38Cu/SAC joint are 1.42 μm and 2.75 μm, respectively. The finer Sn grains in the 

Ni18Cu/SAC joint are attributed to the distribution of (Cu,Ni)6Sn5 in the solder, which 

inhibits the coarsening of Sn grains.  

The formation and distribution of (Cu,Ni)6Sn5 in the Ni18Cu/SAC joint for 1 min 

can be related to the concentration change of Cu atoms in the Sn solder. It was reported 

that the diffusion rate of Cu atoms in Sn solders (2.5×10-7 cm2/s) was two orders of 

magnitude higher than that of Ni atoms (5.4×10-9 cm2/s) [30-32]. In addition, the 

solubility of Cu atoms in Sn solder was 1.2 wt.%, which was also higher than that of 

Ni atoms (less than 0.2 wt.%) [30]. Consequently, the Cu atoms has a higher diffusion 

rate from Ni18Cu skeleton to molten Sn solder than Ni atoms, inducing that the Cu 

atoms concentration in Sn solder is much higher than that of Ni atoms. Ho [33] studied 
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the effects of Cu atoms concentration on the reactions between Ni substrates and Sn-

Ag-Cu solders. The results showed that only a continuous (Cu,Ni)6Sn5 layer was 

formed on the surface of Ni substrate when the Cu atoms concentration in Sn-Ag-Cu 

solder exceeded 0.6 wt.%. Therefore, the (Cu,Ni)6Sn5 is first formed in Fig. 3a1 due to 

the higher Cu concentration in the Sn solder. However, the growth of (Cu,Ni)6Sn5 layer 

restricts the supply of Cu atoms from the Ni18Cu skeleton, resulting in severe 

consumption of the Cu atoms in the Sn solder during the formation of (Cu,Ni)6Sn5. 

Therefore, part of (Cu,Ni)6Sn5 phase detaches from the IMC layer and disperses in the 

Sn solder due to the decrease of the Cu concentration. The same results can be found in 

the previous literature reported by Wang[28].  

The formation of (Ni,Cu)3Sn4 in the Ni38Cu/SAC joint soldered for 1 min can owe 

to large quantities of Ni atoms dissolves in the Sn solder. According to the phase 

diagram of Cu-Ni binary alloy, the melting point of Ni-Cu alloy decreases due to the 

increase of Cu content, which means that Ni38Cu skeleton has a faster dissolution rate 

than Ni18Cu skeleton, inducing that more Ni atoms dissolves in Sn solder matrix within 

the same time. According to the Sn-rich corner of the Cu-Ni-Sn phase diagram, the Ni 

atoms can reduce the concentration of Cu in Sn solder. The results obtained by Vuorinen 

et al. [34] showed that the (Ni,Cu)3Sn4 phase was more stable than (Cu,Ni)6Sn5 when 

the Cu content was less than about 0.4 wt.% at 250 ℃. In addition, the dissolution of 

Ni slowed down the migration of Cu and Ni atoms in the solder, resulting in Cu and Ni 

atoms staying relatively close to the solid/liquid interface. Therefore, the (Ni,Cu)3Sn4 

phase was attached to the Ni38Cu skeleton in the Ni38Cu/SAC joint soldered for 1 min. 
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The formation and growth of (Ni,Cu)3Sn4 can be divided into three stages. In the 

dissolution reaction stage, Cu and Ni atoms dissolves from the Ni38Cu skeleton into 

the Sn solder. Then, a small amount of (Ni,Cu)3Sn4 particles is formed on the surface 

of the Ni38Cu skeleton to reduce the nucleation energy, as shown in Fig. 4a. In the 

dissolution-diffusion stage, the non-continuous (Ni,Cu)3Sn4 is formed on the surface of 

the Ni38Cu skeleton. The growth of (Ni,Cu)3Sn4 is affected by the dissolution reaction 

and the diffusion rate of Ni, Cu, and Sn atoms through (Ni,Cu)3Sn4 grain boundary 

(GB), as shown in Fig. 4b. The reaction is the GB diffusion stage when (Ni,Cu)3Sn4 

further grows to a continuous dense layer, as shown in Fig. 4c. Due to the barrier effects 

of (Ni,Cu)3Sn4 layer on the diffusion of Cu and Ni atoms[35, 36], the growth of 

(Ni,Cu)3Sn4 is dominated by GB diffusion of Sn atoms. Therefore, the growth rate of 

(Ni,Cu)3Sn4 gradually slows down.  

In Ni18Cu/SAC joint, the detachment of (Cu,Ni)6Sn5 can reduce the distance 

between Sn solder and Ni18Cu skeleton to accelerate the reaction. But in Ni38Cu/SAC 

joint, the dense (Ni,Cu)3Sn4 layer not only hinders the diffusion rate of Ni and Cu atoms 

but also increases the diffusion distance, resulting in the decrease of reaction rate 

between Ni38Cu skeleton and Sn solder. Therefore, there is more residual Sn solder in 

the Ni38Cu/SAC joint than Ni18Cu/SAC joint in Fig 3.  

3.3 Phase transition in solid-phase diffusion stage 

Fig. 5 shows the cross-section images of Ni18Cu/SAC and Ni38Cu/SAC joints 

soldered for 5 min, 10 min, and 15 min, respectively. The Sn solder was completely 

consumed within 5 min, forming the joints composed of IMCs and Ni-Cu skeleton. It 
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can be seen from Table 2, the phase from the reaction between the Sn solder and 

Ni18Cu skeleton is dense (Cu,Ni)6Sn5 phase (B1) in 5 min. With prolonging soldering 

time to 10 min and 15 min, the reaction phase is (Ni,Cu)3Sn4 phase (B2 and B3). The 

(Ni,Cu)3Sn4 phase is loose due to the volume change caused by the phase transition. It 

is interesting that the phase from the reaction between Ni38Cu skeleton and Sn solder 

is (Ni,Cu)3Sn4 (B4) for 5 min and is (Cu,Ni)6Sn5 (B5 and B6) for both 10 min and 15 

min. 

Fig. 6 shows the phase and grain distribution of Ni18Cu/SAC joints soldered for 

5 min, 10 min, and 15 min, respectively. As can be seen in Fig. 6a1, (Cu,Ni)6Sn5 is the 

main phase from the reaction between the Sn solder and Ni18Cu skeleton is widely 

distributed in the seam when soldering for 5 min. A small amount of (Ni,Cu)3Sn4 

particles is dispersed between the Ni18Cu skeleton and (Cu,Ni)6Sn5. With prolonging 

soldering time to 10 min and 15 min, the phase from the reaction between the Sn solder 

and Ni18Cu skeleton is only (Ni,Cu)3Sn4, as shown in Fig. 6a2 and Fig. 6a3. 

As shown in Fig. 3a2, the initial phase from the reaction between the Ni18Cu 

skeleton and the Sn solder is only (Cu,Ni)6Sn5. Therefore, it can be deduced that the 

(Ni,Cu)3Sn4 particles in Fig. 7a1 are transformed from (Cu,Ni)6Sn5. As seen in Table 2, 

the Ni content of (Cu,Ni)6Sn5 in Fig. 5a1 (B1) is 26.51 at.%, much lower than that of 

the Ni18Cu skeleton. Driven by the great Ni concentration gradient between Ni18Cu 

skeleton and (Cu,Ni)6Sn5, a mass of Ni atoms diffuses from Ni18Cu skeleton to the 

surface of (Cu,Ni)6Sn5 grains through grain boundary and bulk diffusion. Then the Ni 

atoms enter (Cu,Ni)6Sn5 grains and substitute for Cu atoms. The results of Yang et al. 
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[37] and Yoon et al. [38] showed that the (Cu,Ni)6Sn5 was transformed into (Ni,Cu)3Sn4 

once the Ni concentration in (Cu,Ni)6Sn5 exceeded 24 at.%. In addition, the Cu content 

of (Cu,Ni)6Sn5 is 27.67 at.%, also higher than that of the Ni18Cu skeleton. Due to the 

Cu concentration gradient, the phase transition from (Cu,Ni)6Sn5 to (Ni,Cu)3Sn4 would 

be accelerated. Considering the diffusion distance, the (Cu,Ni)6Sn5 grains near Ni18Cu 

skeleton are first transformed into (Ni,Cu)3Sn4, as shown in Fig 6a1.  

With increasing soldering time to 10 min, the (Cu,Ni)6Sn5 is completely 

transformed into (Ni,Cu)3Sn4, as shown in Fig. 6a2. It can be seen that the Ni content 

of (Ni,Cu)3Sn4 in Fig. 5a2 (B2) is 36.80 at.%, much lower than the one of Ni18Cu 

skeleton. Thus, Ni atoms can still diffuse from Ni18Cu skeleton to (Ni,Cu)3Sn4 due to 

the Ni concentration gradient. Subsequently, the Ni atoms gradually enter the 

(Ni,Cu)3Sn4 grains and substitute them for Cu atoms, resulting in a decrease of the Cu 

content in (Ni,Cu)3Sn4. The Cu content of (Ni,Cu)3Sn4 in the joint soldered for 15 min 

decreases from 6.58 at.% (B2) to 4.92 at.% (B3), which can contribute to the stability 

of (Ni,Cu)3Sn4. Therefore, with prolonging soldering time to 15 min, the reaction phase 

is still (Ni,Cu)3Sn4, as shown in Fig. 6a3. 

Fig. 7 shows the phase and grain distribution of Ni38Cu/SAC joints soldered for 

5 min, 10 min and 15 min, respectively. It can be seen that the evolution of the reaction 

phase between the Sn solder and Ni38Cu skeleton is different from that in Ni18Cu/SAC 

joints. As seen in Fig. 7a1, the joint is composed of (Ni,Cu)3Sn4, Ag3Sn, and Ni38Cu 

skeleton after the Sn solder is completely consumed for 5 min. The reaction phase 

between the Sn solder and Ni38Cu skeleton is only (Ni,Cu)3Sn4 without (Cu,Ni)6Sn5. 
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On increasing the soldering time to 10 min, the reaction phase in the seam is only 

(Cu,Ni)6Sn5, as shown in Fig. 7a2. It can be deduced that the (Cu,Ni)6Sn5 is transformed 

from (Ni,Cu)3Sn4. As seen in Table 2, the Cu content of (Ni,Cu)3Sn4 in Fig. 5b1 (B4) 

is 11.73 at.%, much lower than that of Ni38Cu skeleton. Driven by the Cu atoms 

concentration gradient between Ni38Cu skeleton and (Ni,Cu)3Sn4, the Cu atoms 

massively diffuses from Ni38Cu skeleton to (Ni,Cu)3Sn4 surface through grain 

boundary and bulk diffusion. Then Cu atoms enter the (Ni,Cu)3Sn4 grains and substitute 

for Ni atoms. As a result, the (Ni,Cu)3Sn4 is transformed into (Cu,Ni)6Sn5 once the Cu 

concentration in (Ni,Cu)3Sn4 exceeded 8.5 at.%. It is consistent with the results of Yang 

et al. [30] and Ren et al. [39]. Due to the phase transition from (Ni,Cu)3Sn4 to 

(Cu,Ni)6Sn5, the concentration between the reaction phase and Ni38Cu skeleton is 

changed. As seen in Table 2, the Cu content of (Cu,Ni)6Sn5 in Fig. 5b2 (B5) increases 

to 29.79 at.% and the Ni content decreases to 22.61 at.% in the joint soldered for 10 

min. This means the diffusion rate of the Cu atoms from Ni38Cu skeleton to 

(Cu,Ni)6Sn5 would decrease due to the diminished Cu concentration gradient. While, 

the diffusion rate of the Ni atoms would increase correspondingly, resulting in an 

improved Ni content in (Cu,Ni)6Sn5 during longer soldering time. Therefore, the Ni 

content of (Cu,Ni)6Sn5 in the joint soldered for 15 min increases to 25.40 at.%, and the 

Cu content decreases to 28.44 at.%. And part of (Cu,Ni)6Sn5 grains is even transformed 

into (Ni,Cu)3Sn4, distributing between Ni38Cu skeleton and (Cu,Ni)6Sn5, as shown in 

Fig. 7a3.  

Fig. 8 shows the average size of (Ni,Cu)3Sn4 and (Cu,Ni)6Sn5 grains soldered at 
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various times. The average grain size was calculated by Aztec Crystal software (Oxford 

instrument). With increasing soldering time from 5 min to 10 min and then to 15 min, 

the average sizes of (Cu,Ni)6Sn5 and (Ni,Cu)3Sn4 grains in Ni18Cu/SAC and 

Ni38Cu/SAC joint both first decrease then increase. The joints soldered for 10 min 

exhibit the finest grain size of 1.52 μm and 1.49 μm, which decrease approximately by 

10.06 % and 13.37 % comparing with the grains soldered for 5 min. The refinement of 

grains can be attributed to the phase transition. During the phase transition process, the 

previous rough phase decomposes and the new finer phase is formed. Due to the high 

nucleation rate of the new phase, the joints soldered for 10 min exhibits finer grains 

size. While further increasing the soldering time can result in the coarsening of the 

reaction phase and the increase of grains size. 

3.3 Mechanical properties of solder joints 

In order to evaluate the effects of microstructure on the mechanical properties of 

Al joints soldered with different Ni-Cu/SAC composite solders, shearing tests were 

conducted. Fig. 9 shows the shear strength of Ni18Cu/SAC and Ni38Cu/SAC joints for 

various times. It can be seen that the shear strength first increases and then decreases in 

two kinds of joints. When soldering for 10 min, the Ni18Cu/SAC and Ni38Cu/SAC 

joints exhibit the highest shear strength of 58.3 MPa and 52.71 MPa respectively, 

increased approximately by 77 % and 51.7 % compared with the reported research [16].  

Fig. 10 and Fig. 11 show the cross-section and top-view SEM images of Al joints 

after shearing failure. It can be found that the shearing failure in Ni18Cu/SAC joints 

mainly occurred in the Ni-Cu skeleton and IMCs layer in Fig. 10a1-a4 and Fig. 11a1-a4. 
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This means that the shear strength of the Ni18Cu/SAC joint is closely related to the 

skeleton and IMCs. When soldering for 5 min, the double interpenetrating network 

structure comprised of the skeleton and IMCs can hinder and offset the cracks, which 

greatly improves the mechanical properties of the joints [25]. Increasing the soldering 

time to 10 min, the higher shear modulus of (Ni,Cu)3Sn4 would result in a further 

increase in the shear strength of the joints (the reported shear modulus of (Ni,Cu)3Sn4 

and (Cu,Ni)6Sn5 are 4.48×1010 N/m2 and 3.70×1010 N/m2, respectively [40]). The area 

fraction of different phases in Ni-Cu/SAC joints soldered for various time were 

calculated by Aztec Crystal software (Oxford instrument), and the results are shown in 

Table 3. With the increase of soldering time, the area fractions of (Ni,Cu)3Sn4 and 

(Cu,Ni)6Sn5 in the joints remain unchanged, but the area of Ni-Cu alloy skeleton 

gradually decreases. The excessive consumption of Ni-Cu alloy foam would reduce the 

shear strength of the joints. Therefore, the shear strength of the joints soldered for 15 

min decreases.  

Fig. 10b1-b4 and Fig. 11b1-b4 show the cross-section and top-view SEM images of 

Ni38Cu/SAC joints. It can be found that the failure of the Ni38Cu/SAC joints soldered 

for 1 min and 5 min mainly occurred at the (Ni,Cu)3Sn4/Ag3Sn interface, as shown in 

Fig. 10b1-b2 and Fig. 11b1-b2. Residual stress would accumulate at the interface of 

(Ni,Cu)3Sn4 and Ag3Sn because of the large mismatch of coefficient of thermal 

expansion (CTE) between them [41]. Moreover, the larger Sn grain size also reduces 

the shear strength of the joints. Therefore, the shear strength of Ni38Cu/SAC joints 

soldered for 1 min and 5 min is lower than that of Ni18Cu/SAC joints. When soldering 
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for 10 min, the (Ni,Cu)3Sn4 is transformed into (Cu,Ni)6Sn5, resulting in a reduced CTE 

mismatch at the interface. Therefore, the shear failures are shifted to the seam of the 

joints and the shear strength increases. 

4 Conclusion 

In this study, Al alloy joints were bonded with Ni18Cu/SAC and Ni38Cu/SAC 

composite solders at 250℃. The microstructure evolution and mechanical properties of 

the joints were investigated. The main results are as follows: 

(1) In Ni18Cu/SAC joints, the initial intermetallic compounds (IMCs) from the 

reaction between the Sn solder and Ni18Cu skeleton was (Cu,Ni)6Sn5. On increasing 

the soldering time to 10 min and 15 min, the (Cu,Ni)6Sn5 was completely transformed 

into (Ni,Cu)3Sn4.  

(2) In Ni38Cu/SAC joints, the initial IMCs from the reaction between the Sn solder 

and Ni38Cu skeleton was (Ni,Cu)3Sn4. And the (Ni,Cu)3Sn4 was completely 

transformed into (Cu,Ni)6Sn5 during soldering for 10 and 15 min.  

(3) The difference in the formation of the initial IMC between two different joints 

is caused by the concentration of Ni and Cu atoms in the Sn solder. On increasing the 

soldering time, a phase transition occurs in both joints due to the diffusion of Cu and 

Ni atoms from the Ni-Cu skeleton to IMCs. 

(4) The shear strength of Ni18Cu/SAC and Ni38Cu/SAC joints first increased and 

then decreased, the highest shear strength was 58.3 MPa and 52.71 MPa, respectively. 

It could be attributed to the refinement of the phase grains caused by the phase transition 

and the double interpenetrating strengthening effects of the ductile Ni-Cu skeleton and 
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the IMCs. 
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Table 1 EDS results for the analyzed points shown in Fig. 3. 

Positions 
Element composition (at.%) Phase 

constitutions Ni Cu Ag Sn 

A1 22.18 31.96  45.86 (Cu,Ni)6Sn5 

A2 36.21 9.41  54.38 (Ni,Cu)3Sn4 
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Table. 2 EDS results for the analyzed points shown in Fig. 5. 

Positions 
Element composition (at.%) Phase 

constitutions Ni Cu Ag Sn 

B1 26.51 27.67  45.82 (Cu,Ni)6Sn5 

B2 36.80 6.58  56.62 (Ni,Cu)3Sn4 

B3 37.35 4.92  57.83 (Ni,Cu)3Sn4 

B4 33.48 11.73  54.79 (Ni,Cu)3Sn4 

B5 22.61 29.79  47.60 (Cu,Ni)6Sn5 

B6 25.40 28.44  46.16 (Cu,Ni)6Sn5 
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Table 3 The area fraction of different phases in Ni-Cu/SAC joints soldered for various 

time 

Sample Area fraction (%) 

 (Cu,Ni)6Sn5 (Ni,Cu)3Sn4 Ni-Cu alloy 

Ni18Cu/SAC 

5min 15.8 1.9 17.2 

10min  18.3 15.7 

15min  17.4 12.5 

Ni38Cu/SAC 

5min  20.2 13.7 

10min 20.0  15.0 

15min 20.7 1.4 17.3 
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Fig. 1. Schematic diagram for (a) the assembled soldering joint and (b) the shearing 

test sample and fixture. 
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Fig. 2. The cross-section images of (a) Ni18Cu skeleton, (b) Ni38Cu skeleton, (c) 

Ni18Cu/SAC composite solder, and (d) Ni38Cu/SAC composite solders. 

  



 

25 

 

 

Fig. 3. Cross-section images of Al joints soldered for 1 min using (a) Ni18Cu/SAC 

and (b) Ni38Cu/SAC composite solders, (1) SEM images, (2) phase distribution, (3) 

EBSD images for grain distribution. 
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Fig. 4. The schematic diagrams of the (Ni,Cu)3Sn4 formation process for (a) 

dissolution, (b) dissolution - GB diffusion and (c) GB diffusion. 
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Fig. 5. Cross-section images of Al joints soldered with (a) Ni18Cu/SAC and (b) 

Ni38Cu/SAC composite solders for (1) 5 min, (2) 10 min, and (3) 15 min. 
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Fig. 6. EBSD images for (a) phase distribution and (b) grain morphology of Al joints 

soldered with Ni18Cu/SAC composite solder for (1) 5 min, (2) 10 min and (3) 15 

min. 
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Fig. 7. EBSD images for (a) phase distribution and (b) grain distribution of Al joints 

soldered with Ni38Cu/SAC composite solder for (1) 5 min, (2) 10 min, and (3) 15 

min. 
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Fig. 8. Average size of (Cu,Ni)6Sn5 and (Ni,Cu)3Sn4 grains soldered for various times. 
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Fig. 9. Shear strength of Al joints soldered with Ni18Cu/SAC and Ni38Cu/SAC 

composite solders for various times. 
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Fig. 10. Cross-section images of fracture joints soldered with (a) Ni18Cu/SAC and (b) 

Ni38Cu/SAC composite solders for (1) 1 min, (2) 5 min, (3) 10 min, and (4) 15 min. 
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Fig. 11. Top-view SEM images of fracture joints soldered with (a) Ni18Cu/SAC and 

(b) Ni38Cu/SAC composite solders for (1) 1min, (2) 5min, (3) 10min and (4) 15min. 

 


