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Abstract: The effect of adding trace rare earth Er on the properties of Sn-0.3Ag-0.7Cu-0.05Mn lead-
free solder material is investigated. The experimental results show that the addition of Er elements can 
improve the Vickers hardness of lead-free Sn-0.3Ag-0.7Cu-0.05Mn solder. The wettability of lead-free 
Sn-0.3Ag-0.7Cu-0.05Mn-xEr solder exhibits an initial increase followed by a decrease with increasing 
Er content. Microscopic analysis of the solder's structure reveals that when the Er content is 0.1wt.%, 
the β-Sn matrix becomes significantly refined, and intermetallic compound (IMC) grain size is 
minimized and uniformly dispersed in the matrix, playing a role in grain refinement. However, when 
the Er content exceeds 0.1wt.%, the IMC grain size increases, and the presence of brittle large-sized 
IMCs adversely affects the reliability of the solder joints. The addition of rare earth Er noticeably 
suppresses the growth of the interface IMC layer. Furthermore, when the Er content at 0.1 wt.%, the 
surface smoothness of the solder joint interface reaches its optimal state, with virtually no observable 
Kirkendall voids. 
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1. Introduction  

Owing to the hazards posed by lead to both human health and the environment, numerous countries 
have enacted legislation to ban or restrict the use of Sn-Pb solder materials. Consequently, the research 
and application of lead-free solders in encapsulation technology are receiving increasing attention [1–
4]. The researchers have been hoping to find a unique solder material that can replace Sn-Pb solder 
material [5]. The Sn-Ag-Cu solder alloy is regarded as the optimal choice for replacing traditional Sn-
Pb brazing materials. This is attributed to its superior joint properties, appropriate melting point, 
excellent creep resistance, and high reliability [6].  

The Sn-Ag-Cu (SAC) solder system includes both high-silver and low-silver variants. Compared to 
low-silver SAC solder, high-silver SAC exhibits superior wetting performance but incurs higher costs 
due to the elevated silver content. Additionally, during the solidification process, variations in the 
degree of supercooling can lead to the formation of coarse Ag3Sn strips, which may further coarsen 
during subsequent service, potentially degrading the mechanical properties of the solder material. In 
contrast, low-silver solder materials reduce costs and rarely form large Ag3Sn particles, leading to 
higher impact resistance. Consequently, developing new low-silver lead-free solders has become a 
trend. However, lower silver content also results in higher melting points, reduced thermal fatigue and 
wettability, lower shear and tensile strength compared to high-silver solders, and decreased reliability. 

In response to the challenges associated with low-silver lead-free solders, researchers both 
domestically and internationally have commonly adopted the approach of single-element additions to 
enhance the performance of low-silver Sn-Ag-Cu (SAC) lead-free solder materials. Lu et al. [7] 
investigated the effects of rare earth element Er on the microstructure and performance of Sn-3.0Ag-
0.5Cu lead-free solder alloy. They found that Er has minimal impact on the conductivity and corrosion 
resistance of the alloy but can lower the melting temperature zone while improving wettability. 
Additionally, with the addition of Er, the alloy's microstructure transitions from dendritic crystals to 
equiaxed crystals. Pan [8] investigated the effects of Mn on the interfacial reactions and mechanical 
properties of Sn-0.3Ag-0.7Cu lead-free solder. The study found that doping with trace amounts of Mn 
can thin the intermetallic compound (IMC) layer at the solder joint interface, inhibiting the growth of 
Cu6Sn5 and Cu3Sn phases. Additionally, Mn doping increases the ultimate tensile strength and shear 
strength of the solder. In this work, we aim to enhance the overall strength of Sn-0.3Ag-0.7Cu lead-free 
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solder by incorporating the same Mn content while varying the amount of rare earth element Er. This 
work investigates its impact on the wettability of the solder material and conduct experimental 
observations and analyses of the microstructure and interfacial characteristics of the solder joints.  

2. Experimental materials and methods 

The experimental Sn-0.3Ag-0.7Cu-0.05Mn-xEr (x = 0, 0.05, 0.1, 0.25, 0.5 wt.%) solder alloys were 
prepared using 99.9% pure Sn, Ag, Cu, Mn, and Er. The raw materials were weighed and placed in a 
WK-II type non-self-consuming vacuum arc furnace. The furnace was evacuated to a pressure of 5×10-

1 Pa, followed by three argon gas washes. Under argon protection, the specimens were repeatedly 
melted three times to ensure uniformity. After melting, the samples were naturally cooled to obtain Sn-
0.3Ag-0.7Cu-0.05Mn-xEr solder alloys with varying Er content. 

The wettability performance test was conducted according to the national standard GB/T 11364-
2008 "Solder Material Wettability Test Method." Specimens of purple copper sheets (20 mm × 20 mm 
× 1 mm) were prepared by polishing their surfaces with 800# sandpaper and cleaning them 
ultrasonically to remove surface contaminants. After drying, a flux paste was applied to the center of 
each specimen, and a solder ball weighing (0.2 ± 0.01) g was placed on it. The specimens were then 
heated in a vacuum tube furnace at 300°C for 2 minutes, followed by air cooling. Photographs were 
taken, and the spreading area was calculated using AUTOCAD. The experimental results represent the 
average of three trials. 

To measure the wetting angle, wire cutting was used to section the solder joints centrally, ensuring 
accurate measurement of the wetting angle. Due to potential electrochemical corrosion, wire cutting 
may introduce pores at the interface. The samples were then mounted and polished using an XQ-1 
metallographic specimen setting machine. The wetting angle was measured using a SOPTOP IE500M 
metallographic microscope, which observed the angle formed between the cross-section of the solder 
joint and the copper sheet. The microstructure of the solder was examined using the same microscope, 
while the thickness of the reaction layer and phase composition analysis were performed using a 
scanning electron microscope (SEM) and energy-dispersive spectrometer (EDS). 

Mechanical property test specimens were prepared from the remaining melted samples. The 
samples were mounted and polished, and Vickers hardness tests were conducted using an HV-55PA 
digital microhardness tester. Hardness measurements were taken at six random points on the sample 
surface, with each measurement performed under a test force of 0.098 N and a holding time of 15 
seconds. The experimental results represent the average of the six measurements. 

3. Results and analysis 

3.1 Microstructure analysis 

The microstructure of the Sn-0.3Ag-0.7Cu-0.05Mn-xEr (x = 0~0.50) solder alloy is shown in Fig. 1. 
The alloy consists of a grey fibrous phase and a light white matrix phase. Specifically, the grey phase 
represents a reticulated eutectic structure, while the light white matrix phase is rich in Sn with a 
massive distribution. Intermetallic compounds (IMCs) are dispersed within the matrix as strips and 
particles. The addition of Er gradually refines the β-Sn primary phase, increases the formation of 
eutectic phases, and reduces the size of IMC particles. The morphology of the primary crystalline phase 
significantly influences the fluidity of the alloy. Finer grains result in a smoother solidification interface, 
lower flow resistance, and improved fluidity [9]. As shown in Fig. 1c, the microstructure is most 
refined and uniform when the Er content is 0.1 wt.%, and it gradually coarsens as the Er content 
increases. The addition of an appropriate amount of Er achieves grain refinement primarily because Sn 
and Er have a strong mutual attraction, leading to Er enrichment at phase interfaces or grain boundaries, 
which inhibits the growth of primary crystals and eutectic structures [7]. 
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Fig. 1. Microstructures of Sn-0.3Ag-0.7Cu-0.05Mn-xEr solders: (a) x=0(OM); (b) x=0.05(OM); (c) 

x=0.10(OM); (d) x=0.25(OM); (e) x=0.50(OM). 

3.2 Hardness 

The hardness curve of the Sn-0.3Ag-0.7Cu-0.05Mn-xEr solder alloy is shown in Fig. 2. The Fig. 2 
illustrates that the hardness initially increases and then decreases with the addition of Er, remaining 
higher than that of Sn-0.3Ag-0.7Cu-0.05Mn solder throughout. The maximum hardness is achieved 
when the Er content is 0.05 wt.%. The variation in hardness is closely related to the degree of 
microstructure refinement, phase solid solubility, and the formation of intermetallic compounds (IMCs). 
As shown in Fig. 1, the microstructure of Sn-0.3Ag-0.7Cu-0.05Mn solder with 0.05 wt.% Er is the 
most refined. According to the fine grain strengthening mechanism, this refinement increases the 
number of grain boundaries. Under applied stress, dislocations tend to aggregate at these boundaries, 
impeding their movement and thereby increasing the hardness of the solder [10]. 

 
Fig. 2. The hardness of Sn-0.3Ag-0.7Cu-0.05Mn-xEr (x=0,0.05,0.1,0.25,0.5 wt. %) composite solders. 

3.3 Wetting properties 

For solder alloys, wettability is a critical factor that directly determines the solderability of the 
process. The ability of the solder to wet the substrate effectively is essential for forming reliable welded 
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joints. Factors influencing wettability include intrinsic factors such as the composition of the solder and 
base material, surface roughness, and degree of oxidation, as well as environmental factors like 
temperature and the presence of fluxes or surface-active substances. Various methods are used to 
measure and evaluate the wetting performance of solder alloys, including assessing the spreading area, 
wetting angle, spreading rate, wetting time, and wetting force. In this study, the spreading area and 
wetting angle of the Sn-0.3Ag-0.7Cu-0.05Mn-xEr composite solder on Cu substrates were measured 
and calculated. The effect of adding Er elements on the wetting performance of the solder alloy was 
then compared and analyzed. 

The spreading area of the Sn-0.3Ag-0.7Cu-0.05Mn-xEr solder alloy is shown in Fig. 3. As the Er 
content increases, the spreading area also increases. This phenomenon may be attributed to the high 
melting point of Er compared to other elements. When a small amount of Er is added to the SAC0307 
matrix, the Er particles do not fully melt but instead infiltrate the matrix, forming a microscopic 
framework structure within the solder joints. This framework creates capillary action within the solder 
matrix, promoting the diffusion of molten solder and enhancing wettability [11]. When the Er content 
reaches 0.1 wt.%, the spreading area achieves its maximum value of 56.0398 mm². However, as the Er 
content continues to increase beyond this point, the spreading area gradually decreases. This decrease 
can be attributed to the rising viscosity of the solder fluid and the tendency of excess tiny particles to 
agglomerate, which produces a pinning effect on the grain boundaries of the molten solder material, 
hindering its flow and thus reducing the spreading area. 

 
Fig. 3. Spreading area of Sn-0.3Ag-0.7Cu-0.05Mn-xEr solder alloy. 

   

  
Fig. 4. OM image of wetting angle of Sn-0.3Ag-0.7Cu-0.05Mn-xEr solder alloy: (a) x=0; (b) x=0.05; 

(c) x=0.10; (d) x=0.25; (e) x=0.50. 
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Fig. 4 shows the optical microscopy (OM) images of the wetting angles for solder alloys with 
varying Er contents. As shown in Fig. 4, it can be observed that the wetting angle initially decreases 
and then increases with the addition of Er. The minimum wetting angle of 25.67° is achieved when the 
Er content is 0.1 wt.%. This behavior can be attributed to the surface-active nature of the rare earth 
element Er, which has a low surface tension. When Er is distributed on the surface of the liquid solder 
alloy, it reduces the surface tension, thereby decreasing the wetting angle. However, as the Er content 
increases, its chemical reactivity leads to the formation of rare earth compounds and oxides on the 
liquid solder alloy surface. This layer of film-like compounds hinders the spread of the liquid solder, 
resulting in an increase in the wetting angle. 

3.4 Interface analysis of Sn-0.3Ag-0.7Cu-0.05Mn-xEr/Cu solder joints 

  

  

 
Fig. 5. Microstructure of Sn-0.3Ag-0.7Cu-0.05Mn-xEr/Cu solder joint interface: (a) x=0; (b) x=0.05; 

(c) x=0.10; (d) x=0.25; (e) x=0.50. 

Fig. 5 presents the SEM image of the Sn-0.3Ag-0.7Cu-0.05Mn-xEr/Cu solder joint interface. As can 
be observed from the Fig. 5, a layer of IMCs is formed between Sn-0.3Ag-0.7Cu-0.05Mn-xEr and the 
Cu substrate, and the IMCs at the solder joint interface are of a double-layer structure. Fig.  6 displays 
the EDS spectra and elemental composition at points 1 and 2 of the Sn-0.3Ag-0.7Cu-0.05Mn-0.1Er/Cu 
interface in Fig. 5. It can be determined therefrom that the main components of the IMCs are Cu3Sn 
and Cu6Sn5, with the Cu3Sn layer adjacent to the Cu substrate and a Cu6Sn5 layer overlying it. During 
the melting process of the solder on the Cu substrate, the Sn atoms in the molten Sn-0.3Ag-0.7Cu-
0.05Mn-xEr composite solder react with the Cu atoms on the substrate to generate a thick layer of 
IMCs, as shown in Reaction (1) [12]; 

 6Cu + 5Sn → Cu6Sn5  (1) 

Subsequently, the formation of Cu3Sn mainly occurs in two manners: Firstly, the Sn atoms in the 
matrix diffuse to the Cu6Sn5/Cu3Sn interface and react with the Cu atoms to form Cu3Sn. Secondly, the 
Cu atoms on the substrate diffuse to the Cu6Sn5/Cu3Sn interface and react with Cu6Sn5 to form Cu3Sn, 
as depicted in Reactions (2) and (3) [13, 14]. 

 3Cu + Sn → Cu3Sn (2) 
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 9Cu + Cu6Sn5 → 5Cu3Sn (3) 

With the formation of IMCs, Kirkendall voids emerge in the solder matrix structure. The analysis 
suggests that this might be attributed to the discrepant diffusion rates of Sn and Cu. When a substantial 
number of Sn atoms diffuse to the interface to react with the Cu atoms or Cu6Sn5, the vacancies left by 
the Sn atoms cannot be replenished promptly, thereby forming Kirkendall voids [15]. When 0.1 wt.% 
Er is added, the quantity of Kirkendall voids in the solder joint cross-section decreases. Due to Er is 
pinned in the Cu6Sn5 layer, suppressing the reaction between the Sn atoms and the Cu atoms, thereby 
decelerating the diffusion of the Sn atoms and reducing the formation of Kirkendall voids. The 
presence of Kirkendall voids will lead to stress concentration at the voids, exerting an influence on the 
reliability of the solder joint. 

Fig. 6 illustrates the relationship between the average thickness of intermetallic compounds (IMCs) 
formed during the Sn-0.3Ag-0.7Cu-0.05Mn-xEr/Cu interfacial reaction and different Er additions. As 
shown in Fig. 6, it can be observed that the thickness of the IMC layer decreases significantly with the 
addition of 0.05 wt.% to 0.5 wt.% Er. Specifically, when 0.1 wt.% Er is added, the IMC layer thickness 
reaches its minimum value of 13.94 μm, compared to 18.97 μm without rare earth Er. Therefore, Er 
effectively inhibits the growth of the interfacial IMC layer. 

 
Fig. 6. IMC layer thickness at Sn-0.3Ag-0.7Cu-0.05Mn-xEr/Cu solder joint. 

4. Conclusion 

(1) Adding 0.1 wt.% Er to the Sn-0.3Ag-0.7Cu-0.05Mn solder alloy significantly refines the 
microstructure of the solder material, resulting in a marked reduction in the size of intermetallic 
compounds (IMCs). 

(2) The IMC layer at the solder joint interface of the Sn-0.3Ag-0.7Cu-0.05Mn solder alloy with Er 
addition becomes thinner, and the thickness of the IMC layer at the interface is the thinnest at 13.94 μm 
when the Er addition is 0.1 wt.%. Kirkendall voids are almost not observed in the solder joint matrix. 

(3) During the melting process, a certain amount of Er could promoting the diffusion of molten 
solder and enhancing wetting performance. When the Er content is 0.1 wt.%, the wetting area is 
maximized, the wetting angle is minimized, and the wetting performance is optimal. However, as the 
Er content continues to increase beyond this point, the wetting performance exhibits a decreasing trend. 
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