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Abstract 

 

Recently, it has been reported that the crystal orientation and grain size of the β-Sn 

phase in Sn-rich solders have profound effects on the reliabilities of Pb-free solder 

joints, such as thermo-mechanical fatigue, electromigration, and among others. 

Additionally, it is also known that the microstructure of Sn-rich solders is strongly 

affected by their alloy composition. In this study, the grain size and orientation of the β-

Sn phase are investigated in terms of their alloy composition and interfacial reactions 

with two different under bump metallurgy (UBM), Cu vs. Ni(P). Solder balls (380μm in 

diameter) of pure Sn, Sn-0.5Cu, Sn-0.5Ag and Sn-1.8Ag (in wt%) were reflowed on Cu 

and Ni(P) UBM. After reflowed at 250°C for 2min, the microstructure of solder joints is 

analyzed by cross polarization light microscopy and electron backscatter diffraction 

(EBSD). For the compositional analysis of solder joints, electron probe micro analyzer 

(EPMA) was used, and thermodynamic calculations were performed to compare with. 
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Introduction 

 

The most promising candidates of Pb-free solders are near-eutectic binary Sn-Ag, Sn-

Cu and ternary Sn-Ag-Cu [1-4]. However, in these solders, the thick Cu6Sn5 IMC layer 

and large Ag3Sn primary phase are often reported to influence the integrity and 

reliability of solder joints [1-4]. In order to improve the reliability of Pb-free solder 

joints, recently it is proposed to reduce Ag and Cu contents as well as to add minor 

alloying elements such as Zn, In, Bi, Co, Ni in Sn-based solders [5-10].  

 

Since most Pb-free solders have a composition of more than 90% in Sn, the 

physical/chemical/electrical properties of Pb-free solders are predominantly affected  

by the properties of a β-Sn crystal . The properties of Sn are very anisotropic owing to 

the unique crystal structure of β-Sn, body-centered tetragonal (bct) (a: 5.83, c: 3.18 Å). 

The coefficient of thermal expansion (CTE) and Young’s modulus of β-Sn along c-axis 

is about two or three times larger than along a-axis as listed in Table 1[11,12]. And, the 

diffusivity of solute atoms (e.g., Ag, Cu, Ni) in Sn matrix is very different along a- or c-

axis. The diffusivity of Ag along c-axis is about 60 times, 40 times for Cu, and 30000 

times for Ni, faster than along a-axis at 150°C[13-16]. These anisotropic properties of 

β-Sn could seriously affect the integrity and reliability of Sn-rich solder joints [17-21]. 

 

M. Lu et al. reported a strong correlation between electromigration degradation 

mechanisms and Sn-grain orientations [17,18]. The consumption of under bump 

metallurgy (UBM) layer is accelerated near the grain having [001] of a Sn crystal 

parallel to the direction of the electronical current, reducing the time to failure 
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(TTF).This result is consistent with the highly anisotropic diffusion behaviors of Cu and 

Ni solute atoms in Sn as shown in Table 1. In other literatures, D.W. Henderson et al. 

and S.K. Kang et al. reported that β-Sn grains in  SnAgCu solder joints became smaller 

by the recrstalization process and hence the recrystallized grain boundaries provided an 

easy path for crack propagation during thermo-mechanical fatigue tests [19, 20]. 

 

To enhance the reliability of Pb-free solder joints, the systematic investigation of Sn 

crystal orientations in Sn-rich solders is needed. There are some previous studies about 

the fundamental information of β-Sn grains in Sn-rich solders. L.P. Lehman et al. 

introduced the Kara’s beach-ball structure having 60 degree cyclic twins in Sn-Ag-Cu 

bulk solders [21]. A.U. Telang et al. investigated the changes of size and orientation of 

β-Sn grains in pure Sn ingot [22]. In our previous studies, the microstructure and crystal 

orientation of Sn-Cu and Sn-Ag bulk solders were investigated as functions of alloy 

composition and cooling rate, and the microstructure changes of Sn-Ag and Sn-Cu bulk 

solders during high temperature aging were also reported [23, 24]. These previous 

studies were about bulk solders, not about solder joints. In general, when the Sn-rich 

solders are reacted to UBMs during reflow, the solder joint composition is expected to  

changed due to the dissolution of UBM into the solder joint. In addition, Sn grain 

orientations are going to be influenced by the compositional change as well as by the 

cooling direction of the  solder joint.. Therefore, in this study, the grain size and 

orientation of the β-Sn phase of Sn-rich solders are investigated after the interfacial 

reactions with two different UBMs, Cu vs. Ni(P). 

 

Experimental 
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Solder balls of pure Sn, Sn-0.5Cu, Sn-0.5Ag, and Sn-1.8Ag (380 μm in diameter) 

commercially produced were used in this study. These solder balls were reflowed on Cu 

or Ni(P) UBM at 250°C for 2 minute, and then cooled in air. Their cooling rate was 

estimated to be about 8°C/sec. Figure 1 shows the heat profile during reflow. The UBM 

structure used in this study is shown in Fig.2. Two kinds of UBM finishes, Cu 

line/OSP(2μm) and Cu line/Ni(P)(2μm)/Au(500Å) were employed. The total thickness 

of PCB is 0.9 mm with the thickness of Cu line, 35μm, and an open pad size, 300 μm in 

diameter. Total ten solder joints were investigated in each condition. For reference, bulk 

solder balls were also reflowed in the same reflow condition.  

 

The reflowed solder joints and bulk solder balls were cross-sectioned, fine-polished 

and examined with an optical microscope under cross-polarized imaging conditions. 

Optical cross-polarization imaging technique has been demonstrated as a useful tool to 

evaluate the Sn grain size [21-24]. To obtain the information on grain size and Sn 

crystal orientation, electron backscatter diffraction (EBSD) technique was employed. 

For quantitative composition analyses of solders, electron probe micro analyzer 

(EPMA) analysis was conducted. 

 

For the thermodynamic calculations (for binary or ternary phase diagrams and 

solubility), the Thermo-Calc software developed at the Royal Institute of Technology, 

Stockholm, Sweden was used [25]. The reported thermodynamic parameters of binary 

Sn-Cu[26], Sn-Ni[27], ternary Sn-Ag-Cu[28], Sn-Cu-Ni[29] and Sn-Ag-Ni[30] were 

used for the calculation in this study.  
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Result and Discussion 

 

Sn grain orientation in solder/Cu joints 

 

Figure 3 shows typical cross-polarized images of reflowed bulk solders and solder 

joints reflowed on Cu UBM. Different color contrasts show the different orientation of 

Sn grains [22-24] In reflowed bulk solders, pure Sn (380μm) had one large grain or a 

few large 60 degree twins. Sn grains observed in Sn-0.5Cu were similar to pure Sn, 

while very fine 60 degree twins were observed in reflowed bulk Sn-0.5Ag and Sn-

1.8Ag. The reaction with Cu UBM changed the grain structure in these Sn-rich solders. 

In pure Sn/Cu and Sn-0.5Cu/Cu joints, columnar grains were observed in all ten 

samples as shown in Fig.3. In Sn-1.8Ag/Cu joint, one grain (8 samples) and beach-ball 

shaped 3 or 4 grains (2 samples) were observed. And, in Sn-0.5Ag/Cu joint, the mixture 

of columnar grains and large grains (100-150μm) were observed in all 10 samples.  

 

The columnar grains in Sn-0.5Cu/Cu joint were analyzed using EBSD for the crystal 

orientation of β-Sn. Figure 4 shows the result of EBSD analysis of columnar grains. The 

image quality map in Fig. 4(b) shows grain boundaries noticeably and the inverse pole 

figure map in Fig. 4(c) shows Sn grain orientations. Columnar Sn grains are parallel to 

the cooling direction, from the substrate to solder inside. At the interface between  

solder and Cu UBM, the initial state of cooling, many small grains having various 

crystal directions were formed, and then, as solidification progressed into the solder 

6 
 



inside, Sn grains having [110] crystal direction, which is the preferred growth direction 

of Sn dendrites, grew perpendicular to the interface toward the solder inside [31]. 

 

Differently from pure Sn/Cu and Sn-0.5Cu/Cu joints, two types of β-Sn grain 

orientations, one single grain or beach-ball shaped (three or four) grains were observed 

in Sn-1.8Ag/Cu joints. The result of EBSD analysis for the typical samples is shown in 

Fig 5. The one grain observed in microscopy image exhibits a low-angle orientation 

with [100] (<2°). The minor group of beach-ball shaped grains are 60 degree cyclic 

twins with [100] rotation axis. Comparing with the reflowed bulk Sn-1.8Ag, the fine 

twins were not observed in Sn-1.8Ag/Cu joints. The crystal direction of Sn grains 

parallel to the cooling direction is near [100] or [001]. 

 

In Sn-0.5Ag/Cu joint, both the microstructure characteristics of Sn-0.5Cu/Cu and Sn-

1.8Ag/Cu joints were observed. Columnar grains observed in Sn-0.5Cu/Cu joints were 

shown near the UBM interface and large grains (>100μm) observed in Sn-1.8Ag/Cu 

joints were shown inside the solder. Because the Ag wt% in solder is low, Sn0.5Ag/Cu 

joint has a different microstructure from Sn-1.8Ag/Cu joint.  

 

The reaction with Cu UBM is expected to considerably change the composition in 

solders, which in turn could cause the microstructure change. To get the information 

about the composition in solder, EPMA quantitative composition analyses were 

conducted in the area, 200 μm in diameter, of each solder joint. Table 2 summarizes the 

results of EPMA analysis. The Cu composition analyzed in four solder/Cu joints is very 

similar each other, near 1.3 wt%, regardless of the solder compositions..  
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Cu compositions measured by EPMA were compared with the Cu solubility value in 

each solder system, which was calculated thermodynamically. For the solubility 

calculation, thermodynamic parameters of Sn-Cu binary system were used for pure 

Sn/Cu and Sn-0.5Cu/Cu joints, and those of Sn-Ag-Cu ternary system for Sn-0.5Ag/Cu 

and Sn-1.8Ag/Cu joints [27, 28]. Using Thermo-Calc program, the Sn-Cu binary, and  

ternary phase diagrams of Sn-0.5Ag-Cu and Sn-1.8Ag-Cu were constructed as shown in 

Fig. 6, from which the Cu solubility at 250°C was calculated for each system.. The 

calculated values of Cu solubility are in good agreement with the Cu composition in 

each solder measured by EPMA (Table 2). Based on these results, it can be said that  

Cu atoms were dissolved from UBM and quickly saturated to its solubility limit during 

2 min reflow at 250°C. The calculated Cu solubility in Sn-Ag-Cu system is a little 

smaller than that in Sn-Cu system. This may be due to the slightly enlarged two-phase 

stable region of liquid and Cu6Sn5 as Ag wt% increases in Sn-Ag-Cu system.  

 

As shown in Fig. 3, a few large grains in pure Sn and Sn-0.5Cu solders change to 

many columnar grains after the reaction on Cu UBM, having a preferred Sn orientation 

of <110>. In addition, the fine twins in Sn-Ag solders change to a few large grains after 

the reaction with Cu UBM. This significant microstructure change is attributed to to the 

fast dissolution of Cu atoms from the Cu UBM and the subsequent precipitation of 

various IMCs, affecting the orientation and microstructure of Sn grains.   

 

Sn orientation in solder/ Ni(P) joints 
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To compare the effect of Ni(P) UBM with Cu UBM on the changes of Sn grain 

orientation, the similar interfacial reactions were repeated with pure Sn, Sn-0.5Cu, Sn-

0.5Ag and Sn-1.8Ag. Figure 7 shows typical cross-polarized images of solder joints 

reflowed on Ni(P) UBM. In pure Sn/Ni(P) joints, beach-ball shaped three grains (5 

samples) and one grain (5 samples) were observed. In Sn-0.5Cu/Ni(P) joints, all ten 

samples have beach-ball shaped grains. In Sn-0.5Ag/Ni(P) joints, one grain (7 samples) 

and small grains(30-150 μm) (3 samples). In Sn1.8Ag/Ni(P) joints, one grain (9 

samples) and the mixture of large beach-ball shaped and fine grains (1 sample) were 

observed in cross-polarized images. Overall, in pure Sn/Ni(P) and Sn-0.5Cu/Ni(P) joints, 

beach-ball shaped grains are the majority, while in Sn-0.5Ag/Ni(P) and Sn-1.8Ag/Ni(P) 

joints, one large grain is the majority. These Sn grain orientations observed on Ni UBM 

are quite different from Sn grain orientations observed on Cu UBM.. 

 

For the information about the crystal orientation of beach-ball shaped grains, EBSD 

analysis was conducted on Sn-0.5Cu/Ni(P) joints, as shown in Fig.8. The beach-ball 

shaped grains were cyclic twins of Sn. Different from the cyclic twins observed in  

pure Sn/Ni(P) joints, the cyclic twins of Sn-0.5Cu/Ni(P) joint were subdivided into 

several grains. As shown in Fig. 8, it has various rotation angles (23, 45, and 60°) with 

[100] rotation axis.  

 

In Sn-Ag/Ni(P) joints, most samples have one large grain as shown in Fig. 7 and 9. In 

Fig. 9, Sn-1.8Ag/Ni(P) joint has near [111] crystal directions, which is the same 

orientation reported by Weinberg et. Al, the preferred direction of Sn-0.005wt% [32]. 

Although one large grain was the major grain structure, fine twins were occasionally 
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observed. In one sample of Sn-1.8Ag/Ni(P), the fine twins were observed near the 

interface between the UBM and solder. In our previous paper, it was reported that as 

cooling rate and Ag wt% increase, the 60° twins become finer in Sn-Ag solder balls 

[23]. Since the cooling rate at the interface is expected to be somewhat faster and Ag 

content is also somewhat higher than the solder inside, the fine 60° twins could be 

formed near the interface. 

 

In order to find the composition in solder after reacted with Ni(P) UBM, EPMA 

quantitative composition analysis was conducted in the area of 200 μm in diameter for 

each solder joint. Table 3 shows the results of EPMA analysis. Comparing with Table 2, 

the Ni dissolution into solder is confirmed to be much smaller (7-12 times) than the Cu 

dissolution. The Ni solubility in solder at 250C was calculated thermodynamically for 

each solder composition. For the solubility calculation, thermodynamic parameters of 

Sn-Ni binary system were used for pure Sn/Ni joint, Sn-Cu-Ni ternary system for Sn-

0.5Cu/Ni joint, and Sn-Ag-Ni ternary system for Sn-Ag/Ni joints [28, 30, 31]. Using 

Thermo-Calc program, the corresponding binary or ternary phase diagrams were 

constructed as shown in Fig. 10, from which, the Ni solubility at 250 °C was calculated. 

The Ni solubility value in Sn-Ni system is similar to Sn-Ag-Ni system. However, the Ni 

solubility in Sn-Cu-Ni system is smaller than other systems. Because the difference of 

atomic number between Cu and Ni is one and their atomic radius are similar to each 

other, the presence of Cu in solder could reduce Ni dissolution from Ni(P) UBM to the 

liquid solder. In Fig. 10(b), the formation of the two phase region of liquid and Cu6Sn5 

reduces the Ni solubility. Although Ni wt% in pure Sn/Ni(P) joint measured by EPMA 

is smaller than the Ni solubility in Sn-Ni system, Ni wt% in other joints are similar to 
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the calculated Ni solubility. Namely, in Sn-Cu-Ni and Sn-Ag-Ni systems, Ni atoms 

were dissolved quickly to the Ni solubility limit during 2min reflow at 250 °C. 

 

The change of Sn grain orientation during the interfacial reaction with Ni(P) UBM is 

different from the reaction with Cu UBM. The columnar grains in Sn-Cu /Cu joint was 

not observed in Sn-Cu/Ni(P) joint. Only large cyclic twins were observed in Sn-

Cu/Ni(P) joint. In Sn-0.5Cu, about 1.3 wt% of Cu is dissolved from Cu UBM, while 

0.06 wt% Ni is dissolved from Ni(P) UBM after the reflow at 250C, 2 min.. The large 

compositional change of 1.3 wt% Cu is attributed to the formation of columnar grains, 

while the small compositional change of 0.06wt% Ni in Sn-Cu/Ni joints is attributed to  

the formation of large twins. The fine twins in bulk Sn-Ag solders are changed to a few 

large grains after the reaction with Cu or Ni(P) UBM in most samples. The additional 

precipitation of Cu6Sn5 and Ni3Sn4 together with Ag3Sn could interrupt the formation 

of fine twins of the Sn matrix. 

 

Conclusion 

 

The reactions with Cu and Ni(P) UBM strongly affect the Sn orientation in both Sn-

Cu and Sn-Ag solders. During reflow on Cu or Ni(P) UBM, Cu and Ni atoms are 

dissolved quickly and saturate to their solubility limits in solders, causing the changes in 

composition and microstructure. A few large grains in pure Sn and Sn-0.5Cu solders 

change to many columnar grains after the reaction on Cu UBM, with the large 

compositional change of 1.3wt% Cu, while a few large grains are maintained after the 

reaction on Ni(P) UBM, with the small compositional change of 0.07wt% Ni. The fine 
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twins in Sn-Ag solders change to a few large grains after the reaction with Cu or Ni(P) 

UBM. This microstructure change is attributed to the compositional changes during 

reflow and subsequent precipitation of IMCs (Cu6Sn5, Ni3Sn4, Ag3Sn) in the solder 

matrix. 
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Tables 
 

 

Table 1. Anisotropic properties of Sn [11-16]. 

 
 

 

Table 2. EPMA quantitative composition analysis of Sn-rich solder/Cu joints and the 

thermodynamic calculation of Cu solubility in solders. 

 
 

 

Table 3. EPMA quantitative composition analysis of Sn-rich solder/Ni(P) joints and the 

thermodynamic calculation of Ni solubility in solders. 
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Figure 1. Heat profile during reflow. 

 

 

 

 

 
Figure 2. PCB design with two different UBM structure (Cu line/osp finish or Cu 

line/Ni(P)/Au finish). 

 

 

 



 

 

 

 

 

 

 
 

Figure 3. Cross-polarized images of reflowed bulk solders and solder joints reflowed with Cu 

UBM. 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 
Figure 4. EBSD analysis of Sn-0.5Cu/Cu joint (a) SEM image, (b) image quality map, (c) 

inverse pole figure map. 

 

 

 

 

 
 

Figure 5. EBSD analysis of Sn-1.8Ag/Cu joint (a) SEM image, (b) image quality map, (c) 

inverse pole figure map. 

 

 

 



 

 

 

 

 

 

 
Figure 6. The thermodynamic calculation of Cu solubility of Sn-rich solders at 250°C in (a) 

Sn-Cu binary phase diagram, (b) Sn-0.5Ag-Cu ternary phase diagram, and (c) Sn-1.8Ag-Cu 

ternary phase diagram. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 
 

Figure 7. Cross-polarized images of of reflowed bulk solders and solder joints reflowed with 

Ni(P) UBM. 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 
 

Figure 8. EBSD analysis of Sn-0.5Cu/Ni joint (a) SEM image, (b) image quality map, (c) 

inverse pole figure map. 

 

 

 

 

 
Figure 9. EBSD analysis of Sn-1.8Ag/Ni joint (a) SEM image, (b) image quality map, (c) 

inverse pole figure map. 

 

 



 

 

 

 

 
 

Figure 10. The thermodynamic calculation of Ni solubility of Sn-rich solders at 250°C in (a) 

Sn-Ni binary phase diagram, (b)Sn-0.5Cu-Ni ternary phase diagram, (c) Sn-0.5Ag-Ni ternary 

phase diagram, and (d) Sn-1.8Ag-Ni phase diagram. 

 




