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Ja p an 

The mechanical properties and the joint strength of Sn-Ag-Bi solders as replacement solders for Sn-Pb 

eutectic solder were investigated. The joint strength between Cu sheets and solder decreases when more than 

5 masso/o Bi is added to Sn-Ag system solders after annealing. Zn addition to Sn-3Ag-5Bi solder is carried 

out in order to improve the joint strength. The effect of Zn addition to Sn-3Ag-5Bi solder dn the joint 

strength and the joint interface structure was investigated. Zn addition to Sn-3Ag-5Bi solder changes the 

joint interface structure from solder/Cu-Sn intermetallic compounds/Cu to solder/Cu-Zn intermetallic 

compound/Cu-Sn intermetallic compound/Cu. Cu-Zn intermetallic compound acts as a barrier layer for 
inhibiting the growth of Cu-Sn reaction layer. Therefore, the growth of reaction layer and decrease of joint 

strength are inhibited by Zn addition after annealing. 
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1 . Introduction 

Sn-Pb eutectic solder has been widely used in the electronics 

industry because of its low melting temperature, Iow cost, good 

wettability, high ductility and good joint strength. However, due 

to increasing environmental and health concerns regarding the 

toxicity of lead, a lead-free solder as replacement for Sn-Pb 

eutectic solder is strongly desiredl). Lead-free solders are being 

studied because of regulations to be implemented under the law 

banning the use of lead, which will come into force in April 2006 

under WEEE (Directive on Waste from Electric and Electronic 

Equipment)2). Sn-Ag, Sn-Bi and Sn-Zn solders are these of typical 

lead-free solders and Sn-Ag solders are the most widely used as 

lead-free solders owing to their excellent joint strength and 

mechanical properties. However, the melting temperatures of 

Sn-Ag solders are higher than that of Sn-Pb eutectic solde~). The 

melting temperatures of Sn-Ag solders can be effectively lowered 

by Bi addition. And so the mechanical properties and the joint 

strength of Sn-Ag-Bi solders have been widely investigated in 

comparison with Sn-Pb eutectic solder4),5),6),7),8). Hirata et al. reported 

that the joint strength decreases when more than 5 masso/o Bi is 

added to Sn-Ag solders after annealing5),6). Hereafter in this paper, 

all compositions are expressed in masso/o. In the present paper, Zn 

addition to Sn-3Ag-5Bi solder was carried out in order to improve 

the joint strength. The Zn addition is expected to 
modify the interface structure due to the higher activity of Zn to 

Cu. We investigated the effect of Zn addition to Sn-3Ag-5Bi 

solder on the joint strength and the joint interface structure. 

2. Experimental procedure 

For the investigation of joint strength, Cu sheets were made into 

lap joint specimens using Sn-3Ag-5Bi- (O, 0.1. O.5, 1.0, 1.5) Zn 

solders. The Cu sheets were rinsed with acetone and I Oolo 

hydrochloric acid to remove surface oxide. The geometry of 

specimens and the test method are illustrated schematically in 

Fig. I . Pairs of Cu sheets were joined using each solder fragment 

Figure 

Tensile direction 

Cu 
(10 x 30 X I mm) 

523 K 
40 s 

Melting solder 

(10 x 5 mm) 

Solder 

Cu 

l Schematic illustration ofjoint strength measurement. 
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(2 X 2 x 0.1 mm) by placing them on a hotplate at 523 K for 40 s. 

The joined specimens were then annealed at 373 K for 3 .6 Ms. The 

joint strength of the as{oined and annealed specimens was 

measured by an Instron model machine at cross head speed of O. 1 7 

mm/s at 293 K. A crosssection of each specimen ~vas ground by 

five grades of SiC papers (# 80. 280. 400. 1000 and 1500) and 

was polished with AI20; paste (0.3 /1 m). They were then observed 

by using a scanning electron microscope (SF_M) with energy 

dispersive X-ray spectroscopy (F.DS) and a scanning ion 

microscope (.SIM). The measured value of the reaction layer 

thic.kness was expressed as the average of ten thickness 

measurements in the backscattered electron image. Specimens for 

transmission electron microscope (TEM) observation were also 

prepared by using a focused ion beam (FIB). The structures of the 

reaction layers were observed by TE.M and each reaction layer was 

identified by its electron diffraction pattern. 

3. Results and discussions 

3.1 Joint strength 

The variation in the joint strength of Sn-3Ag-5Bi- (O, 0.1, 0.5, 

l .O, I ._~) Zn solders as a function of a square root of annealing 

time at 373 K is shown in Fig. 2. Standard deviation of the joint 
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strength of Sn-3 Ag--~Bi- (O. 0.1, 0.5, 1.0, 1.5) Zn ~vas within 3. 

The decreasing rates were calculated from the difference of the 

joint strength of asajoined and aftcr annealing at 3_ 73 K for 3 .6 Ms 

are shown in Fig. 3 . The joint strength of Sn-3Ag-5Bi- (O, 0.1, 0.5, 

1 ._:)~) Zn solders almost decreased linearly with increasing 

annealing time. On the other hand, the joint strength of Sn-3Ag-

5Bi- I .OZn solder did not show any significant decrease after 

annealing. Thus, Zn addition inhibited decrease in joint strength. 

The suitable Z.n additioncontent was I .Oo/o. It is the interesting 

feature that the joint strength linearly decreased with a square root 

of annealing time. It is considered that this phenomenon relates to 

diffusion-controlled phenomenon at the joint interface between 

solder and Cu. 
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3.2 Joint interface structure 

Backsc.attered electron images of the interfaces of Sn-3Ag-

5Bi/Cu and Sn-3Ag--~~Bi-1Zn/Cu in the as~oined state and after 

annealing for 3.6 Ms are shown in Fig. 4. SIM images of the 

interfaces of Sn-3Ag-5Bi/Cu and Sn-3Ag-5Bi-lZn/Cu afier 

annealing for 3 .6 Ms are shown in Fig. 5. The reaction layers of 

the intert'aces between the solders and Cu grew with increasing 

annealing time. The interface of Sn-3Ag-5Bi/Cu consists of two 

reac-tion layers. These reaction layers were identified by EDS 

analysis as CutiSn~ and Cu3Sn, respectively. The C'.u3Sn, which was 

10cated between the Cu~,Sn5 and Cu, had fine grain size and was 

clearly observed in the SIM images. The C.u~Sn layer is very thin 

and has flat interfaces with the Cu6Sn5 Iayer and with the Cu 

substrate, while the Cu6 S5n layer exhibits rough interface. The 

Cu6 Sn5 Iayer markedly grew under annealing, but Cu3 Sn layer 

grew only slightly. This interface layer structure and the growih 

phenornenon of the reaction layer were similar to the interfaces of 

Sn-37Pb. Sn-3.5Ag and Sn-58Bi solderfCu systems3).9~,lo) 

The interface of Sn-3Ag-5Bi-1Zn/Cu also consisted of two 

reaction layers. These reaction layers were measured as Cu-Sn and 

Cu-Zn intermetallic compounds by using EDS analysis. As viewed 
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Figure 2 Joint strength of several solders as a function of the square root 

of annealing time at 3 7~- K. 
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Figure 3 Decreasing rates ofjoint strength for several solders. 
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Flgure 4 Backscattered electron image-s of Sn-3Ag-5Bi and Sn-3Ag-5Bi-

Zn asajoined and after annealing at 373 K for 3 .6 Ms. 
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in SIM images, the grains of the Cu-Sn and Cu-Z.n intenuetallic 

compounds have almost the same size. The Cu-Sn and Cu-Zn 

intermetallic. compounds maintained flat interface aftcr annealing 

and both reaction layers grew at the same rate. These intermetallic 

compounds could not be identified by F.DS analv. sis, bccause they 

~vere too thin. Therefore, the reaction layers of Sn-3Ag-5Bi;Cu 

and Sn-3Ag--5Bi-1Zn/Cu were investigated in det<ail by using 

TEM. TEM microstructures and electron diffraction pattems ofthe 

reaction layers at Sn-3_Ag-5Bi/Cu and Sn-3Ag-5Bi-1ZnlC,u are 

shown in Fig. 6. The grains measured electron diffraction pattems 

are indicated by Pl. P2, P3 and P4 in Fig. 6. The crystal sttlJcture 

of each reaction layer was determined from its electron dit~t~raction 

pattern. P1 reaction layer was identified as Cu~Sn phase of crystal 

structure A3 . P2 reaction layer was identified as CueSn5 phase of 

c.rystal structure BSl. P3 was identified as CudSn~ Phase of crystal 

structure B81 and P4 ~~･as identified as Cu5Zns Phase of crystal 

structure DS2. Addition of I o/o Zn changed the interface structure 

from solder/Cu6Sns/Cu?Sn/Cu to solder/Cu5Zn8/Cu{'Sn51Cu. 

The reaction layer thicknesses of several solders as a function of 

a square root of annealing time at 373 K are shown in Fig. 7. The 

standard deviations of reaction layer thicknesses at eac.h annealing 

time are shown in Table I . The reaction layers of all solders 

increased linearly ~vith a square root of annealin_~ time. This. 

suggests that this reaction at the inte,rfaces of these solders,/C'.u 

is diffusion-controlled. Slopes, y intercepts and correlation 

coefficients of each line by the least-squares method are shown in 

Table 2. Zn addition caused the thickness of the reaction layer to 

become thin asajoined and after annealing. Further, the slope for 

Sn-3Ag-5Bi-1Zn solder beeame the smallest among the all Zn 

addition solders. The growth of the reactio_ n layer at Sn-3Ag-

5Bi/Cu was dominated by the C'.u<,Sn5 Iayer that grew markedly 

into the solder. On the other hand, in the case of Sn-3 Ag-5Bi-1Zn 

solder, it is suggested that the CujZn* Iayer acts as a diffusion 

barrier that inhibits the growth of the Cu6Sn~ Iayer with annealing. 

The suitable Zn additioncontent is 1 9/~ from the viewpoint of 

inhibiting decrease the joint strength and the growth of a Cu.Snf 

layer. 

Backscattered electron images of Sn-3Ag-5Bi- I ._5ZnlC.u 

Table 1 Standard deviation of reaction layer thicknesses at each anneal-

ing time. 

Table 2 Slopes, y intercepts and correlation 1'~oeffients of lines by a least-

aquares method. 

asajoined and afier anne.aling are shown in Fig. 8. The as-joined 

intert~ace consisted of the lavers of Cu~'Sn~ and Cu~Zn~. But after 

annealing. a part of Cu;Z.ns broken down and Cu6Sn, grew into 

solder. Excess Zn occurring in a solder added with more than I .59/0 

Zn dift~used to the Cu side where it ibrmed CusZns. So the joint 

strength at I .59/0 Zn addition decreased about 3 0/~. It was 

suggested that the maintenance of the joint strength was due to the 

interface structure that maintained the layer interface of solder! 

Cu5Zn~'Cu6Sns/Cu after annealing. 

3.3 Microstructure ofjoint interf:ace 

Backscattered electron images of crosssections of fractures for 

Sn-3Ag-5Bi and Sn-3Ag-5Bi- IZn after annealing are shown in 

Fig. 9. The white precipitations observed in the solder and at the 

joint interface are Bi grains. Bi grains of Sn-~_ Ag--~Bi solder were 

observed more than those of Sn-3Ag-5Bi-1Zn solder. It is thought 

that Bi grains in the solder precipitated by annealing for the excess 
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Figure 5 SIM images of Sn-3Ag-5Bi and Sn-3 Ag-5Bi-Zn after annealing. 
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6 TEM microstructures and electron diffraction patterns of Sn-

3Ag-5Bi and Sn-3_ Ag-5Bi-Zn. 

solid solubility of Bi to Sn. Cu~Sn5 was formed and grew at the 

interface with annealing. As result, the Bi content in the solder 

increased around Cu~Sn5, and Bi grains precipitated at the interface 

around Cu6Sn5. The amount of precipitation Bi grain at the joint 

interface is related to the growth of Cu6Sn5, so the amount of Bi 

grain at the joint interf~ace is greater for Sn-3 Ag-5Bi solder than 

for Sn-3Ag-5Bi-1Zn solder because of larger growth of Cu6Sn5. 

The crack propagation of Sn-3 Ag-5Bi solder at the joint 

interface is show'n in Fig. I O. The crack propagation in the 

as~oined state was observed between Cu3Sn and Cu. On the other 

hand, the crack propagation after annealing was observed between 

Cu6Snf and solder. The reason is that brittle Bi grains precipitated 

between Cu6 Sn, and solder owing to the annealing by the 

mechanism described above. Therefore, the crack propagation site 

changed. So the precipitation of Bi grain between CueSn5 and 

solder caused by annealing decreases the joint strength of Sn-3Ag-

_5Bi solder. On the other hand, the crack propagations of Sn-3 Ag-

5Bi-1Zn solder in the asajoined and annealed states were observed 
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Figure 9 Backscattered electron images of crosssec-tions of fractures for 

Sn-3Ag-5Bi and Sn-3Ag-5Bi-1Zn after annealing. 
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7 Reaction layer thickness of several solders as a function of the 

square root of annealing time at 373 K. 
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3Ag-5Bi as{oined and after annealing. 
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between Cu,Zn* and solder as shown in Fig. 9. Therefore, the 

joint strength of Sn-3Ag-5Bi-1Zn solder did not change after 

annealing. 

4. ConcIUSions 

The effect of Zn addition to Sn-3Ag-5Bi solder on the joint 

strength and the joint interface structure were investigated. The 

main results obtained were as follows : 

(1) The joint interface structure changed from solderlCtk Sn=/ 

Cu,Sn/Cu to solder/Cu,ZndCu*Sn=/Cu by Zn addition. 

(2) The decrease in the joint strength and the growth of reaction 

layer after annealing at 373 K for 3.6 Ms are inhibited by Zn 

addition. 

(3) Cu,Zn* Iayer formed by Zn addition acted were a barrier layer 

for the growth of Cu*Sn=. 

(4) Optimum Zn additioncontent to Sn-3Ag-5Bi solder was I '/. 

from viewpoint of the joint strength and the joint interface 

structwe . 
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