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Low Cycle Fatigue Behavior of SnAgCu Solder Joints
Wang Chao,    Zhu Yongxin,    Li Xiaoyan,    Gao Ruiting
Beijing University of Technology, Beijing 100124, China
Abstract: Low cycle mechanical fatigue tests on 96.5Sn-3Ag-0.5Cu lead-free solder joints were carried out using a micro-uniaxial fatigue testing system at 25 °C with different frequencies (1~10 Hz) and a wide range of strain (2%~8%). The results show that the low cycle fatigue (LCF) life of the solder joint follows the Coffin-Manson equation in different strain ranges. Frequency-modified Coffin-Manson equation can describe the frequency effect on the fatigue life of lead-free solder joints. The analysis of failure process show that the fatigue cracks initiate at the interfaces between the solder and inter-metallic compound (IMC) around the edge of the joints, and then propagate within the solder along the solder/IMC interfaces proximately. Fracture morphologies of solder joints under different frequencies mainly consist of an initiated region, a propagation region and a final fracture region. The fracture mechanism of the final fracture region transforms from inter-granular fracture to trans-granular fracture with increasing of frequency.
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With the requirements of miniaturization, high packaging density and high reliability for electronic packaging, solder joints which play an important role in mechanical support and electrical connections are getting smaller and smaller. This trend degrades the ability of solder joints for absorbing the thermal and mechanical strains. The size reduction of solder joint means the threat from thermal cycling which becomes more severe due to the coefficient of thermal expansion (CTE) mismatch between the various materials in the packaging during the alternating load like thermal cycling [1,2]. A study shows that 70% of the electronic device failure is caused by the failure of packaging and assembly, in which the failure of solder joints is the main reason [3]. Therefore, the failure of solder joints has been one of the key problems affecting the reliability of electronic products. With the improvement of awareness in environmental protection, lead-free solder has become a main trend. SnPb solder is poisonous, its shear strength is low and its fatigue and creep resistance is poor; so, SnPb solder can lead to failure more easily [4]. The study on the performance and the reliability of lead-free solder receives more attention in recent years; however, the solder joints displaying a much more complex behavior are different with the bulk solder. It is accepted that testing of bulk materials disregards vital aspects that might affect the fatigue behavior compared to ordinary electronic joints [5]. So study on the fatigue behavior of lead-free solder joints is particularly important.

Fatigue is one of the main reasons for the failure of solder joints. Fatigue damage is accumulated during the strain cycle which is induced by the mismatch of thermal expansion coefficient between different parts in electronic components during processing and in service. The thermo-mechanical fatigue (TMF) process begins with the accumulation of damage at a local region and eventually leads to the formation of cracks and their subsequent propagation [6]. Generally, the cracks originate more easily at the brittle-hard phase which causes significant stress concentration such as inter-metallic compound (IMC) layer, Cu6Sn5 [7-9].
Kariya and Otsuka studied the fatigue life of Sn-3.5Ag-Bi through a total axial strain-controlled test. The result showed that fatigue life could be represented by a ductility-modified Coffin-Manson relationship [10]. Solomon found that the fatigue life of 96.5Sn-3.5Ag was generally greater than that of 60Sn-40Pb solder for total shear-strain-controlled fatigue tests at 35 and 150  ºC [11]. Kanchanomai studied the influence of frequency on low cycle fatigue behavior of Pb-free solder 96.5Sn-3.5Ag at 20  ºC under different frequencies (10-3~1 Hz), and found that frequency-modified Coffin-Manson model could successfully describe the frequency effects on the fatigue behavior [12]. Zhang studied the fatigue fracture behavior of SnAgCu solder joints using in situ observation method at room temperature, and the result showed that the crack mainly initiated in the interface between solder and Cu6Sn5[13]. Although lot of studies have been conducted, the current researches on fatigue behavior were mostly concentrated on the solder and low frequency, a little is known about the influence of high frequency on fatigue behavior and mechanisms of crack initiation and growth in SnAgCu solder joints.

Therefore, in the present study, we focused on the study of the isothermal low-cycle fatigue behavior of 96.5Sn-3Ag-0.5Cu solder joints and indicated the mechanism of crack initiation and growth under higher frequencies. The life prediction model used to describe the influence of strain and frequency on fatigue life was also investigated in the present study.
1
Experiment
96.5Sn-3Ag-0.5Cu solder was used in the present study, whose solidus and liquid lines are 217 and 221 ºC, respectively. The copper was selected as the substrate material. The size of the solder joints was 1 mm × 1 mm. The thickness of the solder joint was 0.1 mm. Accordingly, the dimension of the solder joint was illustrated in Fig.1. 
The fabrication process of solder joints is as follows: firstly, in order to remove the oxide film, the copper sheet was cleaned using the nitric acid solution for 30 s, and then the soldering paste was dispersed on the end of the copper sheet. After that, the gasket, copper with soldering paste, solder sheet and the other copper sheet were placed in an aluminum fixture. Then the fixture was put into a reflow oven at the peak temperature of 260 ºC for 6 min. When the temperature cooled to 150 ºC, the fixture was taken out and cooled down in air. The samples were placed in air for two weeks in order to relieve the residual stress. Moreover, the side surfaces of the joints were ground with 1000# and 2000# SiC abrasive papers, and then carefully polished with 0.3 and 0.05 μm Al2O3 suspension for damage evolution observations.

The fatigue tests were conducted using Micro-Uniaxial 
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Fig.1  Specimen size
Fatigue Testing System. In all of the tests displacement were controlled. A sinusoid waveform was applied to the solder joints, corresponding to the strain ratio R=0. On the other hand, four to five specimens were tested under the same condition, and the mean fatigue life was used for the present analysis.

2  Results and Discussion
2.1  Low cycle fatigue life
The fatigue life of solder joints under different test condi- tions are shown in Table 1. It should be noted, as Guerrazzi indicated, if the shear stain is calculated by dividing the actual displacement via the solder joint thickness, it is too large to be termed as a shear stain, and “simple shear-strain” is considered to be a more appropriate term [14]. On the other hand, for the yield stress of copper is far higher than the solder, it is supposed that the deformation is concentrated in the solder.

We can see from Table 1 that with the increasing of plastic strain, the number of cycles decreases rapidly. Fig.2 shows the hysteresis loops of different total strain range (Δεt) in half cycle life. In order to avoid the error caused by the initial cycle instability, we took the value in half cycle life. The area of the loop reveals the energy absorbed by the material (energy accumulated in the material). We calculated the area of hysteresis loops in Fig.2 by Origin software. The results are shown in Table 2.

We can see from Table 2 that the strain energy accumulated in each cycle increases with the increasing of plastic strain. The plastic strain value is obtained by finding the intercept of the hysteresis loop on the strain axis. However, with the increasing of frequency, the number of cycles increases sharply. This is because the high frequency increases the number of circulation in per unit time.
Fig.3 shows the hysteresis loops changing process of 10 cycles with different total strain range. From Fig.3, we can see that with the increasing number of cycles, the plastic strain becomes larger and larger. Fig.4 shows the changing 
	Table 1  Fatigue life of solder joints (cycle)
Δεt/%
	Δεp/%
	Nf (1 Hz)
	Nf (2 Hz)
	Nf (5 Hz)
	Nf (10 Hz)

	8
	4.21
	427
	724
	1514
	1905

	6
	2.95
	1175
	1318
	2512
	2818

	4
	2.00
	2239
	3981
	6607
	13183

	2
	0.97
	17378
	19953
	38019
	50119


Note: Δεt-total strain range; Δεp-plastic strain range; Nf-fatigue life 
Table 2  Area of hysteresis loops

	Δεt/%
	2
	4
	6
	8

	Hysteresis loops area/J
	43.47
	71.28
	95.72
	187.51
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Fig.2  Hysteresis loops of different total strain range: (a) 2%, (b) 4%, (c) 6%, and (d) 8%
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Fig.3  Changing processes of hysteresis loops of 10 cycles with different total strain range: (a) 2% , (b) 4%, (c) 6%, and (d) 8%
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Fig.4  Changing processes of maximum load in each cycle with different total strain range: (a) 2%, (b) 4%, (c) 6%, and (d) 8%
processes of maximum load in each cycle with different total strain range. Degradation of solder joints can be observed from Fig.4, because the stress range on the joints decreases with the increasing number of cycles.
Fig.5 shows the log-log plot of the relationship between the fatigue life and the plastic strain range. It is shown that the fatigue life has a good linear relationship with the plastic strain in the 2% ~ 8% total strain range. So we can see that the relationship between plastic strain range and number of cycles to failure follows the Coffin-Manson equation [15].
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where Δεp is the plastic strain range, Nf is the fatigue life, α
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Fig.5  Relationship between the fatigue life and the plastic strain 
range
is the fatigue ductility exponent, and θ is the fatigue ductility coefficient. 
It is therefore concluded that the Coffin-Manson relationship is applicable to describe the low-cycle fatigue behavior of the 96.5Sn-3Ag-0.5Cu solder joints at 25  °C. It can be seen that the slopes for different frequencies are basically similar. While the intercepts increase with increasing of frequency, so the fatigue ductility coefficient increases with increasing of frequency.

In order to describe the influence of the frequency on fatigue life of lead-free solder joint, here, we introduce the frequency index k. Fig.6 shows the log-log plot of the relationship between the fatigue life and frequency under different strains.
For constant strain range, the frequency exponent can be determined from the relationship between the number of cycles to failure and frequency, i.e. Eckel equation [16]:

Nf=bv1-k                                                (3)
where b is a constant, ν is the frequency, and k is the frequency exponent. These k values ranged from 0.2597 to 0.5758, as shown in Table 3. 

Here, we called (Nfνk-1) frequency-modified fatigue life. The log-log plot between the plastic strain range and frequency-modified fatigue life (Nfνk-1) is shown in Fig.7. The fatigue results for different frequencies could be fitted to a single curve with exponent (α) of 0.4119. Therefore, the effect of frequency on fatigue life can be described in terms of a frequency-modified Coffin-Manson equation,
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2.2  Fracture path
  Under different loading conditions, the solder joint fracture path has a certain difference. Fig.8a shows the cross section of a fractured joint tested at 2% total strain range with 1 Hz, where the crack initiates at the solder/IMC interface on both sides of the solder joint, then propagates into the solder near the interface and links up with each other to form a main crack. Serious stress concentration is found in the intersection of cracks, which leads to severe plastic deformation in solder joint, as shown in Fig.8b. In addition to plastic deformation, shear bands can be seen in the surface of solder joint, as shown in Fig.8c.
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Fig.6  Relationship between the fatigue life Nf and frequency v
	Table 3  Values of k with different plastic strain range
Δεp/%
	4.21
	2.95
	2
	0.97

	Frequency exponent, k
	0.51
	0.26
	0.58
	0.33
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Fig.7  Relationship between plastic strain range Δεp and the frequency-modified fatigue life Nf
Fig.8d shows the cross section of a fractured joint tested at 8% total strain range with 10 Hz, in this case the crack only propagates on one side of the solder joint, through the solder/IMC interface. There is no severe plastic deformation in the surface of solder joint, as shown in Fig.8e and 8f. 
 The reasons for these observations may depend on the amount of the plastic strain. Normally, when the applied strain and frequency are small, the plastic strain cumulated by solder joint in each cycle is small. So the joint has enough time to accumulate plastic strain and form micro-cracks on both sides of the joint. After that, the joint is deformed slowly until micro-cracks on both sides link up with each other to form a main crack and then lead to the joint failure. When the applied strain and frequency are large, the plastic strain cumulated by solder joint in each cycle is large. Micro-cracks do not have enough time to initiate at both sides of the joint, but the main crack directly choses a relatively weak side of the joint to form and propagate because of the great damage of each cycle. And the crack simply takes the path that shows less deformation resistance, which is normally the shortest path from one side of the joint to the other.

2.3  Crack initiation and propagation 
Fig.9a shows the crack initiation after 1000 cycles with 2% total strain range and 1 Hz. The crack initiates at the interface of solder/IMC from the corner of the solder joint.

Because of the stress concentration at the solder/IMC interface, severe plastic deformation of the solder can be  observed near the interfacial IMC. In light of the big difference of mechanical properties between the solder and the IMC, especially the hardness, it is easy to understand the severe strain incompatibility and stress concentration that exists near the interface [17, 18].
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Fig.8  Cross section of solder joints: (a) fracture path with 2% strain range and 1 Hz, (b) intersection of cracks, (c) deformation and shear bands, (d) fracture path with 8% strain range and 10 Hz, (e) surface of solder, and (f) magnification of position A in Fig.8e
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Fig.9  Process of cracks propagation: crack initiation after 1000 cycle (a), 5000 cycle (b), 10000 cycle (c); final fracture region with 2% strain range and 1 Hz (d); final fracture region with 2% strain range and 10 Hz (e); EDS spectrum of position A in Fig.9e (f)
After 5000 cycles, plastic deformation became more and more severe at the solder/IMC interface. The micro-cracks link up with each other to form a long initial crack and propagate into the solder near the solder/IMC interface, as shown in Fig.9b. After 10000 cycles, severe plastic deformation and shear bands can be observed on the surface of the solder and the solder/IMC interface is gradually separated, as shown in Fig.9c.

In the final fracture stage, there are two models of crack propagation. When the applied frequency is low, the crack propagates along the IMC interface. The perfect residual interfacial Cu6Sn5 on the fracture surface shown in Fig.9d provide clear evidence. When the applied frequency is high, the crack propagates into IMC, which leads to the Cu6Sn5 cracked. The cracked Cu6Sn5 (see EDS analysis of Fig.9f) on the fracture surface shown in Fig.9e is provides clear evidence. The spacing between shear bands is related to the load frequency, as shown in Fig.10. High loading frequency makes the distance between shear bands narrow. Low loading frequency makes the distance wide.
2.4  Fracture analysis

Fig.11 shows the fractographic morphologies of fatigue fracture. It is obvious that there are three regions in general: the crack initiation region, the crack propagation region and the final fracture region. The crack initiation region exhibits a typical ductile rupture feature, as indicated by the numerous dimples shown in Fig.11a. There are some cracked IMCs at the bottom of the dimples (Fig.11b), indicating that the micro-scale cracks firstly initiate at the top of the IMC layer and then propagate into the solder to form a dimple. In contrast, the region of fatigue crack propagation is quite rough and the fatigue crack propagates through the solder matrix, as shown in Fig.11c and 11d. Combined with the former side-surface observations in Fig.9, it is obvious that fatigue cracks are propagated in the solders close to the solder/IMC interface. The shear slip band and the severe plastic deformation of the solder can be observed in the crack propagation region. 

There are always two types of fracture modes observed in the final fracture zone: inter-granular fracture and trans- granular fracture. Fig.11e shows the fracture morphology of the final fracture region at 1 Hz. When the applied frequency is low, the final fracture zone displays a typical feature of inter-granular brittle fracture. The facture often occurs at the interface of the Cu6Sn5 grains and the solder. The interfacial Cu6Sn5 grains remain intact after the final fracture. Fig.11f

Fig.10  Shear bands with different frequencies: (a) 1 Hz, (b) 5 Hz, and (c) 10 Hz





Fig.11  Fatigue fracture surfaces: (a) crack initiation region, (b) dimples, (c) crack propagation region, (d) shear bands in crack propagation region, (e) inter-granular brittle fracture at 1 Hz, and (f ) trans-granular brittle fracture at 10 Hz
shows the fracture morphology of the final fracture region at 10 Hz. When the applied frequency is high, the final fracture zone displays a typical feature of trans-granular brittle fracture. The fracture often occurs in the interior of IMCs.
From the fractographic morphologies of fracture, we can conclude that, the solder close to the solder/IMC interface is deformed severely due to the stress concentration under the cyclic loading; micro-cracks appear at the interface, caused by the strain incompatibility between the two phases. With increasing of number of cycles, the micro-cracks link up and propagate into the solder adjacent to the solder/IMC interface. The effective loading area is reduced, and the real stress applied to the solder joints increases with the propagation of fatigue cracks. When the loading frequency is low, the fracture mechanism of the final fracture region is an inter-granular fracture. When the loading frequency is high, the fracture mechanism of the final fracture region is trans-granular fracture.

3  Conclusions
1) The LCF behavior in the frequency range of 1~10 Hz follows the Coffin-Manson equation. The fatigue ductility exponents are basically similar. However, fatigue ductility coefficients are affected by frequency. Frequency-modified Coffin-Manson model can successfully describe the fatigue behavior with frequency effects.

2) Fatigue cracks tend to initiate at the solder/IMC interfaces around the edge of the joints due to the strain incompatibility and local strain concentration, and they then propagate within the solder proximately along the solder/IMC interfaces.

3) The joints tested at different frequencies present similar fractography morphologies, which consist mainly of an initiated region, a propagation region and a final fracture region. The fracture mechanism of the final fracture region changes from an inter-granular mode to a trans-granular mode with increasing of frequency.
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SnAgCu无铅焊点低周疲劳行为研究

王 超，朱永鑫，李晓延，高瑞婷
（北京工业大学，北京100124）

摘  要：在25 ℃下利用单轴微力疲劳试验机对96.5Sn-3Ag-0.5Cu无铅焊点进行不同频率（1~10 Hz）和应变范围（2%~8%）的低周疲劳试验。结果表明，不同应变范围条件下无铅焊点的低周疲劳行为符合Coffin-Manson方程。频率修正的Coffin-Manson方程可以用来描述频率对无铅焊点低周疲劳寿命的影响。疲劳裂纹首先在焊点边缘的钎料与金属间化合物（IMC）之间的界面处萌生，随后，裂纹沿近IMC层的钎料内进行扩展。不同频率条件下焊点的断口形貌主要分为3个特征区域：裂纹萌生区、裂纹扩展区和最终断裂区。随着频率的升高，焊点的断裂机制由沿晶断裂向穿晶断裂转变。

关键词：低周疲劳；无铅焊点；可靠性；裂纹萌生；裂纹扩展
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