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ABSTRACT

In the present study, a series of uniaxial torsion tests are performed to investigate the strain rate
effect on the shear response of 63Sn/37Pb solder. The specimens are two pieces of Cu cylinders
jointed by eutectic solder with standard SMT reflow process. The twisting load is applied using an
MTS machine with torsion capability. Although the tests are quasi-static in nature, two loading
rates with an order of difference are applied. The experimental results reveal that both the yield
stress and the shear strength of Sn-Pb solder increase substantially when the loading rate is higher.
From the experimental results, it is concluded that the 63Sn/37Pb solder has an obvious strain rate
effect on the shear response.

1. INTRODUCTION

Surface mount technology (SMT) has become the mainstream in the electronics manufacturing
industry since early 1980s. One of the features of SMT is that the solder is not only an electrical
passage, but also a mechanical joint to fix the components on the printed circuit board (PCB).
Therefore, the solder joint reliability is a major concern for the surface-mounted components [1]. In
order to ensure the reliability of electronic products, a series of qualification tests need to be
conducted. During these tests, the solder joints may be subjected to thermal and mechanical loading.
The former refers to temperature cycling while the latter concerns vibration and impact. Because
the qualification tests usually take a long time to obtain the results, it is desirable to perform
modelling and simulation for parametric studies at the design stage so that the reasonable solder
joint reliability could be achieved. In order to do so, it is essential to know the mechanical
properties of solder materials. Therefore, material characterization is a major issue for the study of
solder joint reliability [2].

In the literature, there were certain efforts dedicated to the material characterization of solders
[3-4]. Since creep is considered the major damage mechanism of solder joints, most of previous
studies were focused on the investigation of thermo-mechanical behaviours. The research on the
dynamic effect of solders is still very limited [5-6]. This paper presents an experimental study to
characterize the strain rate—dependent shear response of 63Sn/37Pb solder. During the course of
this study, a series of uniaxial torsion tests are performed. The specimens are two pieces of Cu
cylinders jointed by eutectic solder with standard SMT reflow process. The twisting load is
provided by an MTS machine with torsion capability. Although the test is quasi-static in nature,
two loading rates with an order of difference are applied. The results from the present study would
serve as a good reference for the ensuing dynamic torsion tests.
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2. UNIAXJAL TORSION TESTS
2.1 Specimen Preparation

In the present study, a pair of Cu cylinders are jointed together by the eutectic solder to make
the specimen. In order to simulate the real solder joints, the soldering is performed using solder
paste and standard reflow process. For the fabrication of specimens, an Al fixture is designed as
shown in Fig. 1. The two Cu cylinders are aligned and clamped by the Al fixture with a fixed gap
apart. The gap is filled with 63Sn/37Pb solder paste at room temperature. Then the whole assembly
is placed in an SM500CXE-HT forced convection reflow oven and a standard reflow temperaturé
profile is applied. After the reflow process, the specimen is removed from the Al fixture. Certain
surface polishing work may be required in order to maintain a uniform diameter for the whole
specimen. In addition, it is necessary to perform X-ray inspection to check the integrity of soldering,
Fig. 2 shows a typical X-ray picture of the solder joint between the two Cu cylinders. It can be seen
that Cu and 63Sn/37Pb are well-bonded together and no voids are observed in the solder. The last
step for specimen preparation is to cut the solder to form a “dog-bone” shape as illustrated in Fig, 3.
A lathe machine is employed for the shaping. The purpose of such arrangement is to ensure that,
under the applied uniaxial torsion, the failure would occur in the solder, not at the interface between
the Cu cylinder and the solder.

Fig. 1: Al fixture for the fabrication of specimens

Fig. 2: X-ray inspection for quality assurance of soldering
o,

2.2 Experimental Configuration

A series of uniaxial torsion tests are conducted in the present study. An MTS-858 machine with
torsion capability is employed to perform the tests. The schematic diagram of experimental set-up
is illustrated in Fig. 3. Although the test is quasi-static in nature, two loading rates with an order of
difference (2°/min and 20%min) are applied to investigate the strain rate-dependent shear response
of 6351/37Pb solder.
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Fig. 3: Schematic diagram for the solder specimen subject to uniaxial torsion

2.3 Evaluation of Shear Strength

For the characterization of shear strength under uniaxial torsion, the specimens are usually
prepared in the shape of a thin-walled tube in order to achieve uniform shear stress in the material.
However, in the present study, it is rather difficult to make the specimen a thin-walled tube because
the solder joint is formed by the reflow process. Therefore, the specimens are prepared in the form
of solid cylinders. As a result, the shear stress in the solder varies along the radial direction. For the
evaluation of shear strength in the present case, a sophisticated stress analysis is needed to extract
the shear response from the experimental torque-twisting angle data. The procedures to derive such
result are given as follows.

Consider a solid cylinder subjected to pure torsion, in which the twist 6 has the unit of radian
per unit length. The shear strain is then given by

y =18 D

where r is the radius of the field point under consideration. It should be noted that this relation is
considered valid even if the deformation is in the plastic range. Within the elastic range, the shear
stress is proportional to the shear strain and can be determined by the following relation

=Gy @

where G is the shear modulus of materials. However, for uniaxial torsion in the plastic range, the
shear stress inside the solid cylinder no longer has a linear relationship with the distance from the
axis of torsion. The derivation of explicit functional form is given below.
; When a pure torsion is applied to a solid cylinder, the torque on a cross-section can be
_ expressed as
R 2

M =2n[ wr’dr 3
S .90
~ where R is the outline radius of the cylinder. Assume the shear stress is related to the shear strain
_ by a general constitutive relation '

T=1£(V) C)]
Substituting Egs. (1) and (4) into (3) and changing the variable from r to y lead to
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where 7, = R8. Differentiating Eq. (6) with respect to 8 gives

a%(Mef) = 27RE(RO)R ()’ = 2nR* ()£ (RO) a

~—

Define the shear stress on the outer surface of the solid cylinder by T, =1(R6). Then

3M(8)* +(8)° %%— =2nR’ (8)° 14 )
Consequently,
1 1 .dM
=——(0—+3M
%= e TN ®

Therefore, if M ~ 6 curve is known, the shear stress on the outer surface of the cylinder can be
calculated using Eq. (9). In the case of dM/d6 =0, the shear strength can be evaluated as

3M pax

2R3 1o

tb:

Table 1: Shear strength of 63Sn/37Pb solder under loading rate of ¢ = 2° /min.

Sample No R (mm) L, (mm) M, (Nm) (™) T, (MPa)
1 3.61 2.00 2.582 1.05%1073 26.2
2 2.92 2.00 1.231 8.50x10™ 23.6
3 1.88 2.00 0.345 547x107" 24.8
4 2.46 2.00 0.979 7.16x107* 314
5 2.55 2.00 1.042 7.42%107 29.8
6 1.83 2.00 0.300 5.33%107 234
7 1.94 2.00 0.448 5.65%10™ 29.2
8 1.92 2.00 0.435 5.69%107* 29.4
Average - - - 6.95x10™ 27.2

Table 2: Shear strength of 63Sn/37Pb solder under loading rate of ¢=20°/min.

Sample No R (mm) L (mm) | M, N.m) (™) T, (MPa)
9 1.94 2.00 0.552 5.65%x107° 36.1
11 \ 1.81 2.00 0.356 5.27%107 28.9
12 1.82 2.00 0.494 520x107° 38.8
13 1.95 2.00 0.576 5.67x107° 37.1
14 1.80 2.00 0.459 5.24x107° 37.6
15 1.85 2.00 0.511 5.38%x107° 38.5

" Average - - - 5.42%x107 36.1
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Fig. 4: Typical shear stress-strain curves of 63Sn/37Pb solder under uniaxial torsion

(a) ¢=2°/min (b) ¢=20°/min

Fig. 5: SEM micrographs of the fracture surface of 63Sn/37Pb solder

3. EXPERIMENTAL RESULTS

A series of uniaxial torsion tests were conducted on 63Sn/37Pb solder specimens using MTS
858 material test system. In order to investigate the strain rate effect on the shear response of the
solder, two levels of loading rate, namely, ¢ = 29 /min and 20° /min, were applied. The measured
shear strength of th&solder samples at these two levels of strain rate are given in Table 1 and Table
2, respectively. The typical shear stress-strain curves of 63Sn/37Pb solder are shown in Fig. 4.
From these experimental results, it is obvious that the strain rate has a significant effect on the shear
response of 63Sn/37Pb solder. There is roughly a 30 percent increase in the shear strength as the
strain rate increases by approximately one order of magnitude.

Fig. 5 shows SEM micrographs of the fracture surface of the solder. A typical two-phase
eutectic micro-structure (Pb in the light phase and Sn in the dark matrix) can be identified. It is
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found that the grains have been stretched after loading. In order to understand the strain rate.
dependent behavior of 63Sn/37Pb solder, dynamic tests at much higher strain rate are necessary,
miniature split Hopkinson torsion bar device is under development. Further tests will be conducteq
to investigate the strain effects on the shear response of various Sn-Pb solders.

4. CONCLUSIONS

A series of uniaxial torsion tests were performed in the present study to investigate the strain
rate effect on the shear response of 63Sn/37Pb solder. The specimens were two Cu cylinders
soldered together with standard SMT reflow process. A torsional MTS machine was employed to
apply the loading. Although the test was quasi-static in nature, two loading rates with an order of
difference were applied. The experimental results revealed that the strain rate has a significant
effect on the shear response of eutectic Sn-Pb solder. It was identified that there was roughly a 30
percent of increase in the shear strength as the strain rate increased by approximately one order of
magnitude. The results from the present study would serve as a good reference for the ensuing
dynamic torsion tests.
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