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Strain-rate and temperature-dependent 
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Tensile tests on cast Sn-Pb eutectic alloy have been carried out at 25, 100, 140, 170~ and 
several strain rates ranging from 7 x 10 -3 7 x 10 -5s  -1 . The stress-strain curves obtained were 
strongly dependent on strain rate and temperature. Under the conditions tested, higher strain- 
rates gave a higher stress-strain curve and a larger strain at fracture. The tensile strength may 
be expressed by a power function of strain rate whose exponent and coefficient are governed 
by a kind of Arrhenius' equation. The nominal stress-strain curves showed significant work 
softening due to diffuse necking; however, the true stress-strain curve exhibited slight work 
softening. Thus the elastic perfectly viscoplastic model can be applied to the solder. 

1. Introduction 
Solder is indispensable for connecting electronic de- 
vices with printed circuit boards. Nowadays many 
electric and electronic units are mounted on auto- 
mobiles. Different from electric appliances used in- 
doors, solder joints mounted on automobiles are used 
under more severe temperature conditions ranging 
from - 3 0 ~ 1 7 6  for example. To ensure reli- 
ability of these solder joints, the mechanical properties 
of solder under service conditions must be known. 
Many works have been reported on the fatigue 
strength of solders (e.g. [1, 2]), creep behaviour [3-6] 
and thermal cycling tests of soldered joints [7]. In 
order to analyse stress or strain distribution of solder 
joints subjected to mechanical or thermal loading, the 
stress-strain curves under various loading conditions 
should be known. However, no stress-strain curves of 
solder alloy can be found in a reference book of 
stress-strain curves [8]. A few stress-strain curves [6, 
9, 10] have been reported; however, they refer only to 
tests at room temperature. It is important to clarify 
the mechanical behaviour at high temperature, be- 
cause the solder is expected to exhibit highly visco- 
plastic behaviour, i.e. the stress-strain curve depends 
on strain rate and temperature. 

In this paper, we present experimental results of 
uniaxial tension tests of cast Sn-Pb eutectic alloy at 
constant temperatures of 25, 100, 140 and 170~ 
under strain rates of 7 x 10 -5, 7 x 10 -4 ,  1.8 • 10 . 3  and 
7x  10 -3 s -1. The effects of temperature and strain 
rate on the stress-strain curve are discussed and an 
empirical expression of the constitutive relation de- 
pendent on strain rate and temperature is given. 

2. Experimental procedure 
The material used in the experiment was commercially 
available Sn-Pb eutectic solder (Sn 62.3, Pb 37.7 wt %). 
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The extruded solder, as-received, was melted and cast 
into a mould made of stainless steel in our laboratory. 
The tensile specimen, 5 mm thick, shown in Fig. 1, was 
machined from a plate-like ingot. Fig. 2 shows the 
micro-structure of the specimen, which is very similar 
to that of solder joints manufactured with reflow 
soldering. The specimen was elongated by a horizon- 
tal screw-driven testing machine equipped with a hea- 
ting unit, which is composed of heating elements of a 
contact type sandwiched between thin aluminium 
plates. These plates prevent the distortion of the speci- 
men at high temperature. The temperature of the 
specimen within the gauge length was controlled with- 
in 3 ~ by adjusting the electric current of each heating 
element. 

The load applied to the specimen and the relative 
displacement of the Specimen between grips, measured 
by the displacement transducer, were stored in a 
digital memory at a suitable time interval. The axial 
strain was evaluated by dividing the relative displace- 
ment by the effective gauge length, which was deter- 
mined from the ratio of the relative displacement 
mentioned above to the reading of a strain gauge 
cemented on the specimen, based on a calibration test 
done at room temperature. This method was used 
because direct strain measurement was difficult due to 
the use of a contact type heating unit. 

The tensile tests were conducted at 25, 100, 140 and 
170~ under nominal strain rates of 7 x 1 0  -5, 
7 x 1 0  -~, 1 .8x10 .3 a n d 7 x 1 0  -3s-1 .  

3. Results and discussion 
Figs 3-6 show the nominal stress-strain curves at 25, 
100, 140 and 170 ~ respectively. These curves are the 
outputs of the nominal stress and strain, processed 
with a personal computer. At 25~ tests were re- 
peated twice for each strain rate. The two stress-strain 
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Figure 1 Geometry of the test specimen. 
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Figure 3 Nominal stress-strain curve (25 ~ 
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Figure 2 Scanning electron micrograph. 

curves of the same strain-rate are very close, therefore, 
the mechanical property of the cast solder is stable. 

At each temperature, the higher strain rate gave rise 
to a higher stress-strain curve. The tensile strength 
was attained at a few per cent strain, and thereafter the 
nominal stress gradually decreased due to diffuse nec- 
king. The latter was significant at high temperature. 
Generally, strain at fracture was also larger at high 
strain rates. The scattering of the strain at fracture 
is attributed to the random distribution of small 
voids and impurities formed during the casting 
process. The stress-strain curves of strain rate 
7 x 10-4s  -~ in Fig. 3 are very similar to that obtained 
for the eutectic Sn-Pb  solder at room temperature and 

= 1.5 x 10-4s  -1 by Satoh et al. [9]. 
The effect of strain rate on the tensile strength is 

shown in Fig. 7. In this range of strain rate, the tensile 
strength is expressed by formula 

c~ = A ~l/Y (1) 

where  the  coeff ic ients  A a n d  N d e p e n d  on  t empe r -  

ature.  Di f fe ren t  f r o m  the usua l  a s s u m p t i o n  of  the  
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Figure 4 Nominal stress-strain curve (100 ~ 
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Figure 5 Nominal stress-strain curve (140 ~ 
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Figure 6 Nominal stress-strain curve (170 ~ 
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Figure8 Temperature dependence of N and A. N: (O) Present 
results, (�9 [11], (A) [4]. A: (x) Present results, at & = ls 1. 
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Figure 7 Effect of strain rate on tensile strength. Location (turn) 
Figure 9 Local strain distribution. Nominal strain: (11) 2%, (A) 
10%, (O) 20%, (D) 30%, (%) 40%, (�9 45%. 

steady creep that only the coefficient A depends on 
temperature but not on N, the slope of the lines in Fig. 
7, the exponent, N, varies with temperature. 

The change in the exponent N and coefficient A 
with temperature is shown in Fig. 8. In this figure, the 
experimental results are compared with those ob- 
tained from Kashyap and Murty ([11] Fig. 3) for the 
range ~ > 0.001 s -1, and the values given by Hall ([4] 
Table I). Those results were obtained for the eutectic 
Sn-Pb solder. From these results we can conclude that 
the exponents do depend on the temperature. If we 
admit some scattering of the data, N and A can be 
expressed by 

N = 0.512 exp (900/T) (2) 

A = 2.42exp(356/T) (3) 

The local strain distribution along the longitudinal 
axis of the specimen was obtained by measuring the 

change in the spacing of the grating drawn on its 
surface. Fig. 9 shows the result of the test at 25 ~ and 
~; = 7 • 10-4S -1. The initial spacing of the grating 
was 1 mm, while the local strain was evaluated for 
every 4 and 2 mm after formation of necking. Up to a 
nominal strain of 20%, the distribution was fairly 
uniform within the parallel portion; however, a visible 
neck appeared over a nominal strain of 40%. The 
specimen fractured at 45% nominal strain, whereas 
the maximum local strain with 2 mm gauge length 
attained about 140%. This distribution is similar to 
that of highly pure eutectic solder [12] in Region III, 
whereas the magnitude of elongation in our test is 
about one-half that given by Ahmed and Langdon 
[12]. The difference may be attributed to grain- 
boundary embrittlement due to impurities. The 
macroscopic feature of the fractured specimen is 
shown in Fig. 10. 
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Figure 10 Fractured specimen: (a) 25 ~ (b) 170 ~ 
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Figure 11 The true stress-strain curve (25 ~ 

With the local strain shown in Fig. 9 and assuming 
material incompressibility, the true stress strain curve 
was obtained for the test at 25~ , and ~ = 7 
x 10-3 s-1, Fig. 11. This diagram shows slight work 

softening even on the true stress-strain plot. Similar 
results have been reported for a compression test by 
Kitamura et al. [10]. This softening is explained by 
recrystatlization due to dynamic ageing [13]. 

For  the magnitude of allowable strain for practical 
solder joints, however, the elastic perfectly plastic 
model can be applied for this solder. 

4. Conclusions 
1. Tensile tests of the cast Sn Pb eutectic solder 

were performed at temperatures ranging from 
25-170 ~ and strain rates of 7 x 10-5-7 x 10 -3 s -1. 

2. Nominal stress-strain curves attain a peak at a 
few per cent strain, and thereafter stress falls gradually 
due to diffusion of the neck. 

3. The true stress-strain curve at room temperature 
shows slight strain softening, but it can be modelled by 
the elastic perfectly plastic body. 

4. The tensile strength is expressed by a power 
function of strain rate whose exponent and coefficient 
are determined by a kind of Arrhenius' equation. 

5. The empirical formula mentioned above gives a 
good estimation of the dependence of tensile strength 
on strain rate and temperature. 
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