Investigation of the Lead-free Solder Joint Shear Performance
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Abstract

Reflow profile has significant impact on solder joint performance because it influences wetting and
microstructure of the solder joint. The purpose of this study is to investigate the effects of reflow profile and
thermal shock on the shear performance of eutectic SnPb (SnPb) and Sn3.0Ag0.5Cu (SAC305) solder joints. Test
boards were assembled with four different sized surface mount chip resistors (1206, 0805, 0603 and 0402). Nine
reflow profiles for SAC 305 and nine reflow profiles for SnPb were developed with three levels of peak temperature
(12°C, 22°C, and 32°C above solder liquidus temperature, or 230°C, 240°C, and 250°C for SAC 305; and 195°C,
205°C, and 215°C for SnPb) and three levels of time above solder liquidus temperature (30 sec., 60 sec., and 90
sec.). Half of the test vehicles were then subjected to air-to-air thermal shock conditioning from -40 to 125°C. The
shear force data were analyzed using the Analysis of Variance (ANOVA). The fracture surfaces were studied using
a Scanning Electron Microscopy (SEM) with Energy Dispersive Spectroscopy (EDS). It was found that thermal
shock degraded both SnPb and SnAgCu joints shear strength, and that the effect of thermal shock on solder joint
shear strength is much more significant than that of reflow profile. The SnAgCu solder joints have weaker shear
strength than the SnPb solders. SnAgCu solder joint after thermal shock retains more of its shear strength than that

of SnPb for small components and vice versa for larger components.
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1. Introduction

The solder joint between the component and the
printed circuit board (PCB) should provide not only a
reliable electrical interconnection, but also a reliable
mechanical interconnection. The transition from
through-hole technology to surface mount technology
has increased the importance of reliable solder joint
shear strength, because the solder joint itself must
support a shear force due to mechanical shock and/or
thermal stress.

In response to the European Union (EU)
Restriction of Hazardous Substances (RoHS) and
other countries' lead-free directives, the electronics
industry is transiting to lead-free soldering to meet
the regulatory requirements to eliminate lead from
solders used in consumer electronics products.
SnAgCu lead-free solder alloy has been widely
adopted as an alternative to eutectic tin-lead (SnPb)
solder [1-3]. But the reliability of SnAgCu solder
interconnection is still not well understood [4].

It is well known that reflow profile influences
wetting and microstructure of the initial solder joint,

and thus impact on solder interconnection reliability.
Due to the high reflow temperature of SnAgCu, the
dissolution of the base metallization on the substrate
and components to the lead-free solder is much
higher, which impacts the properties of the
intermetallic layer. Salam, et al. [5] studied the
effects of reflow profile parameters on intermetallic
compound (IMC) thickness and microstructure of the
SnAgCu solder joints. They found that the most
significant factor in achieving a thin IMC layer and
fine microstructure is the peak temperature. Oliver,
et al. [6] investigated the effect of thermal aging on
the shear strength of lead-free solder joints and
concluded that the shear strength decreases as the
aging time increases. Bukhari, et al. [7] evaluated the
effects of assembly process parameters and thermal
aging. Their results indicate that the effects of
thermal aging on solder joint shear strength are much
larger than the effects of assembly process variables.
This paper presents the experimental results on
the effects of reflow profile and thermal shock on
shear force of both SnPb and SnAgCu solder joints.



2. Experiment

A five-factor factorial design with mixed levels
and three replications was selected in the experiment.
The input variables are the peak temperature, the
duration of time above solder liquidus temperature
(TAL), solder alloy, component size, and thermal
shock. The peak temperature and the TAL have three
levels each and they are: the peak temperature at
12°C, 22°C, and 32°C above solder liquidus
temperatures (or 230°C, 240°C, and 250°C for SAC
305 and 195°C, 205°C, and 215°C for SnPb), and the
TAL at 30 seconds, 60 seconds, and 90 seconds.
Therefore, there are nine reflow profiles for eutectic
SnPb solder and nine for Sn3.0Ag0.5Cu (SAC305)
solder. Test boards were assembled with four
different sizes of pure tin plated surface mount chip
resistors (1206, 0805, 0603 and 0402). Here 1206
means a component with a nominal length of 0.12
inch (3.0 mm) and a nominal width of 0.06 inch (1.5
mm). There were fourteen of each resistor size on
each board, or 56 components total per board as
shown in Figure 1. This resulted in the component
size designed as a block. Three boards were
assembled for each experimental run so a total of 54
boards were assembled (3 peak temperature x 3 TAL
x 2 solder alloy x 3 replication).

Each board was cut into two identical pieces.
The first half of the board stands for the initial time
zero and the components on the half of the board
were sheared right after assembly. The experimental
results on the effect of reflow profile on shear force
immediately after assembly were reported [8]. The
other half of the test vehicles were then subjected to
air-to-air thermal shock conditioning from -40 to
125°C with 30 minute dwell times (or 1 hour per
cycle) for 500 cycles. The experimental matrix is
listed in Table 1. The components were sheared using
a Dage-series 4000 shear tester. For the components,
solder paste, reflow profile development, assembly
processes, and shear testing parameters please refer
to the previously published paper [8].

Figure 1. Test Vehicle

Table 1. Experiment matrix

Factors Levels

1 2 3 4
Peak temperature
qboYe solder 12 2 32
liquidus
temperature (°C)
TAL (sec.) 30 60 90
Component size 1206 0805 0603 | 0402
Solder alloy SnPb | SAC305

Thermal shock Before After

3. Results

The solder joint shear force data were analyzed
using analysis of variance (ANOVA).  Three
assumptions (normality, constant variance, and
independence of the residuals) were checked in the
ANOVA analysis. The residual plot for shear force
(in gram) versus component size shown in Figure 2
indicates that the residual increases slightly as the
component size increases. Thus the constant residual
variance assumption is not satisfied and a
transformation is needed. The square root
transformation was found to be appropriate.
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Figure 2. Plot of Residuals vs. Component Size

The ANOVA table for the square root of the
solder interconnection shear force is summarized in
Table 2. Though all the main factors have a
statistically significant effect on the shear force at a
95% confidence level, the F-ratios indicate that the
component size, the thermal shock, and the solder
alloy are more significant factors compared to the
peak temperature and the TAL. The interaction
between the component size and the thermal shock is
found to be significant as well.

3.1 Effect of Peak Temperature and Time Above
Liquidus
Figure 3 shows that higher peak temperature
(32°C above solder liquidus temperature, or 250°C
for SnAgCu and 215°C for eutectic SnPb solder
alloy) leads to higher shear force. Figure 4 shows




that shorter time above liquidus results in higher
shear force. As shown in Table 3, higher peak
temperature and shorter time above liquidus means a
faster cooling rate in the reflow process. The faster
cooling rate results in fine microstructure of the
solder joint. This may be the reason that higher peak
temperature and shorter time above liquidus lead to
high shear force. It should be pointed out again that
the effects of the peak temperature and the TAL on
solder joint shear force is smaller than that of thermal
shock.

Table 2. ANOVA for the Square Root of Shear Force

Source Sum of Df Mean F- P-

Square Square Ratio Value

Main Effects

A: Peak 61.7 2 30.9 18.4 0.0000

Temperature

B: TAL 33.9 2 16.9 10.1 0.0001

C: Component 41469 3 13823 8254.3 | 0.0000

Size

D: Solder 893.2 1 893.2 5334 0.0000

Alloy

E: Thermal 13137 1 13137 7844.7 | 0.0000

Shock

Interactions

AB 3.8 4 0.9 0.6 0.6884

AC 9.5 6 1.6 1.0 0.4655

AD 19.2 2 9.6 5.7 0.0044

AE 7.2 2 3.6 2.1 0.1223

BC 24.8 6 4.1 2.5 0.0285

BD 21.2 2 10.6 6.3 0.0025

BE 3.6 2 1.8 1.1 0.3410

CD 400.6 3 133.5 79.7 0.0000

CE 3400 3 1133.3 676.8 0.0000

DE 27.9 1 27.9 16.7 0.0001

Residual 172.5 103 1.67

Total 59685 143

(corrected)

Table 3. Cooling Rate for Different Reflow Profiles

Peak Temperature | TAL | Cooling Cooling
above the solder | (sec.) | rate for rate for
liquidus point SnPb SAC305
(°C) (°C/sec) (°C/sec)

12 30 2.7 3.1

12 60 2.2 2.5

12 90 2.3 2.1

22 30 2.7 3.0

22 60 2.2 24

22 90 2.2 2.0

32 30 2.9 3.6

32 60 23 2.5

32 90 24 2.2

Means and 95.0 Percent LSD Intervals
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Figure 3. Effect of Peak Temperature on Shear Force

Means and 95.0 Percent LSD Intervals
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Figure 4. Effect of TAL on Shear Force

3.2 Effect of Component Size and Solder Alloy
Figure 5 shows that the shear force increases
with the size of the component. This is expected
because the shear force equals to the shear strength of
solder alloy times the solder joint wetting area and
larger components have a larger solder wetting area.
Figure 6 indicates that the SnAgCu solder joints
have weaker shear strength than the SnPb solders.
This result is consistent with Oliver, et al. [9], but
different from Sampathkumar, et al. [10]. It should be
pointed out that the shear strength of solder alloy
depends on the microstructure of the solder joint,
which can be influenced by the reflow profile. The
published shear strength of eutectic SnPb bulk solder
alloy is 45.5MPa and that of Sn3.8Ag0.7Cu alloy is
63.8 MPa [11]. But the shear strength result from
bulk solder specimens may not represent the behavior
of actual solder joints where the scale of the
microstructure may have an effect [12]. Another
possibility could be due to the fact that the wetting of
SAC305 is reportedly worse than SnPb [9, 13].
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3.3 Effect of Thermal Shock

The interaction plots between the component
size and the thermal shock in Figures 7 and 8 show
that shear force after thermal shock decreases more
as the component size increases. This could be
explained due to the larger thermal stress/strain in
larger components during the thermal shock testing
caused by the thermal expansion mismatch between
the component and the board.

It is interesting to note that the shear force loss
ratio (the shear force after thermal shock divided by
the shear force before thermal shock) for the two
solder alloys are different. Figure 9 shows that for
small components, SAC305 solder retains more of its
strength after heat shock, while for larger
components, SnPb solder retains more strength.
Table 4 lists the shear forces before thermal shock,
after thermal shock, and the shear strength loss ratio
for both SAC305 and SnPb solder joints. This result
implies that the reliability of SnAgCu alloys
outperform SnPb for small components and vice
versa for large components. This conclusion is
consistent with the thermal fatigue experimental
results that suggested that SnAgCu alloys outperform
SnPb at low strain applications and vice versa at
high-strain amplitude applications [14-19].
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Figure 7. Interaction of Shear Force between
Component Size and Thermal Shock
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Figure 8. Effect of Thermal Shock on Shear Force
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Figure 9. Interaction of Shear Force Loss between
Component Size and Solder Alloy



Table 4. Shear Force Loss after Thermal Shock

Before After
Comp. | Thermal | Thermal | Strength
Paste Size Shock Shock Loss
SAC305 0402 1520 1154 0.759
SAC305 0603 3261 1809 0.555
SAC305 0805 5442 2999 0.551
SAC305 1206 8715 3642 0418
SnPb 0402 1673 1075 0.643
SnPb 0603 3787 2005 0.529
SnPb 0805 6895 3728 0.541
SnPb 1206 10589 4741 0.448

3.4 Fracture Surface SEM/EDS Analysis

The fracture interfaces of SAC305 solder joints
and SnPb solder joints after thermal shock are shown
in Figure 10 and Figure 11, respectively. It was
observed that the fracture interfaces vary for both
SnPb joints and SAC305 joints. In most cases, the
fracture occurred partially in the component
metallization (Silver layer and or Nickel layer) and
partially in the bulk solder joints, which is the same
as the fracture surface of solder joints right after
assembly [8]. In other cases, the fracture occurred in
the bulk solder joints only.

4. Summary
The following conclusions can be drawn from
this study:

1) Thermal shock (or loading condition) has
significant effect on shear strength degradation
of both SnPb and SnAgCu joints.

2) The effect of thermal shock on solder joint shear
strength is much more significant than that of
reflow profile.

3) Higher peak temperature and shorter time above
liquidus lead to higher shear strength of solder
joints.

4) The SnAgCu solder joints have weaker shear
strength than the SnPb solders.

5) SnAgCu solder joint after thermal shock retains
more of its shear strength than that of SnPb for
small components (at low-strain amplitude
applications) and vice versa for larger
components (high-strain amplitude applications).
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