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Abstract: Solder joints in thermally uncontrolled microelectronic assemblies have to be exposed to
extreme temperature environments during deep space exploration. In this study, extreme temperature
thermal shock test from −196 ◦C to 150 ◦C was performed on quad flat package (QFP) assembled
with Sn-37Pb solder joints to investigate the evolution and growth behavior of interfacial intermetallic
compounds (IMCs) and their effect on the pull strength and fracture behavior of Sn-37Pb solder
joints under extreme temperature environment. Both the scallop-type (Cu, Ni)6Sn5 IMCs at the Cu
lead side and the needle-type (Ni, Cu)3Sn4 IMCs at the Ni-P layer side changed to plane-type IMCs
during extreme temperature thermal shock. A thin layer of Cu3Sn IMCs was formed between the Cu
lead and (Cu, Ni)6Sn5 IMC layer after 150 cycles. The growth of the interfacial IMCs at the lead side
and the Ni-P layer side was dominated by bulk diffusion and grain-boundary diffusion, respectively.
The pull strength was reduced about 31.54% after 300 cycles. With increasing thermal shock cycles,
the fracture mechanism changed from ductile fracture to mixed ductile–brittle fracture, which can be
attributed to the thickening of the interfacial IMCs, and the stress concentration near the interface
caused by interfacial IMC growth.

Keywords: intermetallic compound growth; Sn-Pb solder joints; pull strength; fracture behavior;
extreme temperature; thermal shock

1. Introduction

During space exploration, thermally uncontrolled microelectronic assemblies have to be exposed
to extreme temperature environments with large temperature variations, such as under the condition
of Moon (−180 ◦C to 150 ◦C), Mars (−140 ◦C to 20 ◦C) and Giant Planets (−140 ◦C to 380 ◦C) [1].
Solder joints provide mechanical support and electrical connection in microelectronic assemblies,
the performance and quality of solder joints are vital to the overall functioning of microelectronic
assemblies [2,3].

The formation and growth of intermetallic compounds (IMCs) at interface between the solder
and the substrate are inevitable during soldering and processing [4,5]. The evolution and growth of
interfacial IMCs significantly affect the mechanical properties and reliability of solder joints due to the
intrinsically brittle nature of IMCs [6–8]. In our previous study [9], we found that the fast growth of
interfacial IMCs in Sn-3Ag-0.5Cu solder joints was responsible for the early formation of cracks at the
Sn-3Ag-0.5Cu solder/IMC layer interface under extreme temperature thermal shock from −196 ◦C
to 150 ◦C, and the growth of interfacial IMCs and crack formation at the IMC layer/solder interface
led to the reduction in pull strength of Sn-3Ag-0.5Cu solder joints. Sn-Pb solder alloys are commonly
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used in deep space application until now [10]. Thus, it is essential to investigate the evolution and
growth behavior of interfacial IMCs in Sn-Pb solder joints and their effect on the mechanical properties
of Sn-Pb solder joints under extreme temperature environment. However, the correlating research is
very limited.

In this study, extreme temperature thermal shock test from −196 ◦C to 150 ◦C was conducted on
quad flat package (QFP) assemblies to investigate the evolution and growth behavior of interfacial
IMCs in Sn-37Pb solder joints under extreme temperature environment. Pull test was adopted to
evaluate the pull strength and fracture behavior of Sn-37Pb solder joints. Based on these results,
the effect of interfacial IMC growth on the pull strength and fracture behavior of Sn-37Pb solder joints
was discussed.

2. Materials and Methods

2.1. Sample Preparation

The test module used in this study was 64 pins QFP with the 0.5 mm pitches. The “L” configured
leads were made of copper. An electroless nickel immersion gold (ENIG) surface finish was applied
to the substrate pads. The solder paste used in this study was Sn-37 wt.% Pb (DSP 825HF, Qualitek,
Shenzhen, China). QFP was assembled on the substrate using a reflow oven (Heller 1706 EXL, Heller,
Troy, MI, USA). The peak reflow temperature was 215 ◦C, and the duration above liquidus (183 ◦C)
was about 60 s. Figure 1 shows the cross section of the samples after reflowing.
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etched with a solution of 5 g FeCl3 + 15 mL HCl + 85 mL H2O for 15 s to reveal the interfacial 
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and the chemical compositions of the interfacial IMCs were quantitatively measured using a scanning 
electron microscope (SEM, Quanta 200FEG, FEI, Hillsboro, USA) equipped with energy dispersive 
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interfacial microstructure of the solder joints. The thickness of the IMC layer was calculated using 
Equation (1): 
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Figure 1. The cross section of Sn-37Pb solder joints after reflowing.

2.2. Extreme Temperature Thermal Shock Test

The extreme temperature thermal shock test was conducted on the as-reflowed samples
by converting the samples between liquid nitrogen container and constant temperature furnace
(WHLL-30BE) for 350 cycles. The maximum and minimum temperatures in extreme temperature
thermal shock test were 150 ◦C and −196 ◦C, respectively. The temperature ramp rate was higher
than 30 ◦C/min. The dwell times at the maximum and minimum temperatures were both 30 min.
After every 50 cycles, five samples were extracted out for microstructure examination and pull test [11].

2.3. Microstructure Examination

The as-soldered and thermally shocked samples were divided into two groups. One group of
the samples were embedded in epoxy resin. The embedded samples were ground, polished and
then etched with a solution of 5 g FeCl3 + 15 mL HCl + 85 mL H2O for 15 s to reveal the interfacial
microstructures of solder joints. The interfacial microstructures of the solder joints were observed
and the chemical compositions of the interfacial IMCs were quantitatively measured using a scanning
electron microscope (SEM, Quanta 200FEG, FEI, Hillsboro, USA) equipped with energy dispersive
spectroscopy (EDS). The thickness of the IMC layer was obtained using SEM images showing the
interfacial microstructure of the solder joints. The thickness of the IMC layer was calculated using
Equation (1):

LIMC = (NIMC/NSEM) × LSEM, (1)
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where LIMC is the thickness of the IMC layer, LSEM is the height of the SEM image, and NSEM and NIMC

are the number of pixels in the entire SEM image and the IMC layer, respectively. NSEM and NIMC

were measured by using Image J V1.8.0 software. For each condition, more than eight SEM images
showing the interfacial microstructure of the solder joints were measured to obtain the average value
of the IMC layer thickness and to minimize the error.

2.4. Pull Test and Fractography

For the second group of samples, 45◦ pull test (JIS Z 3198-6) was adopted to evaluate the
mechanical property of solder joints. The pull test was conducted at room temperature using a
DAGE 4000 pull tester. More than eight leads located at the outer edge of QFPs were pulled for each
test condition. After pull test, fracture surfaces of the solder joints were analyzed using SEM and EDS.

3. Results and Discussion

3.1. Microstructure Evolution of Interfacial IMCs

Figure 2 shows the cross-sectional SEM images of the interfacial microstructure between Cu
lead and Sn-37Pb solder after reflowing and extreme temperature thermal shock. It could be found
that a continuous IMC layer with scallop-type morphology was formed at the interface between Cu
lead and Sn-37Pb solder after reflowing, as can be seen in Figure 2a. The chemical compositions
of the IMC layer between Cu lead and Sn-37Pb solder was identified by EDS analysis, and the
corresponding results is presented in Figure 3. It clearly illustrates that the IMC layer was (Cu, Ni)6Sn5

layer. During reflowing, Cu atoms reacted with Sn atoms to form Cu6Sn5 IMCs, Ni atoms diffused
from the opposite Ni-P layer to the Cu lead/solder interface and substituted for Cu atoms in Cu6Sn5

IMCs due to the similarity in crystal structure, which finally led to the transformation of binary
Cu6Sn5 compounds to ternary (Cu, Ni)6Sn5 compounds when the Ni content in (Cu, Ni)6Sn5 exceeded
2 at.% [12]. The thickness of interfacial (Cu, Ni)6Sn5 IMCs was 1.23 ± 0.17 µm. During extreme
temperature thermal shock, the interfacial IMC thickness obviously increased, and the morphology of
interfacial IMCs transformed from scallop-type to plane-type. During extreme temperature thermal
shock, Cu atoms of the Cu lead diffused through the interfacial IMCs and reacted with Sn atoms
from the Sn-37Pb solder, which resulted in the growth of interfacial IMCs. The shorter diffusion
path for Cu atoms contribution to faster growth of IMCs at scallop valleys between the scallop peaks,
which resulted in the transformation of IMC morphology from scallop-type to plane-type [13,14].
As seen in Figure 2d, a very thin layer of Cu3Sn IMCs was formed between the Cu lead and (Cu, Ni)6Sn5

IMC layer after 150 cycles. The formation of Cu3Sn between the Cu lead and (Cu, Ni)6Sn5 IMC layer
can be attributed to the limited diffusion of Ni from the opposite Ni-P layer. The thickness of the
Cu3Sn IMC layer was 107 ± 13 nm. The thickness of the Cu3Sn IMC layer changed little with the
increase of thermal shock cycles.
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Figure 3. EDS analysis of the IMC layer between Cu lead and the Sn-37Pb solder.

Figure 4 displays the cross-sectional SEM images of the interfacial microstructure between Sn-37Pb
solder and Ni-P layer after reflowing and extreme temperature thermal shock. During reflowing,
the Au layer was completely dissolved into the molten Sn-37Pb solder due to the high dissolution
rate of Au in molten Sn-based solder [15]. Thus, the Ni-P layer was entirely exposed to and reacted
with the molten Sn-37Pb solder. A needle-type IMC layer could be observed at the interface between
Sn-37Pb solder and Ni-P layer. EDS analysis shows that the IMC layer between the Sn-37Pb solder
and Ni-P layer was (Ni, Cu)3Sn4 layer, as shown in Figure 5. The thickness of interfacial (Ni, Cu)3Sn4

IMCs was 0.81 ± 0.7 µm. The thickness of (Ni, Cu)3Sn4 IMC layer gradually increased and the IMC
morphology changed from needle-type to scallop-type, and finally to plane-type during extreme
temperature thermal shock.
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3.2. Growth Mechanism of Interfacial IMCs

Figure 6 shows the thickness of total IMC layer at the lead side and (Ni, Cu)3Sn4 IMC layer at
the Ni-P layer side during extreme temperature thermal shock. It is obvious that the IMC layers
both at the lead side and at the Ni-P layer side represented a parabolic growth law, implying the
growth of IMC layers followed the diffusion-controlled mechanism. The interfacial IMC growth both
at the lead side and at the Ni-P layer side became slower with the increase of thermal shock cycles.
During extreme temperature thermal shock, Cu, Ni and Sn atoms diffused across the interfacial IMC
layer to form IMCs. The IMC layer thickness increased during extreme temperature thermal shock,
which obstructed the diffusion of Sn, Cu and Ni atoms and thus suppressed the growth of interfacial
IMCs [16,17]. The interfacial IMC growth at the Cu lead side was found to be much faster than that at
the Ni-P layer side during extreme temperature thermal shock.
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Figure 6. The thickness of interfacial Cu-Sn IMCs and Ni-Cu-Sn IMCs during extreme temperature
thermal shock.

To further study the growth mechanism of interfacial IMCs, an empirical power-law relationship
was adopted as follows [17,18]:

x = x0 + A teff
n, (2)

where x is the IMC thickness at equivalent time teff, i.e., the total time at the extreme high temperature;
x0 is the initial IMC thickness; and A is a constant, and n is the time exponent. Equation (1) is converted
into the following logarithmic expression:

ln (x − x0) = ln A + n ln t, (3)

The value of the time exponent n was obtained from the slop of the plot of ln (x − x0) versus ln t.
Figure 7 presents the ln plot of the growth of interfacial IMCs both at the lead side and at the Ni-P layer
side during extreme temperature thermal shock. Table 1 lists the values of the time exponent n and the
correlation factor R2 for the interfacial IMCs. The n value is considered to be a pointer to the growth
mechanism of interfacial IMCs [18,19]. If the n value is closer to 0.33, the IMC growth is dominated
by grain-boundary diffusion. If the n value is on the order of 0.5, the IMC growth is dominated by
bulk diffusion [18,19]. The values of the time exponent n implied that the growth of the interfacial
IMCs at the lead side was dominated by bulk diffusion, and the growth of the interfacial IMCs at
the Ni-P layer side was dominated by grain-boundary diffusion under extreme temperature thermal
shock. The diffusion mechanism for interfacial IMC growth at the lead side was quite different from
that of interfacial IMC growth at the Ni-P layer side. It is presumably due to the differences in initial



Appl. Sci. 2018, 8, 2056 7 of 12

morphologies, phase constitutions and thicknesses of the interfacial IMCs, which affected the diffusion
of atoms across the interfacial IMCs, and thus resulted in various IMC growth mechanisms [20].
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Table 1. Time exponent of the interfacial IMCs.

Interfacial IMCs Time Exponent n Correlation Factor R2

Interfacial IMCs at the lead side 0.57 0.98
Interfacial IMCs at the Ni-P layer side 0.34 0.98

In this study, the n value for the interfacial IMC growth at the lead side was higher than 0.5.
This can be attributed to the thermal stress generated from the coefficient of thermal expansion (CTE)
mismatch between the Cu lead (17 ppm/◦C) [17] and the Sn-37Pb solder (24.5 ppm/◦C) [21], and the
large temperature variation (∆T = 346 ◦C). The thermal stress near the solder/Cu lead interface
contributed to atom diffusion, and thus accelerated the IMC growth process [22].

3.3. Mechanical Properties and Fractography

To evaluate the effect of interfacial microstructure evolution on the mechanical property of Sn-37Pb
solder joints of QFP assemblies, pull test was carried out. Figure 8 shows the variation of the pull
strength with extreme temperature thermal shock. For each condition, at least eight leads of QFPs
were pulled to obtain the average value of the pull strength, which resulted in the error in the pull
strength. The pull strength of the as-reflowed solder joint was 65.13 MPa. The pull strength declined
almost linearly with thermal shock cycles. The pull strength was reduced about 31.54% after 300 cycles.
Qian et al. [23] proposed that the failure of solder joints could be defined as more than 50% decline in
the solder joint strength. The reduction ratio of the pull strength was lower than 50% after 300 cycles.
This indicates that the fatigue life of the solder joint was higher than 300 cycles.

To verify the fracture behavior of Sn-37Pb solder joints, the fracture surfaces were examined
using SEM and EDS. Figure 9 shows SEM images of the fracture surfaces of Sn-37Pb solder joints.
The fracture surface of Sn-37Pb solder joints after reflowing showed ductile dimple feature (Figure 9a),
indicating that the fracture occurred within the solder matrix. The fracture morphologies of solder
joints after 50 cycles and 100 cycles are similar to that of solder joints after reflowing, as can be seen in
Figure 9b,c. When the interfacial IMCs both at the lead side and the Ni-P layer side were thin, the pull
strength of the interfacial IMCs was higher than that of the solder matrix. As a result, fracture tended
to occur within the solder matrix, and the pull strength of the solder joints was determined by the
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solder matrix. CTE mismatch of different constituents in the assembly resulted in cyclic stress and
strain in the assemblies, especially in the solder joints during extreme temperature thermal shock [24].
The accumulation of stress and strain induced thermal fatigue and degraded the mechanical properties
of the solder matrix, and thus the pull strength of the solder joints declined with extreme temperature
thermal shock, as shown in Figure 8.
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Figure 8. The variation of the pull strength of Sn-37Pb solder joints with extreme temperature thermal
shock. The percentage in this figure represents the reduction ratio of the pull strength with extreme
temperature thermal shock.

After 150 cycles, the fracture surface consisted of two different fracture morphologies: dimple
and cleavage pattern, and revealing a mixed ductile–brittle fracture (Figure 9d,e). EDS analysis results
indicated that the phases with cleavage pattern on the fracture surface were (Cu, Ni)6Sn5 IMCs, as
shown in Figure 10a. It is indicated that the crack occurred partially within the solder matrix and
partially through the (Cu, Ni)6Sn5 IMC layer. Blair et al. [25] have pointed out that the formation of
Ni3Sn4 by solid-state reaction between Ni and Sn caused a 10.7% volume shrinkage, and the formation
of Cu6Sn5 by solid-state reaction between Cu and Sn resulted in a 5% volume shrinkage. The growth
of interfacial IMCs both at the lead side and at the Ni-P layer side during extreme temperature thermal
shock led to volume shrinkage and thus caused stress concentration near the interface. Thick IMC
layer was prone to crack initiation due to its brittle nature. The interfacial IMCs grew thicker during
extreme temperature thermal shock, and the thickness of (Cu, Ni)6Sn5 IMC layer at the lead side was
much higher than that of (Ni, Cu)3Sn4 IMC layer at the Ni-P layer side. Due to the stress concentration
near the interface caused by interfacial IMC growth, and the thickening of (Cu, Ni)6Sn5 IMC layer,
cracks tended to propagate through the (Cu, Ni)6Sn5 IMC layer under external stress. Consequently,
the fracture mode of the solder joints changed from within the solder matrix to a mixed fracture
mode of the solder matrix and the (Cu, Ni)6Sn5 IMC layer with the increase of thermal shock cycles.
The solder joints after 200 cycles and 250 cycles presented similar fracture morphologies with that
after 150 cycles. The area fraction of brittle fracture feature on the fracture surface ascended and the
area fraction of ductile fracture feature on the fracture surface descended with the increase of thermal
shock cycles. The fracture mechanism of solder joints after 250 cycles was predominated by brittle
fracture with minor ductile fracture (Figure 9g). The fatigue of the solder matrix, thickening of the
interfacial IMCs, and stress concentration near the interface were responsible for the decline in pull
strength of the solder joints with extreme temperature thermal shock. In addition to the solder matrix
and (Cu, Ni)6Sn5 IMCs, (Ni, Cu)3Sn4 IMCs were detected on the fracture surface of solder joints after
300 cycles; the EDS analysis results of (Ni, Cu)3Sn4 IMCs on the fracture surface is shown in Figure 10b.
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It reveals that the solder joints after 300 cycles fractured through the solder matrix, (Cu, Ni)6Sn5 IMC
layer, and the (Ni, Cu)3Sn4 IMC layer.
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Figure 10. EDS analysis results of: (a) (Cu, Ni)6Sn5 IMCs; and (b) (Ni, Cu)3Sn4 IMCs on the
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4. Conclusions

In this study, extreme temperature thermal shock test from −196 ◦C to 150 ◦C was conducted
on QFP assemblies with Sn-37Pb solder joints to investigate the evolution and growth behavior of
interfacial IMCs and their effect on the pull strength and fracture behavior of Sn-37Pb solder joints
under extreme temperature environment. The following conclusions were obtained:

(1) A continuous (Cu, Ni)6Sn5 IMC layer was formed at the interface between the Cu lead and the
Sn-37Pb solder after reflowing, and the IMCs formed between the solder and Ni-P layer was
(Ni, Cu)3Sn4 IMCs. A thin layer of Cu3Sn IMCs was formed between the Cu lead and (Cu, Ni)6Sn5

IMC layer after 150 cycles.
(2) The morphology of interfacial (Cu, Ni)6Sn5 IMCs changed from scallop-type to plane-type,

and the morphology of interfacial (Ni, Cu)3Sn4 IMCs evolved from needle-type to scallop-type,
and finally to plane-type during extreme temperature thermal shock.

(3) The thickness of the interfacial IMCs both at the Cu lead side and at the Ni-P layer side gradually
increased with extreme temperature thermal shock. The growth of interfacial IMCs at the
Cu lead side was found to be much faster than that at the Ni-P layer side. The growth of
the interfacial IMCs at the lead side was dominated by bulk diffusion, and the growth of the
interfacial (Ni, Cu)3Sn4 IMCs at the Ni-P layer side was dominated by grain-boundary diffusion.

(4) With increasing thermal shock cycles, the pull strength of the joints decreased, and the fracture
mechanism changed from ductile fracture to mixed ductile–brittle fracture. The pull strength was
reduced about 31.54% after 300 cycles.
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