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Reliability losses in many electronic systems were identified with the failure of solder joints
rather than device malfunctions. The adhesion strength is an important factor for assessing
the reliability of the solder joints. In this work, a pull-off test was used to investigate the
adhesion strength at the interface of the (100 − x)Sn-x(5Al-Zn) lead-free solders on Cu
substrate as-soldered and after thermal cycling, respectively. For the (100 − x)Sn-x(5Al-Zn)
solders with the x value increased up to 40 wt%, the adhesion strength decreased from
11.8 ±1.5 to 3.3 ± 0.9 MPa. After thermal cycling (−20–120◦C) for 40 cycles, the adhesion
strength of 95Sn-5(5Al-Zn) and 91Sn-9(5Al-Zn) solders decreased from 11.2 ± 1.7 to
8.2 ± 1.3, 7.6 ± 0.7 to 5.0 ± 0.8 MPa, respectively. However, the adhesion strength for the
solders of 80Sn-20(5Al-Zn), 70Sn-30(5Al-Zn) and 60Sn-40(5Al-Zn) increased from 5.7 ± 1.7
to 13.3 ± 1.9 MPa, 4.8 ± 2.0 to 12.2 ± 1.8 MPa, and 3.3 ± 1.5 to 16.2 ± 1.2 MPa, respectively.
The formation of intermetallic compound (IMC) is proposed for the enhancement of the
strength after thermal cycling in this study. C© 2002 Kluwer Academic Publishers

1. Introduction
Solder joints serve as connections in package and influ-
ence the signal and power distribution, heat dissipation,
and mechanical support and productions [1, 2]. In ad-
dition, it also plays an important role in today’s surface
mount technology (SMT) high density package due to
the smaller contact area. The reliability of solder joints
has thus been regarded as the most critical issue in SMT
because of large strains developed at the interconnec-
tion between the components and the substrate material
during operation. The strains may cause severe crack-
ing and premature failure in the solder joints. Besides,
the stress concentration, the intermetallics formed at
the solder/substrate interface are also another causes
for the failure of solder joints [3].

A key issue in the long-term reliability of solder joints
is the failure during thermal cycling. During soldering,
the adhesion of solder to substrate is thought to be bene-
ficial since the solder is viewed as a compliant member
and would take up the strain without damage. However,
due to the effect of thermal cycling on the solder joint
during the on off of power switch, the residual stress
upon the solder and the interface of solder/substrate in-
creases [4–6]. Under thermal cycles, mechanical defor-

mation can occur at solder joints due to thermomechan-
ical fatigue (e.g., environmental-temperature cycles on
joined materials with different coefficients of thermal
expansion). Moreover, mechanical deformation occurs
during shipping, dropping of the electronics, or device
assembly [7].

For various kinds of materials used in the joint as-
sembly, the fracture behaviors under the mechanical
test for the solder/substrate joint assembly after aged
or thermal cycling have often revealed a scattering of
fracture modes at the interface. It is due to the variation
of the microstructure of the solder/substrate interface.
The formation of IMC as soldering and its behaviors as
thermal cycling are thought to be the major causes.

The adhesion strength and fracture mode of Sn-Zn-Al
solder alloys with various 5Al-Zn contents after thermal
cycling were investigated in this work.

2. Experimental procedures
2.1. Sample preparation
The Sn-Zn-Al solders were prepared by melting the
5Al-Zn master alloy with Sn. Accordingly, the sol-
der compositions are (100 − x)Sn-x(5Al-Zn) wherein
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(100 − x) and x represents the weight percentage of Sn
and 5Al-Zn, respectively.

The substrate of Cu plate (about 99.9% pure), ap-
proximately 65 mm × 20 mm × 2.5 mm was degrea-
sed in an alkaline solution of NaOH (5 wt%) for 15 s,
followed by rinsing in de-ionized (DI) water for 10 s.
The copper substrate was then pickled in HCl solu-
tion (5 vol%) for 10 s, followed by rinsing in DI water
again. The substrate was dipped in a dimethylammo-
nium chloride (DMAHCl) flux (2.5 g DMAHCl/100 cc
C2H5OH) for 10 s after the pretreatment mentioned
above. After being fluxed, the sample was immersed
in an Sn-Zn-Al solder bath at 300◦C (x = 5,9), 350◦C
(x = 20,30) and 400◦C (x = 40) respectively for 10 s.

2.2. Thermal cycling test
Thermal cycling was carried out in air from −20◦C
(10 min) to 120◦C (10 min). A schematic diagram of
the thermal cycling profile is shown in Fig. 1.

2.3. Adhesion strength measurement
The adhesion strength was measured with a pull-
off tester. The surface of samples was ground with
No. 1500 sand paper to smooth the surface of hot-
dipped solder film and achieved a 10 µm thick solder
layer, and then cleaned in acetone. The smooth surface
of these samples was adhered to an aluminum stud using
epoxy followed by a cure at 150◦C for 1 h. The diam-
eter of studs was 2.69 mm (0.106 in), and the strength
of the epoxy was about 70 MPa. The force was applied
to the stud at a rate of 9.06 kgf/s for the pull-off test.
The apparatus stopped applying force when the stud
separated from the sample. The adhesion strength, ra-
tio of the fracture force divided by the area of stud, was
calculated by a computer. Ten experiments of adhesion
strength measurement were conducted for each condi-
tion studied.

Figure 1 Schematic diagram of the thermal cycling profile.

2.4. Microstructure analyses
The fractured and cross-sectional microstructures of
sample prepared by standard metallographic pro-
cess were observed by scanning electron microscopy
(SEM). The energy dispersion spectroscopy (EDS) was
used for element quantitative analysis.

3. Results and discussion
3.1. Composition effect
Yu et al. [8] reported that the primarily solidified phase
consists greater contents of Al and Zn (Al, Zn-rich),
while the secondarily solidified phase is with less con-
tents of Al and Zn (Sn-rich). This is reasonable as the
phase with greater contents of high melting temperature
elements of Al and Zn is expected to solidify first. When
the x value was increased, the morphology of primarily
solidified phase changed from spherical to needle-like
lamella eutectic microstructure for x = 5 and 20, while
a larger cluster was formed for x = 30 and 40. The mi-
crostructure of the 60Sn-40(5Al-Zn) solder was similar
to that of the 70Sn-30(5Al-Zn) solder, except that more
fractions of primary phase were found [8].

The adhesion strength of 91Sn-9Zn and (100 − x)
Sn-x(5Al-Zn) solders as shown in Fig. 2 indicates that
the eutectic 91Sn-9Zn solders possess the highest ad-
hesion strength of 11.8 ± 1.5 MPa. When x value of
(100 − x)Sn-x(5Al-Zn) solders increased from 5 to 40,
the adhesion strength decreased from 11.2 ± 0.5 to
3.3 ± 0.9 MPa while the thickness of IMC layer in-
creased from less than 1 µm to about 2 µm as Yu et al.
reported [8]. Table I lists the CTE of elements used in
this study. Since the elements of Sn, Zn and Al all pos-
sess higher CTE values than Cu, especially Al and Zn,
the micropores near Sn-rich/Al, Zn-rich, solder/IMC
and solder/Cu interfaces would form and result in
the decrease of adhesion strength for the as-solidified
samples, especially for the solders with higher 5Al-Zn
contents such as x values of 20, 30 and 40.

Figure 2 Adhesion strength of 91Sn-9Zn and (100 − x)Sn-x(5Al-Zn)
solders with various x values.
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T ABL E I The coefficient of thermal expansion (CTE) of element used
in this study [20]

Metal CTE (×10−6 /◦C)

Cu 16.7
Sn 21
Zn 30
Al 23

Fig. 3 shows the SEM micrographs of as-dipped (a)
95Sn-5(5Al-Zn) and (b) 70Sn-30(5Al-Zn) solders af-
ter pull-off test. Fracture both occurred at solder bulk
and solder/IMC interface for the samples shown in
Fig. 3a and b. However, seldom IMC particle was found
in 95Sn-5(5Al-Zn) solder while larger and more IMC
particles were found for solder 70Sn-30(5Al-Zn). This
phenomenon also illustrates that the adhesion strength
decreased for the samples with thicker IMC layer such
as hypereutectic Sn-Zn-Al alloys.

Interfacial phase transformation at the solder/
substrate joint affects the IMC thickness significantly.
The Cu5Zn8 IMC phase was found for the Sn-Zn-based
solders such as Sn-Zn-Al [9, 10], Sn-Zn-In [11] and
Sn-Zn [12] etc. Even Cu9Al4 was also found at
Cu5Zn8/Cu interface [10]. The amount of 5Al-Zn
affects the IMC thickness significantly. The formation
of IMC weakened the bonding strength between solder
and IMC. Not only the pores between the Sn-rich and
Al, Zn-rich area were increased, but also between the
IMC and solder as the 5Al-Zn contents increased up
to 40 wt% [8].

Figure 3 SEM micrographs of as-dipped (a) 95Sn-5(5Al-Zn) and
(b) 70Sn-30(5Al-Zn) solder after pull-off test.

3.2. Thermal cycling effect
Thermal cycling is a key factor in simulating the use
of electronic device under a severe temperature envi-
ronment. In order to ensure the high reliability, it is
inevitable to carry out the thermal cycling test of solder
joint for practical integrated circuit (IC) devices.

Fig. 4a, b and c shows the adhesion strength of 91Sn-
9Zn, 95Sn-5(5Al-Zn) and 91Sn-9(5Al-Zn) solders, re-
spectively, which were hot-dipped on Cu substrate after
various thermal cycles. In Fig. 3a, the adhesion strength
of eutectic 91Sn-9Zn solder maintains a high value
about 12 MPa while the thermal cycles were up to 40.
However, the adhesion strength of 95Sn-5(5Al-Zn) sol-
der decreased from 11.2 ± 1.7 to 8.2 ± 1.3 MPa as ther-
mal cycles were up to 40 as shown in Fig. 4b. Simulta-
neously, the adhesion strength of the eutectic 91Sn-9
(5Al-Zn) solder decreased from 7.6 ± 0.7 to 5.0 ±
0.8 MPa while thermal cycles were up to 40 as shown
in Fig. 4c. These results are reasonable for most of the
solder joints after thermal cycling test. The stress in-
duced in solder joints during thermal cycling is mainly
due to the thermal expansion mismatch of the different
materials in a joint [13–19].

The adhesion strengths of solder (100 − x)Sn-x(5Al-
Zn) with larger 5Al-Zn contents were shown in Fig. 5
with x = (a) 20, (b) 30, and (c) 40, in which the adhesion
strengths of the solders were increased from 5.7 ± 1.7
to 13.3 ± 1.9 MPa, 4.8 ± 2.0 to 12.2 ± 1.8 MPa, and
3.3 ± 1.5 to 16.2 ± 1.2 MPa for x = 20, 30 and 40,
respectively, when thermal cycles were up to 40.

Fig. 6a and b shows the fracture surface of the
70Sn-30(5Al-Zn) sample after 40 thermal cycles, while
Fig. 6c was the fracture surface of the Al stud site.
Three different fracture layers were found in Fig. 6b in
which the A region was the intermetallic/solder inter-
face, while B region was the Al, Zn-rich cluster/solder
interface, and the C region was the solder area. The B
region appeared after thermal cycling in (100 − x)Sn-x
(5Al-Zn) solder system with x = 20–40.

The weakest point in the joint layers determines the
adhesion strength, which determines the solder joint
reliability in actual applications. Frear et al. [3] re-
ported that the cracks in thermal cycling experiments
sometimes propagate through the intermetallics and the
solder immediately adjoin to it. The weaker part of the
two regions, solder or intermetallics, causes failures.
The crack takes no definitive path while propagating to
failure.

Fig. 7 shows the cross-sectional SEM micrographs
of solder 70Sn-30(5Al-Zn) after 40 thermal cycles. Re-
acted band (A zone) between solder and Cu substrate
was found at the interface between the Al, Zn-rich area
(B zone, dark area) and Cu substrate, while C zone was
the Sn-rich area near A or B zone. The EDS analyses
of A and B areas in Fig. 7 shown in Fig. 8a and b,
respectively, indicate that A was an Al, Zn-rich zone
from the excessive 5Al-Zn contents in 70Sn-30(5Al-
Zn) solders comparing to the eutectic 91Sn-9(5Al-Zn).
However, the reacted band (A area), close to Cu sub-
strate, was an IMC layer with higher Zn and Cu contents
but a few Al dissolved-in after several thermal cycles
as identified by EDS in Fig. 8a. The adhesion strength
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Figure 4 Adhesion strength of (a) 91Sn-9Zn, (b) 95Sn-5(5Al-Zn) and
(c) 91Sn-9(5Al-Zn) solders hot-dipped on Cu substrate after various
thermal cycles.

was increased since the reaction between Al, Zn-rich
and IMC layer might enhance the bonding strength be-
tween IMC layer and solder. In addition, due to the
higher melting point of the alloy with higher x value,

Figure 5 Adhesion strength of (a) 80Sn-20(5Al-Zn), (b) 70Sn-30(5Al-
Zn) and (c) 60Sn-40(5Al-Zn) solders hot-dipped on Cu substrate after
various thermal cycles.

the dipping temperature was different for the solders
used (250◦C for x = 5,9; 300◦C for x = 20,30; 350◦C
for x = 40). The CTE mismatch due to rapid cooling in
solidification of Sn-Zn-Al solder with higher 5Al-Zn
contents (20, 30, and 40 wt%) induces residual stress at
the interface between Al, Zn-rich and Sn-rich, and near
IMC/solder. It can explain that the adhesion strength of
(100 − x)Sn-x(5Al-Zn) solder with higher x value was
lower than that of the lower x one. However, the stress
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Figure 6 The micrographs of fracture surface at (a) low magnification
and (b) high magnification for the 70Sn-30(5Al-Zn) solder after 40 ther-
mal cycles while (c) Al stud site.

Figure 7 Cross-sectional SEM micrograph of 70Sn-30(5Al-Zn) after 40
thermal cycles.

relaxation seems to occur after thermal cycling in those
Sn-Zn-Al solders with higher 5Al-Zn contents. The re-
action between Al, Zn-rich (A area) and IMC layer (B
area) causes the stress relaxation, which was induced

(a)

(b)

Figure 8 EDS analyses of (a) A and (b) B areas in Fig. 7.

in rapid cooling strengthening the adhesion bonding as
measured by the pull-off test. The fracture was found
at the Al, Zn-rich/Sn-rich area instead of IMC/Sn-rich
interface.

Yu et al. [10] reported that the Al and Zn diffuse
faster than Cu, also the free energies of Cu9Al4 and
Cu5Zn8 are much lower than that of Cu3Sn and Cu6Sn5
and would be more stable, which explains the formation
of Cu9Al4 and Cu5Zn8 instead of Cu-Sn compounds in
91Sn-9(5Al-Zn) solder system. More Al, Zn-rich area
adjacent to the Cu substrate of the solder with higher
5Al-Zn content results in the thicker IMC layer and the
lower adhesion strength of solder with higher 5Al-Zn
contents, especially after long time heating [8]. In addi-
tion, the stress at interfaces of the Al, Zn-rich area with
higher CTE value and lower CTE value such as Sn-rich
and IMC layer would be released after thermal cycles.

The increase of bonding strength between IMC and
Cu made the fracture occur at Al, Zn-rich/solder inter-
face like B region as revealed in Fig. 6b. The Cu/Al, Zn
rich interface was strengthened due to the intermetallic
formation.

4. Conclusion
For the (100 − x)Sn-x(5Al-Zn) solder with the x value
increased up to 40 wt%, the adhesion strength decreased
from 11.8 ± 1.5 to 3.3 ± 0.9 MPa. As thermal cycling
was up to 40, the adhesion strength of 95Sn-5(5Al-Zn)
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and 91Sn-9(5Al-Zn) decreased from 11.2 ± 1.7 to
8.2 ± 1.3, 7.6 ± 0.7 to 5.0 ± 0.8 MPa, respectively.
However, the adhesion strength of 80Sn-20(5Al-Zn),
70Sn-30(5Al-Zn) and 60Sn-40(5Al-Zn) solders in-
creased from 5.7 ± 1.7 to 13.3 ± 1.9 MPa, 4.8 ± 2.0
to 12.2 ± 1.8 MPa, and 3.3 ± 1.5 to 16.2 ± 1.2 MPa,
respectively, when the thermal cycling were up to 40.

Comparing the fracture surface of (100 − x)Sn-x
(5Al-Zn) solders with x = 20, 30 and 40 that as-dipped
and after 40 thermal cycles, different fracture regions
were found in SEM micrographs. The Al, Zn-rich/
Sn-rich area was found on the fracture surface of sol-
ders with 5Al-Zn contents of 20, 30 and 40 wt% after
thermal cycling and then pull-off.
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