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Abstract: The influence of isothermal aging at 150 °C on the microstructural characteristics and microhardness of the Sn—6.5Zn
solder/Cu joint was studied. The mechanisms for the formation and evolution of intermetallic compound (IMC) at the interface of the
Sn—6.5Zn/Cu joint were also analyzed. The results indicate that a continuous layer consisting of CuZn and CusZng IMCs is formed in
the interface zone. As the aging time prolongs, the thickness of the IMC layer first increases and then decreases, and the continuous
and compactable layer is destroyed due to the decomposition of the Cu—Zn IMC layer. A discontinuous layer of CusSns IMC is
present within the Cu substrate near the decomposed region. The interface becomes rough and evident voids form after aging. The
microhardness of the interface increases owing to the application of aging.
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1 Introduction

Recently, as an important research interest of the
newly functional materials, lead-free solders have been
investigated intensively [1,2]. Low temperature soldering
is very important for the electronic components which
are sensitive to the heat input in electronics industries
[3]. The melting point of the Sn—Zn eutectic alloy
(198.5 °C) is similar to that of the Sn—Pb eutectic alloy
(183 °C). Furthermore, Sn—Zn eutectic alloy has good
combination of properties and low cost. Hence, Sn—Zn
alloy is considered one of candidates that could replace
Pb-containing solder in microelectronic packaging and
interconnects [3—6].

The formation, characteristic and subsequent
growth of the intermetallic compound (IMC) are major
issues in soldering. Some investigations were carried out
on the IMC growth at various soldering temperature
during aging [7,8]. SUGANUMA et al [9] reported that
the Sn—9Zn/Cu interface maintains high strength level
after heat exposure at 125 °C, but the heat exposure at
150 °C degrades the strength seriously. In recent years,
some kinds of alloying elements have been added to
Sn—Zn eutectic alloy to improve the interconnect
reliability. The extra elements include Bi [8], Ag [10,11],

Cr[12,13], Ni [14], RE [15,16], and so on. However, the
addition of other components would increase the
difficulty of melting.

WEI et al [17,18] and MAHMUDI et al [19]
reported that the hypoeutectic Sn—6.5Zn solder alloy had
a better wettability and soldering joint performance than
Sn—9Zn. However, there is little information available in
literature about the evolution and properties of the
interfacial IMC in the joint of Sn—6.5Zn solder/Cu
substrate under solid-state aging. In this study, the
characteristics of the interface and evolution of the
microstructure of Sn—6.5Zn solder/Cu substrate joints
during aging at 150 °C for a long period are investigated.
The microhardness of the interface after aging is also
analyzed.

2 Experimental

The Sn—6.5Zn (mass fraction) lead-free solders
were melted using pure Sn and Zn metals. The melting of
the solders was carried out in a ZG—001 vacuum
induction melting furnace, under protection of flowing
argon after vacuum-pumping. The resulting content of
Zn was 6.49% (mass fraction) measured by a LAB
Center XRF—1800 X-ray fluorescence spectroscopy.

The substrate with size of 40 mmx40 mmx3 mm
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was sectioned from a pure copper (99.8%) plate. Before
testing, the Cu substrate plates were deoxidized and
degreased in 5% HCI (volume fraction) and 5% NaOH
(mass fraction) solutions, respectively, and cleaned with
de-ionized water after each step. A block shaped solder
of (0.2+0.01) g was placed in the center of the Cu plate
with the aid of commercial rosin mildly activated flux,
and then the spreading testing was carried out in a
SX—12 box-type furnace. Subsequently, the sectioned
samples study the metallographic
characterization of the cross sections. For microstructural

were used to

study, the ground and polished specimen was etched in a
3% HCI1 + 5% HNO; + 92% CH;0H (volume fraction)
solution for 10 s. Microstructural observations were
conducted on a TESCAN Vegall LMUSEM scanning
electron microscopy (SEM). The element distribution
was analyzed by using an OXFORD ISIS300 energy
dispersion spectroscopy (EDS) system. Metallographic
abrasive papers were used to dissolve away the excess
solder of the soldering joint to expose the IMC film, and
a Rigaku D/max—2500 PC X-ray diffractometer (XRD)
was used to investigate the phases of the interface. The
microhardness test was carried out using a MH—5L
microhardness tester, under a load of 0.245 N for 10 s.

3 Results and discussion

3.1 Typical microstructure of interface

Figure 1(a) shows the SEM micrograph of the
interface of the Sn—6.5Zn/Cu after soldering at 255 °C
for 4 min. The top view SEM image of IMC particles on
the surface of the Cu plates after soldering at 255 °C for
4 min is shown in Fig. 1(b). Figure 2 shows the XRD
patterns of the plates. The chemical composition of
different points in Fig. 1(b) is listed in Table 1.

Based on the XRD analysis result and the reports in
the literature of the soldering joints about Sn—Zn
solder/Cu substrate [8,20,21], the IMCs layer at the
interface is composed of two components, namely, a
y-CusZng layer present next to the solder side and a thin
CuZn layer between the y-CusZng layer and the Cu
substrate. Besides, Cu atoms can diffuse from the Cu
substrate to the solder across the reaction layer in the
interface and react with Zn atoms in the solder, and the
granular CusZng is formed [9].

To analyze the process of the interfacial reaction
between the Sn—6.5Zn solder and Cu substrate,
isothermal aging treatments were carried out after
soldering. Figure 3 presents the interface of Sn—Cu/
6.5Zn joints after aging at 150 °C. In comparison with
Fig. 1(a), obvious microstructural changes are observed
after isothermal aging.
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Fig. 1 SEM images of interface between Sn—6.5Zn solder and
Cu substrate after soldering at 255 °C for 4 min (a) and top
view of IMC particles on surface of Cu plates (b)
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Fig. 2 XRD pattern of surface of Cu plates after soldering at
255 °C for 4 min

It can be seen from Fig. 3(a) that there are many
granular phases formed in the solder zone near the
interface. The size of the IMCs is in the range of 1-5 um.
The IMC layer at the interface becomes irregular and a
number of protrusions into the solder are found. At
the same time, the lamellar-type structure of the solder is
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Table 1 Composition of characteristic position by EDS (molar
fraction, %)

) Composition/%
Point
Sn Zn Cu
A 3.93 55.62 40.45
B 5.34 52.24 42.42
C 29.87 18.56 51.57

isothermally aged at 150 °C for 15 h (a) and 150 h (b)

present in a uniform type. By increasing the aging time
to 150 h, the boundary layer fractures locally and a
decomposed region appears, as shown in Fig. 3(b). The
growth of the Cu—Zn IMC layer is relatively irregular
and some long protrusions are formed into the solder,
which could be CusZng with an epitaxial growth. The
bulk CusZng is also observed near the boundary layer
(Fig. 3(b)). Besides, the lamellar-type structure of the
solder becomes more uniform but more coarse. These
changes could result from the severe interfacial reaction
occurring at the interface, as shown in Fig. 4.

It can be seen from Fig. 4(a) that a severe interfacial
reaction occurs in the local boundary layer and a
decomposed region is formed at the fractured sites. A
large amount of Cu—Zn IMC phases is formed in the
solder matrix due to the outward diffusion of Cu. The
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Fig. 4 Decomposed region of Cu—Zn IMC layer after aging at
150 °C for 150 h: (a) SEM image; (b) EDS result of point 4; (c)
EDS result of point B

EDS analysis shows that the Cu—Sn IMC layer is present
at the fractured sites. A XRD test was carried out to
analyze the phases of the interface within the solder/Cu
joint obtained after aging at 150 °C for 150 h, and the
patterns are shown in Fig. 5.

Figure 5 shows the XRD pattern of the interface of
the solder/Cu joint. It can be seen that a CusZns
phase appears at the interface of the Sn—6.5Zn/Cu joint
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Fig. 5 XRD analysis result of interface in solder/Cu joint after
aging at 150 °C for 150 h

after aging at 150 °C for 150 h. This is because of the
inward diffusion of Sn and the reaction of Cu and Sn in
Cu substrate. In a previous study, WANG et al [23]
reported that the CugSns and Cu;Sn phases could form at
the interface of Sn—9Zn/Cu after aging at elevated
temperature.

Figure 6 shows the SEM images of the cross-
sections of IMC layers in the solder joints aged at 150 °C
for 0, 15 and 150 h, respectively, and corresponding line
scanning results obtained by X-ray energy spectrum.

The IMC layer is a region produced by the
interdiffusion of elements and the reaction between the
substrate and the solder. A relatively uniform position at
the solder/Cu interface of the joint is selected to carry out
a line scan test by EDS. From Fig. 6, an enrichment of
Zn is observed. Additionally, the measured thickness of
the IMC layer within the joints after aging at 150 °C for
0, 15 and 150 h is about 10, 15 and 7 pm, respectively.

3.2 Characteristic and evolution of IMC layer

In the soldering process, the liquid Sn—Zn solder
contacts with the Cu substrate and CuZn IMC layer is
formed firstly. Cu atoms diffuse continually from the Cu
substrate to solder across the CuZn IMC layer and then
form p-CusZng crystal nucleus at the interface. The
continual nucleation and growth of CusZng form an IMC
layer above the CuZn layer. According to Gibbs-
Thomson effect, small grains at the edge of the IMCs can
dissolve into the liquid solder to promote the growth of
grains in the neighboring [22]. The IMC layer is shaped
like a scallop. The soldering process conditions could
affect the longitudinal growth form of nucleus. Moreover,
SEM observations reveal that the IMCs morphography
obviously changes in the interface after aging for hours
at 150 °C (Fig. 3).

Because the diffusivity of Cu in Sn matrix is 10°
times larger than that of Zn [24], the growth of CusZng

Fig. 6 SEM images of cross-sections of IMC layers of solder
joints for various aging time and corresponding line scanning
elemental distribution curves: (a) 0 h; (b) 15 h; (¢) 150 h

phase at the surface is mainly controlled by the diffusion
of Cu. During the soldering process, the Cu atoms
diffuse across the interfacial IMC layer, enter into the
solder matrix and react with the Zn atoms to form the
CusZng phase. The rapid reaction between Cu atoms and
Zn atoms results in a Zn-depleted zone nearby the
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boundary layer. The local equilibrium at the interface is
broken because the rapid decrease of Zn concentration.

Generally, the thickness of IMC layer is increased
linearly with the square root of the aging time. However,
the thermal stability of the interface of the Sn—6.5Zn/Cu
is extremely bad. In the process of long elevated
temperature aging, the IMC layer of CusZng phase may
be destroyed in some regions to keep a local
thermodynamic equilibrium [22]. The dissociative Zn
atoms, which come from the decomposition of Cu—Zn
IMC, can diffuse into the zone that contains low amounts
of Zn element. A new Cu—Zn IMC is formed by the
reaction of these dissociative Zn atoms and Cu atoms
spread from the Cu substrate. These Cu—Zn IMCs appear
in two states, epitaxial growth based on the IMC layer
and bulk Cu—Zn IMC in the solder (Figs. 3(b) and 6(c)).

As a matter of fact, the thickness, shape, formation
and evolution of IMC in the joints of Sn—6.5Zn
solder/Cu substrate during aging can be represented by a
schematic diagram, as shown in Fig. 7.

At the early stage of isothermal aging, when aging
time is not long, the diffusion of Zn and Cu atoms plays
a dominant role and the Cu—Zn IMC grows up [7]. The
total IMC thickness increases with the increase of aging
time. The IMC layer with uniform scalloped shape
becomes uneven. Granulated Cu—Zn IMC is formed
close to the IMC layer.

However, the thickness of the IMC layer is
decreased with a further increase in aging time. Besides,
the interface becomes rough and forms evident voids.
The epitaxial growth of Cu—Zn IMC from the interface
to solder occurs at the same time. In addition, crazings
could be formed in the local of solder caused by long
time aging at 150 °C. A number of massive Cu—Zn IMC
is formed in the interface (Figs. 3 and 6). The formation
of these IMC bulks is due to the continuous reaction of
Cu and Zn atoms. During the long aging at 150 °C, the
process of thermodynamic equilibrium results in the
damage of the IMC layer at the interface. Where the
Cu—Zn IMC layer is eroded and forms a fractured site,
Sn directly reacts with the Cu substrate to form a CugSns
reaction layer. These changes suggest that the negative
effects on the mechanical properties of the soldered joint
would be brought.

3.3 Microhardness of joints after aging

Figure 8 shows the results of microhardness
distribution of the interface in the joints of Sn—6.5Zn/Cu
with different aging time.

An obvious hardening zone appears at the interface
after aging at 150 °C for 15 h. Cu atoms diffuse through
the IMC layer into the solder and then react with Zn
atoms to form Cu—Zn compounds. These compounds are
accumulated in the early part of the aging. The IMC
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Fig. 7 Schematic diagram of microstructure evolution of IMC
during aging

layer becomes more uniform and more compact. The
width of the hardening zone and the microhardness
increase.

By increasing aging time at 150 °C, the Cu—Zn IMC
layer can be decomposed due to the existence of
concentration gradient of Zn element among the Cu
substrate, Cu—Zn layer and solder matrix [7]. The Cu—Zn
IMC layer is not stable and could be decomposed during
aging at 150 °C for a longer time. Thus, the continuity
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Fig. 8 Microhardness distribution across interface of Sn—6.5Zn/
Cu joint

and compactability of IMC layers are destroyed due to
the decomposition of Cu—Zn IMC layer, and even
perforate at some sites. The microhardness of the
interface is increased after aging. With different aging
time, the microhardness increase is different.

4 Conclusions

1) A continuous IMC layer consisting of CuZn and
CusZng appears in the interface of Sn—6.5Zn solder/Cu
substrate joints. These Cu—Zn IMCs are not stable and
could be decomposed during isothermal aging at 150 °C
as the aging time increases.

2) After aging at 150 °C for 150 h, the continuity
and compactability of the Cu—Zn IMC layer are
destroyed due to its decomposition, and a discontinuous
layer of CusSns forms in the fractured sites of the
boundary layer. The interface becomes rough and forms
evident voids.

3) The microhardness of the interface increases
owing to the application of aging.
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