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Interfacial intermetallic compounds (IMCs) help determine the reliability of
soldered joints; thus, it is necessary to understand their formation and evo-
lution. This study focus on Cu-Sn IMCs formed in ultrasonic-assisted solder-
ing (UAS), wherein the formation of IMCs at the Sn/Cu interface is controlled
by changing the ultrasonic action time. After being subjected to ultrasonic
vibration, the IMCs at the Cu/Sn solid–liquid interface are continuously cru-
shed, dissolved, and formed, which occurs successively in the Cu6Sn5 and
Cu3Sn layers. The relationship between the thickness of the IMC layer and
ultrasonic action time in Cu-Sn samples was identified. Simultaneously, the
growth pattern of Cu6Sn5 grains in the Sn solder is transformed, and the tin
solder (Sn solder) is kept in a dynamic non-equilibrium state with IMCs at the
Sn/Cu interface through UAS. More Cu6Sn5 grains formed and were evenly
distributed in the joint after cooling, which improves the performance of the
joints.
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INTRODUCTION

The reliability and thermal fatigue lifetime of
solder joints has a major effect on the service life of
electronic devices; the interfacial intermetallic com-
pound (IMC) layer of the joints has an especially
significant effect on the reliability of soldered
joints.1,2 The Cu/Sn/Cu system of electronic pack-
aging has been systematically studied in recent
decades, showing that Sn solder reacts with the Cu
substrate to generate Cu-Sn IMCs, including
Cu6Sn5 and Cu3Sn.3–5 Excessively thick IMC layers
seriously reduce the reliability of soldered joints, or
a thinner IMC layer is difficult to ensure connection
reliability between the Cu substrate and Sn solder.
Therefore, the thickness of the IMC layer must be
controlled to ensure a better solder joint in the
electronic packaging industry.

Recently, ultrasonic-assisted brazing, a well-
known fluxless brazing method, has been widely
studied for soldering in the electronics industry
owing to its excellent properties.6–8 Previous studies
have shown that the propagation of ultrasonic
waves in a liquid solder can generate acoustic
cavitation and streaming phenomena at the inter-
face, which not only breaks the oxide film on the
solid surface, but also improves the wetting of the
liquid metal on the solid surface and promotes the
diffusion of atoms.9,10 Xiao et al.11 brazed a Cu/Al
substrate with Zn-3Al as a brazing filler metal,
showing that excellent metallurgic bonding could be
obtained in fluxless brazed Cu/Al joints by using
ultrasonic-assisted soldering (UAS). Li et al.12 also
found that soldering time could be greatly short-
ened—and an excellent joint could be obtained—at
lower soldering temperatures in the ultrasonic-
assisted transient liquid phase (TLP) soldering
process, which helped avoid extra thermal stress
from excessive temperature or longer soldering
times on the bond components. All these studies(Received December 19, 2018; accepted June 26, 2019;
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indicated that UAS has become the most promising
soldering technology for application to electronic
component packaging. However, there is little
research on the formation and evolution of IMCs
or their effects on joint properties when using UAS.
Therefore, this study employs the Cu-Sn system to
study the formation and evolution of IMCs by UAS.
Its results can provide theoretical guidance for the
application of UAS in microelectronic packaging.

EXPERIMENTAL PROCEDURES

Highly pure (99.99 wt.%) 50 mm 9 20 mm 9 3
mm and 40 mm 9 20 mm 9 3 mm Cu plates were
used as substrates, and pure (99.99 wt.%) 10 mm 9
15 mm 9 0.3 mm Sn plates were used as the solder.
Before performing the brazing experiment, the Sn
foils were cleaned with a detergent solution, then
rinsed with deionised water, and finally cleaned
using acetone in an ultrasonic bath for 3 min. The
surfaces of Cu substrates were first ground and
polished. Then they were cleaned using 5% HCl in
an ultrasonic bath for 3 min and finally cleaned
using acetone, also in an ultrasonic bath for 3 min.
Figure 1 shows a schematic of UAS.

The Cu/Sn/Cu structure was placed in a furnace
and heated at a rate of 50�C/min up to 300�C and
then held for 6 min at 300�C during the process of
soldering. The horizontal ultrasonic vibration fre-
quency was fixed at 20 kHz, a pressure of 0.6 MPa,
and power of 500 W. After applying ultrasonic
waves, samples were derived from the heating
platform and quickly cooled in water. The mounted
samples were successively ground using #800,
#1000, #1500, #2000, and #3000 metallographic
sandpaper. Finally, the samples were polished
mechanically using 0.5 lm diamond polishing paste.
Subsequently, a few samples were deeply etched in
a 5% HCl + 3% HNO3 + CH3OH (wt.%) etchant
solution to remove the excess Sn solder so that the
formation of interfacial Cu6Sn5 grains can be inves-
tigated during soldering. The microstructures of the
joints were examined using backscattered electron
signals from an EDS-equipped FEG 450 scanning

electron microscope (SEM), including the distribu-
tion of Cu and Sn atoms, and the formation and
evolution of Cu-Sn IMCs by UAS. In addition, the
average thickness of the IMC layer in these samples
was also determined by counting the total area and
length of the IMCs along the interface in the SEM
images, and it was calculated using the following
equation13:

H ¼ S

L
ð1Þ

where H is the average thickness of the IMCs, S is
the total IMC area (including Cu6Sn5 and Cu3Sn),
and L is the total length of the interface in the SEM
images for one sample.

RESULTS AND DISCUSSION

The Relationship Between IMC Thickness
and Ultrasonic Action Time

Figure 2 shows the microstructures of the Cu-Sn
joints formed via UAS at 300�C for various ultra-
sonic action times. Figure 2a shows a morphology
photograph of joints soldered for 6 min without
ultrasonic action, where the IMC layer is scallop-
shaped. As presented in Table I, an EDS analysis
revealed that the reaction layer labelled as ‘1’ is
Cu6Sn5. The dark, thin layer labelled as ‘2’ is a layer
of Cu3Sn, which is consistent with previous litera-
ture.14,15 A few Cu6Sn5 particles labelled as ‘3’ are
randomly distributed in the Sn solder. Figure 2b
shows a photograph of the morphology of joints after
ultrasonic action for 10 s, in which the morphology
of the interfacial IMC layers has changed slightly.
However, the volume of Cu6Sn5 in the Sn solder has
significantly increased. Figure 2c and d show the
microstructure of joints with ultrasonic action time
of 20 s and 30 s, respectively. Note that the volume
of Cu6Sn5 in the Sn solder further increased, and
the Cu6Sn5 layer was crushed after ultrasonic
action for 30 s. When the ultrasonic action time
was increased to 40 s, the interfacial IMC layer was
clearly crushed, as shown in Fig. 2e, the scallop-
shaped compound layer disappeared, and the Cu3Sn
layer was also crushed. Simultaneously, the mor-
phology of the compound in the Sn solder trans-
formed from a strip block to a multi-planar layer.16

This change in IMC morphology was more evident
when ultrasonic vibration was applied for 50 s, as
shown in Fig. 2f.

Figure 3 demonstrates SEM images of Cu-Sn
samples after ultrasonic action for 50 s, in which
three broken pits can be observed in the IMC layer.
Further analysis revealed that the broken pits
labelled as ‘1’ are only Cu6Sn5. The broken pits
labelled as ‘1’ are Cu3Sn, Cu6Sn5, and the Cu
substrate, and some Cu3Sn could also be found in
broken pits ‘3’.

Figure 4 demonstrates the relationship between
the thickness of the IMC layer and ultrasonic actionFig. 1. Schematic of ultrasonic-assisted soldering.
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time, and the thickness of the total IMC layer and
that of the Cu6Sn5 layer decreased with increasing
ultrasonic action time. However, the Cu3Sn layer

initially increased with ultrasonic action for around
30 s, then decreased after the ultrasonic bonding
time increased to 40 s.

Fig. 2. SEM images of Cu-Sn samples after ultrasonic action for (a) 0 s, (b) 10 s, (c) 20 s, (d) 30 s, (e) 40 s, and (f) 50 s.
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Figure 5 shows the relationship between the IMC
in the Sn solder and ultrasonic action time. The
distribution area of the Cu6Sn5 in the Sn solder was
increased with the propagation of ultrasonic waves.
Additionally, the interfacial IMC layer was also
thinned with increasing ultrasonic action time.
Therefore, it could be inferred that the interfacial
IMCs were crushed, and their formation was pro-

moted by ultrasonic action.
The translation of Cu6Sn5 in Sn solder is given in

the following equation:

Y ¼ AX2 þ BX þ C ð2Þ

where Y is the area of Cu6Sn5 in the Sn solder, and
X is ultrasonic action time. The values of A, B, and C
were found from the fitting to be as � 0.26916
(± 0.07908), 36.75435 (± 4.25974), and 2140.50186
(± 44.32127), respectively.

If the shape of Cu6Sn5 in Sn solder is considered
to be a circle, where the radius, i.e. the equivalent
circular radius, can be obtained by Eq. 3, R is the
equivalent circular radius of the Cu6Sn5 in the Sn
solder. According to this analysis, Z is linear with X,
as shown in Fig. 5b. That is, the formation of
Cu6Sn5 in the Sn solder was mainly controlled by
the reaction in Eq. 4.17

R ¼
ffiffiffiffi

Y

p

r

ð3Þ

R ¼ DX þ E ð4Þ

where X is the ultrasonic action time, and D and E
were found from the fitting to be 0.11189
(± 0.00851) and = 27.11665 (± 0.28593),
respectively.

The above analysis found that the application of
ultrasonic waves not only promotes the diffusion of
Cu atoms, but also accelerates the growth of com-
pounds in the Sn solder. Previous studies have
shown that propagation of ultrasonic waves in a
liquid medium can generate acoustic cavitation
phenomena,18 in which numerous micro-bubbles
are generated and grow significantly. When these
bubbles approach the solid–liquid interface, they
rapidly implode because their movement is ham-
pered, which can induce a localised high-tempera-
ture, high-pressure environment and micro-jet
phenomena at the Cu/Sn solid–liquid interface.19

Simultaneously, the exploding bubbles can form a
powerful shock wave,20 which accelerates the tur-
bulent flow of the liquid. The high-speed fluid would
constantly flush the surface of the base metal and
the previously formed IMC layer. As shown in
Fig. 2c and d, the pre-formed IMC layer at the
interface was constantly crushed by the shock
waves and cavitation bubbles, which led the scal-
lop-like IMC layer to disappear and a few crushed
pits to form at the Cu/Sn solid–liquid interface. For
ultrasonic action time up to 40 s, the broken pits
appeared in the Sn/Cu6Sn5 and Cu3Sn/Cu6Sn5

interfaces, as shown in Fig. 2e. The same phe-
nomenon could be observed after ultrasonic action
for 50 s, as shown in Fig. 2f. In addition, the pre-
formed IMC layer in the solid–liquid interface could
obstruct the diffusion of Cu atoms into the Sn solder
at ultrasonic action times of around 30 s, which
causes a few of the Cu atoms to diffuse from the base

Table I. Chemical composition at different
locations in Cu-Sn joints in Fig. 2 (at.%)

Location Cu (at.%) Sn (at.%)

1 55.6 44.4
2 72.8 27.2
3 50.2 49.8

Fig. 3. SEM images of Cu-Sn samples after ultrasonic action for
50 s.

Fig. 4. Relationship between the thickness of the IMC layer and
ultrasonic action time in Cu-Sn samples.
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Fig. 5. (a) Area of Cu6Sn5 in the Sn solder and (b) An equivalent circular radius of Cu6Sn5 in Sn solder as functions of the ultrasonic action time.

Fig. 6. Morphology of Cu-Sn samples with IMCs in the joint (a), at the interface (b), and in the Sn solder (c) after bonding for 6 min at 300�C.
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metal to accumulate at the Cu3Sn/Cu6Sn5 interface.
Meanwhile, shock waves, cavitation bubbles, and
localised high temperatures led to micro-damages of
the solid Cu surface, which produced an excessive
number of Cu atoms detached from the Cu surface
and spread into the molten Sn solder. The addi-
tional Cu atoms provide excellent conditions for the
formation of Cu3Sn. Note that the average thickness
of the Cu3Sn layer slowly increased during ultra-
sonic action times in the range of 30 s, as shown in
Fig. 4. However, when the ultrasonic action time
increased to 40 s, the average thickness of the
Cu3Sn layer began to decrease, which was attrib-
uted to the crushing of the IMC layer. The crushed
IMC layer could provide a few new diffusion chan-
nels for Cu and Sn atoms, which makes it easier for
the Cu atoms to dissolve away from the base metal
to diffuse into the Sn solder under the effect of
chemical gradients and acoustic flow. Cu6Sn5 gen-
erated in the Sn solder with ultrasonic action times

of 40 s and 50 s, shown in Fig. 2e and f, differed
from its generation in the Sn solder with ultrasonic
action times of approximately 30 s.

Morphology of Interfacial IMCs by UAS

As shown in Figs. 6 and 7, the joints were pulled
away in two parts from the bonding surface, one of
which was ground layer by layer until the IMC layer
was observed by SEM. Figure 6 shows the grain
morphology of Cu6Sn5 without ultrasonic action.
The Cu6Sn5 grains at the Sn/Cu interface were
mainly scallop-shaped, as shown in Fig. 6b, whereas
the Cu6Sn5 grains generated in the Sn solder were
regular hexagonal prisms, as shown in Fig. 6c.
Figure 7 illustrates the grain morphology of Cu6Sn5

with ultrasonic action for 40 s. Although the grain
morphology of Cu6Sn5 at the Sn/Cu interface was
still scallop-like in shape, a few obviously broken
pits in the interfacial Cu6Sn5 layer could be found.

Fig. 7. Morphology of Cu-Sn IMCs in the joint (a), at the interface (b), and in the Sn solder (c) after ultrasonic action for 40 s.

Yu, Yingzong Liu, and Yun Liu5600



Simultaneously, the grain morphology of Cu6Sn5 in
the Sn solder was in the facet-shaped instead of a
regular hexagonal prism, meaning that the ultra-
sonic action could cause the interfacial IMC layer to
be crushed and the growth pattern of Cu6Sn5 grains
in the Sn solder to be transformed.

According to Jackson,21 atomic geometry—includ-
ing facet- or round-shaped geometry—is mainly
determined by the Jackson’s coefficient of the crystal.
Choi et al.22 extended Jackson’s theory to the grain
morphology of the IMC that forms at the interface
between liquid solder and solid–metal substrates.
The morphology of IMCs was also found to be related
to Jackson’s coefficient. That is, Jackson’s coefficient
of a round grain is always less than 2, but Jackson’s
coefficient for a faceted grain is greater than 2.
Jackson’s coefficient depends largely on enthalpy
changes, its value is modified as follows:

a ¼ DH
RT

n ð5Þ

where a is Jackson’s coefficient, DH is the enthalpy
change during the reaction of the liquid solder and
the metal substrate into an IMC, R is a gas
constant, T is the soldering temperature, and f is
an atomic fraction of possible sites occupied by solid
atoms at the growing interface. Because it is
difficult to calculate the exact value of f—owing to
the random orientation between adjacent IMC
grains—a mean value of f = 0.5 can be found in
close-packed planes (0001) of hexagonal Cu6Sn5 was
used to find out the different growth patterns of
Cu6Sn5 grains. According to Kirchhoff’s law,
enthalpy changes are related to the reaction tem-
perature using the following equation:

DH ¼ A0 þ A1T þ A2T
2 ð6Þ

Yang et al.23 showed that the values of A, A0, and
A1 in a pure Sn/Cu system are 19064.81, � 75.08,
and 0.11 respectively. Thus, a value of a = 1.28 can
be calculated by Eq. 5 at 300�C. This value is less
than 2, showing that round Cu6Sn5 grains grow
while holding at 300�C, which is consistent with the
behaviour seen in the experiment shown in Fig. 6a.
Meanwhile, Cu6Sn5 formed in the Sn solder when a
few of the Cu atoms diffused into liquid Sn. Since
the Cu6Sn5 grains had a close-packed hexagonal
structure, they grew in hexagonal prisms along the
screw dislocations by means of a step mechanism
and extended into the Sn solder, as shown in
Fig. 6c. However, when ultrasonic vibration was
applied, the cavitation bubbles rapidly collapsed,
which creates hot spots with the localised temper-
ature and pressure estimated to reach 5000 K and
0.1 GPa, respectively. The liquid near the cavitation
bubble is also affected, and its effective temperature
can reach 1600�C.24 The enthalpy change in the
entire joint increased owing to the high-tempera-
ture, high-pressure environment. Substituting the

effective temperature into Eq. 5, Jackson’s coeffi-
cient was calculated as 8.49—considerably greater
than 2—meaning that the Cu6Sn5 grains grow in a
facet-shaped geometry under ultrasonic action.
Furthermore, Cu and Sn atoms continuously under-
went interdiffusion, driven by the temperature and
concentration gradients before applying ultrasonic
action, but the speed of diffusion was relatively
slow. Thus, the Cu atoms that diffused into Sn
solder gathered at the Cu/Sn solid–liquid interface.
However, when ultrasonic waves were applied, the
action of ultrasonic waves caused the liquid Sn to
continuously flow at a high speed. This instanta-
neously brought the Cu and Sn atoms into the liquid
Sn under the action of the acoustic current, result-
ing in a new concentration gradient at the Cu/Sn
solid–liquid interface, which accelerated the disso-
lution rate of base metals into the liquid solder. The
effect of the ultrasonic waves made it difficult for Cu
atoms to gather inside the Sn solder. To reduce the
nucleation energy, precipitation usually took place
at the existing IMC interface, as the liquid solder
would otherwise be supersaturated. Therefore, the
growth of Cu6Sn5 grains was considerably
enhanced, and the dissolution of Cu atoms was
considerably improved, leading to a facet-shaped
geometry, as shown in Fig. 7.

In addition, the application of ultrasonic waves can
induce intense acoustic streaming in liquids, which
accelerate the dissolution rate of base metals into the
liquid solder by promoting elemental diffusion in the
liquid solder at high speed. Therefore, the Sn solder
was in a dynamic non-equilibrium state such that
IMCs at the Cu/Sn solid–liquid interface were
crushed continuously, dissolved, and formed by
UAS. Some crushed Cu6Sn5 enters the Sn solder,
and others dissolve at the local high temperatures.
The dissolved Cu and Sn atoms provided conditions
for the growth of Cu6Sn5. Meanwhile, ultrasonic
vibration and agitation relied on external input
energy, promoted the formation of internal Cu6Sn5

crystal nuclei, and fractured the growing dendrites.
More Cu6Sn5 grains formed and were evenly dis-
tributed in the joint after cooling, which would
improve the performance of welded joints.25,26

CONCLUSIONS

The effects of UAS on the microstructure of Cu-Sn
IMCs were investigated, and the major conclusions
can be summarised as follows:

1. When ultrasonic waves were introduced to the
soldering joint, the IMC dendrites generated at
the Cu/Sn solid–liquid interface broke, which
led to a severe decrease in the thickness of the
Cu6Sn5 and Cu3Sn layers.

2. The ultrasonic vibration and agitation promoted
the nucleation of Cu6Sn5 crystals in the Sn
solder, which was kept in a dynamic non-
equilibrium state with IMCs at the Sn/Cu
interface and in the Sn solder.
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3. With the propagation of ultrasonic waves, the
enthalpy of the Cu-Sn system increased, and
Cu6Sn5 grains in the Sn solder grew into facet
shapes instead of round shapes.
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