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Abstract

In this work, the horizontal sonocapillary effect
in ultrasonic-assisted soldering was investigated
via numerical simulations and experiments. The
numerical simulation results indicated that acoustic
pressures in the liquid solder exhibited distinct
sinusoidal features with negative offsets, forming
a negative average acoustic pressure. When the
ultrasonic vibrations were transmitted to the
lower substrate in the joint clearance, the average
acoustic pressures decreased from the acoustic
pressure center to the filling front, forming a
negative acoustic pressure gradient in the horizontal
direction. As a result, the solder was sucked into
the joint clearance by a large negative acoustic
pressure. This sonocapillary effect was verified
with experiments. In the calculation model, a high
ultrasonic amplitude, a small joint clearance width,
and a high base material stiffness increased the
acoustic pressure and its average difference on
the horizontal direction in the solder, which further
improved the driving force of the sonocapillary
effect. However, the wetting angle had a small
influence on the sonocapillary effect.
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Introduction

Itis well known in the field of traditional soldering that
capillary filling depends on the wetting of the liquid solder
to the substrate (Refs. 1-4). However, recent reports have
shown that under ultrasonic assistance, liquid solderis able to
infiltrate a horizontal joint clearance at a high velocity without
wetting the substrate (Refs. 5-8). This capillary filling pro-
moted by ultrasonication is called the sonocapillary effect. In
previous work by the authors, a zinc-aluminum (Zn-Al) alloy
filled a soldering joint clearance before the break of the oxide
layer (AL,O,) onan AI203P/6O61 Al composite (Ref. 5). Because
the Zn-Al alloy could not wet the AlLO_, the sonocapillary
effect occurred without wetting the substrate. Chen et al.
(Ref. 6) used the sonocapillary effect to solder aluminum-
titanium (AI-Ti) dissimilar alloys, and the infiltration time
was only several seconds. Recently, this effect was applied
to several porous materials to drive the liquid metal to fill
the pores (Ref. 8).

Despite the widespread application of ultrasonic-assisted
soldering, little attention has been focused on the mechanism
of the sonocapillary effect in this method. However, discus-
sions about the use and mechanism of this effect in some
other fields have been reported — such as in the extraction
of food and natural products (Refs. 9-11), metal treatment
(Ref.12), oil recovery (Ref. 13), or chips (Refs. 14-16) — as
well as general discussions without a specific application
background (Refs.17-19). Several investigations found that
surface acoustic waves are the main reason that the sono-
capillary effect occurs (Refs.14-16, 20). The surface acoustic
wave can cause acoustic streaming (Ref. 14) and atomiza-
tion (Ref. 20), which drive the liquid flow. Many researchers
have suggested that cavitation is the main mechanism of
the sonocapillary effect (Refs. 17,18, 21, 22).

Malykh et al. (Ref.17) as well as Dezhkunov and Leighton
(Ref.18) found that the driving pressure was the highest with
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Fig. 1 — Schematic of the filling with different
ultrasonic application locations: A — On the entire
lower substrate (mocde 1); B — on the lower substrate
inside (mode I1); C — outside the joint clearance
(mode Il).

acluster of cavitation bubbles. Tamura and Hatakeyama (Ref.
22) suggested that the radiation pressure caused by cavi-
tation at the tube’s open end plays a key role in the liquid
pressurization. Hu et al. (Ref. 23) proposed that changes
in the cohesive forces between the liquid molecules and
adsorption forces between the liquid molecules and capillary
tubes activate the sonocapillary effect. Another mechanism
of the sonocapillary effect was reported by Rozina (Ref. 19),
who suggested that gas dissolution in a sealed tube brings
about a pressure difference inside and outside the tube. As
aresult, the liquid is pushed into the tube. The limitation of
this theory is that it cannot explain the sonocapillary effect
in open channels.

Due to the fast-filling speed of solder during soldering
with the assistance of ultrasonication (Refs. 5-8), this study
focuses on the mechanism of the horizontal sonocapillary
effect. It also focuses on the change in the liquid acoustic
pressure without considering the cavitation effect. In previous
work, the authors demonstrated that the cavitation effectis
not necessary in the sonocapillary process (Ref. 24). Based
on the observations of sonocapillary morphology, numerical
simulations were carried out to explain the experimental
results. Ansys software was applied to analyze the vibration

Fig. 2 — Simulation model of the vibrations on the
lower plate.

of the substrate. Then, vibrations were introduced into Ansys
Fluent software to calculate the acoustic pressure distribu-
tion. The infiltration velocity within one acoustic cycle was
studied, and the influences of the ultrasonic amplitude, joint
clearance width, wetting angle, and property of the base
material on the sonocapillary behavior were analyzed.

Experimental and Numerical
Methods

Experimental

A schematic diagram of the sonocapillary effect with
different ultrasonic application locations is shown in Fig. 1.
The ultrasonic horn was placed on the lower plate where the
yellow dotted line is shown. The arrows refer to the direction
of the excitation vibration. The substrates selected for this
work were 1060 Aluminum Alloy. The solder was pure tin
(Sn) with a melting point of 232°C (449.6°F), and the test
temperature was set to 250°C (482°F). The ultrasound was
applied after reaching the soldering temperature. In mode
I, the substrates had dimensions of 50 x 10 X 3 mm (1.968

Table 1 — Boundary Conditions of the Simulation Process

Location Lower Surface

0
Boundary conditions 0

Ux
U
y
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X 0.393 X 0118 in.) and 25 x 10 X 3 mm (0.984 x 0.393 x
0.118 in.). Ultrasonication was applied on the entire lower

A substrate. In mode I, the dimensions of the substrates were
15 X 10 X 3 mm (0.590 x 0.393 x 0118 in.), 35 X 10 X 3

mm (1.377 x 0.393 x 0.118 in.), and 25 x 10 X 3 mm. In

VibrationI mode Il1, the dimensions of all substrates were 25 x 10 x 3
direction Diitlse mm. In modes Il and 111, the ultrasonic excitation was sepa-

rately applied on the lower substrate inside and outside the
e T joint clearance, respectively. The joint clearance size was
ZL. Wl 1mm (0.039 in.), and it was controlled by a feeler gauge.

X The ultrasonic time and amplitude were setat 4 sand 5 um,
respectively. Sound-resistant asbestos was used to hinder
the ultrasonic transmission. The asbestos was fixed between
the two sections of the lower plate. Both the metal substrates
and the solder were first cleaned using silicon-carbide (SiC)
emery paper, after which they were ultrasonically cleaned in
acetone for 15 min. A self-designed ultrasonication system,
UPM-UP-1010A01, with an ultrasonic frequency of 20 kHz
was applied. The TC 4 sonotrode had a diameter of 20 mm
(0.787in.). Three samples were prepared in each condition.

After soldering, the joint was cooled to room temperature
in air and cut along the central line. The cross section was
then ground and polished. The microstructures of the joints
were analyzed using a Zeiss scanning electron microscope.

Numerical

A simulation model of the vibrations on the lower sub-
strate excited by ultrasonication was developed using Ansys
software — Fig. 2. The boundary conditions of the simula-
tion process are presented in Table 1. Ultrasonication was
Fig. 3 — Calculation of sonocapillary effect: A — applied on the left side of the substrate, as marked with the
Meshing model; B— initial state; C — experimental red dotted lines.
setup. U, represents the ultrasonicvibrationsin the Z-direction.
They are described as follows:

Oxide ﬁITn

Sn Oxide film
Sn ; ; :

Oxide film

Fig. 4 — Sonocapillary morphologies and microstructures of the Sn/1060 Aluminum Alloy interface: A — Wetting
angle; B — interface near the filling front; C — interface away from the filling front in mocde I; D — wetting
angle; E — interface near the filling front; F — interface away from the filling front in mode I1.
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Fig. 5 — Vibration distributions in the Z-direction on
the lower substrate: A — Mode I; B — mode Il; C —
mode Ill; D — along the extraction path.

U, = U, - sin (21tft) M

where U, is the ultrasonic vibration amplitude, fis the ultra-
sonic frequency, and tis the time. There are three different
substrates used in the simulation model: 1060 Al, 5056 Al,
and Fe36Ni. Their elastic moduli are shown in Table 2.

Table 2 — Elasticity Moduli of Different Substrates

Air
A -8 05

ey - Sn
Eoo002f le, A
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B
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Fig. 6 — Sonocapillary states of different modes at 5
ms: A — Mode I; B— mode Il; C — mode Il

The sonocapillary conditions were analyzed using the
Fluent software. The simulation model is shown in Fig. 3.
It was established in 2D space based on an ideal condition.
The turbulent flow of the liquid was set to a K-epsilon model.
The length and width of the joint clearance were set as 10
and 1 mm, respectively. The left 10 mm was outside the joint
clearance, and the right 10 mm was inside the joint clearance
— Fig. 3B. The sonocapillary effect did not rely on the wetting
condition. For simplification, the initial shape of the liquid
in the joint clearance was simplified to be rectangular. The
boundary settings of the wall, pressure inlet, and pressure
outlet are marked in Fig. 3. The left and upside gas-liquid
interfaces were selected as the pressure inlet interface with
abarometric pressure. The interfaces of the liquid metal and
solid plate were defined as the wall, where the liquid cannot
pass. The right boundary of the joint clearance was chosen
to be the pressure outlet. The vibrations were applied on
the upper surface of the lower plate via a user-defined func-
tion. This function was a series of C programs based on the
vibrations varied with time and location. For example, 40
points were selected along the extraction path for mode I.
The displacement of each surface point followed a function
with the following form:

Material 1060 Al

Elasticity Modulus (GPa) 68.9
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Fig. 7 — Sonocapillary velocity at the filling front of
point A from 4.95 to 5.05 ms.

Uz = Uy sin(2mft) @

where U’,is the vibration displacement at the moment of ¢,
U7 is the vibrationamplitude, and fis the vibration frequency.
Different points had different U’ , which could be calculated
from the model in Fig. 2. The roughness of the wall, wetting
angle of the solder on the substrate, ultrasonic amplitude,
and ultrasonic frequency were set to be 1.5 pm, 130 deg,

5 um, and 20 kHz, respectively, which were the same as
those in the sonocapillary experiments. In Fig. 3B, the red
area represents air, and the blue area corresponds to liquid
metal. Figure 3C shows the experimental setup used for the
sonocapillary effect.

Results

Sonocapillary Morphologies for Different
Ultrasonication Application Modes

Experiments were carried out to test the sonocapillary
effect with different ultrasonication application locations.
The wetting angles and microstructures of the pure Sn/1060
Aluminum Alloy interface are shown in Fig. 4. The filling
lengths in modes | and Il were 12.9 and 10 mm (0.507 and
0.393in.), respectively. It can be seen from Fig. 4A that the
wetting angle of pure Sn on 1060 Aluminum Alloy was more
than 90 deg, indicating that the solder did not wet the sub-
strate. Compared with the Sn/1060 Aluminum Alloy interface
away from the filling front in mode | (Fig. 4C), the interface
near the filling front in Fig. 4B showed that the oxide film
was intact. The composition of the oxide film on the 1060
Aluminum Alloy surface was examined in a previous work
by the authors (Ref. 25). The oxide film away from the filling
front broke due to the cavitation time being long enough.
However, the oxide film near the filling front did not break
because the cavitation time was short. This phenomenon
was also reported in previous works by the authors (Refs.
5, 6). Similar results were found for mode II.

Table 3 — Pressure Function Parameters of Different Locations

P, (Pa) P_(Pa)
P, -5.60e4
. -4.38e4
P -1.81e4
P -112e4
P -1.96e3
P -3.66e3

P, (Pa) f(Hz)

2.42e6 20,000
9.05e6 20,000
1.35e6 20,000
4.29e6 20,000
2.12e5 20,000
2.17e6 20,000

JUNE 2023

117-s



118-s

A B
0.004 } 0.004 |
00t L S| L il
N ik N b 8E06
P P i S . T, I I, o o [ | e | D | | S 6E06
0 0.005 001 0015 0.02 0 0.005 001 0015 0.02 5 4E06
X(m) X(m) 2E06
_ 0
0.004 [ 0.004 [ P
0002 | £0.002 [ L 4506
S 5 N i -6E06
0 R i b F o 3 o ¢ ik o o 3 3 54 o 5 F 4 O | IS SN SN N AT SN SN SN NN (NN SN SN SN SN SN SN SN S S '
0 0.005 0.01 0015  0.02 0 0.005 0.0l 0015 002
C X(m) D X(m)

Fig. 8 — Alternating acoustic pressure within one acoustic cycle in mode I: A — 5010 us; B — 5020 us; C — 5030

us; D — 5040 us.

Additionally, the wetting angle was more than 90 deg
(Fig. 4D), the oxide film near and far from the filling front
had different morphologies (Figs. 4E, F), and the intact film
was broken by the cavitation effect. The obtuse angle of the
wetting front demonstrated that the sonocapillary effect
occurred before the wetting process (the breaking of the
oxide film), which was also reported in several other works
(Refs. 5-7). The solder could wet the fresh Al metal but not
the oxide film. This sonocapillary phenomenon cannot occur
in traditional brazing. In mode I11, the sonocapillary effect
could not be realized.

Sonocapillary Mechanism

Figure 5 shows the vibration distribution on the lower plate
under the ultrasonic excitation. It was acquired by a harmonic
analysis. The color scale indicates the displacement of the
surface points of the plate subjected to ultrasonic vibration.
The displacement refers to the movements of these surface
points. The displacement was O when the plate was kept at
its original position. Figure 5 shows negative values when the
surface points moved downward and positive values when
the surface points moved upward. The vibration amplitude
was the absolute value of the maximum displacement, which
was O or a positive value. The vibration amplitude on the
extraction path could represent the changes of vibrations
of the plate surface points. Figure 5D shows the vibration
amplitudes along the extraction paths. In mode I, the larg-
est vibration amplitudes appeared on the right red region
because of the reflection and superposition of the sound
waves (Ref. 26). In mode Il, the vibration amplitudes first
decreased and then increased along the extraction path.
However, the vibration amplitudes first remained at a certain
level and then rose gradually in mode IlI.

The vibration on the lower plate was introduced to the
computational fluid dynamics model via a user-defined
function. It was a series of C programs based on the vibra-
tions and locations curve. The simulation results at 5 ms are
shown in Fig. 6. The yellow dotted line shows the initial state
of the liquid solder. In mode |, the sonocapillary effect was
the best, which was indicated by the longest filling length of
nearly 0.004 m (0157 in.) in the joint clearance. The sono-
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Fig. 9 — Difference of average acoustic pressure
between points A and G for modes I-1I11.

capillary effect was also realized in mode Il. However, the
solder moved out of the joint clearance in mode Il when
the ultrasonication was only applied on the lower substrate
outside the joint clearance. These results agreed with those
in Fig. 4. The sonocapillary effectin mode | was the best, and
no sonocapillary effect occurred in mode 1.

We calculated the sonocapillary velocity at the filling front
of point A (marked in Fig. 6) from 4.95 to 5.05 ms. Figure
7 shows the velocity variations of the three modes, which
all exhibited sinusoidal features. Expressions of their fitted
curves were acquired using Origin software. The velocity
and time curves showed differences in amplitude and offset,
which were the main parameters. In addition, the initial
phases of the sinusoidal curves could be neglected due to
the periodicity of the curves.

The average velocity of an acoustic cycle from 4.95t0 5.05
ms can be calculated via integration:

1 T
v=?L vdt (©)]

The average velocities at modes I-11l were 1.48, 0.71, and
-0.23 m/s, respectively.
Figure 8 presents the pressure in the liquid metal at mode

I within one acoustic cycle. The pressure alternated between
positive and negative values. The center of the acoustic pres-
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Fig. 10 — Velocity changes of solder and air within an
acoustic cycle in mode I: A — 5010 us; B — 5020 us;
C — 5030 us; D — 5040 ps.

sure was determined according to the distribution of acoustic
contours in which the peak of the acoustic pressure amplitude
was named point G. The pressure changed continuously from
the center to the left and right liquid-gas interfaces.

Two representative points, namely the filling front Aand the
center of the acoustic pressure G, were selected to quantita-
tively show the relationship between the acoustic pressure
and the ultrasonication application duration. The feature
points are marked in Fig. 6. The relationship between acous-
tic pressure and time is shown by the following expression:

Py = Pc + Pysin 2rf (t — ty)) ()

where P, is the transient acoustic pressure, P_ is the
offset of the pressure-time curve, P, is the amplitude, fis
the frequency, and t, determines the initial phase of the
pressure-time curve. t, was neglected because of the peri-
odicity of the function. The exact values at different points
are listed in Table 3. The sinusoidal equations all had nega-
tive offsets, and the frequencies were the same. The main
differences were the acoustic pressure amplitude and the
offset. A larger amplitude appeared at the pressure center
point G, while the absolute value of the offset at point Awas
larger than that at point Gin modes | and Il. However, it was
smaller at point A in mode IlI.

Fig. 11 — Physical model of the sonocapillary process
within an acoustic cycle: A — Before ultrasonication;
B — positive; C — negative forces in the X-direction.

The average acoustic pressure of an acoustic cycle can be
calculated via integration:

B 1 (T 1 (T
P, = ?f P; + Pysin (2nf(t —ty))dt = TJ Pedt = Pc (5)
o 0

Thus, the average was equal to the offset. The differences
in the average acoustic pressure between points A and G
for the three modes are shown in Fig. 9. In modes | and 11,
the average of the acoustic pressure at point A was smaller
than thatat point G. The differences were 12,200 and 6900
Pa, respectively. However, in mode Ill, the average acoustic
pressure at point A was larger than that at point G, with a
difference of approximately -1700 Pa.

Both the experimental results in Fig. 4 and the simulation
results in Fig. 6 show the sonocapillary effect was realized in
modes | and Il, where the ultrasonication vibration could be
transmitted to the lower substrate inside the joint clearance.
Because the sonocapillary effect was the best in mode |, its
filling velocity was calculated within a cycle, and the results
are presented in Fig.10. The filling morphology showed sim-
ilar positive and negative variations to those of the acoustic
pressure. The red and blue arrows in Fig. 10 represent the
velocities of airand solder, respectively. The velocity changed
with time. Combined with the results in Fig. 7, the solder
velocity changes were sinusoidal. This caused the solder
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Fig. 12 — Filling morphologies under different
ultrasonic amplitudes: A — 1um; B — 5 um; C —
10 um.

from points G to A to experience average movement to the
joint clearance within an acoustic cycle. In other words, the
liquid solder was sucked into the joint clearance by the larger
negative pressure. Therefore, the sonocapillary effect was
observed. However, the sonocapillary effect could not be
observed in mode lll.

Discussion

Physical Model of Sonocapillary Process

As previously discussed, the liquid solder experienced
periodic movement caused by the pressure variations excited
by the ultrasonic vibrations. With the passage of time, the
solder was gradually forced into the joint clearance by the
difference of the average pressure in the X-direction. The
physical model of the sonocapillary process within an acoustic
cycleisshownin Fig.11. Before ultrasonication was applied,
there was no driving force in the horizontal direction. The
liquid solder remained static with a wetting angle of 8 on
the substrate — Fig. 11A.

Owing to the nonwettability of the liquid Sn on the 1060
Aluminum Alloy substrate, the wetting angle was more than
90 deg. However, when ultrasonication was applied, the bal-
ance state was broken, and an additional ultrasonic force
with periodic sinusoidal variations appeared because of the
pressure change. When the additional force in the X-direction,
P, was positive (the positive direction was toward the joint
clearance), the liquid solder moved into the joint clearance.
The wetting angle was the same as before ultrasonication was
applied, which can be observed in Fig. 4. At the same time,
the resistance to the solder’s advancementin the soldering
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Fig. 13 — A— Acoustic pressure at the flowing front
of point A; B — sonocapillary velocity and difference
of average pressures of points A and G in joint
clearances with different ultrasonic amplitudes.

joint clearance, f, occurred — Fig. 11B. In contrast, when the
additional force P, ,was negative, the fluid moved out of the
joint clearance. The resistance to the solder’s advancement
in the soldering joint clearance changed its direction — Fig.
11C. However, as depicted in Table 2 and Fig. 9, the pressure
change was not completely symmetrically sinusoidal, and the
average pressure of a cycle had alarger negative value at the
filling front. At the same time, the influence of falso mani-
fested. The liquid solder could not return to its initial position,
and forward movement was realized within an acoustic cycle.
Then, another acoustic pressure cycle occurred, and this
process repeated itself. After a period of accumulation, the
sonocapillary effect occurred.

Influence Parameters

Ultrasonic amplitude. The sonocapillary morphologies
at 3 ms for different ultrasonic activation amplitudes are
shown in Fig.12. When the ultrasonic amplitude was set to1
um, the solder could not fillinto the joint clearance. The filling
distance was nearly 0.0015 m (0.059 in.) with an ultrasonic
amplitude of 5 um. When the ultrasonic amplitude increased
to10 um, the filling distance increased to 0.003 m (0.118 in.).
Details of the experimental verification of the influence of the
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Fig. 14 — Sonocapillary morphologies of the liquid
metal in joint clearances of different sizes: A — 0.3
mm; B—0.5mm; C—1mm; D— 1.5 mm.

ultrasonic amplitude on the sonocapillary morphology can
be found in the authors’ previous research (Ref. 24).

Figure 13A shows the change in the acoustic pressure at
point A with the variation of the ultrasonic amplitude. When
the ultrasonic amplitude was 1 um, the acoustic pressure
amplitude was very small. When the ultrasonic amplitude
increased to 5 um, the acoustic pressure was approximately
1.5 MPa. The highest pressure was 4 MPawhen the ultrasonic
amplitude was 10 um. Larger ultrasonic amplitudes intro-
duced more acoustic energy into the liquid solder; thus, the
pressure increased. The differencesin the average pressure
between points Aand G are shown in Fig.13B. They exhibited
the same variation trend with increasing ultrasonicamplitude.
The average filling velocities in one vibration cycle, shown
in Fig. 13B, were calculated via Equation 3. They increased
sharply from O to 1.92 m/s when the ultrasonic amplitudes
changed from1to 10 um. Therefore, the sonocapillary length
increased within 3 ms, as shown in Fig. 12.

Joint clearance width. The sonocapillary morphologies
of the liquid metal in joint clearances of different sizes are
shown in Fig. 14. The filling time was 3 ms. When the joint
clearance width was 0.3 mm (0.011 in.), the liquid metal
moved forward 0.007 m (0.275 in.), and the largest fill-
ing distance was observed. In addition, the filling distance
showed a decreasing trend with increasing joint clearance
size (i.e.,, 0.005 m [0.196 in.] in the joint clearance with a
width of 0.5 mm [0.019 in.]). The sonocapillary length was
less than 0.002 m (0.078 in.) in the joint clearance with a
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Fig. 15 — A — Acoustic pressure at the flowing

front of point A; B — sonocapillary velocity and the
difference of average pressures of points A and G in
joint clearances of different widths.

width of 1 mm. Upon increasing the joint clearance size to
1.5 mm (0.059 in.), no evident filling was observed in 3 ms.
These simulation results agreed with those reported in the
authors’ previous work (Ref. 24), which showed that a larger
joint clearance width led to a smaller sonocapillary velocity.

With the increasing joint clearance width, the acoustic
pressure sharply decreased, a point that was reported in the
authors’ previous work (Ref. 27). As shown in Fig. 15A, the
pressure amplitude was as high as 8 MPa in the joint clear-
ances with widths of 0.3 and 0.5 mm. The acoustic pressure
was below 2 MPa when the joint clearance width increased
to1and 1.5 mm. A similar decreasing trend occurred in the
differences of the average pressure with increasing joint
clearance width. Meanwhile, the sonocapillary driving force
decreased. Thus, the average sonocapillary velocity near 3 ms
at point A changed from 4.12 to 0.42 m/s — Fig.15B. It was
also found in several other works that the infiltration velocity
decreased with the increasing joint clearance width (Ref. 28).
Therefore, by obtaining a better sonocapillary effect in the
ultrasonic-assisted soldering of hard-to-wet materials, the
joint clearance width should be decreased.
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Fig. 16 — Filling morphologies of solder with different
wetting angles on 1060 Aluminum Alloy: A — 30

deg with ultrasonication; B — 30 deg without
ultrasonication; C — 90 deg with ultrasonication;

D — 130 deg with ultrasonication; E — 180 deg with
ultrasonication.

Wetting angle. Figure 16 presents the sonocapillary mor-
phologies of the solder with different wetting angles on 1060
Aluminum Alloy substrate and the filling state with a wetting
angle of 30 deg without ultrasonication. The wetting angles
were set at 30, 90,130, and 180 deg, and the wetting time
was 6 ms. The biggest filling length was obtained when the
wetting angle was 30 deg and with ultrasonication. However,
thefilling length was extremely small for the same filling time
of a 30-deg wetting angle without ultrasonication. It was
predicted by the current simulation that ultrasonic-driven
flow is much faster than surface tension-driven flow when
the contact angle is small. With decreasing wettability of the
solder on the substrate, the sonocapillary length showed a
slight decreasing trend. The longest sonocapillary length,
obtained when the wetting angle was 30 deg, was only
approximately 0.0005 m (0.019in.) longer than the shortest
one (obtained when the wetting angle was 180 deg), indi-
cating that the wettability of the solder on the substrate had
asmallerinfluence on the sonocapillary effect. This pointis
demonstrated in Fig. 4, which shows that sonocapillary was
realized before wetting. Thus, ultrasonic-assisted soldering
can be used to join several hard-to-wet materials, such as
aluminum nitride (AIN) (Ref. 29) and SiC (Ref. 30). Moreover,
the soldering process can be independent of the wettability.

The acoustic pressure and filling velocity at the flowing
front as well as the difference of average pressure at the
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front of point A; B — sonocapillary velocity and the
difference of average pressure of points A and G for
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substrate.

wpressure center and the filling front for different wetting
angles are shown in Fig. 17. The pressure and time curves
were almost the same. The differences of acoustic pressure
between the pressure center and filling front were approxi-
mately 4.3 X 10% Pa (wetting angle of 30 deg) and 3.2 x 10*
Pa (wetting angles of 90,130, and 180 deg). The sonocapillary
velocity varied from 1.81 to 1.61 m/s — Fig. 17B. In general,
the influence of the wetting conditions on the sonocapillary
effect was not as significant as that of the joint clearance
width or the ultrasonic amplitude. Therefore, the wettability
of the solder on the substrate is not a prerequisite for ultra-
sonic-assisted soldering, which has been demonstrated in
several other works (Refs. 7, 8).

Base material. Figure 18 shows the sonocapillary effect of
liquid solder for different base materials. The base materials
were chosen as 1060 Aluminum, 5056 Aluminum, and Fe36Ni
Alloys, which was the same as those in the publication (Ref.
24). The filling time was 3 ms. As reported in previous work
(Ref. 24), the stiffness between 1060 and 5056 Aluminum
Alloys was very similar. Thus, the sonocapillary length was
without obvious variation. But the filling length was much
bigger in Fig. 18C than those in Figs. 18A and B due to the
high stiffness of the Fe36Ni Alloy.

The acoustic pressure at the flowing front of point A, the
sonocapillary velocity, and the difference of average pressure
of points Aand G for different base materials are presented in
Fig.19. The acoustic pressure was the biggest on the Fe36Ni
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Fig. 18 — Filling morphologies of solder for different
materials: A — 1060; B — 5056 Aluminum Alloy; C —
Fe36Ni Alloy.

Alloy, with an amplitude of approximately 6 MPa. On the two
aluminum alloys, the pressure and time curves were almost
the same. The acoustic pressure amplitudes were less than 2
MPa. In Fig.19B, the sonocapillary velocity and the difference
of the average pressure of points Aand G also showed a similar
variation trend to the acoustic pressure among the three base
materials. The high stiffness in the base material caused a
better sonocapillary effect. This simulation result agreed well
with the experimental resultsin one of the authors’ previous
works (Ref. 24).

Conclusions

1) Both simulations and experiments indicated that the
sonocapillary effect occurred when vibrations could be trans-
mitted to the lower substrate inside the joint clearance. The
best sonocapillary effect was achieved under the condition
where the entire lower substrate was vibrated. However, the
sonocapillary effect could not be realized when ultrasoni-
cation was only limited to the lower substrate outside the
joint clearance.

2) An acoustic pressure with sinusoidal features was
produced in the liquid solder by the vibrations caused by
ultrasonication on the lower substrate in the simulation
model.
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Fig. 19 — A — Acoustic pressure at the flowing

front of point A; B — sonocapillary velocity and the
difference of average pressure of points A and G for
different hase materials.

3) Based on the simulation model, the sonocapillary effect
was forced by the average pressure difference in the hori-
zontal direction, and the liquid solder was sucked into the
joint clearance by the larger negative pressure.
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