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Kinetics of Dissolution of Copper in Liquid Tin With Ultrasonic Waves
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Ultrasonic-assisted soldering, as a type of new welding method, is widely used in the field of
electronic packaging. This research used the immersion method to study the dissolution behavior of
copper in liquid tin and the growth of IMC at 513, 543, and 573 K with/without ultrasonic waves.
The amount of copper dissolved and IMC layer thickness were measured and the dissolution activation
energy of Cu/Sn was calculated. Experimental results indicated that Without ultrasonic waves, the
amount of copper dissolved increased nonlinearly with immersion time. However, with ultrasonic
waves, the amount of copper dissolved increased linearly with immersion time. The amount of copper
dissolved in liquid tin increased considerably with ultrasonic waves, and the dissolution rate increased
by 7-8 times. The thickness of the IMC layer decreased as the ultrasonic time and ultrasonic power
increased. Meanwhile, the ultrasonic waves reduced the dissolution activation energy of the Sn/Cu

system.
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1. Introduction

As a key process in the electronic packaging
industry, soldering is expected to meet new demands
with the development of integrated circuits in the
sub-micrometer and deep sub-micrometer range. However,
some obvious problems need to be resolved, such as strength
and reliability of the soldering joint. To solve this problem,
several new soldering techniques have received attention.
As one of these methods, ultrasonic-assisted soldering has
been widely used for electronic packaging. Compared to the
traditional soldering method, ultrasonic-assisted soldering
can promote the wetting of solder on the substrate'?, remove
the oxide film on the surface of the substrate to avoid the
problem of residual corrosion of the joint interface flux,
and refine grains to improve the shear strength of the solder
joint®3. It is suitable for the connection of complex shapes
and structures. Most studies have reported that ultrasonic
solder bonding can complete the soldering of chips at low
temperature within a very short bonding time®’. However,
ultrasonic waves severely corrode the substrate, which
has an adverse effect on the reliability of the solder joint.
Kannojia et al.® reported Void Formation and Intermetallic
Growth in Pulse Electrodeposited Cu-Sn Layers for MEMS
Packaging. Li et al.’ studied the ultrasonic-assisted soldering
of copper and tin at room temperature, and found that
ultrasonic cavitation caused the dissolution of a large amount
of copper in tin. Chen et al.'’ studied the ultrasonic-assisted
soldering of Ti-6Al-4V and Al-Si. Some deep erosion pits
with a diameter of 2-20 um were formed on the surface of
the titanium substrate after ultrasonic waves application.
Liu et al."" studied the dissolution behavior of non-reactive
systems with ultrasonic vibrations and found that ultrasonic

*e-mail: weiyuanyu2018@163.com.

vibrations accelerate the dissolution of Al in molten Sn.
However, for the reaction system, there is relatively scarce
literature on the study of dissolution behavior with applied
ultrasonic waves. Therefore, it is necessary to study the
dissolution behavior in the reaction system with ultrasonic
waves.

Copper and tin are the most commonly used materials
in the electronics industry. Therefore, in this study, kinetics
of dissolution of copper in liquid tin with ultrasonic waves
was studied and its mechanism was analyzed. The research
results have significance in guiding the application of
ultrasonic-assisted soldering in the electronic packaging
industry.

2. Experimental Materials and Methods

Pure tin particles (99.99% pure) and pure copper
wires (99.99% pure) with a diameter of 1 mm and length
50 mm, respectively, were used in this research. Before the
experiment, to remove the surface oxide film, the copper
wires were cleaned ultrasonically for 5 min, and then put
in a 10 vol% hydrochloric acid alcohol solution for 3 min,
rinsed in water, and dried. Pure tin samples weighing 50 g
were placed in a graphite crucible (40(height) x40 mm
(diameter)), and then was heated to 513, 543, and 573 K
in a controlled-temperature resistance furnace. A K-type
thermocouple was inserted into the solder bath to monitor
the solder bath temperature. The maximum deviation of
bath temperature between prediction and experimental
testing was controlled to less than + 2 K. When the solder
bath temperature reached the experiment temperature, the
copper wires were inserted vertically into the solder bath up
to 20 mm. A titanium alloy ultrasonic horn having a diameter
of 10 mm, ultrasonic frequency of 28 kHz, and ultrasonic
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power range of 300—-700 W was inserted vertically into the
solder bath up to18mm. The distance between the horn and
the copper wire was 1 mm. The schematic diagram of the
experimental setup is shown in Figure 1.

The immersion times of copper wires in the liquid tin
were 10, 20, 30, and 40 s with the action of ultrasonic waves
and 20, 40, 60, and 80 s without the action of ultrasonic
waves. After experiment, the copper wire was quickly
removed from the solder bath and quenched in water.
In order to reduce experimental errors. Each experiment
need to change liquid Tin to ensure liquid Tin is fresh. each
experimental parameter was measured three times, and the
final dissolution thickness was taken as the average value.
In this experiment, to study the effect of ultrasonic power
on copper dissolution, the experiment temperature was set
to 573 K for an immersion time of 10 s under the action
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Figure 1. Schematic diagram of the experimental apparatus.
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of different ultrasonic powers of 300, 500, and 700 W,
respectively. At the end of the experiment, residual copper
wire was inlaid with epoxy resin and then mechanically
polished along the cross section. Observation and analysis
of'the cross-sectional microstructure was carried out optical
microscopy Scope.Al1(ZEISS,Germany) and electron
microscopy Quanta FEG450(FEI,USA) equipped with an
energy spectrometer (EDS). Image Pro Plus software was
used to measure the residual area of the copper wire from
the images, as shown in Figure 2. The dissolution thickness
of the copper wire is defined by the following equation:

D=2(§]m (1)

V4

where S is the residual area. The dissolution thickness of
copper wire is defined as the difference between the radius
before and after dissolution. As following equation:

D,-D
2

AR = ()
where AR is the copper wire dissolution thickness, D, is the
diameter of the copper wire before dissolution, and D is the
diameter of the copper wire after dissolution.

3. Experiment Results

Figure 3 shows the relation curve between the amount of
copper dissolved in liquid tin and the ultrasonic action time
when the experimental temperature is 513, 543, and 573 K.
The data points in the figure were measured experimentally
and the curves were fitting. The figures show that the
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Figure 2. Schematic diagram of the measured area for inhomogeneous dissolution of copper wires.
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Figure 3. Dissolution thickness of copper in liquid tin (a) vs. immersion time and (b) vs. the square root of immersion time at different

temperatures without ultrasonic waves.
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Table 1. Summary of dissolution rate of copper in liquid tin at
different temperatures.

Maximum dissolution Dissolution rate

Tem[z:(r)a ture rate without ultrasound  with ultrasound
(umis) (um/s)
513 0.25 1.94
543 0.39 3.22
573 0.58 4.67
200
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100f

Dissolution thickness (pm)
=

0 10 20 30 40
Time (s)

Figure 4. Dissolution thickness of copper in liquid tin vs. immersion
time at different temperatures with ultrasonic waves.
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Figure 5. Relation between dissolution thickness of copper in liquid
tin and ultrasonic power with ultrasonic waves.

dissolution thickness of copper in liquid tin increases
with rising experimental temperature and with increase in
immersion time. It is seen that the change in dissolution is
nonlinear with increase in immersion time. The dissolution
rate is fast at the initial stage, and gradually slows down as
the immersion time increases The dissolution thickness was
proportional to the square root of the immersion time, as
shown in Figure 3(b). However, when the ultrasonic wave
was applied, the dissolution thickness increased linearly
with the immersion time, as shown in Figure 4.

That is, the dissolution occurs at constant speed.
The maximum dissolution rate of copper in liquid tin with
and without ultrasonic waves was calculated. The results
are given in Table 1.

The dissolution rate of copper in liquid tin with ultrasound
action was approximately 7-8 times higher than that of the
maximum dissolution rate without the ultrasound action.
Figure 5 shows the relationship between the dissolution
thickness and the ultrasonic power. It is found that the
dissolution thickness increases with the increases of the
ultrasonic power.

Figure 6 shows the BSE images of the cross-section after
dissolution of copper without ultrasound waves at 573 K.
A light grey scallop-like intermetallic compound layer is
formed between the interface of copper and the solder,
which is Cu,Sn, by EDS analysis. The thickness of Cu Sn,
layer at different immersion times at 573 K was shown in
Figure 7. The results show that the thickness of the Cu Sn,
layer increases from 1.26 um at 40 s to 1.75 um at 80 s.

Figure 8 shows that the BSE images of the cross-section
after dissolution of copper with ultrasonic waves at 573 K.
It is found that there are broken Cu,Sn, particles at the
interface. The thickness of Cu,Sn, layer for different
ultrasonic power and ultrasonic times at 573 K was shown
in Figure 9. The results show that the thickness of the Cu,Sn,
layer decreases with the increase of ultrasonic power and
ultrasonic time. The thickness of the Cu Sn, layer is reduce
from 1.32 um at 10 s to 1.08 um at 40 s with ultrasonic
power 700 W.

4.Discussion

The dissolution rate of the copper matrix in liquid tin is
usually expressed by the following equation'>4:

dC/dt=K(§)(CS -c) (3)

Figure 6. Cross-sectional BSE images after dissolution at 573 K for different imersion time without ultrasound waves: (a) 40 s; (b) 60 s; (¢) 80's.
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where C is the concentration of copper in liquid tin after
immersion time t, K is a dissolution rate constant, A is
the interface area between copper and liquid tin, ¥ is the
volume of liquid tin, and C is the saturation concentration of
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Figure 7. The thickness of Cu Sn; layer at 573 K for different
imersion time.

ayer thickness (pm)
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copper in liquid tin. In this study, the values of 4 and V' were
constant in different experiments. According to formula 3,
(Cs—C) is the driving force behind the dissolution of copper
in liquid tin, and the dissolution rate is augmented with the
increase in the (Cs—C) value. According to the Cu-Sn binary
phase diagram, the saturation solubility of copper in tin and
the diffusion rate of elements increases with increasing
temperature. Therefore, the dissolution rate is accelerated
with the increase in (Cs—C).The figures show an incremental
increase in dissolution as the temperature increases.

In this study, when the copper wire was inserted into liquid
tin, on the one hand, the copper atom was directly dissolved
into liquid tin, and on the other hand, an IMC layer was
formed on the surface of the copper substrate. Therefore, the
amount of copper wire dissolved was a result of competition
for the dissolution of copper and the growth of interfacial
intermetallic compound'®. When no ultrasonic waves were
applied, at the beginning of dissolution, interface copper
atoms and tin atoms diffused easily because the thickness
of the interface IMCs layer was lower. This resulted in a
higher dissolution rate and a faster growth rate of the IMC
layer. However, the IMC layer, which hindered the diffusion
of copper atoms and tin atoms, became increasingly thicker

Figure 8. Cross-sectional BSE images after dissolution at 573 K with ultrasound waves:(a) 500 W;10 s;(b) 700W;10 s;(c) 700 W-20 s;
(d) 700W;40 s.
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(Figure 6a-c) as the immersion time increased, eventually
resulting in the retardation of the dissolution rate. Figure 3a
shows that dissolution thickness vs immersion time is a
parabolic dependence and Figure 3b shows that dissolution
thickness vs. t'2 is linear, corresponding to the model in
which the dissolution process was diffusion-controlled’.
The diffusion-controlled dissolution of the control samples
was attributed to the concentration gradient of copper.
When ultrasonic waves were applied on the liquid solder,
strong acoustic eddy currents and cavitation were generated
in the liquid solder. This resulted in the acceleration of the
transfer rate of interfacial substances'®!”, so that the dissolved
copper atoms could be rapidly distributed throughout the
tin solution. This was because the amount of liquid tin was
sufficient, and copper atoms could be infinitely solid dissolved
in Sn liquid. The change of copper wire before and after
dissolution was shown in Figure 10, and the varied of liquid
tin before and after dissolution was shown in Figure 11.
Therefore, with ultrasonic agitation, a high concentration
of copper atoms at the Sn/Cu interface was transferred into
liquid tin, and (Cs—C) was always kept at the maximum
level. On the other hand, the interface IMC layer became
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Figure 9. The thickness of Cu,Sn, layer at 573 K with ultrasound
waves.

thinner with ultrasonic crushing'®' (as shown in Figure 8b-d),
resulting in the diffusion path of copper atoms to the liquid tin
becoming shorter, the amount of copper atoms diffused per
unit time increasing, and the amount of copper wire dissolved
increasing. According to the above analysis results and the
experimental results of the dissolution curve (as shown in
Figure 4), it could be inferred that the dissolution process for
copper in liquid tin had reaction rate-controlled kinetics and
diffusion-controlled under application of ultrasonic waves.
Santos et al.?’ found that the higher the ultrasonic power,
the higher was the ultrasonic flow and cavitation density.
Ji et al.?! found that the IMCs grain size and thickness of
the boned joint decreased with increased ultrasonic power.
The above research showed that the higher the ultrasonic
power, the more intense was the effect of ultrasonic waves.
This conclusion is consistent with the experimental results
of this study. The dissolution rate of copper in liquid tin
was accelerated (Figure 5) and the interface IMC layer was
thinned (Figure 8a and b) with increase in ultrasonic power.

The dissolution kinetics of copper can be expressed by
the following formula??:

X(T.1)=Di" (C))

where X is the thickness of copper wire, 7 is the temperature
of liquid tin, # is the dissolution time, and D is the diffusion
coefficient.

The relationship between the diffusion coefficient D and
temperature can be expressed by the Arrhenius equation:

0
D=DyekT ®)

where D is the pre-factor, Q is the activation energy of
copper dissolved in the tin solution, and R is the gas constant.

The experimental results with and without ultrasonic
waves were fitted according to formula 4, and the values
of D at different temperatures could be obtained. Then the
Arrhenius curves were drawn according to formula 5, as
shown in Figure 12.

Figure 10. The micrographs of copper wires: (a) before dissolution; (b) after dissolution.
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Figure 11. The microstructure and copper content of liquid tin: (a) before dissolution; (b) after dissolution.
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Figure 12. Arrhenius plots of the dissolution rate of pure Cu in pure
Sn with and without applied ultrasonic waves.

Figure 12 shows the Arrhenius plots for the dissolution
rate of copper in liquid tin with ultrasonic waves, along with
the data for the case without ultrasonic waves. The plots
exhibit good linearity. Therefore, we could calculate the
apparent activation energies for the dissolution of copper into

liquid tin. The values are 35.83 kJ/mol with ultrasonic waves
and 39.74 kJ/mol without ultrasonic waves. We found that
the application of ultrasonic waves reduced the dissolution
activation energy of the Sn/Cu system. This is mainly due
to the oxide film on the surface of copper was broken with
ultrasonic waves making the dissolution and reaction of copper
and tin became easily. The required energy of dissolution
reduced, so the dissolution activation energy of the Sn/Cu
system reduced. In this study, the dissolution activation
energy of pure copper in pure tin without ultrasonic waves
was greater than that reported in the literature?’, which may
be caused by the incomplete cleaning of the copper surface
oxide film.

It can be seen from the above analysis that the dissolution
behavior of copper wire after ultrasonic treatment is different
from that without ultrasonic treatment. First of all, the thermal
effect of cavitation caused by ultrasound can make the
temperature of the interface micro region increase rapidly,
which makes the C near the interface increase, and aggravates
the dissolution process; Secondly, the diffusion of copper at
the interface to the liquid tin will be intensified by ultrasonic
sound flow; Thirdly, the oxide film on the surface of copper
was broken with ultrasonic waves making the dissolution
and reaction of copper and tin became easily. The required
energy of dissolution reduced, so the dissolution activation
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energy of the Sn/Cu system reduced. These factors make the
dissolution rate much higher than that without ultrasound.

5. Conclusion

The kinetics of dissolution of copper in liquid tin with

ultrasonic waves was studied and its mechanism was analyzed.

(1) Ultrasonic waves had a significant effect on the
dissolution rate of copper in a tin bath. Compared
to no ultrasonic action, the dissolution rate was
increased by 7-8 times. As the ultrasonic time and
ultrasonic power were increased, the thickness of
the interface IMC layer decreased.

The dissolution activation energy of copper in

liquid tin was 35.83 kJ/mol with ultrasonic waves

and 39.74 kJ/mol without ultrasonic waves. Thus,
ultrasonic waves reduced the dissolution activation
energy of the Sn/Cu system.

(3) Without ultrasonic waves, the dissolution of copper
in liquid tin was controlled by atomic diffusion;
however, with ultrasonic waves, the dissolution
of copper in liquid tin was controlled by reaction
rate.
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