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Ultrasonic-assisted soldering (UAS) creates an enhanced metal-to-glass bond that is linked to the increased
wettability of the solder line. Precision experiments are performed using an automated UAS system, with precise
control over a large number of experimental parameters, to investigate the wetting properties of solder to glass.
Results show that wettability is increased with (i) increasing ultrasonic power and (ii) decreasing solder tip
height above substrate, both of which are linked to the acoustic radiation pressure delivered by the vibrating
solder tip to the liquid solder melt. Surface tension forces dominate the mechanics and a capillary shape equation
is derived that includes the effect of acoustic radiation pressure. Numerical solutions to the capillary shape
equation compare well with experimental observations, suggesting the solder bead geometry can be predicted a
priori from the model.

1. Introduction
Soldering is a commonly used means to join two non-ferrous metals
together, such as bonding copper wires or electrical components to
circuit boards. It is well-known that oxide layers develop on metallic
substrates and affect the strength of the solder bond [1,2]. Flux is
typically used in order to remove the oxide layer from the base metal
through a redox chemical reaction, improve the wettability and adhe
sion of the solder, and prevent any further oxides from forming so that
the solder can adhere directly to the exposed metal [3,4]. Unfortunately,
this chemical reaction can release hazardous chemicals and cause health
issues [5–7]. Additionally, any remaining flux residue can degrade
electrical resistance and reduce the strength of the solder bond [8–10].
Ultrasonic assisted soldering (UAS) was developed as an alternative
soldering method which eliminates the need for flux. The ultrasonic
vibrations facilitate adhesion by removing the oxide layer through
cavitation [11–13].
Cavitation is the formation and subsequent collapse of bubbles in
rapidly changing pressure fields. In the case of UAS, the pressure dif
ferences in the molten solder arise from sound waves passing through
the liquid as a series of compression and expansion waves. If an
expansion wave is intense enough, it can create a pressure region lower
than the vapor pressure of the liquid solder and cause a cavity to form
from a microscopic nuclei within the solder melt [14]. The bubble os
cillates with the changing pressure field and can grow in resonance with
the sound field until it reaches a critical size where it can no longer
efficiently absorb energy and it violently collapses during the next

compression wave [15]. The collapsing bubble releases high levels of
energy, temperature, and pressure, causing acoustic streaming and
micro-jets [16,17]. The micro-jets impact the substrate’s surface and
break up the oxide layer to reveal fresh metal for effective bonding [13].
UAS has received much recent interest, primarily to join dissimilar
materials [18–22]. For example, aluminum was rarely used as a solder
base metal because it required a highly corrosive flux to remove its oxide
[3,23]. However, with UAS, aluminum, ceramics, silica, glass, metal
matrix composites, and other difficult-to-join materials have been suc
cessfully used in soldering applications [16,24,25]. Various
manufacturing industries have implemented UAS in different areas that
require unconventional soldering, such as solar panels for photovoltaics
[26,27], joining of aluminum components to save weight and costs [28,
29], and hermetic sealing [30]. While the ability to solder dissimilar
materials has increased usage in UAS, the mechanisms of enhanced
wetting and adhesion to ceramics is not as well understood as it was with
metals. For example, in traditional soldering cavitation induced by ul
trasonic vibrations removes the oxide layer so that solder can effectively
bond to the metal substrate [31,17]. However, ceramics, especially glass
substrates, are oxides, so cavitation cannot simply remove an oxide
layer. It is speculated that the enhanced bonding in UAS to glass is
related to (i) improved wettability and (ii) surface chemistry through the
formation of covalent bonds between the ceramic substrate and metallic
solder [32,33]. Our interest is in understanding solder wettability on
glass substrates in the UAS process, as this is of critical interest to many
precision manufacturing applications.
The experiments described in this paper are performed using a novel
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automated UAS system described by Shaffer et al. [34]. The system is
built upon a 3D printer platform and has precision control over the
motion of the solder tip, solder tip temperature, substrate temperature,
solder feed rate, and ultrasonic energy, which makes it uniquely
designed for our precision experiments in wetting on glass substrates. In
UAS, the mechanism for enhanced wettability is acoustic radiation
pressure, which is affected by both the (i) ultrasonic power and (ii)
solder tip height above the substrate. We have performed a set of ex
periments to systematically investigate the role of each of these pa
rameters on the solder wettability.
Intimately related to wettability is the adhesive strength of the
solder-to-glass bond. In particular, the adhesive strength of the bond can
be directly tied to its wetting properties through the work of adhesion
[35],
W = σ(1 + cosα),

process, we show our automated system is capable of controlling the
extruded solder volume to a high degree of accuracy. A model is then
developed for the cross-sectional shape of the solder line due to acoustic
radiation pressure. The resulting nonlinear differential equation is
solved numerically and we show our model predictions compare
favorably to experimental observations. Lastly, we offer some
concluding remarks about the relevance of our study and future
directions.
2. Experimental method
The automated UAS system described by Shaffer et al. [34] is sche
matically illustrated in Fig. 1(a) and is used to avoid human error
associated with hand-held soldering and improve repeatability. The UAS
system was built on the base of a Hyrel Hydra 340 FDM 3D printer,
which provides control over various soldering parameters, such as sol
der tip motion, substrate heating, solder tip heating, solder extrusion
rate, and ultrasonic power. Fig. 1(b, c) contrasts two solder lines with
and without ultrasonication from our automated system. The difference
is striking and it is clear that ultrasonic action leads to enhanced solder
wettability, as shown by the increase in the wetted width of the solder
line. The tip height and ultrasonic power have been selected as pro
cessing parameters for this study, as these parameters are most relevant
to the acoustic radiation pressure delivered to the solder line [39]. The
gantry and lift systems of the Hydra 340 allow accurate positioning and
control of the solder tip along the X-, Y-, and Z-axes. The ultrasonic
power is controlled by aSunbonder electronic unit that delivers a fixed
electrical power to the PZT transducer that results in ultrasonic vibra
tions of the solder tip. The acoustic radiation pressure was inferred by
measuring the amplitude of tip vibration as it depends upon the electric
power. This will be discussed in detail when the theoretical model is
compared to experimental observation.
Glass microscope slides (AmScope), i.e. borosilicate glass, are used as
the substrate and cleaned in sequential steps with acetone, isopropyl
alcohol, and deionized water in an ultrasonic bath to remove organic
and inorganic contamination [34]. The solder used in experiments is
S-Bond 140 M1 (S-Bond Technologies), which is an active
tin-bismuth-titanium (Sn-Bi) based solder with a modified eutectic
point. It is referred to as an ‘active’ solder because it contains low per
centages of rare-earth, like Ce, highly reactive metals, like Ga and Ti,
that activate bonding to oxide substrates in conjunction with mechanical
activation [33]. These active rare earth metals are only about 0.35 wt.%
weight of the solder while the tin and bismuth make up about 47 wt.%
and 53 wt.%, respectively. Despite the low percentage of rare earth, Ti,
and Ga additions, the active materials are able to effectively facilitate
adhesion to the silica glass microscope slides which is not possible with
some other types of solder.
Two sets of experiments were designed to investigate the role of
acoustic radiation pressure which involve varying the (i) ultrasonic
power and (ii) tip height. All other experimental parameters were held
constant; the tip speed was set to 180 mm/min, the cross-sectional area
to 0.2 mm2, the length of the solder line to 70 mm, the solder tip tem
perature to 185 ± 2.5 ◦ C, and substrate temperature to 195 ± 5 ◦ C. For
the experiments that vary the ultrasonic power, the tip height was set to
0.2 mm and the power ranged from 0 W to 5 W. For experiments with
various tip heights, the power was set to 4.5 W and the tip height ranged
from 0.1 mm to 0.6 mm. For each set of experimental parameters, 10
individual solder lines were prepared to analyze the wetting properties.
Fig. 2 defines the cross-sectional geometry of the solder bead through
the area A, wetted width W, height H, and contact-angle α, which
describe the wetting properties.
The solder line profile was measured using an optical profiler
(Olympus LEXT) consisting of a laser confocal microscope capable of
measuring shape and surface roughness with X- and Y-resolutions of
120 nm, and Z-resolution of 10 nm. A typical cross-section scan is shown
in Fig. 3(a) and a three-dimensional rendering of the full solder line is

(1)

which is the “reversible thermodynamic work required to separate the
interface from the equilibrium state of two phases to a separation dis
tance of infinity” [36]. Here σ is the surface tension of the liquid-gas
interface and α is the static contact angle of the liquid-solid-gas sys
tem. Note that improved wettability corresponds to a decreased contact
angle, which leads to increased work of adhesion of the solder bond.
Therefore, our study of wettability could also lend itself to a better un
derstanding of the enhanced adhesion shown in UAS process.
Surface tension is typically the dominant force which determines the
shape of the solder bead, as determined by the Young-Laplace equation
which relates the difference in pressures across an interface endowed
with surface tension [37]. For the UAS process, the pressure is a sum of
the internal liquid pressure and the acoustic radiation pressure applied
by the oscillating tip [38]. We develop a theoretical model for the cross
sectional shape of the solder line to compare with experimental obser
vations. The acoustic radiation pressure on the solder bead inferred by
measuring the amplitude of solder tip vibration will be used to predict
the degree of wetting in the UAS process. This study can pave the way for
wider use to the manufacturing industry which often seeks to develop
precision soldering systems, where predicting the wetted width of a
solder bead is important.
Verification of the extruded solder volume is important for repeat
ability in any manufacturing process and we have shown that our
automated UAS system has the ability to lay down solder lines with
constant cross-sectional area. However, the geometry of these solder
lines varies greatly with the (i) substrate properties and (ii) ultrasonic
power. Therefore, it is critically important to precisely understand the
solder wettability in UAS, especially in light of the miniaturization of, e.
g., electronics and heat sinks, where soldering must be performed in
small spaces. Our focus is on glass substrates which is relevant to touch
screen displays, but could also be extended to ceramic substrates, such as
quartz or sapphire which are used in sensors and the packaging of
electronics, or the thermally conductive ceramics used in high-power
LEDs. Another advantage of UAS is low melt temperatures 140–185 ◦ C
which is important so as to not destroy components in circuit boards and
more broadly reduces the residual thermal stresses associated with
bonding materials with different thermal coefficients of expansion. In
short, this study can be used to further develop means for bonding op
tical devices or components together or to substrates which provide
superior stability and long term performance under prolonged exposure
to environmentally adverse conditions in numerous applications, espe
cially in defense and aerospace.
We begin this paper by describing the automated UAS system that we
use to perform a set of experiments that focus on solder-to-glass wetting
properties, as it depends upon (i) the ultrasonic power and (ii) the solder
tip height, and the imaging techniques used to define the width, height,
cross-sectional area, and contact-angle of the solder bead. Experimental
results are then reported, in which we quantify the enhanced wettability
due to increased ultrasonic power and decreased tip height. In the
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Fig. 1. (a) Experimental schematic of the UAS process with (b, c) contrasting sonicated and unsonicated solder lines in (b) cross-sectional and (c) top views.

Fig. 2. Definition sketch for the cross-sectional geometry of the solder line.

shown in Fig. 3(b). For each cross section, the height H and width W of
the solder line are calculated from the optical profiler data, while the
cross-sectional area A and contact-angle α are computed via data pro
cessing in MATLAB. The average value of these parameters over 1000
cross sections has been taken along the length of the solder line. Each
data point corresponds to the average of at least 10 individual solder
lines with error bars corresponding to 95% confidence intervals.
3. Experimental results
Fig. 4(a) plots the width W [mm] against the applied ultrasonic
power, which shows a steady increase in the width between 0 W to 2 W
that plateaus near W = 2.45 mm for powers greater than 2 W. The
plateau could be due to the equilibration of the acoustic radiation
pressure with the wetting force at this particular contact angle α ≈ 12◦ .
The height H [mm] decreases with increasing power to maintain a
constant cross-sectional area A [mm2], as shown in Fig. 4(b). The height
approaches a constant value H ≈ 0.13 mm, even for low powers, sug
gesting this is a geometric effect. Fig. 4(c) plots the cross-sectional area A
against power verifying that the automated UAS system delivers a
constant cross-sectional area A ≈ 0.2 mm2. The exception is for 0 W, or
no ultrasonic power is supplied, in which case the solder often fails to
adhere to the surface, can get dragged by the tip, or is subject to wavy
instabilities along its length associated with Plateau-Rayleigh breakup
[40,41]. This observation of constant cross-sectional area will be used to
derive a model for predicting the shape of the solder line. Fig. 4(d) plots
the contact angle against power and is shown to decrease with
increasing power and plateaus near α ≈ 12◦ . The decrease in
contact-angle leads to an increase in the work of adhesion, Eq. (1), and
can potentially explain the enhanced adhesive bond due to UAS.
For the set of experiments for the role of tip height, the power of

Fig. 3. Typical optical profile measurement of a solder line in (a) crosssectional and (b) three-dimensional views.

4.5 W was used, which is typical value used for the UAS process. Fig. 5
(a) shows the width decrease with increasing tip height. This could be
expected as the source of acoustic radiation pressure is farther from the
substrate where wetting occurs, i.e. the acoustic intensity decreases.
Increasing solder height is observed with increased tip height (cf. Fig. 5
(b)). Fig. 5(c) shows that the cross-sectional area has more variability
from the target value 0.2 mm2 than in the experiments with various
ultrasonic powers. This could be due to a number of factors, including
slightly different heat transfer conditions as the solder is melted from the
combined heating of the solder tip and substrate. It is also worth noting
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Fig. 4. Solder line (a) width, (b) height, (c) cross-sectional area, and (d) contact angle against power for fixed tip height 0.2 mm, tip speed 180 mm/min, and target
cross-sectional area 0.2 mm2. Error bars are 95% confidence intervals.

the relatively large error bars increase with tip height, which could be
used to optimize the UAS process, e.g. a smaller tip height should be
selected to reduce variability in the solder line. Lastly, a large increase in
contact angle is observed for the largest tip height, consistent with
reduced acoustic radiation pressure and a corresponding decrease in the
work of adhesion (Fig. 5(d)).
Overall, the experimental results support the initial assumptions that
higher power levels and lower tip heights increase the wettability of the
solder line, i.e. increased width and decreased height and contact angle.
This has been quantified and will help improve precision and repeat
ability in the UAS manufacturing process. Furthermore, these experi
ments confirm that the automated UAS system used for this study can
repeatably produce solder lines with constant cross sectional area.

Since L < ℓ c it is assumed that surface tension forces dominate gravi
tational forces. The time scale associated with the tip frequency 60 kHz
√̅̅̅̅̅̅̅̅̅̅̅̅̅
is smaller than the capillary tc ≡ ρL3 /σ = 0.006 s time scale, such that
the interface evolves quasi-statically. Otherwise stated, the interface
shape adapts instantaneously to the acoustic radiation pressure such
that the static interface shape will be the focus of this study.
4.1. Young-Laplace equation
Capillary shapes are described by the Young-Laplace equation,
Δp = σ(κ1 + κ2 ),

(2)

which relates the pressure difference Δp across the interface to the sum
of principal curvatures κ1, κ2 there [42,44]. In this study, the solder line
is immersed in a passive gas and the sources of pressure p within the
solder bead are the hydrostatic and acoustic radiation pressures. The
interface shape z = z(x) is defined in a Cartesian coordinate system x − z,
as shown in Fig. 6. This yields the following shape equation

4. Theoretical model
It is clear from experimental observation that acoustic radiation
pressure leads to enhanced wetting, as shown in Fig. 1. The goal of this
section is to derive a physical-based model that can predict the solder
line geometry from the UAS process to compare with experiment. It is
worth noting the length scale of a typical solder line in experiment has a
half-width or radius L ≈ 1.2 mm. For reference, the capillary length is
√̅̅̅̅̅̅̅̅̅̅
given by ℓc ≡ σ/ρg, where σ is the surface tension, ρ is the density, and
g is the gravitational force. For Sn-Bi based solder ℓc ≈ 2.2 mm [42,43].

p = σ(
1+
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Fig. 5. Solder line (a) width, (b) height, (c) cross-sectional area, and (d) contact angle against the tip height for fixed power 4.5 W, tip speed 180 mm/min, and target
cross-sectional area A = 0.2 mm2. Error bars are 95% confidence intervals.

discussed in detail [46–50]. The acoustic radiation tensor describes the
stresses on the surface of an obstacle in an acoustic field [51]. The term
acoustic radiation pressure has been adopted to refer to the
time-averaged stress acting on the surface of the obstacle and the radi
ation force is the resultant time-averaged force due to the radiation
pressure [52]. For this study, the radiation force can be projected onto
the direction normal to the interface to obtain an equation for the
acoustic radiation pressure [53].
To derive an expression for the acoustic radiation pressure applied to
the solder line interface, we consider a wave velocity due to an acoustic
(
)
source, u = ωξo cos 2λπz − ωt , where ω is the angular frequency of os
Fig. 6. Definition sketch of solder line cross-sectional shape.

cillations, and ξ0 is the amplitude of vibrations [54]. Substituting this
form into the Navier-Stokes equations and taking the time average of
each term delivers an expression for the acoustic radiation pressure
)
(
ρ(ωξ0 )2 B
(5)
+ cos2 (ϕ) ,
pr =
2C
2

which is a second-order, nonlinear differential equation [45].
The pressure appears linearly in the Navier-Stokes equations and
accordingly we can sum the individual pressures associated with the
forces acting on the solder line can be summed into Eq. (3). These
include the unknown Laplace pressure p needed to enforce volume
conservation, the hydrostatic pressure due to gravity,
ph = ρg z,

where the constant B/C is known as the parameter of nonlinearity in
fluids [55]. The geometric factor cos ϕ is related to the tangent angle ϕ to
√̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
the interface and can be expressed as cosϕ = x/ x2 + z2 . A term
including the nonlinearity parameter B/2C can be absorbed into the
constant Laplace pressure p and is dropped for simplicity. The acoustic

(4)

and the acoustic radiation pressure from the soldering tip, which will be
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radiation pressure pr can then be written as
( 2 )
ρ(ωξ0 )2
x
pr =
2
x2 + z2

which is recognized as the differential form of the integral condition.
The associated boundary conditions are given by

(6)

A(0) = 0,

Combining the three pressure terms p, ph, pr into the Young-Laplace
equation yields the following governing equation for the solder line
shape,
p + ρgz +

ρ(ωξ0 )2
2

(

x2
x 2 + z2

)
= σ(
1+

∂2 z
∂x2

( )2 )3/2 .

(14)

and by construction, each solution will enclose a non-dimensional area
̂ To summarize, for a given set of parameters Bo, We, A
̂ the numerical
A.
solution will deliver the interface shape z(x), contact-angle α, and
pressure p.

(7)

4.5. Results

∂z
∂x

We are particularly interested in the contact-angle α which appears
in the work of adhesion, Eq. (1), and describes the chemical bond be
tween solder and substrate in this application. Fig. 7(a) plots the contact̂ as it depends upon Weber number (We). For fixed
angle α against area A,

4.2. Boundary and integral conditions
Eq. (7) is supplemented by a set of boundary and integral conditions
needed to specify the interface shape. Incompressibility requires that
cross-sectional area A is conserved, which can be expressed as the
following integral condition,
∫R
z(x)dx = A.
(8)

̂ as is expected. For fixed
We, it can be seen that α increases with A,
̂ A decreasing
contact-angle α, increasing We leads to a decrease in A.

non-dimensional area corresponds to an increased wetted width because
the area is scaled by and is inversely proportional to the true radius
̂ = A/R2 . Therefore, higher Weber numbers lead to increased
squared, A

0

wetted widths, which will be discussed in detail shortly. This is best seen

For reference, A = 0.2 mm2 in this study. At the axis-of-symmetry x = 0,
we enforce
dz
= 0|x=0 ,
dx

̂
A(1) = A,

(9)

and at the contact line x = R, a contact condition is applied
(10)

z = 0|x=R .

The boundary conditions (9) and (10) and integral condition (8) are
combined with Eq. (7) to form a well-posed system that can be solved for
the interface shape z(x) and unknown pressure p.
4.3. Non-dimensionalization
The governing equations are non-dimensionalized by scaling lengths
with the radius of the cross-section of the solder line R and pressures
with the capillary pressure σ/R [53]:
x
̂
x= ,
R

z
̂z = ,
R

̂
p=

R

σ

p.

Here hats denote dimensionless quantities. Applying this scaling to Eq.
(7) yields
(
)
/ 2
d2 ̂z d̂
x
̂
x
1
̂
p + Bôz + We √̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ = (
(11)
)3/2 ,
2
̂
x 2 + ̂z 2
1 + (d̂z /d̂x )2
where the Bond number Bo ≡ ρgR2/σ and Weber number We =
ρωξ20 R/σ . Similarly, the boundary and integral conditions (8)–(10) can
be written as
∫1
d̂z
̂
= 0 |x=0 , ̂z = 0 |x=1 ,
̂z (̂
x )d̂x = A.
(12)
d̂
x
0
We now drop the hats for simplicity.
4.4. Numerical solution
Eqs. (11) and (12) define a well-posed boundary value problem for
the solder line shape that can be solved numerically using the MATLAB
built-in function bvp4c. To satisfy the integral condition, we introduce a
new variable for the area A that can be defined through the relationship
dA
=z
dx

̂ as it depends upon Weber number
Fig. 7. Contact angle α against (a) area A
̂ for Bo = 0.
(We), and (b) against Weber number (We) and area A,

(13)
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Table 1
Solder tip amplitude at different power levels with Weber number (We)
multiplier.

̂ as it depends upon α. For fixed
in Fig. 7(b) which plots We against A
wetting conditions α, Fig. 7(b) shows how to choose We to achieve a
̂ This information could be useful in UAS applications where
given A.

precision soldering is desired.
Fig. 1 clearly shows an increase in wetted width with ultrasonication
and we show that our model yields corresponding predictions. To begin,
recall that lengths were scaled such that the wetted width was fixed and
the contact-angle was allowed to vary. We note that a complementary
boundary condition is one where the contact-angle α is fixed and the
wetted width is allowed to vary [37,56,57]. This condition is appro
priate for the UAS process and we show how to interpret our results
̂ = A/R2
accordingly. For fixed α and We, the non-dimensional area A
√̅̅̅̅̅̅̅̅̅̅
̂ . For refer
and dimensional area A define the length scale R = A/ A

Power [W]

Amplitude [μm]

We multiplier

0.7
1
1.5
2
3
4
5
6

1
1.2
1.35
1.5
1.6
1.75
1.85
2

1
1.44
1.82
2.25
2.56
3.06
3.42
4

from the Sunbonder control box can be related to the acoustic radiation
pressure applied to the solder line through the Weber number by a to-bedetermined scale factor. The empirical scale factor can be found by
dividing the true width from experiments by the scaled width from the
model s = (truewidth)/(modelwidth). We choose our normalization by
making the width at We = 20 (4.216 mm) equal to the experimental
width at a power level of 4 W (2.45 mm). This gives a scaling factor
s = 0.5811 with corresponding widths and heights, as they depend upon
We, given in Table 2. These predicted widths more accurately reflect
those shown in experiment.
Table 1 can be used to relate the Weber number to a given power
level. Recall that the width at We = 20 has been chosen to match the
width of a line soldered at 4 W. Therefore, it can be concluded from
Table 1 that the Weber number at 4 W will be 3.06 times greater than the
Weber number at 0.7 W. This reasoning applies to every power level, as
shown in Table 3. The width corresponding to each Weber number is
taken from Table 2 and compared to the average width at each power
level measured from experiment. The percent error between the
experimental and model widths is also listed in Table 3. The quantitative
comparison between model and experiment has been achieved over a
wide range of power values. It should be noted that percent error be
tween the experimental and theoretical heights do not match up as well
as the widths due to a geometric effect imposed by the soldering tip.
Nevertheless, the confidence in comparison between model and exper
iment for the width suggest that the wetted width of a solder line in the
UAS process can be accurately predicted a priori. This is critically
important for precision soldering using our automated manufacturing
process.

2

ence, A = 0.2 mm in the experiments. Our predicted capillary shapes
can be unscaled with this R, as shown in Fig. 8. Fig. 8(a) shows two
̂ whereas Fig. 8(b)
scaled shapes with fixed angle α = 50◦ but different A,

shows the unscaled shapes with identical α and A, but dramatically
different wetted widths. This is consistent with our experimental ob
servations in which increased ultrasonic power leads to increased
wetting.
5. Comparison with experiment
The acoustic radiation pressure applied to the solder line is an un
known quantity, but it is related to the ultrasonic power delivered to the
solder tip in our automated UAS system. This makes quantitative com
parison between theory and experiment challenging. Our approach will
be to introduce an empirical scale factor in order to establish a rela
tionship between the ultrasonic power to the acoustic Weber number.
This relationship can then be used to predict wetted widths to be
compared with experimental observations.
To begin, we observe note that the Weber number (We) is related to
the amplitude of tip vibration. A digital micrometer was used to measure
the amplitude of the solder tip displacement as a function of ultrasonic
power, as shown in Table 1. The Weber number is directly proportional
to the amplitude squared ξ20 , i.e., doubling the amplitude increases the
Weber number by a factor of four. Therefore, the output power level

6. Concluding remarks
We have studied the wetting properties of solder-to-glass in the UAS
process from both an experimental and theoretical perspective. Our
focus was to understand how acoustic radiation pressure from the
Table 2
Scaled width and height at each Weber number for α = 12◦ and A = 0.2 mm2.

Fig. 8. Predicted capillary shapes illustrating the We number effect by plotting
the (a) scaled and (b) unscaled shapes for We=0 and We=20 with α = 50◦ .
282

We

Width [mm]

Height [mm]

0
1
2
3
4
5
6
7
8
9
10
12
15
17
20
22
25

1.964
1.993
2.016
2.039
2.071
2.096
2.122
2.158
2.177
2.196
2.206
2.279
2.348
2.385
2.450
2.492
2.551

0.1029
0.1008
0.0990
0.0973
0.0953
0.0936
0.0920
0.0901
0.0889
0.0877
0.0869
0.0836
0.0803
0.0786
0.0759
0.0742
0.0720
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Table 3
Comparison between wetted width predicted by the theoretical model and
measured in experiment.
Power [W]

We

Model width

Exp. width

% Error

0.7
1
1.5
2
3
4
5

6
9
12
15
17
20
22

2.122
2.196
2.279
2.348
2.385
2.450
2.492

2.032
2.301
2.232
2.406
2.425
2.452
2.469

4.43
4.56
2.12
2.43
1.64
0.08
0.94

ultrasonic solder tip vibrations affects the solder bead geometry. Sys
tematic experiments were conducted to investigate the role of (i) ul
trasonic power and (ii) solder tip height using our automated UAS
system which has precision control over a large number of experimental
parameters. Our experiments show that wettability increases (increased
wetted width and decreased contact angle) with (i) increasing ultrasonic
power and (ii) decreasing tip height, both of which lead to increased
acoustic radiation pressure. These results allow us to optimize our sys
tem for wettability with minimal ultrasonic power, which often leads to
undesired heating of the PZT transducer that can cause thermal drift in
the acoustic power delivered to the solder melt. Furthermore, we have
developed a theoretical model for the cross-sectional geometry of the
solder line using the capillary shape equation with acoustic radiation
pressure included. The numerical results to our model agree well with
our experimental observations, which suggests we are able to accurately
predicted the wetting properties of the solder lines laid down by our UAS
system. This is important for implementation of an automated UAS
system in a precision manufacturing process.
Enhanced wettability due to UAS is often associated with enhanced
adhesion strength of the solder bond, as described by the work of
adhesion (1). Our work clearly shows that one should expect enhanced
adhesion in UAS, but this has yet to be quantified and should be pursued
further in future work to test the mechanical strength of the solder-toglass bond. This could include tension, lap shear, or peel-off tests. In
addition, the role of material chemistry should be explored to better
understand the role rare earth elements in the solder composition play
with regards to the chemical bond at the metal-to-glass interface. These
combined should give a clear understanding of the physics of wetting
and adhesion in the complex multiphysics UAS process.
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