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A B S T R A C T

Ultrasonic soldering utilizes high-intensity acoustic fields to induce cavitation in the solder melt in order to (i) bond dissimilar materials and (ii) improve solder joint
strength. The acoustic energy transfer from the piezoelectric transducer (PZT) into the liquid solder pool is critical in both understanding and optimizing this process.
We use finite element analysis of the acoustics and compare with experiment. Our finite-element modeling approach is two-pronged; (i) we develop a one-di-
mensional model that is used as a design tool to optimize the solder stack geometry to match the transducer frequency for maximal acoustic energy transfer and (ii)
we use a three-dimensional model to compute the frequency response in the solder stack assembly (solid acoustics) and the acoustic pressure in the liquid solder pool
(solid-fluid interaction). The acoustic pressure is a proxy for cavitation and therefore bond strength. Our simulations show the acoustic pressure rapidly decreases as
the height of the solder tip above the substrate surface increases, which correlates with controlled experiments that show the solder bond quality also decreases with
increasing tip height.

1. Introduction

Soldering sees widespread use in industrial applications such as the
assembly of circuit boards, where typically tin-based solder is used to
bond electrical components to copper circuit boards. Ultrasonic sol-
dering has been long studied as an alternative to conventional sol-
dering, because it (i) eliminates the use of environmentally-harmful flux
and (ii) allows for the use of low-melt temperature lead-free solder to
achieve similar joint quality [1–5]. Most importantly, ultrasonic sol-
dering allows for the bonding of dissimilar substrates, such as metal to
glass (ceramic) [6–8]. Flux is used in conventional soldering to scrub
away the oxide layer on a metallic substrate, as oxides typically reduce
wetting and adhesion thereby degrading joint quality [9]. In addition,
flux often increases the electrical resistivity in the joint and has a ne-
gative environmental impact. Ultrasonic soldering uses high-intensity
acoustic fields to induce cavitation or bubble formation in the liquid
solder pool, as shown in Fig. 1(a). When these bubbles collapse they
generate large localized pressures and temperatures that remove the
oxide layer from the substrate and allow a good adhesive bond between
dissimilar materials. This is sometimes referred to as erosion [10,11]. In
this paper, we are interested in modeling and optimizing the acoustic
energy transfer from the PZT ultrasonic transducer through the sol-
dering iron assembly and into the molten solder pool to both under-
stand and improve the ultrasonic soldering process.
The ultrasonic soldering process is a complex multi-physics problem

that involves fluid mechanics, heat transfer, phase change,

solidification, wetting and adhesion [3]. Our research team has recently
developed an automated ultrasonic soldering platform, adapted from a
commercially available 3D printer, that allows for precise control of the
process parameters (cf. Fig. 1). For a fixed set of experimental condi-
tions, Fig. 1(b) illustrates the difference between solder lines with (left)
and without (right) ultrasonics. Note that both lines are made from
identical solder volumes, but the solder line with ultrasonics wets the
glass substrate much better. Furthermore, inspection of the solder/
substrate interface reveals the presence of a large number of voids in
the non-ultrasonicated sample. This can be seen with the naked eye in
Fig. 1(b) as a hazy finish, whereas the ultrasonicated sample has a
mirror finish indicative of the relative absence of voids. Here voids are
simply bubbles that have been ‘frozen’ into the solder joint during the
solidification process. The presence of voids degrades the mechanical
solder/substrate bond, as it decreases bond contact; optimal adhesion
corresponds to 100% contact area. Our preliminary experiments show
the joint quality (proxy for number of voids) depends strongly upon the
(i) strength of the acoustic field and (ii) location of the solder tip above
the glass substrate.
There is a vast literature on bubble dynamics and collapse, most of

which builds upon the famous Rayleigh-Plesset equation describing the
dynamics of a spherical bubble in an infinite medium [12,13]. Here the
acoustic field appears as a far-field pressure that drives bubble motion
[14]. For modern reviews of bubble dynamics and cavitation and ap-
plications thereof, see [15–18]. The presence of a solid boundary
complicates the bubble dynamics. In ultrasonic soldering, the bubbles
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near the substrate are critically important and subject to phenomena
like primary and secondary Bjerknes forces that cause net translation
[19]. For cavitation bubbles near a solid boundary, such as the sub-
strate surface, a local pressure gradient is formed on the bubble surface
where the pressure near the solid surface becomes significantly lower
than the opposite side. This pressure gradient leads to asymmetric
bubble collapse whereby a reentrant liquid jet penetrates into the col-
lapsing bubble and impinges on the solid surface [20]. The impinging
liquid jet provides additional energy to help clean the solid surface and
improve adhesion. It is hypothesized that this ‘cleaning process’ re-
moves the oxide layer and allows the solder to better adhere to the
substrate [21]. With regard to our ultrasonic soldering application, it is
critical to know the details of how the acoustic field propagates through
the solid and into the solder melt in order to better understand the
mechanism for enhanced adhesion. This is our focus.
Acoustic energy in our system is generated by passing an electrical

signal into the transducer, consisting of a piezoelectric material (PZT)
sandwiched between two masses, which generates a mechanical re-
sponse producing an acoustic wave that travels through the assembly to
the tool tip and into the solder pool, where the compression and rar-
efaction waves work to grow and then cavitate microscopic bubbles in
the fluid [22]. After bubble expansion during the rarefaction phase of
ultrasound, the bubble freely collapses resulting in a shock wave
emission [23]. This study focuses on modeling acoustic energy transfer
from the transducer through the soldering iron tip (solid) and into the
molten solder pool (fluid). A detailed three-dimensional (3D) finite
element analysis of two different soldering iron assemblies is used to
demonstrate the need for tuning the resonance frequency of the stack
assembly to match the operating frequency of the control unit in order
to maximize the ultrasonic energy delivered to the molten solder pool.
A commercially available hand-held Ultrasonic Assisted Soldering

(UAS) system (hereafter called Type A) is shown in Fig. 2 with materials
and mechanical boundary conditions labeled. The length of the center
section has been redacted for proprietary reasons. Our automated
system uses a different assembly, which we will refer to as Type B, with
different cross-section dimensions and segment lengths; details are not
shown for propriety reasons. Finite element analysis is used to under-
stand the acoustics (i) in the solder iron assembly (solid) and (ii) from
the solder tip to the molten solder pool.
For the purposes of this paper, the performance of the UAS system is

based on the ability to increase adhesion. Current theories propose that
increased adhesion from UAS results from cavitation generated by the
oscillating acoustic pressure wave [24]. Since the frequency is imposed
by the ultrasonic power supply, the pressure amplitude in the liquid
solder melt can be considered the response variable, and the soldering
iron geometry and material parameters are the design variables. For
efficient power transfer, the tip displacement during vibration should
be maximized to deliver the greatest pressure in the solder melt. To that
end, a simplified one-dimensional finite element model of the solder
iron assembly is developed and used as a design tool to quickly modify
the geometry for optimal tuning to the transducer. We validate the 1D
model by comparing the frequency response of the solder iron assem-
blies to the detailed 3D model. Lastly, a coupled solid-fluid finite ele-
ment model is created and used to analyze the effect of varying tip
height on acoustic pressure in the molten solder pool which we corre-
late with solder bond quality in experiment.

2. Solid acoustics

The Type A soldering iron assembly consists of the stainless steel
solder tip, piezoelectric transducer, and aluminum end caps shown in
Fig. 2. The Type B assembly has a similar construction but is redacted
for proprietary reasons. Material properties for the 316 stainless steel,
aluminum, and PZT (Lead Zirconate Titanate) are given in Table 1. The
properties of stainless steel and aluminum materials were taken from
the default engineering data in ANSYS, while those for the PZT material
were obtained from [25], with Poisson’s ratio derived from the me-
chanical compliance relationships. The commercial finite element
software ANSYS is used to analyze the solid acoustics of the solder iron
assemblies. Boundary conditions are applied at the locations shown in
Fig. 2. We fix the displacements around the perimeter of the thin sup-
port ring to replicate the attachment of the soldering iron to its holder.
By design, the support ring is a thin circular annulus designed to offer
little axial stiffness along the solder iron length (in this case the re-
sonance frequencies for axial modes correspond to free-free conditions).
The ANSYS finite element solver is used to analyze the frequency re-
sponse.
Assuming time-harmonic loading and response with e i t , where

=i 1 , and is the circular frequency in rad/s, the assembled finite
element equations for the soldering iron take the matrix form,

Fig. 1. Schematic of the ultrasonic assisted soldering process. (a) Solder is fed into a heated tip that moves at a height h above a glass substrate resulting in a molten
solder pool. Ultrasonic energy is transmitted to the solder melt through tip vibration from the ultrasonic transducer causes the rapid formation and collapse
(cavitation) of bubbles in the solder melt that leads to improved wetting and adhesion. (b) Two solder lines with identical volume of solder illustrate the difference in
wetting behavior with ultrasonics (left) and without ultrasonics (right). The inset to sub-figure (b) shows the underside of the glass substrate to illustrate the
difference in void formation at the solder/substrate interface.
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=K M u Fi[(1 ) ]s s s s
2 (1)

where Ks and Ms are global stiffness and mass matrices. Material
damping is incorporated using a small constant damping ratio of

= 0.01 with loss factor = =2 0.02, which models the effects of
viscous damping in metals operating in their elastic ranges.

2.1. Natural frequencies

Since the thin support ring provides only very small added stiffness
and mass, the natural frequencies computed from the model with free
boundary conditions match closely with those including the ring sup-
port. For the Type A and Type B assemblies, we neglect the small
structural damping and compute the natural frequencies from the mass
and stiffness properties. The natural frequencies j and corresponding
mode shapes j are extracted by solving the generalized eigenvalue
problem,

=K M 0[ ] .s s jj
2

(2)

Modes are decomposed into axial, torsional and bending types. For
reference, typical axial and bending mode shapes for the Type A as-
sembly are shown in Fig. 3. Since the transducer applies an axial force
to the assembly, we filter the axial modes from the other types of modes
shapes.
For proprietary reasons, modal frequencies f are normalized by the

relationship,

=f
f f
f f

,norm
1

2 1 (3)

where f2 and f1 are the upper and lower limits of the frequency range of
interest. Hereafter, frequency will refer to the normalized frequency
fnorm. Due to this normalization, frequencies that exist above and below
the frequency range are not included in the filtered results. The

normalized natural frequencies within the range of interest are shown
in Table 2 for the complete assembly. For reference, the normalized
optimal target resonance frequency is =f 0.4norm , with an assumed
operating range of the driver as = ±f 0.4 0.03norm . This frequency
corresponds to the maximal power delivered from the control unit.
There are three modes for the Type A Iron Assembly within the

range of interest, while there is just one mode for the Type B Iron
Assembly. Both Type A and Type B irons use the same piezoelectric
transducer composed of the PZT and aluminum end pieces. The dif-
ference between the Type A and Type B irons are the segment lengths
and sectional properties. Both the Type A and Type B component stack
assemblies with transducer have resonance frequencies tuned to match
closely with the 0.4 target and lie within the operating range of the
control unit driver for optimal displacement amplitude and power. For
the Type A assembly, the frequency is 0.03 below the optimal 0.4
target, while the Type B assembly is 0.02 above the optimal target
frequency.

2.2. Frequency-response

In order to quantify how the two different soldering irons respond to
a change in operating frequency, a frequency-response analysis was
performed for the complete assembly of soldering iron with transducer.
To increase stability, we use the small damping factor = 2 previously
discussed. In each case, the loading condition shown in Fig. 2 was ap-
plied and the magnitude of the tip displacement (u) was calculated. We
apply a unit force to the transducer to drive the solder stack assembly,
because the exact form of the mechanical displacement response from
the PZT material is not known. The tip displacement magnitude u is
normalized with the input driving force F and the relative amplitude
response with frequency is quantified.
The frequency-response of the Type A and B solder iron assemblies

are shown in Fig. 4. The amplitude resonance peaks occur at the
damped natural frequencies, which match closely with the undamped
natural frequencies presented in Table 2. The Type B assembly has
higher peak displacement amplitude and a larger bandwidth near the
target resonance of 0.4, making it less susceptible to power loss from
small changes in input frequencies. In both cases, the resonance fre-
quencies are within the assumed operating range of the driver. The
larger bandwidth provides a more robust design that can still provide a
large tip displacement amplitude even without perfect tuning. Further
tuning of the system to shift frequency to a precise target can be
achieved by changing the dimensions of soldering irons and/or the

Fig. 2. Drawing of the Type A UAS iron and transducer with materials and boundary conditions labeled. The stainless steel soldering iron is connected to a transducer
consisting of the PZT sandwiched between two aluminum end caps.

Table 1
Material properties used in the simulations.

Material Bulk modulus
[GPa]

Poisson’s ratio Density
[kg/m3]

Viscosity
[Pa s]

Aluminum 69.6 0.33 2770 N/A
Stainless Steel 169 0.31 7750 N/A

PZT 31 0.17 7500 N/A
BiSn Solder 41 0.30 8500 0.00135
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aluminum end caps of the transducer, altering the added mass and
stiffness properties.

2.3. 1D model

To facilitate rapid design optimization of length, cross-section, and
material properties, a simplified one-dimensional (1D) model of the
solder iron stack assembly has been developed. The 1D model has
simplified geometry with notches and fillets removed, as shown in
Fig. 5.
We begin by providing a brief description of the 1D model, which

has the ability to implement different material properties through the

cross-section and tapering along the axial dimension. For example, this
is seen in the steel thread mated with the aluminum end pieces of the
transducer shown in Figs. 2 and 5. Using the principle of virtual work,
the variational form for the one-dimensional model problem can be
stated as: given a driving frequency and applied force amplitude F at
location xL, find the axial displacement u x( ), for all variations (virtual
displacements) w x( ) such that the variational equation (weak form) is
satisfied,

+ =E dw
dx

du
dx

dx k w x u x w u dx w x F( ) ( ) ( )
L L

F0 0 0 0
2

0 (4)

where,

= =
= =

E E A A,
l

n

l l
l

n

l l
1 1 (5)

and k0 is a discrete axial spring located at x0 corresponding to the
circular flange support. Here, El is the elastic moduli and l the mass
density of the different materials within the composite, while E is the
effective axial modulus for a composite cross-section and is the ef-
fective mass per unit length. The total cross-section area is the sum of
individual composite areas =A Al.
The discrete spring =k Et ca( )/( )0

3 2 is a simplified model of the axial
stiffness of the circular flange support obtained from an analytical so-
lution for the center deflection of a thin, flat circular annulus of
thickness t, with outer edge fixed [26]. Here c is a factor that depends
upon the ratio a b/ , where a and b are the outer and inner radius of the
thin annulus, respectively.
While an analytical solution or an assumed modes solution to this

problem is feasible based on (4), for convenience and ease of auto-
mating changes in material property distribution and geometry, a finite
element solution is developed. Using the linear approximation for dis-
placement u x( ) within each 2-node composite bar element with uni-
form cross-section area along the axial dimension (with capability of
variable materials within the cross-section), the element stiffness and
mass matrices resulting from the discrete form of the variational Eq. (4)
can be expressed as,

= =k me E 1 1
1 1 ,

6
2 1
1 2e

e

e
e

e e

(6)

where e is the element length, and Ee and e are the effective axial
modulus and mass per unit length of the composite section.
In the case of tapered bar segments with uniform material properties

and circular cross-section =A x r x( ) ( )2 , with linearly varying radius
r x( ),

Fig. 3. Typical (a) axial and (b) bending mode shapes for the Type A soldering tip.

Table 2
Normalized natural frequencies, fnorm,
corresponding to axial modes of the two
iron assemblies. Target operating normal-
ized frequency is ±0.4 0.03.

Type A Type B

0.10
0.37 0.42
0.91

Fig. 4. Frequency response for Type A and Type B solder iron assemblies
plotting the normalized tip displacement u F/ ([displacement]/[unit applied
force]) against applied frequency fnorm. The normalized target operating fre-
quency for the transducer is ±0.4 0.03.

Fig. 5. Visualization of the simplified geometry
used in the 1D model of the Type A soldering
iron assembly.
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where r1 and r2 are the circular radius at the end nodes of the element.
After element assembly, the global finite element equations take the
form of (1). The discrete spring k0 is added to the diagonal of the matrix
equations in row/column number corresponding to the node number
placed at the circular flange support x0.
The 1D finite element model is readily coded in Matlab, where

segment geometric dimensions are easily changed to optimize the re-
sonance frequency of the solder iron stack. We use preliminary results
from the 1D model design tool to demonstrate that further optimization
of the geometry of the 3D finite element model can be made. For the 1D
model, converged results are obtained using between 16 and 40 ele-
ments within the different geometric segments for a total of 210 ele-
ments. For the 3D model, converged results are obtained using ANSYS
with quadratic tetrahedral elements with a body size mesh of 1mm
which captured the small geometric features of the solder iron stack.
Fig. 6(a) shows close agreement in the frequency response between the
1D and 3D finite element models. To demonstrate the utility of the 1D
model, Fig. 6(b) shows optimized results that match the normalized
frequency target for optimal power obtained by changing the length of
the iron segment below the circular ring flange support by less than 15
percent. Results show that the tip displacement of the Type B assembly
is nearly 4 times greater than that of the Type A assembly. This implies
the Type B assembly is able to more efficiently deliver acoustic power to
the tip and ultimately the molten solder pool.

3. Solid-fluid interaction

A coupled solid-fluid model is created to model acoustic pressure in
the molten solder, which provides a means to understand how the
acoustical design of the Type A and B assemblies affect pressure var-
iations in the solder. A higher pressure in the solder is one of the key
factors to drive cavitation and it is hypothesized this high localized
pressure yields better surface cleaning, and thus improved adhesion of
the solder to the substrate surface [24]. Our goal in these simulations is
to examine the trend in maximum acoustic pressure in the solder as a
function of tip height above the substrate, which we treat as our process
parameter.
We utilize the Acoustics application within ANSYS for this analysis

[27]. The application solves a linearized version of the Navier-Stokes

equations for the fluid resulting in a wave equation for acoustic pres-
sure the includes dissipative effects from fluid viscosity. The fluid is
modeled as compressible with small pressure changes with respect to
the mean pressure, and is non-flowing. For the time-harmonic response,
the reduced wave equation in the fluid domain f is [27]:

+ + =i µ
c

p
c

p1 4
3

1 0.
0 0

2 2
2 2

0
2 (9)

The corresponding weak integral form over the fluid domain f is,

+ + =u ni µ
c

w p
c

w p dV w ds1 4
3

· 1 · 0,f f f
0 0

2 2
2

0
2

2
f f

(10)

where =c K/ o is the speed of sound in the fluid medium, o is the
mean fluid density, K is the bulk modulus of the fluid, µ is the viscosity,
and p is the acoustic pressure, u is the displacement vector, wf is a test
function, and n is the outward normal unit vector to the fluid boundary

f .
The coupled structural-acoustic model was set up with the soldering

iron tip immersed in the liquid solder pool modeled by a rectangular
prism fluid domain with 1.5mm depth, 2.0 mm width and length
12.5mm. The tip height h is related to the solder height a and depth of
solid/fluid interface b by =h a b, as shown in Fig. 7. These dimen-
sions represent a typical experimentally-observed solder bead on a flat
substrate in our ultrasonic-assisted soldering platform. Unstructured
tetrahedral finite element meshing was used for discretization of the
geometry. A mesh size study was performed to evaluate the model
convergence when driven at the operating frequency ensuring accurate
results were obtained. For the acoustic fluid region modeling the solder
pool, this resulted in a body sized tetrahedral element mesh size of
0.3 mm applied to the solder pool with spherical mesh refinement at the
tip-fluid interface area, where a 1.5mm radius spherical volume was
enhanced to 0.01mm resolution for convergence. The solder tip and
stack was meshed with tetrahedral elements with a body size mesh of
1mm. This meshing process produced an efficient mesh distribution
with a fine grid near the solid-fluid interface capturing changing pres-
sure gradients. The boundary conditions applied to the solder pool are
shown in Fig. 7; the free surfaces of the solder pool are modeled with
idealized pressure-release =p 0 boundary conditions [28], the solder/
substrate interface is modeled as a rigid boundary with vanishing de-
rivative of pressure normal to the boundary = =np· 0p

n (Neumann
conditions), the absorptive boundary condition in the far-field models
waves passing through this truncated boundary [27,29]. The interface
between the solder tip (solid) and solder melt (fluid) couples the solid

Fig. 6. Frequency response plotting normalized displacement u F/ against applied frequency fnorm for Type A and Type B assemblies showing (a) the comparison
between the 1D and 3D models of the soldering iron assemblies and (b) the optimized geometries for a normalized target frequency =f 0.4norm .
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and fluid domains and have fluid-structure interaction (FSI) pressure
and displacement conditions applied there. Boundary conditions not
shown in Fig. 7 include the fixed support on the iron mount and the
driving force at the piezoelectric transducer (cf. Fig. 2). The symmetric
form of the coupled solid-fluid finite element equations are [28,27],

+ =

+ =

K M C u Rq F

K M C q R u F

i i

i i

( )

( )
s

f

s s s s f

f f f f
T

s
i

2

2

where =p qif f are nodal acoustic pressures, us the nodal displace-
ments for the structure, and R a fluid-structure coupling matrix.
The material properties used in the simulations are listed in Table 1.

Type A and Type B assemblies use the same materials properties de-
scribed in the solid acoustic analysis in Section 2. The bismuth based
solder is composed, in percent of weight, of 52% Bismuth, 48% tin, and
0.18% titanium. The solder bulk modulus property and solder viscosity
has been reported by Kamioka [30], and Lee et al. [31].

3.1. Results

The transducer applies a sinusoidal driving force with normalized
operating frequency =f 0.4norm and unit amplitude. The resulting
acoustic field is transmitted through the solder iron assembly and
generates an acoustic pressure in the liquid solder pool, as shown in
Figs. 8 and 9. Fig. 8 shows the spatial distribution of pressure for the
Type A assembly which illustrates the tip focuses the acoustic energy
toward the centerline of the tip resulting in maximum pressure. A si-
milar pressure distribution was found for the Type B iron assembly, but
with different amplitudes.
Our interest is in analyzing how the pressure varies with the tip

height h above the substrate, which we vary between 0.1mm and 1mm
in our analysis. The results for =h 0.1mm and =h 0.5mm are shown in
Fig. 9(a) and (b), respectively. In both cases, the maximum pressure
occurs at the solid-liquid interface located at the bottom of the solder
tip and can be seen to focus towards the centerline of the tip. Fig. 9(c)

shows the maximum acoustic pressure rapidly decreases with in-
creasing tip height. The acoustic pressure generated from the Type B
assembly is significantly greater than that of the Type A assembly,
which we attribute to the relative magnitude of the tip displacement
seen in the frequency response of the solid acoustics (cf. Fig. 4(b)). This
implies the Type B assembly is able to more efficiently deliver acoustic
power from the tip into the molten solder pool.

4. Experiment

Acoustic pressure drives the nucleation and collapse of bubbles in
the molten solder pool that is responsible for the enhanced adhesive
bond at the solder/substrate interface. Our model shows that the
acoustic pressure strongly depends upon the tip height (cf. Fig. 9(c)).
We are interested in experimentally verifying this prediction and
quantifying the strength of the adhesive bond as it depends upon this
process parameter. We use optical microscopy to determine the frac-
tional contact area of the bond at the solder/substrate interface, which
we will use as a proxy for adhesion.
A series of experiments are conducted with our automated ultra-

sonic soldering unit described above using the Type B solder tip as-
sembly. Three test specimens (Slides 0002, 0003, 0004) were created
using identical experimental conditions (tip speed, solder feed rate,
ultrasonic power, substrate and tip temperatures). Each specimen
consisted of 10 solder lines with the tip height ranging from 0.05mm to
1.00mm. Each solder line was imaged at five different locations along
its length using a microscope. This resulted in 150 micrographs. A
sample image is shown in Fig. 10(left). Here voids appear black, while
the solder/substrate contact area appears grey. The typical void size is
about 5–8 μm for the large-sized, 1–2 μm for the medium-sized, and
about 0.5 μm for the smallest voids visible. The fractional contact area,
or contact area normalized by total area, is computed using image
processing algorithms in MATLAB. The program filters the raw image
and creates a binary image (cf. Fig. 10(right)) from which the fractional
contact area can be computed [32].

Fig. 7. Schematic diagram of the boundary conditions for the solid-fluid interaction model. The tip height =h a b, above the substrate, is defined by the difference
in the solder height a and the depth b of the cylindrical solid-fluid interface for the tip.

Fig. 8. Contour map showing the spatial dependence of the normalized pressure for the Type A assembly, measured in units of Pa/N, on the substrate surface =z 0 at
a tip height =h 0.1mm.

K.F. Maassen, et al. Ultrasonics 101 (2020) 106003

6



Fig. 11(a) plots the measured contact area against the tip height for
all 150 micrographs. It is important to note the variation in measured
contact area for a fixed tip height both (i) within a given solder line
(fixed Slide #) as well as (ii) between sample slides. Such variation
could be related to the manufacturing process, the physics of solidifi-
cation, the image processing algorithm, or some combination of those
aforementioned factors. However, one should note the range of the data
is relatively tight considering the number of factors that influence the
ultrasonic soldering process. Despite these variations, there is a distinct
observable trend where the contact area decreases for increasing tip
height. This becomes even more clear through a statistical analysis of
the raw data. Fig. 11(b) plots the average contact area with standard
95% confidence intervals. Note the relatively small confidence inter-
vals. Of note is the outlier at a tip height of 0.4mm that shows both the
tightest grouping and highest contact area, which we attribute to any
number of effects such as non-uniform heat transfer, phase change, or
hydrodynamics due to the presence of a wake from the moving tip.
Nonetheless, there is a clear decreasing trend, consistent with the de-
crease in maximum gauge pressure with increasing tip height shown in
Fig. 9(c). Multiple fitting functions were tried for Fig. 9(c) and the

exponential gave the best fit. To test the hypothesis that porosity was
linked to the maximum pressure the same exponential functional form
was used to fit the curve of contact area versus tip height in Fig. 11(b)
(solid line). Although the R2 value of the fit is low, it confirms the
general decreasing trend that is consistent with our understanding of
the relationship between the acoustic pressure in the solder melt and
the adhesive bond between the solder and substrate. With regard to
process optimization, it is clear the best solder quality was achieved by
placing the tip as close to the substrate as possible.

5. Conclusion

In this paper, we use finite-element analysis to describe the acous-
tics in the ultrasonic soldering process from the PZT transducer through
the soldering iron tip and into the molten solder pool. A one-dimen-
sional finite element model was developed as a design tool to quickly
optimize the geometry and material properties of the solder stack as-
sembly in order to to properly tune the system to the transducer fre-
quency, which results in tip displacement of the Type B assembly that is
nearly 4 times greater than that of the Type A assembly. The full solid-

Fig. 9. (a b, ) Spatial dependence of the normalized pressure for Type B assembly, measured in units of Pa/N, in a vertical cross section through the center of the
solder tip for tip heights (a) =h 0.1mm and (b) =h 0.5mm. (c) The maximum normalized acoustic pressure in the solder pool is plotted against the tip height h and is
shown to decrease with increasing tip height contrasting Type A and Type B assemblies.

Fig. 10. Microscopy image (left) of the underside of the glass slide showing the solder/substrate interface of a typical solder line. Image processing results in a binary
image (right) where voids are represented as white areas and solid contact as black areas.
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fluid interaction simulation (from transducer to solder pool) gives the
acoustic pressure distribution in the liquid solder melt and we use the
maximum value as a measure of cavitation and ultimately the adhesive
bond strength at the solder/substrate interface. Our results compare
favorably to preliminary experiments which show the increasing tip
height (process parameter) decreases the maximum pressure in the
solder pool with a commensurate decrease in porosity at the solder
joint, a measure of adhesion.
The models we have developed provide a useful design tool for

improving the ultrasonic soldering process, as well as understanding
the mechanisms that lead to improved adhesion. Further refinement of
the models are planned to include attenuation effects due to the in-
teraction of cavitation bubbles in the molten solder [33], surface ten-
sion effects at the liquid/gas interface [34,35], and phase-change (so-
lidification) during cooling [36]. Further experimental testing is
planned to measure bond strength from a mechanical shear test.
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