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A B S T R A C T   

Ultrasonic wedge bonding of aluminum (Al) wires is a widely applied interconnect technology for power elec-
tronic packaging. The joint quality of the wedge bonding is mainly affected by the process parameters and 
material properties. Inappropriate process parameters will lead to failure modes such as chip surface pit, metal 
layer peeling off, wire cracking, non-sticking to the pad, etc., which limits the long-term stability of power 
devices. In order to reach the desired reliability, the design of experiment (DoE) is generally deployed which is 
costly in terms of time and related materials. Therefore, simulation-assisted analysis is in demand to rapidly 
narrow down the process windows. In this paper, an ultrasonic bonding model involving thick Al wires (300 μm) 
was established based on the Finite Element Method (FEM), to optimize process parameters effectively with 
reduced time and cost. The model was designed in ANSYS utilizing the transient structural mechanics module 
with various stresses and ultrasonic power, to simulate the relative deformation of the bonded wires and the 
displacement against the substrate. The result was then verified by ultrasonic wedge bonding samples with 9 sets 
of process parameters. The stress distributions were simulated and analyzed with the failure modes of tensile 
strength tests, while the deformation of wires under various process parameters was measured and compared 
with shear strength tests. Further, the relationship between the failure modes of the joint and the deformation 
was then analyzed by Response Surface Method (RSM), and the regression equation of the wire deformation and 
related process parameters was established and fitted with the actual sample’s data. Such analysis not only found 
the optimum range of the deformation of thick Al ultrasonic wire bonds but also quickly provided a range of 
optimized processes for Al thick wires applying ultrasonic wedge bonding techniques.   

1. Introduction 

The popularization of renewable energy is driven by the application 
of power electronics, such as wind, solar, electric vehicles, rail trans-
portations, industrial control, etc. [1]. With the increasing demand for 
power electronics, power semiconductor packaging received more and 
more attention towards higher power density, smaller packaging, and 
lower power consumption [2]. Meantime, high operating temperatures 
and high voltage applications promote the need for reliability [3]. In a 
power device packaging system, bonding wires appear to be the most 
easily degraded by electrical, mechanical, and thermal stresses [4], 
which present challenges for the reliable design of power electronic 
packages. 

For power electronics, thick bond wires, with diameters ranging 
from 200 μm to 600 μm, are commonly used for high current density 
applications. Ultrasonic wedge bonding to connect thick bond wires 
with chips and substrates is under development [5]. In order to improve 
joint quality, mechanisms of ultrasonic wedge bonding have been 
studied for several years. Early speculations believed that friction pro-
motes the generation of heat that melts wires and stable joints form after 
cooling [6]. However, it was challenged by more recent studies which 
believed that the ultrasonic energy eliminates the oxide layer at the 
metal interfaces and consequently activates the metals in contact [7]. 
Further, due to the loss of oxide layer protection, metal atomic diffusion 
occurs on the interface, forming the dense bonding joints [5,8,9]. 
Generally, such bonding force and ultrasonic power are usually higher 
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than counterparts in thin bond wire processing (e.g. ball bond). For the 
bonding process, it is essential to use suitable parameters. Excessive wire 
deformations lead to bonding tools wearing out, substrate/chip damage, 
stress/fracture of bonding joints, etc. while insufficient wire de-
formations bring failures of non-sticking to the pad, metal layer peeling 
off, etc. These problems increase the failure rate and affect the avail-
ability and optimal operation planning of the entire power system [10]. 
Several trade-offs cannot be solved easily. For improvement, it is 
complicated to optimize the wire deformations since it is influenced by 
various factors such as wire material, process parameters, substrate 
coating, and chip coating. Among all the process parameters, ultrasonic 
power and bond force are chosen as control factors, for the reason they 
can directly influence wire deformations. In general, such parameter 
optimization usually requires a design of experiment (DoE) which would 
result in hundreds of samples, together with many wasted chips and 
substrates. 

Therefore, high-accuracy modeling for evaluating the effects of the 
ultrasonic wedge bonding process is in demand. Benefit from the effi-
ciency of simulation, components of different geometries can be 
repeated. Such simulation requires an in-depth understanding of pack-
aging materials, key processes, and influential parameters. So far, rele-
vant studies are mainly focused on the mechanical and microstructure 
properties of thick aluminum (Al) bonding wires [11–13], reliability 
tests containing thermal cycling, power cycling, and other accelerated 
lifetime tests (ALT) [14], etc. Meanwhile, with the support of finite 
element simulations [11,15], the fatigue behavior related to the material 
properties in the thick bonding wires was investigated in detail [16,17]. 
A large number of failure modes were recorded to provide the basis for 
bond wire aging assessments [17], comparative analysis of aging 
mechanisms, and ALT. Fatigue lifetime was found to be influenced by 
wire diameter [18], junction temperature swing [14], monitoring cur-
rent [14], aspect ratio of the wedge, etc. [11]. It is clear that parameters 
of the process are key factors affecting the reliability of thick Al wire 
bonding. [19,20]. 

The finite element analysis model with DoE was used to study the 
influence of bonding parameters, chip pads, inclination issues [21], and 
wedge deformation effect on-chip damage [22]. In general, the quality 
of bonding adhesion is regarded as the basis for determining reliability, 
which is linked to the shear strength tests. In the simulation, the contact 
and displacement behavior between the wire and the substrate were 
observed [23,24], it’s also convenient to achieve stress distribution and 
force analysis. In addition, bond reliability is focus on factors such as 
friction [25,26], dynamic behavior [27], ultrasonic frequency [24], 
deformation, etc. [12]. Proper simulation design can analyze bond for-
mation in detail, further, it can help to process improvement. However, 
few pieces of research were focused on using FEM to analyze process 
parameters that influence reliable thick Al bond wires. 

In this paper, a finite element process model was established to adapt 
the process parameters of bonding force and ultrasonic power by 
combining simulation with reliability tests, which quickly narrowed the 
process windows for thick bond wires on power devices packaging. The 
process model was firstly designed to simulate the deformation of thick 
Al bond wires. Then, the deformation and equivalent plastic strain of the 
wire were examined and compared. Such models were further verified 
by bonding experiments on Ag-coated direct bonded copper (DBC) 
substrates, using deformation on tensile and shear tests as the evaluation 
of bonding qualities. With respond surface method (RSM) analysis, the 
regression equation of the wire deformation and related process pa-
rameters was established and fitted with the actual samples’ data. Such 
analysis provided an optimized process window for Al thick wire bonds 
while enabling ultrasonic wedge bonding techniques. In the end, the 
optimum range of the deformation of thick Aluminum ultrasonic wire 
bonds was also suggested. 

2. Ultrasonic wire bonding simulation model description 

2.1. Bonding process modeling 

The ultrasonic wire bonding process was divided into three physical 
coupling processes, as shown in Fig. 1. Firstly, the wire plastically de-
forms under the force of the tool. Secondly, the tool drives the wire to 
vibrate at a high frequency in the bonding area. Due to the high-speed 
friction between the wire and the pad, the oxide layer on the contact 
surface is fractured. Thirdly, under the effect of ultrasonic power, the 
wedge part of the wire continuously deforms, and atomic diffusion oc-
curs on the contact interface, forming a stable bonding joint. Based on 
such analysis, the ultrasonic bonding process was converted into a nu-
merical calculation process by using FEM. Then, the mechanism in the 
ultrasonic bonding process and the influence of process parameters on 
the bonding quality were further analyzed. 

In the first stage, the tool applies force on the bonding wire towards 
the pad to make the wire plastically deform. The phenomenon can be 
described as a stress-strain curve, which obtains the increment of wire 
diameter Δε and increment of stress Δσ during the plastic deformation. T 
in Eq. (1) is the tangent modulus of material at a plastic stage, which is 
equivalent to the slope of the second section of the curve in the 
simplified stress-strain function. 

Δσ = TΔε (1) 

As the wire deforms, the contact plane between it and the tool ex-
pands, while the stress drops rapidly. The deformation of the wire 
conforms to the elastic deformation equation, and the deformation and 
external force follow Hooke’s Law as Eq. (2). 

σ = Eε (2)  

while σ is the stress on the surface. E is the elastic modulus, and ε is the 
strain produced on the surface. A smooth stress-strain curve is described 
as the stress increases until the wire deforms irretrievably and Hooke’s 
law fails. In order to accelerate the calculation of the ultrasonic bonding 
model, the stress-strain constitutive model of bonded wires was 
simplified to a bilinear elastic-plastic strengthening model in finite 
element analysis. 

The deformation process of the bonding wire and pad is related to the 
load stress, corresponding to the nonlinear characteristics of the mate-
rial. Therefore, the solution of the nonlinear finite element equation 
described the wire deformation as a limited incremental interval, where 
the deformation can be linearized. Then the iterative method is used to 
restore all linearization processes to the nonlinear. Eq. (3) is the incre-
mental expression of the stress-strain constitutive equation of the wire. 

Δσij = Dep
ijklΔεkl (3) 

While Δεkl represents the strain increment at kl, Δσij represents the 
stress increment at ij, hence Dijkl

ep represents the modulus at kl versus ij. 
The equation describes the relationship between stress and strain 
increment at the stage of nonlinear wire deformation, which is related to 
the change of load force. Ultrasonic vibration system controls the joint 
quality by adjusting the vibration of the bond tool, and the value of 

Fig. 1. Schematic of ultrasonic bonding process.  
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ultrasonic power correspond to the sound intensity I. The math between 
them follows Eq. (4). 

I = 1
/

2ρcω2ξ2 (4)  

where ρ is the density of the material; c is the velocity of ultrasonic wave 

propagation; ω is angular frequency; ξ is the ultrasonic amplitude. In the 
equation, ultrasonic power value, frequency, and amplitude show 
quadratic correlation. Therefore, in the design of simulation, the 
adjustment of ultrasonic power is equivalent to the control of ultrasonic 
frequency and ultrasonic vibration amplitude. 

2.2. Bonding simulation method 

Commercial software ANSYS provided integrated functionality to 
compute structural mechanic problems by using FEM to solve partial 
differential equations. In this paper, ANSYS Workbench 19.0 with 
transient structural mechanics module was applied. Starting with the 
definition of initial and boundary conditions for the mesh geometry and 
differential problems of the model, the workflow of transient simulation 
followed the iterative scheme shown in Fig. 2. 

The geometry of the bonding tool from K&S Ltd. was shown in Fig. 3 
(a). Using 2D structure as a finite element model can simplify the 
calculation and improve the convergence quality of nonlinear problems. 
Therefore, major components such as tools, Al wires, pads, and chips 
were modeled, excluding solder layers and chip interfaces, to focus on 
the wire deformations. The substrates only exhibited deformation 
properties limited to the elastic domain to prevent unexpected de-
formations. A geometric model was established as shown in Fig. 3(b), 
where the opening angle of the wedge tool was 60◦ and the model of the 
thick Al wire was a cylinder with a diameter of 300 μm. The pad was a 
rectangular panel of only 4 μm. Through the physical geometric design, 
a complete analysis model was established to analyze the overall 
deformation and stress distribution in post-processing. 

The strengthening models of stress-strain curves vary by material. 
For components (Al wires and silver covered pads) that were under 
plastic deformation in the simulation process, a bilinear strengthening 
model was adopted to be equivalent to the stress-strain curves of Al 
wires and silver pads. Fig. 4 showed the simplified curves of Al and silver 
used in the finite element model. The slope of the first step represented 
the young’s modulus of the corresponding material, and the stress at the 
turning point was the yield strength. The second slope was the tangent 
modulus, which was usually one-hundredth of Young’s modulus. Such a 
linear elastic model was used to describe the stress-strain curves of the 
materials (tungsten steel tool and substrate) which only have elastic 

Fig. 2. Workflow of finite element analysis.  

Fig. 3. (a) Shape of bonding tool. (b) Schematic of wire bonding model.  

Fig. 4. Stress-strain curve of materials in ANSYS.  

Table 1 
Material properties.  

Materials Al Ag AlN Steel 

Density (kg/m3) 2689 10,491 3300 1450 
CTE (ppm/K) 24.5 19.6 4.6 12 
Young modules (GPa) 70 76 320 400 
Poisson coefficient 0.33 0.37 0.24 0.3 
Yield limit (MPa) 20 35 / / 
Tangent modulus (MPa) 700 760 / / 
Hardening model BIH BIH LP LP  
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deformation during the simulation. In ANSYS, the elastic modulus was 
commonly adopted to define the linear elastic model. 

Since the bonding process run fast, changes in material parameters 
caused by temperature rise in a short period friction were neglected. The 
parameters of each material at room temperature are shown in Table 1. 
The material of the tool was tungsten steel, which had a high Young’s 
modulus, hence a rigid body was used to simulate the mechanical 
behavior of tool bonding. The Al wires were from Heraeus Ltd., 300 μm 
in diameter, and the pad material was made of silver coating, which will 
be slightly deformed when squeezed by the metal wire during bonding. 
Refer to common packaging solutions, the substrate used aluminum 
nitride ceramic (AlN). 

In the definition of boundary conditions and mechanical loads, each 
non-contact boundary of the model was constrained. Besides, there was 
a contact coupling between the tool and the wire. In the process, the 
relative displacement was far less than the wire size, hence, the friction 

coefficient was regarded as a minor factor in this node. Contact coupling 
also formed between the wire and the pad. Therefore, according to the 
selection principle of the Target and Contact in coupling, we set the 
convex surface of the wire as the Contact, the interface on top of the wire 
and the pad plane as the Target. When the ultrasonic energy was 
applied, a relative offset occurred between the wire and pad, therefore, 
the friction behavior needed to be set in the simulation, and the friction 
coefficient between the two components was defined as 0.2. 

The parameters that affect the morphology of bonding joints were 
bonding force and ultrasonic power. In the simulation, the force load 
and displacement load were regarded as equivalent factors. Hence, the 
simulation scheme of ultrasonic power was achieved by loading time- 
dependent displacement behavior on the side of the bonding tool. 

D = 10− 5*sin
(
1.6π*105( t − 10− 4) ) (5) 

The displacement load was a time-dependent function, and its 
mathematical expression was shown in Eq. (5) above. Stress loading A 
was implemented on the tool towards the substrate, it raised linearly 
until 0.1 s and maximum to 5 N. The curve of displacement load B is a 
sinusoidal curve with time, describing the ultrasonic action of the load 
on the tool. The sine function with a frequency of 80 kHz and an 
amplitude of 10 μm was set. It will be loaded on the tool after 0.1 ms. 
And the operation time was 0.05 ms. As the Stress and displacement load 
application scheme shown in Fig. 5. 

Bonding force and ultrasonic vibration amplitude were two main 
parameters affecting bonding quality. In order to explore the correlation 
between ultrasonic bond quality and parameters. In the simulation, the 
bonding force and ultrasonic vibration amplitude were changed as the 
variables affecting the bonding results. According to the ultrasonic fre-
quency parameters of the K&S bonding machine, when the ultrasonic 
vibration frequency was 80 kHz, samples will be divided into 9 groups as 
shown in Table 2. 

2.3. Simulation mesh method 

The mesh build is important to the simulation results, as shown in 
Fig. 6. Specifically, fine mesh subdivides the areas of bonding wires and 
pads which lead to large deformation, while the rest regions are roughly 
meshed to accelerate the simulation process. 

3. Results of simulation 

The deformation and equivalent stress distribution of the first 
bonding joints were similar with the second. They were generally 

Fig. 5. Loading curve of ultrasonic vibration displacement of bonding tool.  

Table 2 
Parameter of bonding force and ultrasonic power amplitude.  

Group Bonding force (N) Amplitude of ultrasonic power (μm)  

1  24  10  
2  24  15  
3  24  20  
4  32  10  
5  32  15  
6  32  20  
7  40  10  
8  40  15  
9  40  20  

Fig. 6. Mesh setup of the finite element model.  
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considered to have identical properties and qualities under the same 
process conditions. The simulation results of deformation and stress can 
be used to evaluate the stress and mechanical behavior of the wires. 

It was clear from Fig. 7 that the deformation of the bonding region 
was positively correlated with the bonding force and ultrasonic ampli-
tude respectively. It was also illustrated from Fig. 8 that force has a more 
significant influence on simulation results, while the increase of vibra-
tion amplitude did not show obvious deformation effect of wire. 

Within the same group, the equivalent stress distributions on the 
bond wires were compared and plotted from a top view, as shown in 
Fig. 8(a). High stress distributions were found to be concentrated at the 
large deformation region of the bonding joint, which was the edge of the 
tool-wire interface. This was consistent with the positive correlation of 
stress and strain in plastic deformation. There were no obvious differ-
ences in the maximum stress of the simulation results, and it demon-
strated that the maximum stress changed little with the increase of 
bonding force and ultrasonic vibration amplitude. This was because the 
curve in the plastic deformation stage was flat (the elastic modulus was 
about 100 times the tangent modulus), therefore, the increase of stress 
corresponded to the sudden change of strain, and the effect of defor-
mation on the equivalent stress was insignificant. The stress peak occurs 
at the geometric end of the tool section (the unchamfered edge of the 
tool) and it did not contribute to the bond formation process. Therefore, 
the stress at this position was not recorded, and the stress distribution 
inside the wire after bonding was mainly studied, which provided sup-
port for analyzing the reliability of Al wire bonding joints. 

The wire section, which represented the stress distribution inside the 
wire and was far away from the tool section, was selected as the analysis 
target. Independent of the process parameters, the von-Mises stress in 
the bonding region was mainly distributed at the bottom near the pad, 
indicating the potential failure of the region. The stress applied by the 
reliability test was sustained in the region, which induced the generation 
and propagation of several cracks. Such stress concentration at the 
bottom was related to the maximum force exerted by the tool. The 
downforce of the tool at the inclined surface was dispersed by the angle 
of the inclined surface. Therefore, the surface was subjected to a small 
extrusion effect of the tool, on which the stress will not be concentrated. 

With the increase of ultrasonic power and tool force, the deformation of 
wire was intensified and more stress was concentrated in the bottom. 

A total of 9 combinations of ultrasonic power of 10, 15, 20 and force 
of 24 N, 32 N, 40 N were selected to carry out DoE. Fig. 9 showed the 
relationship between wire deformation and bonding time in the simu-
lation model. According to the bonding force, the process parameter 
combination was divided into three groups. Early dominance was pro-
vided by downforce. It showed that at 0–0.1 ms, the Al wire was only 
subjected to the downforce of the bonding tool, and followed the 
deformation law at the period. After 0.1 s, ultrasonic vibration had a 
significant effect on the deformation of Al wire. 

Under the condition of constant bonding force, the tangent modulus 
of Al wire decreased as the deformation of wire increased. According to 
the ultrasonic bonding mechanism, the wire was in contact with the pad 
and was alternately affected by two frictional forces in opposite di-
rections. The action of friction made the atoms in the metal wire diffuse, 
and further forming wedge bonding with accumulated dislocations. The 
variation of wire deformation with time corresponded to four cycles of 
ultrasonic vibration. It can be seen that with the increase of ultrasonic 
time, the effect of each cycle on the shape variable gradually decreased, 
and the effect of ultrasonic time on the deformation of wire had a 
marginal effect. 

4. Analysis of wire bonding samples 

4.1. Ultrasonic bonding experiment of thick Al wire 

The deformation of the bonding joint was related to the bonding 
quality, and there may also be a coupling effect caused by the process 
parameters. DoE was used to plan the experiment and analyze the 
bonding joints with reliable quality. The width to diameter ratio θ of the 
bonding joint should be within a fixed range. To determine the range of 
θ, wire samples were tested for adhesion reliability. The K&S Asterion 
series wedge bonding machine was used in the experiment, and the 
rated ultrasonic vibration frequency was 80 kHz. The tensile strength 
and shear strength of the samples were tested by the TRY MFM1200 
micro-welding spot strength testing machine. 

Fig. 7. Comparison of wire bond deformation under different process parameters.  
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There were two key factors affecting the quality of bonding joints, 
one was bonding force and the other was ultrasonic power. Considering 
the influence of factor number A and factor level number B on DoE 
experiment number N, as shown in Eq. (6). 

N = BA (6) 

DoE planning of ultrasonic bonding experiment was generated 
through Minitab. Bonding force Settings were 700, 800, and 900, and 
ultrasonic power Settings were 40, 50, and 60, respectively, as shown in 
Table 3. Notice: Bonding force and ultrasonic power in a wedge bonding 

machine were dimensionless values. 
The verification experiment conducted ultrasonic bonding of 300 μm 

diameter Al wires on a blank silver-coated substrate, and obtained a 
total of 80 bonding joints by completing 40 times ultrasonic process on 
the substrates. The sample reference group was produced through the 
process sequence above, one of which was shown in Fig. 10. The sample 
will complete wedge deformation measurements, followed by shear 
force and tensile tests. 

The deformation of the wire was measured by Nikon ECLIPSE L200N 
optical microscope. Fig. 11 showed that the deformation value of 

Fig. 8. Comparison of wire bond stress distribution under different process parameters (a) top view (b) front view.  
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bonded wire was measured and marked by post-processing of the 
measured images at 100 times magnification. 

More than 50 measurements from each group of samples were 
collected and analyzed, and the box plot was drawn as shown in Fig. 12. 
However, the box graph can only show the discrete distribution of data, 
and the most accurate statistic to describe the degree of dispersion was 
the standard deviation. After excluding the abnormal data in each data 
sample analyzed from the box chart, the mean and variance of each 
group of wire samples were calculated, as shown in Table 4. It can be 
seen that within the range of process parameters in this experiment, 
ultrasonic power had a greater impact on the width of bonding joint 
forming than tool force. The larger standard deviation of ultrasonic 
power means that it was more difficult to control the stability and 
bonding accuracy of the results. 

4.2. Tensile force test 

In the reliability test, the tensile test was applied first, the results of 
the bonding wire test were recorded and the failure modes were coun-
ted, and then the shear strength test was applied to measure the 
maximum shear force that made the bonding joint peel off to analyze the 
shear strength. In the tensile test, there were mainly three failure modes, 
namely knee fracture, leg fracture, and heel fracture, as shown in 
Fig. 13. 

The results showed that all the bonding wires finished the tensile 
test, and each group of samples was subjected to 40 tests. However, the 
bonding joints had peeled off 0 times, which indicated that the thick Al 
wires can produce a stable connection with the substrate after bonding. 
Knee and leg fractures, both of which were fractured on a non-deformed 
Al wire. It was inferred that the reason for these two situations was the 
asymmetry of the tensile force which was related to the strength of the 
material. 

For the heel fracture, referring to the previous simulation results, the 
equivalent stress was concentrated at the deformation of the tool 
extrusion wire. As shown in Fig. 14. Affected by the tool structure, the 
deformation of the heel was irregular, making its diameter smaller than 
the original wire and became more fragile. In the test, the heel inflection 
point was the main forced area, which was more prone to cracks or 
necking. 

It can be seen from Fig. 15 that ultrasonic power had a significant 
influence on the heel fracture of the bonding joints. When the ultrasonic 
power was 40 and 50, the frequency of it was <10 times. High ultrasonic 

Fig. 9. Deformation value of joint varies with process time.  

Table 3 
DoE experiment group.  

Run sequence Standard sequence Bonding force Ultrasonic bonding power  

1  5  800  50  
2  7  900  40  
3  3  700  60  
4  1  700  40  
5  6  800  60  
6  2  700  50  
7  8  900  50  
8  9  900  60  
9  4  800  40  

Fig. 10. Sample of bonding process.  

Fig. 11. Width measuring in optical microscope.  
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energy caused over-bonding, resulting in a large number of failures. 
However, at low ultrasonic energy, the bonding force was 800, and heel 
fracture even occurred only once. It showed that the appropriate force 
had a positive effect on the bonding quality. 

At the same time, the maximum force the wire suffered was recorded. 
As shown in Fig. 16, for the sample group with few heel fracture modes, 
the deformation of the wire was small, and it was a low probability to 
fracture at the bonding joint. Therefore, the tensile resistance of the 
material itself was proved. It can be seen that due to the consistency of 
the wires in the experiment, the data fluctuate slightly. On the contrary, 
the sample groups with a large amount of heel fracture modes came from 
high ultrasonic power groups, the deformation value of the wire was 
large, and the distribution was random, hence the deformation data 
appeared discrete. Before reaching the tensile fracture limit of the wire, 
the heel of it was broken, so the overall maximum tensile strength 
decreased. 

The results showed that the ultrasonic power can greatly increase the 
deformation of the wire and also the bonding area between the thick Al 
wire and the substrate. However, it did not play a positive role in the 
quality of the bonded regions. 

4.3. Shear strength test 

The shear strength test measured the maximum shear force when the 
bonding pads on the substrate were completely pushed off under the 
force of the tool, which was equivalent to the shear resistance of the 
bonding joints. The data can also indicate the bonding strength of the 
wire to the metal layer on the substrate. The mean and standard devi-
ation of the maximum shear force data obtained from the analysis of the 
bond joints were plotted, as shown in Fig. 17. 

According to the analysis in the figure, when the ultrasonic power 
was 50, the corresponding sample bore a large shear force, and the data 

was centralized. When the ultrasonic power was 60, the maximum shear 
force had a good performance, but the bonding quality fluctuated 
greatly. 

After the shear test, traces of wire remained on the substrate. As 
shown in Fig. 18, the elliptic region of solid lines indicated the wire 
adhesions to the substrate. This region differed in brightness from the 
surrounding region due to deformation during bonding. The area of the 
dotted line represented the residue of the joint. Based on the proportion 
of residual area, the residual level can be classified into grades 1 to 4 
according to 0–25 %, 25–50 %, 50–75 %, and 75–100 %. The higher the 
grade was, the more sufficient the bond strength was. Sheer grade of 1 
and 2 were controlled to be <50 % as a standard for effective bonding. 

Fig. 12. Width data boxplot of wire bond samples.  

Table 4 
Mean and variance of joint width of bonding samples.  

Group Ultrasonic bonding 
power 

Bonding 
force 

Mean 
(μm) 

Variance 
(μm)  

1  40  700  366.93  8.52  
2  40  800  376.28  7.67  
3  40  900  396.76  13.13  
4  50  700  390.91  10.91  
5  50  800  421.10  12.69  
6  50  900  432.74  15.82  
7  60  700  440.18  24.81  
8  60  800  467.33  25.91  
9  60  900  510.14  23.36  

Fig. 13. Failure mode of shear strength test (a) knee fracture (b) leg fracture (c) 
heel fracture. 
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4.4. Experimental data analysis and fittings 

The central composite design was used to formulate the response 
surface of the deformation of the bonded wire by analyzing the response 
of the two factors of bonding force F and ultrasonic power P. The 
number of wire fractures, mean value of maximum shear force, and 
standard deviation were sorted out. The response surface diagram be-
tween the following response values, bonding force, and ultrasonic 
power was depicted in Fig. 19. Based on these plots, the value range of 
the width to diameter ratio θ of the bonding joints can be deduced, and 
the optimal deformation of thick Al wires in the bonding process can be 
solved. 

By analyzing the response surface of different key values, the 

parameter combination range of bonding force and ultrasonic power 
was determined, so that all data points with better measurement per-
formance can be included in this range. Boxed in the figure was the 
range of process parameters that meet all reliability requirements of the 
current analysis. This range in Fig. 19 demonstrated that the maximum 
and minimum deformation can be achieved under the parameter com-
binations 900 N50 and 700 N45, respectively. The regression equation 
of bonding joint and process parameters was derived from the defor-
mation data, as Eq. (7) shows. D_e represents the deformation of the 
bonding joint, F_e is the actual bonding force, and P is the ultrasonic 
power of the bonding machine. 

De = 511 − 0.016Fe − 11.82P − 0.000156F2
e + 0.0842P2 + 0.01003FeP (7) 

The minimum value in this region was 377.711 μm, and the 
maximum value is 432.741 μm. The width to diameter ratio θ of the 
bonding joint was calculated to be 1.26 ≤ θ ≤ 1.44. The above results 
showed that although the increase of ultrasonic power can greatly in-
crease the width of the wire after bonding. In a certain range, ultrasonic 
power had a positive effect on the reliability of the bonding joint. 
However, outside the range, the increase of ultrasonic power lead to an 
opposite result. 

The response surface analysis of the simulated deformation data was 
carried out. After the normalization process, the initial value of the 
bonding force was set as 300, and the initial value of the ultrasonic 
power was set as 30. As De = 303.61 μm, which approached to the 
intrinsic diameter of the wire. If the x = Fe − 300, y = P − 30, when Fe =

300, x = 0; when P = 30, y = 0. According to the test results, the 
regression equation was introduced to solve the coefficient. Then the 

Fig. 14. (a) Stress distribution in FEM simulation (b) top view of bond point.  

Fig. 15. The number of heel fracture from each group.  

Fig. 16. Maximum tensile force under different process.  

Fig. 17. Maximum shear force under different process.  
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equation between simulated wire deformation and process parameters 
was obtained, as shown in Eq. (8). 

De = 303.61 − 0.016x − 11.82y − 0.000156x2 + 0.0842y2 + 0.01003xy (8) 

The corresponding relationship between simulation process param-
eters Fs, A, experimental parameters Fe and P can be found by solving the 
above system of equations, results as shown in Eq. (9). 
{

Fs = (0.045 + 0.0015(P − 30) )(Fe − 300),
A = 2.22(P − 30) (9) 

Fig. 20 showed the comparison between the fitted curve and the 
simulation curve. When the ultrasonic power was 40 and 50, the devi-
ation of D_s and D_e was controlled within 10 μm, and when the ultra-
sonic power was 60, the deviation of D_s and D_e was about 15 μm. In the 
result, the maximum error of the fitting results was 4.5 %. 

5. Conclusion 

In this paper, the ultrasonic bonding process of thick Al wire was 
simulated by the FEM. It demonstrated that the maximum stress on the 
pad appears at the edge of the wedge region by analyzing the simulation 
data. The application of ultrasonic power can make the stress distribu-
tion inside the wire more uniform, and suitable power parameters were 
more conducive to the formation of bonding joints. In addition, the ul-
trasonic bonding experiments (ultrasonic wedge bonding samples with 9 
sets of process parameters) were designed to verify the model. The stress 
distributions were simulated and analyzed with the failure modes of 
tensile strength tests, while the deformation of wires under various 
process parameters was measured and compared with shear strength 

tests. Furthermore, the above data were analyzed utilizing the method of 
RSM. For the 300 μm Al wire bonding joint of the experimental object, 
the optimal aspect ratio θ was in the range of 1.26 to 1.44. And the 
regression equation was fitted by analyzing the response surface of 
deformation data obtained from the FEM. Specifically, by assuming a 
linear relationship between the simulation and the actual process values, 
the simulation regression equation of the wire deformation and related 
process parameters was established with the sample’s data, and the 
mathematical relationship between the parameters was deduced. 
Finally, the error was optimized within 4.5 %. Simulation and analysis 
results above can predict the heel fracture of the wire, and at the same 
time provided a reference for the optimal range of the ratio between the 
deformation and the original diameter after the bonding process was 
completed. It also provided a new feasible scheme for rapidly finding the 
optimal process parameters windows in the actual bonding process. 
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