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ABSTRACT 
 
 Ultrasonic welding is as solid state joining process that produces joints by the application of high 

frequency vibratory energy in the work pieces held together under pressure without melting. In electronic and 

automotive applications, copper wires are connected to the equipment (alternator/ rectifier) by a solid state 

joining process. For such an application ultrasonic metal welding is useful. This paper presents a study of 

ultrasonic welding of copper wire to thin copper sheet as many of the industrial applications are in need of 

this kind of contact technology. Quality of the welded joints is evaluated based on mechanical tests and the 

quality criterion is then applied to evaluate the weldabilty. A second order regression model equation is 

developed to predict the weld strength of the joint based on the experiments conducted using full factorial 

design of experiments. 
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INTRODUCTION 
 
 Metal joining is one of the major manufacturing processes used to assemble metallic and non-

metallic parts for several applications. Conducive materials such as copper, aluminum and nickel are widely 

used in the electronics industry. Due to high conductivity of these materials, the fusion welding processes 

such as resistance welding, laser welding cannot be effectively applied for joining such materials. Ultrasonic 

welding is an alternative method that can be applied for making such joints. In ultrasonic metal welding the 

temperature developed between the parts are very less compared to the melting point of the metal. The 

process can be completed in a few seconds without causing changes in the properties of the work pieces. This 

work is taken up as there are many variables and there is enough scope to study ultrasonic welding. 

Nevertheless, the principle of ultrasonic metal joining is not yet fully established. Fundamental studies about 

the process mechanisms and researches on the definition of weld quality, optimization of input parameters 

and robust process design are necessary for successful application of the ultrasonic metal welding. Zhou et al 

[1] analyzed the interfacial and circumferential failures at the ultrasonic spot weld and showed cohesive zone 

analyses for joint fracture. Elangovan et al[2] optimized welding input parameters to maximize tensile 
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strength. Flood [3] discussed methods to weld copper to aluminum using ultrasonic welding and described 

the parameters that influence the weld strength. Jeng et al [4] investigated the effects of applied load, surface 

roughness, welding power and welding time on bonding strength of ultrasonically welded joints. Elangovan 

et al [5] developed an effective methodology to determine the optimum welding conditions that maximize the 

strength of joints produced by ultrasonic welding using response surface methodology and genetic algorithm. 

Zhengqiang et al [6] investigated the influence of ultrasonic welding parameters on the mechanical 

properties, interface microstructure, micro hardness and the composition diffusion of the welded joint. 

Panteli [7] investigated the influence of process parameters in aluminum to magnesium ultrasonic spot 

welding. The dominant problems faced by industries using ultrasonic meal welding process are the poor weld 

quality and strength of the weld. Many of the research in optimization of ultrasonic welding parameters were 

made for welding similar/dissimilar metallic sheets and very little research were focused on welding wire to 

sheet. The objective of this study is to conduct experiments using Taguchi’s design of experiments 

methodology to find out optimum levels of parameters that will yield maximum weld strength in the cases of 

copper wire to copper sheet welding. 

ULTRASONIC METAL WELDING 

USMW is a process in which two metallic components are joined by the application of ultrasonic 

vibrations, under moderate pressure, in which the vibrations are applied parallel to the interface between the 

parts to be joined. The high – frequency relative motion between the parts forms a solid – state weld through 

progressive shearing and plastic deformation between surface asperities that disperses oxides and 

contaminants. It also brings in an increasing area of pure metal contact between the surfaces to be joined. The 

schematic representation of ultrasonic welding is shown in Fig.1.Ultrasonic metal welding is quite different 

from the ultrasonic plastic welding. The ultrasonic vibrations in metal welding are parallel to the surfaces to 

be joined whereas in plastic welding vibrations are perpendicular to the surfaces. Ultrasonic metal welds are 

characterized by low heat (the material does not melt as in the process of arc welding) and relatively low 

distortion. The equipment for ultrasonic metal welding range from low power micro-bonders (used in 

semiconductor industry) operating between 40 and 60 kHz to machines of several kilowatt output capacity 

operating between 10 and 20 kHz for welding of larger parts. It is interesting to note that on high-

conductivity materials ultrasonic welding can be over 20 times more energy efficient than resistance welding. 

A 5 kW ultrasonic metal welder may be equivalent to a 100-kVA resistance welder. Predominantly, two 

types of ultrasonic metal welding equipments are used widely in industries for variety of industrial 

applications. They are the lateral drive system and the wedge reed system. The two types of ultrasonic metal 

welding systems are shown in Fig.1.The lateral drive system is used to perform experimental trials in this 

work. 
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Lateral drive system Wedge reed system 

Fig.1. 
 
EXPERIMETAL SET UP 

Ultrasonic welding trials were conducted using a conventional ultrasonic metal welding machine 

(2500 W, 20 kHz) for different ranges of weld parameters. The standard specimens used in the welding trails 

are 0.2 mm copper sheet and 1.2mm diameter copper wire. The chemical composition of the specimens used 

for experiments is shown in Table 2. The schematic representation of the ultrasonic spot weld specimen is 

shown in Fig.2. The copper wire was located above the sheet with an overlap distance of 6mm.Before the 

process is carried out samples were cleaned with acetone to remove the surface impurity as it may affect the 

bond strength. A universal tensile testing machine was used to determine the weld strengths. Altogether two 

trials were performed for each weld combination and therefore 54 experimental trials are conducted and the 

results are presented in Table 3. 
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Table 1. Chemical composition of copper specimen 
 

Sample 
reference 

Cu Pb Sn Zn Fe 

Copper 
specimen 

99.44% 0.032% 0.029% 0.39% 0.10% 

 

FULL FACTORIAL DESIGN 

In statistics, a full factorial experiment is an experiment whose design consists of two or more 

factors, each with discrete possible values or "levels", and whose experimental units take on all possible 

combinations of these levels across all such factors. A full factorial design may also be called a fully crossed 

design. Such an experiment allows studying the effect of each factor on the response variable, as well as the 

effects of interactions between factors on the response variable. The factorial design will enable an 

experiment to study the joint effect of the factors (or processing/design parameters) on a response. In the 

present work, welding pressure, welding time and amplitude of the horn are considered as control input 

factors and varied at three intervals as shown in Table 1. The tensile strength of the joint is taken as response 

factor. Considering these factors and their levels it was decided to perform 27 experimental treatments with 

various input parameter combinations. The experimental trials conducted are shown in Table 2.Full factorial 

design is a technique to develop a regression model with which the responses can be predicted by substituting 

appropriate input parameters data. A second order regression model is developed using the experimental data 

and the model is presented in Eq. 1.The weld tensile strength predicted by equation 1 is provided in Table 3 

and the comparison between the experimental values and the predicted values is shown in Fig.3. 

Weld strength = 5.6401+31.1368A–1.30929B+26.2435C–6.025A2 - 0.08513B2+ 5.663C2–     

                          2.540AB–5.35826BC+30.036AC+0.54432A2B–0.0345B2C+5.4332A2C– 

                          5.1148AC2– 0.533892BC2–10.862A2C2    -------------------------------------------

----(1) 
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Fig.3 

Table 2. The factors and levels 

S.No Factor Designation Level 1 Level  2 Level 3 

1 Weld pressure(bar) A 2.5 3 3.5 

2 Amplitude (µm) B 28 42.5 57 

3 Weld time (sec) C 2 2.5 3 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Experimental trial number 
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Table 3. Experimental trials 

S NO A B C 
 TENSILE STRENGTH (106N/m2) 

% Error 
TRIAL 1 TRIAL 2 Experimental Value Predicted Value 

1. 2.5 28 2 4.777 8.094 6.435 6.571 
2.07 

2. 2.5 28 2.5 7.696 8.758 8.227 7.923 
3.8 

3. 2.5 28 3 36.943 37.42 37.152 37.556 
1.08 

4. 2.5 42.5 2 14.995 15.094 15.045 14.991 
0.4 

5. 2.5 42.5 2.5 9.687 10.35 10.019 9.870 
1.5 

6. 2.5 42.5 3 18.976 18.891 18.934 19.015 
0.43 

7. 2.5 57 2 14.995 14.066 14.531 13.967 
4 

8. 2.5 57 2.5 32.909 33.6 33.255 32.864 
1.2 

9. 2.5 57 3 34.743 35.032 34.888 35.028 
0.4 

10 3 28 2 5.175 7.725 6.450 5.390 
2 

11 3 28 2.5 5.706 6.768 6.237 6.597 
5.46 

12 3 28 3 9.156 10.35 9.753 10.157 
3.98 

13 3 42.5 2 14.512 16.473 15.493 14.980 
3.4 

14 3 42.5 2.5 11.279 14.199 12.739 12.127 
5 

15 3 42.5 3 21.924 22.824 22.374 22.987 
2.67 

16 3 57 2 24.947 28.976 26.962 25.863 
4.2 

17 3 57 2.5 24.594 25.345 24.960 24.967 
0.03 

18 3 57 3 26.008 31.582 28.795 27.967 
3 

19 3.5 28 2 9.45 10.085 9.768 9.124 
7.1 

20 3.5 28 2.5 8.794 9.82 9.307 8.968 
3.8 

21 3.5 28 3 30.122 31.582 30.852 31.029 
0.57 

22 3.5 42.5 2 11.829 13.535 12.682 12.951 
2.08 

23 3.5 42.5 2.5 31.051 37.022 34.037 34.021 
0 

24 3.5 42.5 3 37.155 36.624 36.890 36.753 
0.4 

25 3.5 57 2 20.435 22.54 21.488 21.358 
0.6 

26 3.5 57 2.5 36.624 37.022 36.823 36.157 
1.8 

27 3.5 57 3 37.553 36.226 36.890 36.238 
1.8 

Average Percentage Error 2.32 

 
ANALYSIS OF VARIANCE (ANOVA) 
 

This method was developed by Sir Ronald Fisher as a way to interpret the results from actual 

experiments. ANOVA is a mathematical technique which breaks total variation down into accountable 

sources [8]. Some of the components in ANOVA are discussed below and the values are presented in Table 

4. 
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Sum Of Squares 
 

The magnitude of each error value can be squared to provide a measurement of total variation 

present. This is known as “Sum of Squares”. The basic ANOVA is that the total sum of squares is equal to 

the sum of sum of the squares due to known components as shown in Eq. 2. 

 

SST =  SSM + SSE --------------------------------------------

--(2) 

where, SST    =  Total sum of squares, SSM  =  Sum of squares due to mean, SSE    =  Sum of squares due to 

error. 

Variance Due To Error 
 

Error variance, usually termed just variance, is equal to the sum of squares of error divided by the 

degree of freedom of error. Error variance is a measure of the variation due to all the uncontrolled 

parameters, including measurement error involved in a particular experiment. 

F -test for comparison 
 

The F-test is simply a ratio of sample variances as shown in Eq.3. When this ratio becomes large 

enough, the two sample variances are accepted as being unequal at some confidence level. To determine 

whether an F ratio of two sample variances is statistically large enough, three pieces of information are 

considered. These are the confidence level, degree of freedom associated with the sample variance in the 

numerator and degree of freedom associated with the sample variance in the denominator. F-test values are 

found from F-test table [8]. 

2
2

2
1

y

y

S

S
F = -----------------------------------------------------

----(3) 

Percent contribution 
 

The portion of the total variation observed in an experiment attributed to each significant factor 
and/or interaction isreflected in the percent contribution. The percent contribution is a function of sum of 
square of significant factor. The percent contribution indicates the relative power of a factor and/or 
interactions to reduce variation. 
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Table 5. ANOVA response 

Factor 
Source 

DF SS MS F cal F Tab Inference % 
Contribution 

A 2 1063.385 386.168 69.9 4.21 Significant 50 
B 2 353.260 348.755 63.1 4.21 Significant 16 
C 2 43.611 42.496 7.6 4.21 Significant 2 

A x B 4 64.271 32.837 5.9 4.21 Significant 3 
B x C 4 199.939 53.553 9.6 4.21 Significant 9 

A x C 4 354.240 19.062 3.45 4.21 Significant 17 
Error 8 66.506 5.521    3 
Total 26 2145.21     100 

 

 RESULTS AND DISCUSSIONS 

Thus, full factorial design of experiments was systematically adopted to predict the weld strength 

for joining specimens of 100 x 25 x 0.2 mm copper sheet and 100 x Ø1.2 mm copper wire. The average weld 

strength values for different levels of selected parameters are shown in Table 3. The comparison between the 

experimental weld strength values and the predicted values of the experimental trials is shown in Fig.3. The 

average percentage error between the predicted value and the experimental value using second order 

regression model equation is 2.32%. This indicates the accuracy of the regression model as the error 

percentage is well within the acceptable range. The results of ANOVA for response are shown in Table 5. It 

can be found from Table 5 that the weld pressure accounts to 50 % influence on the response-weld strength. 

This is to be expected since as the pressure increases, sonotrode holds the work pieces without significant 

amount of rubbing. The other parameters like amplitude and the interactive effect of weld pressure and weld 

time influences the weld strength significantly by 16% and 17% respectively. 

 
CONCLUSIONS 
 

This paper conducts an experimental study for ultrasonic metal spot welding and defines the quality 

of the joint using maximum weld strength and failure type in the tensile test. For this study, copper sheet and 

copper wire were selected because they are the materials and joints effectively used for many of the industrial 

applications. The experiment was conducted using full factorial design according to varying weld pressure, 

amplitude and welding time. The standard tensile test was selected to extract quality response. Using 

ANOVA the % contribution of each factors are determined. It can be found that the second order regression 

model equation derived from present study can be readily applied to predict the weld strength value of the 

joint made between a copper sheet and a copper wire. 
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