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Abstract: Ultrasonic welding of metals is an energy-efficient, environmentally friendly technology that allows produc-

ing solid-state joints between thin blanks. The widespread use of this technology is hampered by the low strength of  

the resulting joints and the instability of their properties. One of the ways to improve strength characteristics is to develop 

a welding tool that ensures stable transmission of ultrasonic vibration energy to the joint zone. For this purpose, a relief 

with teeth or pyramids of different shapes and heights is applied to the surface of the welding tip and anvil. This paper 

presents data on the fracture load and fracture energy of lap joints produced by ultrasonic spot welding of copper plates 

using tools with a tooth height of 0.1 and 0.4 mm. Ultrasonic welding was carried out with a frequency of 20 kHz and  

a vibration amplitude of 18–20 μm, the welding duration was 2 and 3 s, the clamping force was 2.5 kN. The paper consid-

ers the features of the fracture of the produced joints and the distribution of normal strains in the weld spot, and r e-

sults of calculation of stress intensity factors in its vicinity. It is shown that after ultrasonic welding for 3  s,  

the strength characteristics of the joints produced with different tools reach the highest values, they are close in mag-

nitude, but the experimental data scatter is half as much after welding with a tool with small teeth. The joints pr o-

duced with such a tool fractured along the interface of the joint, and after welding with a tool with large teeth,  

the fracture developed with nugget pull-out, which is explained by an increase in the stress intensity factor at the tip 

of the concentrator surrounding the weld spot. 
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INTRODUCTION 

Ultrasonic welding (USW) of metals is an energy-

efficient, environmentally friendly technology used 

primarily to produce electrical contacts in the automo-

tive and electrical industries [1]. Currently, the USW 

method is used to produce joints of metal blanks made 

of sheets, tapes, foils, and wires with a cross-section of 

up to 3 mm. 

Despite a number of advantages, the widespread use of 

ultrasonic welding of metals is limited due to the low 

strength of the resulting joints and the wide scatter of me-

chanical test results [2; 3]. This is largely associated with 

the small magnitude and uneven distribution of strains over 

the area of the weld spot, which are necessary to form and 

increase the area of microwelds [4; 5]. 

The distribution and magnitude of strain depend on 

the temperature in the joint zone, the thickness of  

the welded blanks, their thermophysical and mechanical 

properties, and conditions of USW, primarily, the input 

welding energy, which is proportional to the time of 

USW, and the compressive pressure [6–8]. At the select-

ed pressure at initial stages of ultrasonic welding,  

the upper plate should slide over the lower one, ensuring 

the removal of oxide films and contaminants from con-

tacting surfaces, as well as their heating due to friction. 

At final stages of the process, the same pressure should 

be sufficient to heal discontinuities in the joint zone of 

metals heated to 0.4–0.8 of melting temperature [1; 3]. 

To transmit the ultrasonic vibration energy from  

the sonotrode to the joining zone, knurls of different shapes 
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and depths are applied to the surface of the welding tip and 

anvil [1; 9–11]. A relief formed by pyramids or teeth,  

the height and periodicity of which amount fractions of  

a millimeter, is created on the tool surface. The penetration 

of teeth/pyramids into the blanks to be joined ensures their 

contact with the tool, but is accompanied by extrusion of 

the metal into the valleys on the tool surface. As a result, 

the distribution of strains in the weld spot area becomes 

periodic [1; 5; 11].  

In [5], a clear correlation was found between the distri-

bution of normal strains in the central cross section of  

the weld spot and the linear weld density. In the described 

experiments, a satisfactory density of at least 70 % was 

observed in those areas where the sample was subjected to 

compression by 15 % or more. At the same time, in neigh-

bouring areas, where the metal was extruded into the tool 

valleys, tensile strains were recorded, and the linear weld 

density decreased to 5 %. Compressive strains sufficient for 

healing defects can be achieved after the tool teeth com-

pletely penetrated into the surface of the plates being joined 

and the valleys are completely filled with metal [4], which 

can lead to an increase in the strength of the joints. One can 

expect that with a decrease in the height of the teeth, their 

penetration into the surface of the plates will occur faster, 

and, all other conditions being equal, the USW sample in 

the weld spot will experience compressive strains sufficient 

to form high-strength welded joints.  

The aim of this work is to analyse the reasons for 

changes in the fracture load and the fracture mode of cop-

per lap joints produced by ultrasonic spot welding using  

a tool with different tooth heights. 

 

METHODS 

The experiments were performed on copper plates 

with dimensions 50×20 mm
2
 cut from 0.8 mm thick 

sheets manufactured by LLC Degtyarsk Metallurgical 

Plant, Yekaterinburg (Russia). The chemical composi-

tion of the sheets, specified in the manufacturer’s certifi-

cate, is presented in Table 1. 

Before welding, the plates were ground on abrasive 

paper of P240 grit at an angle of 45° to the long side of  

the plate and degreased with alcohol and acetone. Such 

preparation allows distinguishing reliably traces of slid-

ing that occur during ultrasonic welding and scratches 

that appear during mechanical tests on the fracture sur-

faces from traces of preliminary surface treatment of 

the plates. 

Ultrasonic welding was performed on a laboratory facil-

ity manufactured at the Institute for Metals Superplasticity 

Problems of the Russian Academy of Sciences (Russia) and 

successfully used in welding titanium [12], nickel [13], and 

copper [14] plates. Welding tips with identical sizes, 

6×6 mm
2
, and a relief in the form of teeth of different 

heights were used: H=0.4 mm and H=0.1 mm (Fig. 1).  

The relief of the anvil corresponded to the relief of the tip. 

Hereinafter in the text, the tool with a tooth height of 

H=0.1 mm is called the tool with small teeth or fine ones, 

 

 

 

 
Table 1. Chemical composition of the investigated material according to GOST 859-2014, wt. % 

Таблица 1. Химический состав исследованного материала по ГОСТ 859-2014, мас. % 

 

 

Cu O Zn Fe Pb S Ni Others 

99.96 0.02 0.004 0.003 0.003 0.002 0.001 <0.03 

 

 

 

 

 

Fig. 1. Photograph of welding tips used in ultrasonic welding:  

on the left – a tip with teeth of H=0.1 mm, on the right – with teeth of H=0.4 mm 

Рис. 1. Фотография сварочных наконечников, использованных при УЗС:  

слева – наконечник с зубцами Н=0,1 мм, справа – с зубцами Н=0,4 мм 
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and the tool with a tooth height of H=0.4 mm is called  

the tool with large teeth or coarse ones. 

Ultrasonic welding was performed with a frequency of 

20 kHz and a vibration amplitude of the sonotrode of 18–

20 μm. The direction of vibrations was parallel to the short 

side of the plates. The clamping force was 2.5 kN, the time 

of ultrasound exposure was 2 and 3 s. 

The strength properties of the joints were assessed based 

on the results of tensile lap shear tests in accordance with 

the recommendations of GOST 6996-66. The tests were 

carried out on an Instron 5982 universal testing machine 

(England) at room temperature with a crosshead speed of 

1 mm/min. During the tests, the crosshead displacement  

(l, mm) and the corresponding loading force (F, N) were re-

corded. The maximum (peak) value F=Fmax was considered 

the sample fracture load. The area under the F(l) curve lim-

ited by the Fmax value was taken as the fracture energy of 

the joints (A, J). The average values of fracture load (  max) 

and the fracture energy (  ) of joints produced by ultrasonic 

welding with different tools for each mode were obtained 

based on the test results of at least 4 samples. The standard 

deviation was taken as the value of statistical error. 

The fracture surfaces of the tested samples were exam-

ined on a TESCAN MIRA 3 LMH FEG scanning electron 

microscope (Czech Republic) in the secondary electron 

mode at magnifications from ×20 to ×2000.  

The depth of penetration of the tip teeth was meas-

ured on an instrumental microscope in the central section 

of the weld spot parallel to the direction of vibration of 

the tip. When performing the measurements, the coordi-

nates of the centre of the imprint of each tooth and  

the tip valley (xi; yi), as well as the thickness of the weld-

ed sample at this point (hi) were recorded. The magnitude of 

the normal strain of the sample (eni, %) at each point was 

calculated as eni=100(hi‒h0)/h0, where h0 is the thick-

ness of the two initial plates. Based on the calculation 

results, distributions of normal strains and the depth of 

penetration of the tool teeth in the central section of  

the welded sample were constructed. The technique for 

these measurements and the construction of distributions 

of normal strains of the sample is described in detail and 

illustrated in [5]. Additionally, the depth of penetration 

of the teeth was measured in the peripheral sections of 

the weld spots, as well as by the imprints of the tips on 

the welded samples, recording the change in the focal 

length when focusing on the surface of the plate and  

the bottom of the imprint of each tooth. The measure-

ments performed showed that the depth of penetration of 

the teeth decreased equally in the directions parallel and 

perpendicular to the tip vibration. 

 

RESULTS 

Mechanical tests 

Changing the height of the tool teeth does not signifi-

cantly affect the fracture load and fracture energy of  

the joints produced under the same USW conditions  

(Table 2). However, the scatter of experimental values of 

  max and    is twice as large after welding with the coarse 

tool. All samples produced by USW for 2 s fractured 

along the interface of the joint (Fig. 2 a). Increasing  

the welding time from 2 to 3 s did not change the type 

(mode) of fracture of the samples produced with the tool 

with small teeth, but caused an increase in the values of 

  max and    (Table 2). 

In contrast, increasing the time of welding with the tool 

with large teeth did not affect   max and    of the joints, but 

led to a change in their fracture mode, which occurred with 

a partial nugget pull-out of the weld spot (Fig. 2 b, c).  

The crack initiated on the side of the weld spot perpendicu-

lar to the direction of the tensile force and propagated along 

this side. Further fracture of the samples occurred in differ-

ent ways. In some cases, the crack extended beyond  

the weld spot and grew in the plate, opening under the ac-

tion of the tensile load (Fig. 2 b). In this case, the free edges 

of the plates were bent around the weld spot. In other cases, 

the crack continued to propagate along the sides of the spot,

 

 

 
Table 2. Properties of joints of copper plates produced by ultrasonic welding with a tool with different tooth heights 

Таблица 2. Свойства соединений пластин меди, полученных УЗС инструментом с разной высотой зубцов 

 

 

Properties of joints 

Teeth height (H); USW time (t) 

H=0.1 mm; 

t=2 s 

H=0.1 mm; 

t=3 s 

H=0.4 mm; 

t=2 s 

H=0.4 mm; 

t=3 s 

  max, N 1593±101 2075±100 1814±294 1918±241 

kF, % 6 5 16 12 

  , J 0.46±0.18 1.76±0.61 0.99±0.64 1.91±1.06 

kА, % 39 34 64 66 

Fracture mode Interface fracture Nugget pull-out 

    .   max is average values of fracture load; kF                                                 max values; 

   is average values of fracture energy; kА                                                        . 

Примечание.   max – средние значения усилий разрушения; kF – коэффициент вариации экспериментальных значений   max; 

   – средние значения работы разрушения; kА – коэффициент вариации экспериментальных значений   . 
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 a b c 

Fig. 2. Photographs of samples after testing: 
a – interfacial fracture; b, c – partial nugget pull-out fracture 
Рис. 2. Фотографии образцов после испытаний: 

a – разрушение по поверхности соединения; b, c – разрушение с частичным отрывом сварной точки 
 
 
 

parallel to the tensile force. However, the closure of the 
cracks growing towards each other was not observed. It was 
preceded by bending of the free edges of the plates and 
fracture along the interface of the joint (Fig. 2 c). 

Fractographic analysis 

In all cases, the fracture surface had a wavy macrorelief 
created by the teeth of the welding tool (Fig. 3 a, c and 
4 a, c). The features of the microrelief under the tooth im-
prints and between them depended on the USW time and 
the height of the teeth. 

On the fracture surfaces of the samples welded with  
a tool with small teeth (H=0.1 mm) for 2 s, a uniform 
microrelief is observed, the height of the irregularities of 
which is comparable to the depth of the scratches from 
preliminary grinding (Fig. 3 b). Both under the tooth 
imprints and between them, small dimples are observed, 
slightly elongated in the direction of the tip vibration.  
On the fracture surfaces of these samples, neither micro-
welds with a developed dimple microrelief nor areas 
with smoothed tops of scratches from preliminary grind-
ing are observed, which indicates tight contact of  
the plates during ultrasonic welding. After welding with 
the same tool for 3 s, under the imprints of all the teeth 
there are microwelds consisting of many dimples elon-
gated in the direction of shear (Fig. 3 d). 

The microrelief on the fracture surfaces of samples pro-
duced with the tool with a tooth height of H=0.4 mm is very 
heterogeneous. After welding for 2 s, numerous microwelds 
are observed under the tooth imprints, while traces of pre-
liminary grinding are observed between them (Fig. 4 b).  
In these areas, the tops of the scratches from preliminary 
grinding are crushed (smoothed), and there are almost no 
areas with small dimples. Increasing the USW time to 3 s 
leads to a significant expansion of the areas occupied by 
microwelds and to the appearance of a microrelief with 
small dimples between the tooth imprints in the areas where 
traces of preliminary grinding are preserved (Fig. 4 d). 

Results of measuring normal strains 

The noted features of the location of microwelds on  
the fracture surfaces are associated with different distribu-
tions of strains in the weld spots, which, in turn, largely 
depend on the penetration of the tool teeth into the joined 
plates. The tip teeth with a height of H=0.1 mm penetrated 
into the welded plate relatively uniformly over the entire 
area of the weld spot to a depth of 0.07�±0.08 mm after 
USW for 2 s (Fig. 5 a). After USW for 3 s, the relief height 
on the plate surface reached 0.1 mm, and the size of  
the weld spot reached the size of the welding tip (Fig. 5 a, c). 
Along the entire cross-section of the weld spot, compres-
sive strains were observed, the value of which reached 
12 % under the tooth imprints and decreased to 3 % under 
the tip valleys (Fig. 5 b, blue line). It is evident that  
the normal strains of the sample varied according to a peri-
odic law. The period value is uniquely determined by  
the distance between the tool tooth tops and is 0.6 mm for  
a tool with H=0.1 mm.  

The depth of penetration of the coarse tip teeth 
(H=0.4 mm) was noticeably greater in the centre of the weld 
spot and decreased toward its periphery (Fig. 5 a, d, e). After 
ultrasonic welding for 2 and 3 s, the greatest penetration 
depth in the centre of the weld spot was 0.25 and 0.37 mm, 
respectively, and the smallest one at the periphery of  
the spot was 0.17 and 0.28 mm. Since the tip teeth were not 
completely penetrated into the plate surface, the weld spot 
size remained smaller than the size of the welding tip.  
The period of change in normal strains of the samples 
welded with the tool with a tooth height of H=0.4 mm was 
0.9 mm, which corresponds to the distance between the tool 
tooth tops. In this case, periodically changing compressive 
strains of 7�±14 % across the entire cross-section of the weld 
spot (Fig. 5 b, red solid line) were observed if the tip teeth 
were located above the anvil valleys, as shown in Fig. 5 d. 
With any other relative position of the tool teeth and valleys 
(Fig. 5 e), compressive strains were replaced by tensile 
strains (red dotted line in Fig. 5 b). In the absence of control 
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