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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 um, 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 re-
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 pro-
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.

Keywords: copper; ultrasonic welding of metals; solid-state joint; joint strength; welding tool relief; stress inten-
sity factor.
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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 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

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].

© Shayakhmetova E.R., 2025

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 areca 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 50x20 mm” 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 mmz, and a relief in the form of teeth of different
heights were used: H=0.4 mm and AH=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. %
Taobnuya 1. Xumuueckuti cocmas uccneoogannozo mamepuana no I'OCT 859-2014, mac. %

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
Puc. 1. Domozpaghus ceapounvix HaKOHEUHUKOS, UCNONb308aHHbIX npu Y3C:
cnesa — Hakoneunux ¢ 3yoyamu H=0,1 mm, cnpasa — ¢ 3yoyamu H=0,4 mm
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and the tool with a tooth height of A=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 um. 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
(I, mm) and the corresponding loading force (£, N) were re-
corded. The maximum (peak) value F=F,,, was considered
the sample fracture load. The area under the F(/) curve lim-
ited by the Fp.x value was taken as the fracture energy of
the joints (4, J). The average values of fracture load (Fin.)
and the fracture energy (4) 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 x20 to x2000.

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 (x;; v;), as well as the thickness of the weld-
ed sample at this point (%;) were recorded. The magnitude of
the normal strain of the sample (e,;, %) at each point was
calculated as e,=100x(h—h,)/hy, where h, 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
Frax and 4 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
Fax and 4 (Table 2).

In contrast, increasing the time of welding with the tool
with large teeth did not affect F,, and A 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.2b, 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
Taonuuya 2. Ceoticmea coeounenutl niacmut meou, noayuernvlx ¥Y3C uncmpymenmom ¢ pasHoil 6blcomoti 3y6406

Teeth height (H); USW time (?)
Properties of joints H=0.1 mm; H=0.1 mm; H=0.4 mm; H=0.4 mm;
=2 =3s =2 =3s
Frow N 1593+101 2075+100 18142294 1918+241
ke, % 6 5 16 12
4,1 0.46+0.18 1.76+0.61 0.99+0.64 1.91£1.06
k4, % 39 34 64 66
Fracture mode Interface fracture Nugget pull-out

Note. F,,, is average values of fracture load; kg is a coefficient of variation of experimental F,,,, values;
A is average values of fracture energy; k, is a coefficient of variation of experimental A values.

Ipumeuanue. F,,, — cpednue snavenus ycunuti paspywenuss; kr — koagguyuenm eapuayu 5KCnepuMeHmanshblX 3HaAUeHull F,q.;
A — cpednue snauenus pabomor paspywenus, ky — kospguyuenm eapuayuu SKChepuMeHmarbHulx snavenuti A.
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Fig. 2. Photographs of samples after testing:
a — interfacial fracture; b, ¢ — partial nugget pull-out fracture
Puc. 2. Domozpapuu 0bpazyoe nocie uChblManuiL:
a — paspyuienue no NOBEPXHOCIuU coeOuHenus, b, ¢ — paspywenue ¢ uacmuuHbiM OmMpblEOM CEAPHOU MOUKU

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, ¢ 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.5b, 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 A=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 ), compressive strains were replaced by tensile
strains (red dotted line in Fig. 5 b). In the absence of control
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c

Fig. 3. Typical images of fracture surfaces of samples produced by ultrasonic welding
with a tool with a tooth height of H=0.1 mm:

a, b—welding time of 2 s; ¢, d — welding time of 3 s, a, ¢ — macrorelief; b, d — microrelief
Puc. 3. Tunuunvle uzobpadicenus nOGePXHOCMell paspyuieHus oopasyos,
nonyuennvix Y3C uncmpymenmom c evicomoti 3y6yoe H=0,1 mm:

a, b — spems so30eticmsus yiompassyka 2 ¢; ¢, d — epemsa go3delicmeust yivbmpasgyka 3 ¢,
a, ¢ — makpopenvedh, b, d — muxpopenveg

over the relative position of the 0.4 mm high tool teeth, the
distribution of strains in the samples produced under
the same welding conditions differed significantly, which
caused a significant scatter in the fracture load value.

DISCUSSION

Tensile shear tests are the simplest and therefore the
most common method for assessing the quality of spot
welded joints. The value of Fy,, characterises the load-
bearing capacity of welded samples, and the value of 4
characterises their ability to resist elastic and plastic defor-
mations [1]. At the same time, the question of the sufficien-
cy of these data for assessing the performance of joints and
the possibility of comparing strength characteristics re-
mains debatable.

It follows from the data obtained that under the selected
USW conditions, the use of a welding tool with a tooth height
of 0.1 and 0.4 mm allows producing joints of copper plates

with a thickness of 0.8 mm, which demonstrate the same
(within the statistical error) values of fracture load and fracture
energy. In this case, the scatter of experimental data is half as
much after welding with a tool with 0.1 mm high teeth.

During ultrasonic welding, teeth with a height of
H=0.1 mm completely penetrate into the joined plates,
which ensures 1) the occurrence of normal compressive
strains at the weld spot; 2) equality of the weld spot dimen-
sions to the dimensions of the welding tip; 3) reduction in
the thickness of the plates at the weld spot periphery by no
more than 0.1 mm.

With an uncontrolled mutual arrangement of the teeth of
the welding tip and anvil with a height of H=0.4 mm, their
incomplete/partial penetration into the plate caused
1) the occurrence of both compressive and tensile normal
strains at the weld spot, which is consistent with the results
of work [5]; 2) the formation of a weld spot whose size is
smaller than the tip size; 3) a reduction in the thickness of
the plates at the weld spot periphery by 0.17-0.28 mm.
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c

Fig. 4. Typical images of fracture surfaces of samples produced by ultrasonic welding
with a tool with a tooth height of H=0.4 mm:

a, b—welding time of 2 s; ¢, d — welding time of 3 s, a, ¢ — macrorelief; b, d — microrelief
Puc. 4. Tunuunsie uzo6padicenusi nosepxHocmeti paspyuierusi 06paszyos, noryienuvix ¥Y3C
uHcmpymenmom ¢ gvicomoti 3y6y06 H=0,4 mm:

a, b — epems 6030eticmsus yrompassyka 2 c; ¢, d — apemsa go3oelicmaus yivbmpasgyka 3 ¢;
a, ¢ — makpopenvegh; b, d — muxpopenveg

Due to the difference in the sizes of the weld spots
(Fig. 5), the comparison of the F,, values (Table 2) be-
comes not entirely correct. The results of assessment of the
weld joint strength o as the ratio of Fl. to the weld spot
area S measured by the tooth imprints (Fig. 5 a) showed
that o is somewhat higher after ultrasonic welding with
a coarse tool (Table 3). However, these results are difficult
to interpret unambiguously, since during tensile shear tests
the weld spot is in a complex stress-strain state [15-17].
Under the action of the tensile force F, shear stresses arise
in the plane of the joint, which are balanced by two bending
moments. In this case, maximum tensile and compressive
stresses arise on the opposite edges (sides) of the weld spot
perpendicular to the direction of tension, as shown in Fig. 6.
Moreover, a narrow gap — a sharp concentrator located
along the perimeter of the weld spot always remains be-
tween the overlap-welded plates (Fig. 5 d, e). Attempts are
made to take into account the influence of the concentrator
on the properties of welded joints, for example, by estimat-

ing the value of the critical equivalent stress intensity fac-
tor. The results of such an assessment are important in pre-
dicting the performance of spot welded joints and structures
under the action of cyclic alternating loads and allow par-
tially replacing labour-intensive tests [15; 16]. However, no
generally accepted methodology for such assessments has
been proposed; different approaches are used [18].

In [15], simple equations were proposed for calculating
the critical equivalent stress intensity factor K., at the tip of
a sharp concentrator of spot welded joints—produced by re-

sistance spot welding:
] 19F,
KI K][ 19 —

2nd \/_
where K; and Kj; are the stress intensity factors near the tips
of the tensile and transverse shear cracks, respectively;
K., is the critical equivalent stress intensity factor in tensile
shear tests;
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of TRERSES

Fig. 5. Influence of the height of the welding tool teeth on the deformation at the weld spot:
a — depth of teeth penetration into the plates being joined;
b — distribution of normal deformations of the samples along the joint lines.
Cross-sections of samples produced by the ultrasonic welding
using the tool with the height of the teeth: ¢ — H=0.1 mm, d, e — H=0.4 mm
Puc. 5. Buusnue eblcombi 3y04068 C8APOUHO20 UHCMPYMEHMA HA 0ephopMayuio 8 C6apHoil mouke:
a — 21y6uHa GHeOPeHUs HAKOHEYHUKA @ COeOUHsIeMble NLACTUHbL,
b — pacnpeoenenue Hopmanvuvix deghopmayuii 06pazy06 6001b TUHUL COCOUHEHUIL.
Ilonepeunvie ceuenus obpaszyos, nonyuennvix Y3C uncmpymenmom c evicomotii 3voyo08: ¢ — H=0,1 mm; d, e — H=0,4 mm

F .., 1s the maximum loading forces in such tests;
d is the diameter of the weld spot;
h is the thickness of the plates.

This approach has been successfully used to calcu-
late the stress intensity factors arising during testing of
joints produced by friction stir spot welding [19; 20]

and ultrasonic welding [18; 21-24]. In the latter case,
d=d’ is the equivalent diameter of a circle whose area is
equal to the area of the weld spot formed by a rectangu-

lar welding tip. Obviously, d*:,[4sn , where S is

the area of the weld spot. When performing assessments,
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Fig. 6. Welded sampe in wedge grips of the testing machine during tensile lap shear tests.
Scheme of maximum stress distributions near of the welded spot according to [15]
Puc. 6. Ceaproii obpasey 8 KIUHOBLIX 3AX8ANAX MAULUHBL 80 8PEMA UCNBIMAHULL HA CO8US PACMANHCEHUEM.
Cxema pacnpeoenenust MaKCUMAIbHBIX HANPSIJCeHUl 60U3U CAPHOU MOouKU no 0anHvim [15]

Table 3. Initial data and results of the assessment of the critical equivalent stress intensity factor and strength of joints
Tabnuua 3. Hcxoowvie OanHble u pe3yibmanvl OYeHKU KPUMUYECKO20 IKGUSALEHMHO20 KO3 duyuenma

UHMeEeHCUBHOCMuU Hanpﬂ.?lceﬂuﬁ Uu npodHocmu coeouHenutl

Teeth height (H); USW time (?)
Characteristics of joints H=0.1 mm; H=0.1 mm; H=0.4 mm; H=0.4 mm;

=2s =3s =2s =3s
S, mm? 35.21 35.99 24.53 27.03
h, mm 0.71 0.69 0.62 0.49
Foao N 1593 2075 1814 1918
K., MPavm 6.2 8.1 9.1 10.3

o, MPa 45 58 74 71

Note. S, mm’ is a weld spot area;h, mm is the thickness of plates around the weld spot perimeter;
Fa is average values of fracture load; K., is an equivalent stress intensity factor, o is the strength of welded joint.
Tpumeyanue. S, mm’ — niouwads ceaproti moukis; h, My — MOnWUHA NAACMUI RO NEPUMEMDY CEAPHOT MOUK;
Fax — cpeonue 3uavenus ycunuii paspyuwenus; K, — skeusanenmmuviii Kooghgpuyuenm uHmeHcu6HOCM HANPAICEHULL,

O — NPOYHOCMb C6APHO20 coeouHeHus..

the authors of [21-24] did not take into account the effect
of the ultrasonic welding conditions on the size of the weld
spot and the change in the plate thickness, taking the area of
the spot S to be equal to the area of the welding tip, and
the thickness of the plates of the welded sample % to be
equal to the thickness of the initial sheet.

Unlike [21-24], in this work, K, was calculated taking
into account changes in S and 4, which are caused by
the use of a tool with different tooth heights and different
USW durations (Table 3). This approach allowed showing
that an increase in the welding time with a tool with small
and large teeth leads to an increase in the K, values by ap-

proximately 30 and 13 %, respectively. In the first case,
the increase in K,, is associated with an increase in Fip,,
and in the second — with a decrease in the size of the weld
spot S and the thickness of the plates 4 along its edges.
A decrease in these geometric dimensions of the samples is
accompanied by a rapid decrease in fatigue life [18], de-
spite the increase in critical stresses in the vicinity of
the crack tip, causing its rapid propagation. A decrease in /4
also leads to a change in the fracture mode of the samples,
which develops not along the interface of the joint
(Fig. 2 a), but with a nugget pull-out (Fig.2b, c), and
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the crack initiates and grows in the area of action of maxi-
mum tensile stresses (Fig. 6).

It is often believed [4; 17] that fracture with nugget pull-
out is typical for high-quality joints, since the resistance to
the applied load of the welded joint is higher than the cross-
section of the plate along its edge. However, even in this
case, the microwelds with a developed dimple relief do not
cover the entire fracture surface and are located mainly un-
der the tooth imprints (Fig. 4 c). Consequently, the quality
of the joints can be improved by optimising the ultrasonic
welding parameters and improving the tool relief. For ex-
ample, some increase in Fy,y, 4 and K,, can occur after
increasing the clamping force and/or the welding time when
welding with a tool with small teeth. However, this will
inevitably lead to its accelerated wear. Such measures are
not advisable when welding with a tool with large teeth,
since they will cause thinning of the plates along the perim-
eter of the spot. Therefore, improving the relief of
the welding tool, taking into account the height of
the knurls and the thickness of the plates being joined,
seems to be a promising direction for further research.

CONCLUSIONS

The results of a comparative study of joints of 0.8 mm
thick copper plates produced by ultrasonic welding at
a frequency of 20 kHz and a vibration amplitude of 18—
20 um for 2 and 3 s under the action of a clamping force of
2.5kN by a tool with a tooth height of 0.1 and 0.4 mm
showed that an increase in the ultrasonic welding time to
3 s leads to an increase in the fracture load and fracture
energy of the produced joints. The height of the tool teeth
did not have a significant effect on the average values of
these magnitudes, while the variation coefficient of the ex-
perimental values was two times smaller if the ultrasonic
welding was performed with a tool with small teeth. There-
fore, to improve the stability of the properties of welded
joints, it is advisable to use a welding tool with a tooth
height of 0.1 mm. After ultrasonic welding with this tool,
the weld spot area is larger, and the thinning of the plates is
less than after using a tool with 0.4 mm teeth. This can in-
crease the fatigue life, despite the lower values of strength
and critical stress intensity factor. However, under the se-
lected USW conditions, its capabilities are not fully real-
ised. To improve the properties of joints and their stability,
work is required to further optimise the tool relief and ultra-
sonic welding modes.
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Annomayusn: Ynerpassykosas cBapka (Y3C) MeTa/uIOB MO3BOJISET MOAYYaTh TBEPAO(A3HbIC COSTUHEHUS MEXKITY TOH-
KAMH 3arOTOBKaMH U OTHOCHUTCSI K 3HEPro3((eKTUBHBIM 3KOJOTUUECKH YUCTHIM TexHosorusM. llupokoe ncnonb3oBanue
9TOHW TEXHOJIOTUH CAEP’KMBACT HEBBICOKAs MPOYHOCTH ITOJIYYAaEMbIX COCIMHEHUH M HECTaOMIBHOCTh MX CBOHUCTB. OJHNM
13 COCOOOB MOBBIMIEHUS POYHOCTHBIX XapaKTEPUCTHK SIBISETCS pa3paboTKa CBApOYHOIO MHCTPYMEHTa, 00eCIednBaro-
IIETO CTaOMIIBHYIO Tepeady SHEpPTUH YIbTPa3BYKOBBIX KOJeOaHUIl B 30HY coeTuHEHHUA. /|11 3TOro Ha MOBEPXHOCTH CBa-
POYHOTO HAKOHEYHMKA M HAKOBAJIBHU HAHOCAT pelibed ¢ 3yOIaMu Wil MUpaMHUAKaMH pa3Hoii popMbl 1 BEICOTHL. B pabote
IIPE/ICTABIICHBI JaHHBIE 00 YCHIMAX W paboTe paspylIeHHs HaxJICCTOYHBIX COCJUHEHHH, NMOTYUYEHHBIX TOYEYHON YIbTpa-
3BYKOBOW CBapKOHW IUIACTUH MEJIU MHCTpPYMEHTOM ¢ BbIcoTOH 3yOroB 0,1 u 0,4 mm. Y3C mpoBoamnu ¢ yactotoit 20 k1
U aMIUMTygou koneOaHmit 18—20 MKM, JIMTENEHOCTH CBapKH COCTaBISIA 2 W 3 ¢, BENMYMHA COKAMAIOIIEH Harpy3KH
2,5 kH. B pabote paccMOTpeHBI 0OCOOCHHOCTH pa3pyLICHHs MOJTYYCHHBIX COCAMHEHHWH M paclpeesieHns: HOPMaJIbHBIX
nedopMmanuii B cBapHON TOUKe, paccuuTaHbl K03()()UIMEHThl HHTEHCHBHOCTH HAINPSDKEHUI B € OKpecTHOCTsIX. [lokasaHo,
yro nocie Y3C B TeueHue 3 ¢ MOKa3zaTeId MNPOYHOCTU COEIUHEHUH, MOITYYEHHBIX PAa3HBIM HHCTPYMEHTOM, JOCTUTAIOT
HauOOJNBIINX 3HAYEHHH, OHU OJNM3KHM 110 BEJIMYHHE, OIHAKO pa30poc SKCIEPUMEHTABHBIX JAHHBIX BIBOE MEHBLIE IIOCIIE
CBapKH WHCTPYMEHTOM C MENKUMH 3yOriamMu. CoequHEHNS, ITOTydYeHHbIE TAKUM HHCTPYMEHTOM, Pa3pyIIaioTCs MO MOBEPX-
HOCTH COEIMHEHUs, a MOCIe CBAPKHA HHCTPYMEHTOM C KPYIHBIMH 3yOLIaMHi — C OTPBIBOM CBApPHOM TOYKH, YTO OOBSICHACTCS
yBeIMYeHneM KodpduIeHTa HHTEHCUBHOCTH HANPSDKEHUH B BEPIIMHE KOHIIEHTPATOPa, OKPYKArOIIETO CBAPHYIO TOUKY.
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