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Abstract. The present study was conducted to investigate how the characteristics of welds are affected by the
horn-tip pattern shape, in order to assess how to efﬁciently transfer the vibration energy to a base material
through the horn. Energy transfer was evaluated using the indentation marks. The experiment was carried out
with aluminum and copper by combining the conditions from four horn-tip patterns, six pressure values, and ten
welding time values. The aspect ratio of the indentation marks on the weld surfaces was measured. The effects of
the applied pressure, welding time, and horn-tip pattern shape on the aspect ratio were analyzed, and it was
found that the horn-tip pattern shape affects the aspect ratio signiﬁcantly. The aspect ratio was suggested as an
analytical reference, and its correlations with the shear strength and the hardness of the welds were veriﬁed. In
addition, the experiment performed with aluminum and copper, which have different mechanical properties,
under the same welding conditions showed that the aspect ratio was dependent on the mechanical properties of
the materials. In conclusion, as the density of the horn-tip pattern is decreased, less of the vibration energy was
lost, increasing the strength of the welds. Experimental results showed that shear strength of copper was nearly
400 N when the aspect ratio was close to the value of 1. The highest peak of horn-tip pattern forms the lowest
aspect ratio of the indentation mark, which can be indicated that the decrease of the aspect ratio effect to the
improvement of welds strength. Aspect ratio of horn-tip pattern D, which dimensions are pitch 1.5 mm, height
0.75 mm and stub tooth 0.7 mm was closely to the value of 1 compared to the other patterns.
Keywords: Ultrasonic welding / aluminum sheet / aspect ratio / copper sheet / horn-tip pattern / tensile shear
strength

1 Introduction
The use of ultrasonic waves in the ﬁeld of metalworking began in the latter half of the 20th century, and
welding with initial ultrasonic waves was mainly used for
bonding plastic. Ultrasonic welding has emerged as a
bonding mechanism in the metal industry and has been
applied to various applications until now [1,2]. Since the
welding is performed through the diffusion of metal by
vibration to remove an oxide ﬁlm and impurities, the
electric resistance is low, enabling the welding of nonferrous
metals and dissimilar metals that are not easily welded
through the conventional methods [3]. In addition, the
welding time is very short, so the change in the physical
properties of the weld metal is less than in other welding
methods. For this reason, ultrasonic welding is generally
used when welding a nickel tab and an aluminum foil of a
battery pack or when welding a thin metal to multiple
* e-mail: kjw0607@kitech.re.kr

layers [4,5]. Ultrasonic welding is possible to weld at low
temperatures, minimizing thermal deformation and thermal damage, to ensure the mechanical properties of the
product and is economical because it does not require an
additional ﬁller metal [6–9]. Ultrasonic welding, which has
been applied to thin plates of plastics or similar materials in
the past, has been actively studied for non-ferrous metals as
the manufacturing industry has become more lightweight
in recent years[10]. Conductive materials such as copper,
aluminum and nickel are widely used in the electronics
industry. Recently, it has been adopted as electrode,
current collector, and bus bar in the manufacture of lithium
ion batteries for automobiles [11,12].
Research on ultrasonic welding of materials with high
speciﬁc strength such as magnesium alloy and titanium
alloy has been carried out by various researchers. Ren [13]
reported metallographic studies of ultrasonic welds of
different materials using magnesium and titanium alloys.
Ni [14] adopted ultrasonic welding to weld aluminum and
nickel, and conducted research to optimize welding
conditions. The results of the study show that the strength
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of the joint decreases when the welding time limit is
reached and the limitation of the welding condition range is
explained. Many researchers have conducted research to
optimize ultrasonic welding processes.
Ultrasonic welding processes are evolving in conjunction
with traditional fusion welding processes such as laser
welding, resistance spot welding and gas metal arc
welding. Li [15] have reported that when aluminum and
copper are welded by combining resistance spot welding
and ultrasonic welding, the resistance heat at the contact
surface increases and the intermetallic compound layer
decreases. Lei [16] devised a method to reduce the
porosity in the weld zone using ultrasonic vibration as an
assistant for laser welding and obtained a uniform bead
geometry.
Ultrasonic welding technology is continuously expanding its usage range. It has been applied to additive
manufacturing (AM) technology, which is in recent
demand [17,18]. Wu [19] fabricated Ni-based bulk metallic
glasses using ultrasonic welding technology. Ni-based
metal grass was continuously laminated and strengthened
over the properties of the former metal grass. The most
important technology in ultrasonic welding, which is
being extended to various ﬁelds, is the ability to transmit
vibration to the base metal. The shape of the horn that
transmits the vibration generated by sonotrode to the
base material is very important. The study on the shape of
the horn was performed by computer-assisted method
using FEM, and the optimal shape was derived [20]. The
shape of the horn affects the natural frequency and range
of vibration. When the shape of the horn is optimized, it is
made of titanium material (Ti-6Al-4V) which can
transmit vibration without loss. Many studies have
optimized the shape of horns through analytical or
experimental techniques [21–23]. The majority of those
ﬁndings and relates to a horn shape (cylindrical, square,
multi-stage type), it lacks the study on the shape of the
pattern to be engraved on the horn surface. The welding
strength of welded specimens was analyzed using a
sawtooth pattern and lozenge-shaped pattern, and it
was conﬁrmed that the strength of the weld zone by
welded for the sawtooth pattern was higher [24]. Lee [25]
fabricated four kinds of horn-tip patterns by an analytical
method and observed the loss of frictional energy. The
inﬂuence of the shape of the pattern on the welded part
was analyzed, and the pattern suitable for the purpose was
selected and the ideas for the design modiﬁcation were
provided.
Thus, various attempts have been made to a method of
effectively transferring the vibration energy to the base
material according to the shape of various horns. The
energy transferred through the horn-tip pattern forms an
indentation mark on the surface of the base metal. A
technique for evaluating the weldability according to the
shape of the indentation mark is required. Detailed studies
on the indentation marks on the surface of welds have not
been conducted. The weldability evaluation technique
using indentation mark can be used as a basic data for
predicting weldability before welding failure test and
selecting an appropriate horn-tip pattern according to
physical properties of the base metal.

Fig. 1. Schematic diagram of ultrasonic metal welding (USMW).

In this study, four horn-tip patterns were designed for
efﬁcient transmission of vibration energy, and mechanical
strength was evaluated after performing welding using
two materials. In addition, the inﬂuence of each pattern
was analyzed. In addition, the relationship between the
indentations and the horn-tip pattern on the surface of the
base material was analyzed, and the aspect ratio of
indentation was adopted to investigate the correlation.
The four patterns are different in the density of the square
cones, and the two metals are chosen to compare the
shapes of the indentations with different hardness.
Experiments were carried out under various welding
conditions and the relationship between indentation
shapes was analyzed.

2 Material and method
2.1 Experiment systems
As shown in Figure 1, ultrasonic metal welding is a method
in which two metals are welded by locally applying a highfrequency vibration of 20 kHz or more to a base material.
Ultrasonic waves are applied transversely parallel to the
surface of the material for metal welding, and are applied in
a longitudinal direction perpendicular to the material
surface for welding plastic materials [26]. The ultrasonic
metal welding system consists of a power supply, a
converter, a booster and a horn. The electrical energy of
50–60 Hz supplied by the power supply is converted to
mechanical vibration energy of 20 000–40 000 Hz by the
converter. Minor vibrations are ampliﬁed to be used for
metal welding. The friction heat generated by the vibration
is transferred to the metal surface through the horn to
destroy the oxide ﬁlm and the contaminated ﬁlm to form a
metal-metal bond [27].
The ultrasonic welder used in the experiment is a
Komax 2050 model with a frequency of 20 kHz as shown in
Figure 2A. The horn of the ultrasonic welder for metal has a
pattern embossed on the surface as shown in Figure 2B and
designed to squeeze the welding material by the applied
pressure. The three welding conditions are welding time,
pressure and ultrasonic power, which can be individually
adjusted via the controller as shown in Figure 2C.
The ultrasonic metal welding experiment was performed using four horn-pattern shapes and two materials.
The two materials used in the experiment were representative nonferrous metals that are used for wire terminals
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Fig. 2. Ultrasonic metal welding systems employed in the
experiment; (A) systems conﬁguration, (B) horn-pattern shape,
(C) welding condition planner.

Table 1. Mechanical properties of base metal.
Material

Density

Yield strength

Hardness

A1050
C1220

2.71
8.94

125.5
246

44
99

(Cu alloy) and light wire (Al alloy). Table 1 shows the
mechanical properties of the materials used in the
experiment.
The two metals, which are very different in terms of
hardness and density, allowed us to analyze the correlations of the horn-pattern and the material properties. Two
nonferrous materials prepared for the experiment were
industrial pure non-heat-treated 1xxx series aluminium
alloy (purity 99.0–99.9%) and deoxidized low-phosphorous
copper. The 1xxx series aluminium alloy, usually used as a
wire material, has a lower mechanical strength than other
aluminium alloys but has good anti-corrosion property,
light reﬂectivity, and electric and thermal conductivities
with excellent processibility and weldability. The deoxidized low-phosphorous copper has a residual phosphorus
content of 0.015–0.040% and shows a homogeneous
microstructure in comparison with oxygen-free copper.
The deoxidized low-phosphorous copper also has excellent
ductility and fatigue strength, as well as good weldability.
As shown in Figure 3, the specimens used in the present
study had the dimensions of 50 mm  100 mm  0.4 t
(mm). The welding was performed by lap-joint welding.
The surfaces of the welding specimens were cleaned by
sequentially using a stainless wire-brush and #400, #800,
and #1500 sandpaper to prevent impurities including rust,
scale, and oxides from causing a welding defect. After
completing the welding, the indentation marks and the
welding strength were evaluated.
2.2 Pattern design on the horn
The pattern inscribed on the tip of the horn transfers the
vibrational energy and local pressure to a base welding
material. Various horn-tip patterns may be used, but a
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quadrangular pyramid pattern is used for the welding of
general metals. In ultrasonic metal welding, to induce a
plastic ﬂow of materials with the frictional heat, a
longitudinal vibration (in a horizontal direction with
overlapped materials) is applied. Therefore, a pattern
should be inscribed to prevent the dislocation of the base
material and to transfer the vibrational energy. In this
study, the quadrangular pyramid pattern was designed in
four different shapes.
Figure 4 shows the dimensions of the quadrangular
pyramid pattern shapes and the images of the actual
shapes. The four patterns are named A, B, C, and D, and
pattern-A is ultra-ﬁne with a pyramid height of 0.70 mm.
Pattern-B is a form in which the height of the pyramid (H) is
higher than the height of the pattern-A and the area of the
bottom of the pyramid is widened, thereby increasing
the pitch (P) between the pyramids. Pattern-C is more
coarse than pattern-B, and pattern-D is Ultra-course. The
pattern-D has the largest height of the pyramid and is
1.5 mm.
The area of the embossed horn is 40 mm  5 mm, and
the pattern of the quadrangular pyramids is machined
mechanically to prevent the base material from becoming a
cave. Finally, the height of the stub tooth (S) was reduced
by 0.05 mm compared to the initial pyramid height (H).
The detailed dimensions of the four patterns are shown in
Table 2.
2.2.1 Welding condition
The three welding conditions changed in this experiment
are pattern shape, applied pressure and welding time. The
same experimental conditions were used for both kinds of
materials. To analyze the weldability depending on the
applied pressure in each pattern, the welding time was ﬁxed
as 0.5 s, and the pressure was increased from 1 to 6 bar in six
levels. To analyze the weldability depending on the welding
time, the applied pressure was ﬁxed at 3 bar, and the
welding time was increased from 0.1 s to 1.0 s in ten levels.
The experiment was repeated 64 times for each material.
Table 3 shows the welding parameters. Each experiment
was performed with aluminium, aluminium, copper and
copper as the same material welding experiment.

3 Results and discussion
3.1 Indentation mark
The embossed horn-tip is processed as a rough surface to
prevent slippage between the horn and the base material
during metal welding. The indentation marks on the
specimen surfaces were dependent on the horn-pattern
shapes. Figure 5 shows indentation marks formed on
aluminium specimens and copper specimen surfaces after
welding tests under the same welding conditions (welding
time 0.5 s, pressure 5 bar).
Figure 5A is an indentation mark formed on a copper
joint, and Figure 5B is an aluminium joint. Comparing
the two shapes, the indentation marks formed on the
copper are more rhombic than those formed on aluminium. Under the same welding conditions, indentation
marks are different depending on the properties of the

4

J. Kim et al.: Mechanics & Industry 21, 102 (2020)

Table 2. Speciﬁc dimensions of each horn-tip pattern
Pattern name

Pitch (mm)
P

Height (mm)
H

Stub tooth (mm)
S

A (Ultra-ﬁne)
B (Fine)
C (Coarse)
D (Ultra-coarse)

0.70
0.90
1.2
1.5

0.35
0.45
0.60
0.75

0.30
0.40
0.55
0.70

Fig. 3. Conﬁguration of the welding specimen.

Table 3. Welding parameters for USMW.
Term
Material
Welding
conditions

Pattern
Welding conditions
Pressure load (Bar)
Welding conditions
Welding time (sec)

Conditions

level

Al, Cu
A, B, C, D
1–6

2
4
6

0.1–1.0

10

Fig. 4. Four horn-tip patterns used in the experiment.
Fig. 5. Indention mark (a) material: copper, pattern: B, welding
time: 0.5, pressure: 5 bar, (b) material: aluminum, pattern: B,
welding time: 0.5, pressure: 6 bar.

metal, which is due to the mechanical properties of
the two metals. The hardness of copper is 99 Hv, and
the hardness of aluminum is 44 Hv, almost twice the
difference, and the density is also three times higher.
Indentation marks vary by pressure and vibration, and
this provides a basis for understanding the transfer
characteristics of energy.

Indentation marks are expressed in different forms
depending on the welding material or according to the
horn-tip pattern, and such phenomenon needs to be
studied. For the detailed analysis of indentation marks,
quantitative evaluation was carried out by adopting the
concept of aspect ratio. As shown in Figure 6, quantitative
data about the indentation marks were obtained to
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Fig. 6. Schematic diagram of indentation mark geometry.

Fig. 8. Variation of shear strength with aspect ratio.

3.2 Effect of aspect ratio for weld zone

Fig. 7. Indentation marks caused by the transfer of vibration
energy.

investigate the effect of the indentation marks on the
quality of the welds. For the indentation marks, the length
of the indentation in the vibration direction (Y-indentation) and in the width direction (Y-indentation) and the
aspect ratio was calculated to analyze the characteristics
of the welds. The aspect ratio, the ratio of the Yindentation to the X-indentation, was calculated as shown
in equation (1):
Aspect ratio = X-indentation/Y-indentation (1)
As shown in Figure 7, one of the important roles played
by the horn-tip pattern is to transfer the vibration energy
to the base material. The aspect ratio is a result of the
vibration energy transfer process. Inaccurate transfer of the
horn vibration to the base materials means the loss of the
vibration energy caused by a gap between the horn-tip
pattern and the base material [28].
Figure 7A shows that the vibrational energy is mostly
transmitted to the base material, the aspect ratio is close to
1, and the indentation marks are similar to the square.
Figure 7B shows the mechanism in which the indentation
marks appear in rhombic form when the aspect ratio is
greater than 1, and the vibration energy loss occurs due to
the gap between the horn-pattern and the base metal.

The mechanical properties were analyzed to investigate the
effect of the aspect ratio on the weldability. A tensile shear
test of the welds was performed to investigate the
quantitative welding strength of the lap joint welded
specimens, and to determine the appropriate strength of
the welding method by examining the fractured parts of the
specimens. The correlation between the aspect ratio and
the welding strength was investigated by measuring the
shear strength of the aluminium and copper welded
specimens by ultrasonic metal welding.
Figure 8 shows the shear strength of the aluminium and
copper materials measured at the ultrasonic welding zone,
respectively. The black dot represents the shear strength of
the copper, and the red square represents the shear
strength of the aluminium. The result showed that the
shear strength was higher at an aspect ratio closer to 1. In
addition, as the aspect ratio was increased, the shear
strength was decreased. The maximum shear strength of
the copper was about 400 N when the aspect ratio was close
to 1. However, at the aspect ratio of 1.15, the shear strength
was 225 N, indicating that the aspect ratio has a signiﬁcant
effect on the weld strength. A similar result was found also
in the aluminum material. Since the yield stress of the
aluminum material was about half that of the copper, the
shear strength was generally below 225 N.
As described above, the aspect ratio may be considered
as an indicator of the efﬁciency of the vibration energy
transfer to the base material, and thus may serve as an
important explanatory variable of weldability. An aspect
ratio close to 1 indicates effective transfer of the vibration
as well as efﬁcient heat input by the contact friction
between two base materials. Therefore, an aspect ratio
close to 1 may help to obtain decent welds.
3.3 Effect of Horn-tip pattern density
Figure 9 shows the aspect ratio of the Cu and Al
indentation marks depending on the horn-pattern shape.
The height of the peaks in patterns A, B, C, and D was
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Fig. 9. Comparison of aspect ratio between copper and
aluminum.

0.7 mm, 0.9 mm, 1.2 mm, and 1.5 mm, respectively. The
indentation mark size was averaged from the experiments
performed with different horn-tip patterns. As indicated in
Figure 9, the comparison of the indentation mark sizes
depending on the pattern shapes shows that the indentation mark size (x, y) was increased as the peak of the
pattern was increased. The size of indentation marks as
well as the indentation depth was increased as the pattern
size in a unit area was increased and as the pattern density
was decreased. The increase seen in the depth of the
indentation mark as the pattern density was decreased was
probably because the load applied to each peak was
decreased. As described above, the indentation depth was
increased as the pattern peak was increased. In addition,
the aspect ratio was decreased as the pattern peak was
increased. Therefore, as the aspect ratio was decreased, the
indentation depth was increased, which increased the load
applied to a unit area, increasing the interfacial friction
between materials. In addition, the indentation mark size
was also dependent on the mechanical properties of the
welding materials, even when the same pattern shape was
used. The hardness of copper is twice that of aluminum,
and this difference in hardness might have caused the
difference in the indentation marks. The comparison of the
aspect ratio between the aluminum and copper materials
having different hardness values showed that the average
aspect ratio of the aluminum material was 1.324 (16.2%
higher) and that of the copper material was 1.139. The
aspect ratio of the aluminum material was over 1 in all the
patterns.
3.4 Effect of welding condition
As described above, it was conﬁrmed that the mechanical
strength of the weld zone can be predicted by using the
aspect ratio. However, before predicting welding quality,
the controllable welding conditions should be prioritized to
secure the ideal welding quality, because a strong factor in
the welding quality may be selected as a basic control factor
[29]. This study investigated the relationship between
welding conditions (welding time, pressure, pattern type)

Fig. 10. Variations of indentation length to welding time.

and aspect ratio which affect weld quality. As shown in
Figure 10, welding time is the duration for which the
vibration energy is continuously supplied to base metal. On
the left side of Figure 10, the length of the X-indentation
mark, the Y-indentation mark length and the aspect ratio
identiﬁed in the copper specimens are plotted as the
welding time increases. The right side of Figure 10 shows
the results from the aluminum specimen, the left axis of
each graph is the indentation distance, and the right axis
represents the aspect ratio. As shown in Figure 10A, in the
case of copper, the longer the welding time is, the more the
x-indentation marks and the Y-indentation marks increase
in length. The narrower the distance between the black line
and the red line in the graph, the closer the aspect ratio is to
1. According to the above-mentioned research results, the
probability that the quality of the weld is better as the
aspect ratio approaches 1 increases, and it is conﬁrmed that
the aspect ratio becomes smaller as the welding time
becomes shorter through this graph. As shown in
Figure 10B, the aspect ratio of the aluminum specimen
increased as the welding time increased, such as copper.
Although the two materials used in the experiments
differed in aspect ratio, the aspect ratio behavior was
similar to the increase in welding time, which increased the
aspect ratio. The aspect ratio of aluminum was not much
changed compared with copper. This is conﬁrmed by the
slope of the line in which the aspect ratio is distributed.
Figure 11 shows the change in aspect ratio according to the
change of pressure according to the material. Figure 11A
shows the change in the size and aspect ratio of the
indentation mark of copper. In the case of copper, although
the pressure increased from 0.3 to 6 bar, there was almost
no change in the indentation mark shape. In case of copper,
the indentation mark shape did not change even though the
pressure increased from 0.3 to 6 bar, and there was no
difference in aspect ratio.
It has become clear that the change in aspect ratio is
caused by the shape of the horn-pattern. In order to change
the aspect ratio, the shape of the pattern is most important,
and the shape of the pattern is involved up to the
compression depth of the base material. Figure 12 shows
the x-indentation, y-indentation, and indentation depths
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Fig. 13. Measurement of hardness in ultrasonic welded specimen.

Fig. 11. Variations of indentation length to welding time.

Fig. 12. Variations of indentation length to pattern type.

of the pattern by dividing the pattern into A, B, C, and D.
As the shape of the pattern becomes rougher (A to D), a
large pressure is applied per unit area, and the indentation
depth is deepened. The aspect ratio is correlated with the
quality of the weld and should be selected as an item of
visual inspection that can explain the quality of the weld.
The aspect ratio, which has not been considered in
ultrasonic welding, has to be correlated with the quality of
the weld and should be selected as an item of visual
inspection that can explain the quality of the weld.
According to the results of this study, it is desirable to
minimize the welding time and to use the coarse pattern to
make the aspect ratio close to 1. However, if the welding
time is minimized to reduce the aspect ratio to 1, there is a
risk that the welding zone will become cold-clad. It is
necessary to control the aspect ratio close to 1 under the
condition that the welding is completely performed.
3.5 Hardness test
As shown in Figure 13, the hardness was measured at
the roof and valley of the indentation marks to investigate

Fig. 14. Hardness curve at valley on cooper of specimen with
pattern type.

the hardness of the welds depending on the horn-tip
pattern shape. After measuring the indentation depth, the
hardness of the welds was measured by applying a force of
Hv0.05 (490.3 mN) with a Vickers hardness tester (Shimadzu,
HMV-GT-21st). In ultrasonic welding, the hardness at the
welds is increased by the plastic deformation of the base
materials and the hardening by the frictional heat. The
hardness of the welds may be used to determine the junction
strength of the welds. The hardness of the aluminum
and copper materials was measured and compared.
Figures 14 and 15 show the hardness of the welds
of the copper materials. Figure 14 shows the weld hardness
depending on the horn-tip pattern shapes after welding is
performed with an applied pressure of 3 bar and a welding
time of 1 s. In comparison to the hardness value of
the copper material (98.4 Hv), the hardness was increased
in all pattern shapes. The hardness was highest at the
center of the valley where metal was stirred at the
position of 0.3–0.4 mm. Under the welding conditions
of 6 bar and 0.5 s, a similar trend was found. The
weld hardness with the pattern shapes of C and D was
over 125 Hv.
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Fig. 15. Hardness curve at Roof on cooper of specimen with
pattern type.

Fig. 17. Hardness curve at roof on aluminium of specimen with
pattern type.

pattern. As the peak of the pattern shape was increased,
the hardness at the welds was increased in the order of
A < B < C < D.

4 Conclusion

Fig. 16. Hardness curve at valley on aluminium of specimen with
pattern type.

The hardness of the copper material at the roof
showed a similar trend to the hardness at the valley. As
the peak of the pattern was increased, the aspect ratio
was increased and the weld hardness was increased,
resulting in an increase in the weld strength. Figures 16
and 17 show the hardness of the aluminum material. The
weld hardness of the aluminum material was 44 Hv,
indicating that the material is very soft. Under the
welding conditions of 3 bar and 1.0 s, the hardness at
the valley and the roof was generally higher than that of
the base material in all the pattern shapes. The hardness
at the stirred region was high because the interface of the
base materials was stirred by the vibration of the horn
after the base material was pressed to the horn-tip

In the present study, to compare the characteristics of
ultrasonic metal welding depending on the horn-tip
pattern, the indentation mark was deﬁned with the aspect
ratio. The experiment was performed with aluminum and
copper materials. Indentation depth, hardness, and shear
strength were analyzed depending on the indentation
marks. The following conclusions were obtained from the
results.
– Ultrasonic welding experiments were performed with
aluminum and copper plates with the variables of horntip pattern, applied pressure, and welding time. The weld
characteristics were analyzed using the aspect ratio of the
indentation marks.
– The horn-tip pattern shape affected the aspect ratio of
the indentation marks. The aspect ratio was also
dependent on the material properties. An aspect ratio
closer to 1 had a positive effect on the welds (better shear
strength). In a departure from the conventional experience-based method of determining the pattern shapes,
the aspect ratio of the indentation mark was suggested as
an analytical reference, and the effect of the pattern
shape on weldability was investigated. As a result, a
protocol for determining the pattern shape depending on
the ultrasonic welding target was proposed.
– To identify the major factors inﬂuencing the quality of
ultrasonic welding, the effect of welding time, applied
pressure, and horn-tip pattern shape on the indentation
marks was investigated. It was found that the horn-tip
pattern shape has the highest effect on the aspect ratio of
the indentation marks.

J. Kim et al.: Mechanics & Industry 21, 102 (2020)

– The effect of the aspect ratio on the shear strength of the
welds was investigated, and the correlation between the
horn-tip pattern shape and the indentation mark aspect
ratio was found. As the peak of the pattern was increased,
the depth of the indentation mark was also increased.
This was probably because the pattern density in a unit
area of 40 mm5 mm was decreased, and thus the load
applied to the unit area was increased.
– As the peak of the pattern was increased, the hardness of
the stirred region was increased, and the shear strength of
the weld was also increased. The highest pattern peak
means the lowest aspect ratio of the indentation mark,
indicating that the decrease of the aspect ratio had a
positive effect on the strength of the welds.
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