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Abstract

Recently, the use of resistance welding in the joining 
of polymeric materials and polymer composites 
in the aviation, marine, and automotive industries 
has been gradually increasing. However, challenges 
continue in regard to improving product quality as 
affected by several parameters. This study focused 
on the effects of wire geometries and wire diameters 
on the characteristics of polypropylene (PP) sheets 
united by resistance implant welding. Here, PP sheets 
manufactured by the injection molding method were 
joined via the resistance upset welding method with 
three different wire geometries, including spiral, wavy, 
and M-shaped, and two different wire diameters of 0.3 
and 0.5 mm. Mechanical properties, morphological 
properties, and heating characteristics were examined. 
The results showed that wire diameter and wire 
geometry affected amount of heat formation in the weld 
zone and, therefore, weld performance in terms of the 
mechanical properties. The results obtained from the 
study can be used as a reference in similar applications.
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Introduction
Different welding methods have been developed for thermo-

plastic materials by simply adapting metal welding techniques to 
plastics. They might vary by the purpose of use and the application 
area. Electric resistance welding (RW), which was formerly used 
for the welding of metallic sheets and plate-type materials, is 
one of the metal welding methods tailored to welding thermo-
plastics. In many sectors, such as automotive, aeronautics and 
space, electrical and electronics, construction and machinery 
manufacturing, etc., thin-sectioned metal materials undergo 
deformation under a high temperature during the RW process. 
To prevent deformation, the welding of thin-sectioned materials 
should be performed at low temperatures and in short periods 
of time (Ref. 1). Electric RW is highly preferred for fast welding 
with the least possible deformation and for an economical and 
high-strength joining process (Ref. 2). The heat required in RW is 
provided by the contact resistance of these materials against the 
electric current passing through the metal material. In the welding 
process, the sections to be welded in parts are partially melted 
by this heat to create a weld pool. After the weld pool is formed, 
the electric current passing through the parts is cut off, and pres-
sure is applied to the parts by means of electrodes or jaws in the 
welding machine until the workpiece cools and solidifies (Refs. 3, 
4). The low voltage required for electric RW and the high-current 
electrical power are provided by welding transformers (Ref. 5).

Since plastic materials are insulating (they do not conduct elec-
tricity), to obtain the heat required for welding thermoplastics by 
this method, a metallic material must be inserted between two 
plastic materials through which the electric current will pass. 
Due to this implant inserted between two plastic materials, RW 
is also called resistance implant welding (RIW) or electrofusion 
welding (EFW) for plastics (Refs. 6, 7). The application of RIW to 
thermoplastics is shown in Fig. 1. Unlike RW, the application of RIW 
to thermoplastics is carried out in three stages. At the first stage 
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(assembly stage), the implant (usually a wire) is placed between 
the parts to be joined. At the second stage, the area to be joined 
is heated by passing an electric current through these wires. The 
plastic around the wire, which is heated via thermal conduction of 
the implant materials, melts and provides the fluidity required for 
joining. At the end of the heating temperature and heating time, 
which vary according to the type of material, the current is cut off, 
and pressure is applied to the parts for joining. At the last stage, 
the welding process is completed by cooling the plastic that was 
melted under pressure. In this method, the metal wires used as 
heating elements are left in the weld zone. This might result in 
extra strength, but they are left because they cannot be easily 
removed (Refs. 6–11).

The RIW method is mainly focused on joining thermoplastics 
reinforced with various continuous fibers (Ref. 12), such as carbon 
fiber (Ref. 9) and glass fiber (Refs. 13, 14). Recently, the RIW pro-
cess has been utilized in special fields that need strict performance 
requirements, such as aerospace (Ref. 15), automotive (Ref. 16), 
electronic (Ref. 17), and composite applications, and also have 
special advantages applicable to complex-shaped parts, easy 
operation, and low-cost equipment (Refs. 17, 18). For example, 
the leading edges of the wings of the Airbus A340-600 and A380 
are assembled by RIW (Ref. 19). In addition, RW has also been 
employed for boat and vessel production (Ref. 17), plastic pipe and 
fittings joining (Ref. 20), two-parted bumpers, and automotive 
body panel assembling (Ref. 16).

Electrically resistive implant materials play a key role in RW (Ref. 
21). As the electrical current passes through, the heated implant 
material provides the heat needed for melting polymer surfaces, 
and then joining can be carried out with the applied pressure (Ref. 
22). Carbon fibers, graphite woven textiles, steel knitted meshes, 
and nickel-chromium alloy (Ni-Cr) wires are examples of implant 
materials for RW processes (Ref. 16).

Ni-Cr wires are generally preferred as a heating implant material 
to prevent the weld strength from decreasing in the weld zone 

because of corrosion. To prevent a decrease in weld strength due to 
corrosion, Starrov and Bersee (Ref. 14) used a networked heating 
element made of carbon fiber and achieved 10–20% improvement. 
For the same purpose, Warren et al. (Ref. 22) utilized a polymeric 
film in the joining interface. They reported that by employing the 
polymer film in the weld zone, the openings in the wire mesh 
decreased. Thus, some voids in the joining area can be filled at 
even low application pressures; hence, the weakening of weld 
strength due to corrosion can be precluded. They also declared 
that the wire material, wire diameter, and wire geometry strictly 
affect the weld strength.

O’Shaughnessey et al. (Ref. 19) reported that weld strengths 
were strictly affected by polymer type, part dimension, and the 
shape of implant materials and also stated that RW provides better 
heat dissipation in the weld area compared to ultrasound and 
induction welding (IW) methods. Dubé et al. (Ref. 23) determined 
that the mechanical performance of the welded joint increases 
and the delamination problem can be avoided when a surface 
treatment, such as TiO2, and polymer coating are applied to the 
implant materials. They also concluded that joining with RW in 
thermoplastic composites, such as carbon fiber/polyetherether-
ketone, carbon fiber/polyetherketoneketone, carbon fiber/
polyetherimide, and woven glass fiber/polyetherimide, is more 
advantageous than joining with adhesive.

Shi et al. (Ref. 24) stated that good contact of the material 
surfaces to be joined prevents the formation of microcracks, insuf-
ficient heating time affects the root  penetration and decreases 
the weld strength, and correct adjustment of the welding pres-
sure ensures contact with the weld interface and prevents the 
formation of joint clearances .

Starrov and Bersee (Ref. 14) observed that the cooling rate after 
welding is an effective parameter on the crystallization degree, 
which is an important issue for weld strength and weldability in 
their studies for the aviation industry. Depending on the cooling 
rate, cooling can be isothermal or nonisothermal. Isothermal 

Fig. 1 — The schematic diagram of the resistance implant welding process.
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cooling is typical for low power levels and can provide process 
conditions that are able to reduce residual stresses. On the other 
hand, due to its high power levels, nonisothermal cooling can 
cause undesired stress and distortion in weld areas. For moderate 
power levels, cooling is not isothermal but is close to the recom-
mended processing temperature of the material and provides an 
acceptable crystallinity.

In terms of weld performance, resistance values of the implant 
material and heat transfer (Ref. 25), heating time (Refs. 24, 26), 
application temperature (Ref. 17), geometries and diameters of 
the implant material (Refs. 22, 24, 27), and joining angle and weld-
ing pressure (Refs. 17, 28) are stated to be vital parameters. The 
RW method can provide more even temperature distribution in 
comparison to other welding processes. It is also known that the 
obtained weld performance is strictly dependent on the tempera-
ture’s correct adjustment in the weld zone (Ref. 29).

There are a limited number of studies regarding RIW (Ref. 12). 
These studies were generally about employing RIW for joining 
thermoplastic composites materials (reinforced with various 
fibers, such as glass fiber or carbon fiber) via carbon fiber and 
stainless steel mesh as implant materials. Also, it can be said that 
RIW methods were utilized only as lap welding and evaluated only 
for lap shear strength values of joining parts.

Our work was aimed to perform a RIW method as upset welding 
of neat polymeric materials that do not contain any additives or 
reinforcement materials and evaluate the performances of the 
joining in terms of various mechanical perspectives. As known, 
especially in repair and maintenance applications, upset welding 
has important application areas, as it provides the opportunity to 
combine without disrupting the part geometry. These applications 
are frequently practiced in many industrial branches because of 
their simplicity and low-cost characteristics. The principal require-
ments of applications should be referred to as universality, ease, 
and cost effectiveness.

In this study, the butt joint method was applied on neat polypro-
pylene (PP) sheets, which cannot be easily joined using adhesive 
and have a wide range of uses in many industrial sectors (Ref. 30) 
via wire-based implant materials. Welding processes were varied 
by changing the essential parameters, such as welding angle, 
implant material (wire) diameter, and geometry. Welding perfor-
mances of samples were evaluated not only with tensile strength 
and modulus values but also with various test results, namely 
flexural strength, flexural modulus, impact strength, impact mod-
ulus, morphological examination, and heating characteristics. 
The obtained results were presented with consideration to the 
parameters, and ultimately the optimization of the welding perfor-
mances was completed within the framework of these parameters.

Materials and Methods

Materials

In this study, Isplen® PP 070 G2M, trade coded PP produced by 
Repsol, was chosen as the polymeric material used in the joining 
process. The essential properties of PP are shown in Table 1.

Ni-Cr wires with diameter values of 0.3 and 0.5 mm were used as 
resistance implant materials. To evaluate the effects of the wires’ 
geometry on the joining performance, wires were also formed 
into different shapes (spiral, wavy, and M-shaped), as seen in Fig. 
2. Special apparatuses were used in the wire-forming process to 
obtain uniform implant joining materials. It is important to note 
that the length of the joining materials was 12 cm and was the
same for all shapes.

Methods

Test specimens were prepared in compliance with ASTM D638,  
Standard Test Method for Tensile Properties of Plastics, from PP 
polymeric materials via the ENGEL Victory 80 plastic injection 
machine, which has 800 kN of clamp force. Specimens were cut 
in half at different angles using the Proxxon Bench Circular Saw 
machine for upset welding. Figure 3 shows the specimens cut in 
90-, 30-, and 45-deg angles.

After the cutting procedure, pieces were joined using RW. In 
this method, a 12 Vmax/50 Wmax power supply was utilized to 
energize the heating elements. Fluctuations in the resistance 
of heating elements due to elevated temperature (resistance 
increases as the temperature raises) were compensated with a 

Fig. 2 — Shapes of joining materials: A — Spiral; B — 
wavy; C — M-shaped.

A
B
C

Fig. 3 — Samples: A — Reference; B — cut at 90-deg 
angle; C — cut at 30-deg angle; D — cut at 45-deg angle; 
E — dimensions of specimen (ASTM D638 Type I).

A

B

C

D

E
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potentiometer connected in series to the heating element. By 
changing the value of the potentiometer, we ensured the voltage 
across the heating element was constant (4.10 V). It is known that 
the resistance of a material is calculated by the following formula:

𝑅𝑅 = #$
%

  
 

where p is the resistivity of a given material, L is the length, and 
A is the cross-sectional area of the material. 

In this study, the same type of materials (Ni-Cr) were used in a 
specific length, and, therefore, the resistivity and length values in 
Formula 1 were constant, but the A in the denominator changed 
based on the wire diameter. As the cross-sectional area (πr2) is 
proportional to the r2, the 0.3-mm-diameter wire had 2.77 times 
higher resistance compared to the 0.5-mm-diameter wire. It is 
known that heat is generated by joule in the heating elements 
and is proportional to the power dissipation in the wire. Since 
power can be calculated as

𝑃𝑃 = #$

%
  

 
where V is the voltage across the heating element and R is the 
resistance of the same element, it is obvious that the heating 
element with a 0.5-mm-diameter wire can provide 2.77 times 
more heat energy than the 0.3-mm-diameter wire as the voltage 
for both elements is kept constant during the welding process. 

Since thicker wire can provide more heat energy, the required 
temperature in the welding process can be reached in a shorter 
time.

The welding process took place in an apparatus, seen in Fig. 
4, equipped with an INSIZE push/pull force gauge measuring the 
applied force (max. 10 N) and guiding us to join specimen halves 
uniformly and homogeneously. Throughout this manuscript, 
the specimens are named using abbreviations to indicate the 
specifications more easily and efficiently. The material codes are 
designated as wire shape (S/spiral, W/wavy, or M/M-shaped), 
cutting angle (30, 45, or 90 deg), and wire thickness (0.3 or 
0.5 mm). As an example, S3003 indicates a specimen with a  
spiral-shape wire, cutting angle of 30 deg, and a wire thickness 
of 0.3 mm. Figure 5 shows the welded part view after RIW joining.

Characterizations

Tensile test specimens and cut-then-welded ones were eval-
uated through their tensile and flexural properties. Tensile tests 
and flexural tests were conducted using a ZwickRoell Z020 uni-
versal testing machine with a 20-kN load cell. The tensile test 
was conducted according to ASTM D638 and performed at room 
temperature at a drawing rate of 50 mm/min. The flexural test 
was performed based on ISO 178:2019 (en),  Plastics — Determi-
nation of flexural properties, and the test was performed at room 
temperature and at a flexural rate of 2 mm/min. An Izod impact 
test was performed using an Instron CEAST 9050 machine (with a 
5.5-J hammer) according to ISO 180:2019, Plastics — Determina-

Fig. 4 — Special template for using specimen welding. Fig. 5 — Welded part view after RIW joining.

Table 1 — The Properties of Isplen PP 070 G2M

Properties Typical Value Unit Test Method

Melt flow index 
(230°C/2.16 kg) 12 g/10 min ASTM D1238

Density (23°C) 0.905 g/cm3 ASTM D1505

Hardness (23°C) 68 Shore D ASTM D2240

(1)

(2)
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tion of Izod impact strength. For each test, at least five specimens 
were used. The morphological examination of welded specimens 
was carried out using an Olympus BX51M optical microscope at 
400× magnification. Heating characteristics, such as spread and 
rate, of weld surfaces were also monitored by the FLIR E8 infrared 
camera while the welding process was taking place.

Results

Results of Tensile Tests

The tensile strength (σM), modulus of elasticity (Em), and perfor-
mance values of welded specimens compared to the unprocessed 
specimen are given in Table 2 and Figs. 6 and 7.

The tensile strength values are compared to the 0.5-mm- 
diameter wire in Fig. 6A and the 0.3-mm-diameter wire in Fig. 7A, 
and the moduli of tensile elasticity is compared to the 0.5-mm- 
diameter wire in Fig. 6B and the 0.3-mm-diameter wire in Fig. 7B. 

Results of Flexural Tests

The results of the flexural tests can be seen in Table 3. The 
comparison of flexural strength (σFC) and flexural modulus (EF) 
according to the wire diameter and joining angle are given in Fig. 
8. A comparison of the bending strength in Fig. 8A, the modulus 
of bending elasticity in Fig. 8B according to the wire diameter and 
joining angle, and the weld performance in Fig. 8C according to 
bending strength was performed.

Results of Impact Tests

The results from the impact strength tests are shown in Table 
4. The comparison of impact strength and weld performance 
according to the wire diameter and joining angle is given in Fig. 9.

Table 2 — Tensile Test Results

Sample Code 
Tensile 

Strength 
(MPa)

Tensile 
Modulus 

(MPa)

Standard 
Deviation 

Reference 32.64 1305 0.02 

S3003 20.63 825 0.45

S4503 20.45 818 0.41

S9003 10.73 430 1.45

S3005 29.47 1179 0.18

S4505 23.37 935 0.85

S9005 20.62 825 0.25

W3003 25.15 1006 0.29

W4503 18.97 759 0.84

W9003 8.78 351 1.65

W3005 29.69 1198 0.15

W4505 21.88 875 0.35

W9005 16.86 675 1.25

M3003 24.33 973 0.45

M4503 19.46 779 0.65

M9003 18.20 728 0.95

M3005 26.35 1054 0.45

M4505 25.14 1005 0.35

M9005 23.20 928 0.25

Fig. 6 — Comparison of (A) tensile strength and (B) elasticity modules according to the wire geometry and joining angle 
of the 0.5-mm wire diameter.

A B
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Results of Morphological Examinations and 
Heating Characteristics of Welding Surfaces

Images obtained from morphological examinations are shown 
in Fig. 10. Thermal camera images are shown in Fig. 11.

Discussion

Tensile Tests

When the values in Table 2 are examined, it is observed that the 
mechanical properties of the weld weakened as the joining angle 
increased. This shows that the surface area of the joint was strictly 
related to weld strength values. As the joining angle decreased, 
the surface area in the joint zone increased, thus increasing the 
tensile strength values. Also, plastic welds are always weakest 
in peel then tension then shear. This is also why most structural 
applications are designed to put the weld in shear. The highest 
tensile strength values were obtained from the joining process at 
the 30-deg angle, and a downward trend in tensile strength values 
was observed with an increased joining angle. In the study con-
ducted by Hagglund et al. (Ref. 31), the same trend was observed 
and the results matched quite well with our findings. Higher weld 
strength values can be reached by adjusting the weld angle and 
geometry of implant materials, which can reduce defects like 
openings in welding areas.

As can be seen in Figs. 6 and 7, tensile strength (Figs. 6A, 7A) 
and the modulus of tensile elasticity (Figs. 6B, 7B) decreased 
as the joining angle increased. In both wire thicknesses, as the 
joining angle increased, the M-shaped wire geometry displayed 
better behavior than the others. This is thought to be due to the 
fact that the melt flow in the weld zone with the increasing angle is 
guided by the wire geometry and provides better root penetration 
around the wire. This will be better understood when considered 
together with the melt flow in the weld zone.

It was also determined that in terms of wire thickness, the weld 
performance, according to both tensile strength and modulus, 
was affected. To achieve a better weld performance, the 0.5-mm- 
diameter wire should be chosen, as can be seen in Figs. 6 and 7, 
because the weld performance is directly related to the amount of 
current. Using a thicker wire implant (for our study, 0.5 mm), the 
melting process can be performed more effectively and rapidly, 
thus better weld performance values can be reached.

Flexural Tests

The flexural strength values of the welded materials (Table 3) 
were very close to the flexural strength values of the intact mate-
rial. There was no breakage observed in the samples. Similar to 
the tendency observed in the tensile tests, the flexural strength 
values decreased while the joining angle increased. Contrary to 
this situation, the increase (Fig. 8) in the value of the M9005 
sample is thought to be caused by an exceptional experimental 
error. The flexural strength values increased as the joining angle 
reduced, and the wire geometry changed from M-shaped to spiral 
and finally to wavy. The highest flexural strength was obtained 
when the joining angle and wire geometry were 30 deg and wavy.

Impact Tests

When the results that are given in Table 4 and Fig. 9 are exam-
ined in terms of wire geometry, it is seen that the highest impact 
strength values were obtained from the samples using wire with 
a spiral geometry. Since the wire with the spiral geometry had a 
more effective root penetration characteristic in the weld areas 
during the welding process compared to the wires with wavy and 
M-shaped geometries, the welded samples with spiral-formed 
wires resisted higher impact values.

The welding wire geometry and wire diameter have an effect 
on method selection and weld performance. It has been known 
that the amount of heat in the weld areas can vary depending on 
the wire thickness and amount of electrical current (Refs. 3, 10, 

Fig. 7 — Comparison of (A) tensile strength and (B) elasticity modules according to the wire geometry and joining angle 
for the 0.3-mm-diameter wire.

A B
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32). Generated heat flow can be easily controlled by changing 
these two parameters. Thus, the depth of the root penetration 
of the implant materials in the weld areas can be obtained at 
desired levels, and this ensures better weld strength. Employing 
smaller wire diameters in the weld areas causes insufficient heat, 
lowering root penetration levels of implant materials and, as a 
result, decreasing weld strength values. This matches with the 
explanation given in the Materials and Methods section.

When the results are evaluated in terms of the joining angle, 
it is seen that the best results were obtained from the welding 
processes performed at 30 deg. This situation is thought to be 
caused by the slope. As the slope changed the surface area, addi-

tional impact strength occurred and increased the total impact 
strength in parallel.

Morphological Examinations

In microstructure studies, color changes due to heat were 
encountered in welded wires. Flow traces, fluctuations, and, rarely, 
wire oxidation occurring in the material from the effect of heat 
were clearly seen in the weld area — Fig. 10. In the circumference 
of the wire, a few small openings were observed directly in the 
melt flow direction. Voids formed during the welding process 
can cause oxidation (Ref. 14). Reducing the openings with the 
correct selection of the welding angle, wire diameter, geometry, 
and material of the heating element will greatly prevent oxidation. 
In this study, it was seen that as the wire geometry changed, the 
formation of the openings decreased, fluctuation in the welding 
area changed direction, and oxidation decreased depending on 
heat flow. Additionally, the flow direction of the molten plastic in 
the weld zone was affected by the heat characteristic in the weld 
zone as well as the wire geometry. The pressure applied during 

Fig. 8 — For the 0.5-mm-diameter wire, comparison of 
(A) flexural strength, (B) flexural module, and (C) weld 
performance values according to the wire geometry and 
the joining angle.

Table 3 — Flexural Test Results

Sample Code
Tensile 

Strength 
(MPa)

Tensile  
Modulus 

(MPa)

Standard 
Deviation

Reference 37.41 1461 0.03

S3005 35.87 1150 0.14

S4505 34.13 1380 0.32

S9005 28.88 1415 0.28

W3005 39.07 1417 0.38

W4505 34.80 1366 0.18

W9005 31.80 1483 0.23

M3005 34.35 1575 0.25

M4505 34.05 1354 0.18

M9005 37.98 1472 0.12

A B

C
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welding also had an effect on the formation of voids in the micro-
structure. The material flowed out of the weld zone under high 
pressure, and if the pressure was too low, the number of openings 
increased since there was no adequate pressure that ensured a 
homogeneous distribution of the molten material in the weld 
zone. Until the welded joint cools down, a steady application of 
pressure will significantly reduce the formation of voids (Ref. 7).

In terms of microstructure, it was seen in all the welds that the 
molten polymer wrapped the welding wire like a thin film and 
created a transition zone between the polymeric material and 
the wire. A similar structure at the interface between the wire 
and the polymeric material and applying a surface treatment to 
the wire would increase the weld performance. The treatment of 
the wire surface by polymeric film or TiO2 coating can make the 
surface compatible with the material (Refs. 21, 33).

Heating Characteristics of Welding Surfaces

It was determined that when the temperature in the weld zone 
was low, the material did not melt completely and there was not 
enough root penetration for welding. In the case of a high tem-
perature, the material burned due to overheating.

In thermal camera examinations (Fig. 11), it was also seen that at 
temperatures close to the melting temperature (Tm) of polymer, 
the heat was homogeneously distributed in the entire welding 
area, and sufficient root penetration was obtained for joining. Wire 
diameter and the heating energy used affected heat generation 
and root penetration in the weld zone because the heat obtained 
in the weld area differed according to the wire diameter (Ref. 34). 
The heat generated by the various wire diameters of the same 
type of materials in same lengths supports this statement. For 
this reason, a proper wire diameter should be chosen, as it affects 
the provided heat energy in reaching a desired temperature close 
to the melting temperature of the joining polymer materials. In 
our study, the optimum working temperature of the PP mate-
rial for RW was determined as 217°C, and the heating time was 
determined as 13 s. It is noteworthy that the wire with the larger 
cross-sectional area provided more heat and, therefore, reached 
the optimum temperature in a shorter time. A 0.5-mm-diameter 
heating element reached 217°C in 13 s, and, therefore, that is the 
time we should keep for the welding process to get the best results 
under the given specifications. It is important to point out that 
the temperature was not steady during the welding procedure. In 
contrast, the temperature kept increasing, surging the procedure, 

Fig. 9 — Comparison of impact test results of different wire geometries for the 0.5-mm-diameter wire: A — Impact 
strength; B — weld performance.

Table 4 — Impact Test Results

Sample  
Code

Impact Strength  
(kJ/m2)

Standard  
Deviation

Reference 2.23 0.15

S3005 17.73 0.56

S4505 18.32 0.35

S9005 4.86 0.52

W3005 7.19 0.45

W4505 10.03 0.42

W9005 6.24 0.63

M3005 5.67 0.65

M4505 7.23 0.25

M9005 4.93 1.10

A B
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and when the temperature reached 217°C in 13 s, the process 
was terminated, giving the best weld results. The welding range 
between 210 and 250°C is known to give the best results for PP 
joining (Ref. 30).

Conclusions
In this study, PP sheets were successfully joined via RW at an 

angle of 30, 45, and 90 deg using Ni-Cr wires that were 0.3 and 0.5 
mm in diameter and had spiral, wavy, and M-shaped geometries. 
The main results obtained from this study can be summarized 
as follows:

1) Higher weld performance values can be achieved easily by 
using optimized parameters figured from the results of tensile, 
flexural, and impact tests.

2) The welding wire diameter influences heat generation in the 
weld zone. In the study, as the wire thickness increased, the heat 
input into the weld zone increased, thus creating the ideal joining 

heat for the weld zone. In the joints made with wires with lower 
cross sections, oxidation occurred in the weld zone.

3) Wire geometry is important for the joining process. In the 
welding operations, the root penetration in the weld zone made 
from wire with a spiral geometry was higher than with other 
geometries. The tensile strength, bending strength, and impact 
strength of the materials varied depending on the wire geometry.

4) With the pressure applied during joining, the wire geometry 
directed the melting flow in the weld zone. Depending on the 
geometry of the wire and the direction of the flow, it was deter-
mined that gaps are formed at the points where the cross section 
is narrow. These openings have a notch effect and a negative 
impact on the weld strength.

5) The joining temperature has a significant effect on weld 
strength. Joints made at temperatures below and close to melt-
ing temperatures provide the required root penetration to gain 
maximum performance from the joining process.

Fig. 10 — Optical microscope images of welded materials: A — Spiral; B — wavy; C — M-shaped.

A

B

C

FEBRUARY 2022 | 51-s



6) Consequently, to achieve the best resistance upset welding 
performance for neat PP sheets, optimized process parameter 
values might be utilized. The following summarizes the best param-
eters we have revealed in this study. When the diameter of the wire 
is 0.5 mm, geometry of the wire is spiral, welding temperature 
is 217°C, heating time is 13 s, applying pressure is 10 N, and the 
joining angle is 30 deg, the best weld performance for PP sheets 
can be achieved.
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