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Abstract: This work presents a new technology for joining dissimilar materials, Resistance Element
Soldering (RES). This technology is fundamentally based on Resistance Element Welding (REW)
technology; the difference is that the presented RES uses a bimetallic element composed of a hard Cu
shell and a core made of Sn60Pb40 solder. The RES technology using the Cu/Sn60Pb40 bimetallic
element was tested when joining a galvanized steel sheet (HX220BD-100MBO) to a thermoplastic
(PMMA). The effect of the process parameters on the volume of the melted solder, the deformation of
the element, and the structure of the soldered joint was investigated on the joints made. The final
criterion for assessing the influence of the process parameters was the joint strength. Due to the low
strength of PPMA, the maximum joint strength was determined on RES joints of galvanized steel
sheet and aluminum. The results showed that, to ensure the joint strength at the level of the strength
of the Sn60Pb40 solder used, a heat input of 952 J and a clamping force of 623 N are required. The
mentioned parameters ensure the necessary conditions for the creation of a soldered joint with a
galvanized steel sheet as well as the deformation of the bimetallic element to create a form-fit effect
in the opening of the PMMA to create a mechanical connection.

Keywords: Resistance Element Welding; metal-to-plastic joining; resistance soldering

1. Introduction

Resistance Element Welding (REW) is one of the progressive technologies for joining
dissimilar materials [1]. The principle is based on the use of an element of a suitable
shape, which is designed to create a combined metallurgical–mechanical joint between
materials with different physical and mechanical properties. In practice, the technology has
been applied mainly in the joining of steel and aluminum sheets in the production of car
bodies [2–6]. The lap joint is created by an element that passes through a hole in the upper
aluminum sheet and is welded to the lower steel sheet through resistance welding. The
shape and dimensions of the shaft and head of the element ensure a form-fit connection
with the aluminum sheet.

Currently, robotic welding systems using REW are designed in such a way that the
positioning of the element occurs in the phase of perforating the aluminum sheet. In this
case, the steel element also takes over the function of a punching tool. In addition to the
most used combination of materials (steel/aluminum), REW was also tested when joining
magnesium to steel [7–10], titanium to steel [11], aluminum to titanium [12], and metallic
materials to non-metallics [13–15]. The effect of different types of adhesives implemented
in REW technology on the joint properties was also verified [16,17].

The interest in REW is documented by extensive research and development in the
field of innovation of the base technology. Paper [7], for example, reports the results of
using the alternative technology of Resistance Rivet Welding (RRW), where an expansion
rivet is used to join magnesium to steel. The authors of paper [18] describe innovative REW
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using an element that acquires its definitive shape only after being pressed into a hole in an
aluminum sheet.

Element Arc Spot Welding (EASW) [19] offers a different method of joining steel sheets
to aluminum using an element. It is a technology in which a hollow steel rivet is inserted
into a prepared hole in an aluminum sheet. During the joining of the aluminum to the steel
sheet, the hollow rivet is filled with weld metal using arc spot welding. This creates a weld
joint between the steel sheet and the element.

Another proposal on the construction of the element is presented in paper [20]. In this
case, a bimetallic element was used in REW, which consisted of a hard metal shell and a
soft solder core. A shell made of Cu provides a form-fit connection, and a core made of
a Sn-Pb alloy is responsible for the metallurgical joint. The advantage of this solution is
that the joint is created at a significantly lower temperature than in standard REW. While
the melting temperature of the steel element is around 1500◦C, when using the bimetallic
element with a core of Sn-Pb solder, the heating temperature at the joint is lower than
300◦C. Since the metallurgical joint in this case is created on the principles of soldering
and not welding as in original REW, a more suitable name for the mentioned method of
joining is Resistance Element Soldering (RES). In this way, it is possible to join metallic
materials (e.g., galvanized steel sheets) with materials with a low melting point or thermal
decomposition (e.g., thermoplastics). The proposed solution thus expands the already
known technological possibilities of joining metal materials with thermoplastics [21–24].

The presented work is aimed at verifying the suitability of using Sn60Pb40 solder in
bimetallic elements for Resistance Element Soldering (RES) technology.

2. Materials and Methods

For the experiment of joining dissimilar materials through RES, bimetallic elements
Cu/Sn60Pb40 were made. The bimetallic element (Figure 1) consisted of a shell (Cu tube)
and a core (Sn60Pb40 solder).

Metals 2023, 13, x FOR PEER REVIEW 2 of 19 
 

 

REW using an element that acquires its definitive shape only after being pressed into a 

hole in an aluminum sheet. 

Element Arc Spot Welding (EASW) [19] offers a different method of joining steel 

sheets to aluminum using an element. It is a technology in which a hollow steel rivet is 

inserted into a prepared hole in an aluminum sheet. During the joining of the aluminum 

to the steel sheet, the hollow rivet is filled with weld metal using arc spot welding. This 

creates a weld joint between the steel sheet and the element. 

Another proposal on the construction of the element is presented in paper [20]. In 

this case, a bimetallic element was used in REW, which consisted of a hard metal shell 

and a soft solder core. A shell made of Cu provides a form-fit connection, and a core 

made of a Sn-Pb alloy is responsible for the metallurgical joint. The advantage of this 

solution is that the joint is created at a significantly lower temperature than in standard 

REW. While the melting temperature of the steel element is around 1500°C, when using 

the bimetallic element with a core of Sn-Pb solder, the heating temperature at the joint is 

lower than 300°C. Since the metallurgical joint in this case is created on the principles of 

soldering and not welding as in original REW, a more suitable name for the mentioned 

method of joining is Resistance Element Soldering (RES). In this way, it is possible to join 

metallic materials (e.g., galvanized steel sheets) with materials with a low melting point 

or thermal decomposition (e.g., thermoplastics). The proposed solution thus expands the 

already known technological possibilities of joining metal materials with thermoplastics 

[21–24]. 

The presented work is aimed at verifying the suitability of using Sn60Pb40 solder in 

bimetallic elements for Resistance Element Soldering (RES) technology. 

2. Materials and Methods 

For the experiment of joining dissimilar materials through RES, bimetallic elements 

Cu/Sn60Pb40 were made. The bimetallic element (Figure 1) consisted of a shell (Cu tube) 

and a core (Sn60Pb40 solder). 

 

Figure 1. Bimetallic element: (a) construction and (b) finished product. 

The basic criterion in the selection of materials for the manufacturing of the 

bimetallic element was to ensure its two basic functions: 

‐ Metallurgical joint with the lower sheet; 

‐ Creation of conditions for a form-fit effect between the element and the upper 

material of the lap joint. 

Sn60Pb40 has been used for several decades for soldering galvanized steel sheets 

and copper. It is characterized by a low liquid temperature (190 °C) and a short freezing 

range (7 °C) [25]. 

Copper tubes with an outer diameter of 6 mm and a wall thickness of 0.5 mm were 

used for the shell of bimetallic elements. The material had a strength of 238 MPa. Other 

properties of the materials used for the elements are listed in Tables 1 and 2. The strength 

Figure 1. Bimetallic element: (a) construction and (b) finished product.

The basic criterion in the selection of materials for the manufacturing of the bimetallic
element was to ensure its two basic functions:

- Metallurgical joint with the lower sheet;
- Creation of conditions for a form-fit effect between the element and the upper material

of the lap joint.

Sn60Pb40 has been used for several decades for soldering galvanized steel sheets and
copper. It is characterized by a low liquid temperature (190 ◦C) and a short freezing range
(7 ◦C) [25].

Copper tubes with an outer diameter of 6 mm and a wall thickness of 0.5 mm were used
for the shell of bimetallic elements. The material had a strength of 238 MPa. Other properties
of the materials used for the elements are listed in Tables 1 and 2. The strength and
deformation properties of the materials were obtained on the basis of a tensile test according
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to the EN ISO 6892-1 standard. The test was carried out on an Instron 1195 universal
testing machine at a crosshead speed of 5 mm·min−1. The method of manufacturing
bimetallic semi-finished products and finished elements is described in more detail in
articles [26,27]. Unlike the results presented in paper [20], elements with modified geometry
and dimensions were used to ensure better mechanical properties for RES joints. In addition,
optimized parameters for casting semi-finished products and forming elements were used,
so the elements were without imperfections (wrinkles in the shell, porosity, and eccentricity
of the core).

Table 1. Chemical composition of the solder [28].

Material
Sn Pb Cu Zn Ag Sb Bi Cd Solidus/Liquidus

(%) (%) (%) (%) (%) (%) (%) (%) (◦C)

Sn60Pb40 59.5 40 0.08 0.001 0.1 0.2 0.1 0.002 183/190

Table 2. Mechanical properties of the materials of the shell and the core of the bimetallic element.

Material Density
(g·cm−3) Yield Strength Re (MPa) Ultimate Tensile Strength Rm (MPa) Elongation at Break A (%)

Cu 8.96 55.5 238 43.7

Sn60Pb40 8.50 40.2 61.5 10.8

Experimental RES technology was applied to the production of combined joints of
galvanized steel sheet/thermoplastic (Figure 2). PMMA thermoplastic (trade name QUINN
XT) with a thickness of 2 mm was used. The manufacturer declares a strength of 70 MPa
and an elongation at break of 4% [29]. To place the bimetallic element, holes with a diameter
of 6.1 mm and a recess of 1 mm with a diameter of 9.1 mm were pre-drilled into the pieces
with dimensions of 30 mm × 100 mm (Figure 2).
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From the galvanized steel sheet HX220BD-100MBO, with thickness of 0.8 mm, pieces with
dimensions of 30 × 100 mm were made. The chemical composition and mechanical properties
of the sheet are shown in Tables 3 and 4. The thickness of the zinc coating was 15 µm.

Table 3. Chemical composition of steel HX220BD-100MBO [30].

Material C
(%)

Si
(%)

Mn
(%)

P
(%)

S
(%)

Nb
(%)

Ti
(%)

Al
(%)

HX220BD-
100MBO 0.1 0.5 0.7 0.08 0.025 0.09 0.12 0.1

Table 4. Mechanical properties of steel HX220BD-100MBO [30].

Material Yield Strength
RP0.2 (MPa)

Ultimate Tensile
Strength Rm (MPa)

Elongation at Break
A80 (%)

HX220BD-100MBO 220–280 320–400 32

Before resistance soldering, the bimetallic element was inserted into a pre-drilled hole
in PMMA, the steel sheet was cleaned with acetone, and SF-601 liquid flux was applied
to the cleaned surface. This flux is mainly intended for soldering with tin solders and for
soldering copper, nickel, their alloys, and some steels [31].

ARO XMA 26kVA, AC 50 Hz (ARO S.A.S., Chateau-du-Loir, France) portable spot
welding gun with ULB 1.4 control system (VTS Electro s.r.o., Bratislava, Slovakia) was used for
resistance soldering. Electrodes made of Cu-Cr material with flat (FD-type) and semi-round
(FB-type) front surfaces were used during the joining process. The use of the FD-type electrode
for the element was motivated by ensuring an even distribution of pressure on the head of the
element with a solder core. In addition, since the diameter of the flat electrode (16 mm) was
larger than the diameter of the head of the element, the spattering of the molten solder should
have been avoided. The semi-circular FB-type electrode from the side of the galvanized sheet
enabled the concentration of the current at the point of contact and thus the rapid heating
of the steel sheet to the soldering temperature. Miyachi Weld Checker MM-356 Bmeasuring
device(Miyachi Technos Corporation, Arakawa-ku, Tokyo, Japan) was used to measure the
real values of process parameters (current, voltage, and time).

The effect of the following was investigated on the manufactured samples of galva-
nized steel sheet/PMMA joints using bimetallic Cu/Sn60Pb40 elements:

- Amount of heat on the volume of melted solder in the bimetallic elements;
- Amount of heat on the deformation of elements;
- Amount of heat on the thermal influence of the materials being joined;
- Process parameters on the strength of the joint.

The following was also evaluated:

- Structure of soldered joints (SEM and EDS);
- Fracture surface morphology (SEM).

Table 5 shows the parameters of resistance heating during the soldering of experimen-
tal samples. The suitability of the used parameters was assessed primarily from the point
of view of ensuring the primary requirements necessary to create a quality joint:

(a) Melting the required amount of solder in the core of the bimetallic element;
(b) Heating the galvanized steel sheet to the soldering (working) temperature;
(c) Sufficient plastic deformation of the element.
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Table 5. Process parameters of steel/PMMA-soldered joints.

Sample
Joining Parameters

Note
F (N) I (kA) U (V) t (s) Q (J)

T5 623 6.18 0.57 0.1 352 Insufficient form-fit effect

T10 623 6.14 0.57 0.2 700 None

T15 623 6.22 0.51 0.3 952 Spatter of the solder

T20 623 6.14 0.56 0.4 1375 Spatter of the solder

Requirements (a) and (b) are necessary to create suitable conditions for wetting the galva-
nized steel sheet with molten solder. If requirement (c) is not met during resistance soldering,
there will be no form-fit effect between the PMMA and the element. Sufficient plastic deforma-
tion of the element creates suitable conditions for generating the necessary compressive stress
between the head of the element and the PMMA for fixing the joined sheets against mutual
movement without breaking the PMMA in the place of the pre-drilled hole. The amount of
necessary deformation will depend on the properties of the materials to be joined, the materials
used to manufacture the element, and the purpose of using the joint.

During the soldering of the test samples, the power of the spot welding gun was set
to 20%, which corresponded to a current (I) in the range of 6.14 to 6.22 kA and a voltage
drop (U) of 0.51 to 0.57 V. The applied clamping force (F) 623 N was the same during the
soldering of all test samples. By changing the soldering time (t) from 0.1 to 0.4 s, we created
the conditions for heating the joint with a heat input (Q) of 352 to 1375 J. When calculating
the heat input, relation (1) was used.

Q = U × I × t (1)

where

Q—heat input (J);
U—voltage (V);
I—current (A);
t—heating (soldering) time (s).

The strength properties of the joints were determined through a tensile test according
to the EN ISO 6892-1 standard. To assess the effect of process parameters on the maximum
strength of the soldered joint between the element and the galvanized steel sheet, a new
series of test samples was prepared in which the thermoplastic PMMA was replaced with an
aluminum sheet because the strength of the PMMA was insufficient due to the pre-drilled
hole. The parameters for making joints between galvanized steel sheet and aluminum sheet
were the same as for making joints between galvanized steel sheet and PMMA (Table 5).
The chemical composition and mechanical properties of the used 1 mm thick aluminum
sheet are shown in Tables 6 and 7.

Table 6. Chemical composition of aluminum AW-1050A [32].

Material Al
(%)

Si
(%)

Fe
(%)

Cu
(%)

Mn
(%)

Cr
(%)

Zn
(%)

Ti
(%)

AW-1050A rest 0.25 0.40 0.05 0.01 0.01 0.07 0.05

Table 7. Mechanical properties of aluminum AW-1050A [32].

Material Yield Strength Rp0.2
(MPa)

Ultimate Tensile Strength
Rm (MPa)

Elongation at Break
A (%)

AW-1050A 75 ÷ 85 105 ÷ 145 20
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3. Results and Discussion

In the experiment, the influence of the heat input on the joining process and the
properties of the joints was primarily under review. A general view of the soldered joints
from the face and reverse sides is shown in Figures 3 and 4. A detailed view of the
experimental joints is shown in Figure 5.
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Figure 5. Detailed view of RES joints (steel/PMMA) with bimetallic element (Cu/Sn60Pb40): (a) front
side of T10 (t = 0.2 s), (b) front side of T15 (t = 0.3 s), (c) reverse side of T15 (t = 0.3 s).

Using Sn60Pb40 solder and heating times of 0.1 and 0.2 s, no spatter of molten metal
around the joint was observed (Figure 3a). The latter was observed in the steel/PMMA
interface (Figure 5b) at longer heating times of 0.3 and 0.4 s. It appears that the main cause
of liquid metal spattering was the uneven distribution of the applied pressure in the contact
surface between the shaft of the element and the galvanized steel sheet, which occurred
due to the failure to maintain the perpendicularity of the element to the surface of the steel
sheet. Figure 5c documents the preservation of the protective Zn layer on the reverse side
of the joint even at a higher heat input of 952 J at a heating time of 0.3 s, which is important
in terms of ensuring the resistance of the galvanized steel sheet to atmospheric corrosion.

Figure 6 shows the cross-sections of the joints made with the bimetallic Cu/Sn60Pb40
element at different heating times. It is clear from the picture that the different heat inputs
(Table 5) caused

(a) Different volumes of the molten metal of the solder in the bimetallic element;
(b) Different deformations of the bimetallic element.
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(a) The amount of remelted solder in the core of the bimetallic element is shown in
Table 8. The measurement was carried out through the method of image analysis
on the cross-sections. The increase in the volume of the molten metal from 28% at a
heating time of 0.1 s up to 80% at a heating time of 0.3 s corresponds to an increase
in the heat input to the soldered joint (Table 5). At a heating time of 0.4 s, almost the
entire volume of solder in the bimetallic element was already remelted. This state is
already undesirable due to

• The spattering of molten metal between the head of the element and the front
surface of the electrode of the spot welding gun;

• The possibility of creating a metallurgical joint between the element and the electrode.

(b) The cross-sections of soldered joints made at different heating times with highlighted
areas showing the force action between the element and the PMMA are shown in
Figure 7.

Table 8. Effect of heating time on the volume of remelted solder Sn60Pb40 in the bimetallic element.

Heating Timet
(s) Volume of Remelted Solder (%)

0.1 28
0.2 46
0.3 80
0.4 95

Metals 2023, 13, x FOR PEER REVIEW 9 of 19 
 

 

Table 8. Effect of heating time on the volume of remelted solder Sn60Pb40 in the bimetallic element. 

Heating Time 

t (s) 
Volume of Remelted Solder (%) 

0.1 28 

0.2 46 

0.3 80 

0.4 95 

 

Figure 7. Comparison of the form-fit effect between PMMA and the element at different heating 

times: (a) T5 (t = 0.1 s), (b) T10 (t = 0.2 s), (c) T15 (t = 0.3 s), and (d) T20 (t = 0.4 s). 

With the shortest heating time (t = 0.1 s) and the lowest heat input to the soldered 

joint (Figure 7a), the selected clamping force, 623 N (Table 5), resulted in the insufficient 

deformation of the element in the pre-drilled hole in the PMMA. The force effect between 

the shell of the bimetallic element and the inner wall of the hole was created only at the 

end of the shaft of the element (marked by a red arrow). The fixation of the PMMA at the 

joint was not sufficient; on the prepared sample, it was possible to rotate the 

thermoplastic part freely around the soldered element. With a longer heating time (t = 0.2 

s), a more significant deformation of the shaft of the element had already occurred 

(Figure 7b). The larger contact area (in the place of the shaft and partly also the element 

head) and the significant deflection of the deformed shaft ensured the necessary force 

effect for fixing the PMMA at the joint. A further increase in the heating time (t = 0.3 s) 

caused not only the deformation of the shaft but also partially that of the head of the 

element (Figure 7c). The shape and size change of the element was most pronounced 

when using the heating time of 0.4 s (Figure 7d). The larger deformation of the head of 

the element, which was pushed into the recess opening, is particularly noticeable. 

Furthermore, it can be noticed that the excessive overheating of the element caused a 

spattering of molten solder, which partially penetrated the area between the element and 

the PMMA (marked by a yellow arrow). 

With the uniform distribution of the clamping force, the uniform deformation of the 

element occurred. At heating times of 0.1 to 0.3 s, the deformation was mainly manifested 

in the change in the length of the shaft of the element (Figure 8); at the heating time of 0.4 

s, even the head of the element was significantly deformed (Figure 6d). At the lowest heat 

input during heating for 0.1 s, no deformation of the shaft of the element was noted. It 

remained at its original length of 2 mm. At the highest heat input during heating for 0.4 s, 

the shortening of the shaft of the element was the largest, decreasing from the original 

length of 2 mm to a length of 1.2 mm. 

Figure 7. Comparison of the form-fit effect between PMMA and the element at different heating
times: (a) T5 (t = 0.1 s), (b) T10 (t = 0.2 s), (c) T15 (t = 0.3 s), and (d) T20 (t = 0.4 s).

With the shortest heating time (t = 0.1 s) and the lowest heat input to the soldered
joint (Figure 7a), the selected clamping force, 623 N (Table 5), resulted in the insufficient
deformation of the element in the pre-drilled hole in the PMMA. The force effect between
the shell of the bimetallic element and the inner wall of the hole was created only at the
end of the shaft of the element (marked by a red arrow). The fixation of the PMMA at the
joint was not sufficient; on the prepared sample, it was possible to rotate the thermoplastic
part freely around the soldered element. With a longer heating time (t = 0.2 s), a more
significant deformation of the shaft of the element had already occurred (Figure 7b). The
larger contact area (in the place of the shaft and partly also the element head) and the
significant deflection of the deformed shaft ensured the necessary force effect for fixing the
PMMA at the joint. A further increase in the heating time (t = 0.3 s) caused not only the
deformation of the shaft but also partially that of the head of the element (Figure 7c). The
shape and size change of the element was most pronounced when using the heating time
of 0.4 s (Figure 7d). The larger deformation of the head of the element, which was pushed
into the recess opening, is particularly noticeable. Furthermore, it can be noticed that the
excessive overheating of the element caused a spattering of molten solder, which partially
penetrated the area between the element and the PMMA (marked by a yellow arrow).
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With the uniform distribution of the clamping force, the uniform deformation of the
element occurred. At heating times of 0.1 to 0.3 s, the deformation was mainly manifested
in the change in the length of the shaft of the element (Figure 8); at the heating time of
0.4 s, even the head of the element was significantly deformed (Figure 6d). At the lowest
heat input during heating for 0.1 s, no deformation of the shaft of the element was noted.
It remained at its original length of 2 mm. At the highest heat input during heating for
0.4 s, the shortening of the shaft of the element was the largest, decreasing from the original
length of 2 mm to a length of 1.2 mm.
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Figure 8. Comparison of the effect of heating time on the deformation of the bimetallic element.

The deformation of the element is an important phenomenon in RES (REW) technology
from the point of view of ensuring the form-fit connection between the element and the
upper material [1]. The results showed that, from this point of view, not only is making
the correct choice regarding the magnitude of the clamping force during resistance heating
important but that the amount of heat supplied to the soldered joint is as well. In addition,
it is necessary to ensure an even distribution of pressure on the head of the element.
Otherwise, there will be an uneven deformation of the element (Figure 6b), which can have
a negative effect on the spattering of the molten solder during resistance soldering and
ultimately on the properties of the joint.

In neither case was there thermal or thermo-oxidative decomposition of the used
thermoplastic in the heat-affected zone (in the contact area of the element and PMMA).
The condition of the joining mode without an unwanted thermal influence of the basic
materials was thus fulfilled.

Figure 9 shows the cross-sections of the soldered joints. Local porosity in the structure
of the bimetallic element can be observed. The pores are in the middle part of the shaft
only in the volume of solder that was remelted during joining. The occurrence of pores in
the soldered joint was not observed on any sample. Since only defect-free semi-finished
products (tested through X-ray radiation) were used for the manufacturing of the bimetallic
elements, we can assume that the appearance of pores was caused by the insufficient de-
gassing of the flux from the molten solder during resistance heating. Despite the extremely
fast temperature increase and short cooling time when using resistance soldering [33], very
good wetting of the base material (galvanized steel sheet) with the Sn60Pb40 solder from
the bimetallic element can be seen at the joint (Figure 9a). Suitable wetting conditions were
observed on the entire contact surface—in the middle (Figure 9b) as well as on the edges
(Figure 9c).
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Figure 9. SEM images of a RES joint of a galvanized steel sheet with the core of a bimetallic element,
Cu/Sn60Pb40, created at a heating time of 0.3 s: (a) general view, (b) detail from the center of the
element, and (c) detail from the edge of the element.

A detail of the solder/galvanized steel sheet interface is documented in Figure 10.
Element distribution maps as well as a line analysis show a relatively sharp interface
between the solder and the base material (Figures 11 and 12). In the transition area, we
noticed the dissolution of the Zn protective layer of the galvanized steel sheet by the molten
solder. The thickness of the Zn protective layer on the steel sheet thus decreased from the
original 15 µm to approximately 1.5 µm. In addition, there was a change in the chemical
composition in the transition area, which was caused by the diffusion of Sn from the solder
into the Zn coating (Figure 12).
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Figure 12. Linear analysis of the distribution of elements across joint T15 (heating time of 0.3 s).

The structure of the solder was formed by primarily created grains rich in Pb and
eutectic (a mechanical mixture of the solid solutions of Sn and Pb); see Figure 13. The ob-
served structure corresponds to the Sn-Pb binary diagram. We noticed a more pronounced
increase in the amount of Zn in the Sn60Pb40 solder structure in the area of the primarily
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created grains rich in Pb. In the base matrix of the solder (near the joint) formed by the
eutectic, the proportion of Zn was zero (Figure 12).

Metals 2023, 13, x FOR PEER REVIEW 13 of 19 
 

 

 

Figure 13. Structure of Sn60Pb40 solder (heating time of 0.3 s): (a) SEM image with marked areas 

for EDS analysis, (b) EDS analysis of “Spectrum 58”, and (c) EDS analysis of “Spectrum 73”. 

 

Figure 14. Detail of sample T10 (t = 0.2 s) after tensile test. 

Figure 13. Structure of Sn60Pb40 solder (heating time of 0.3 s): (a) SEM image with marked areas for
EDS analysis, (b) EDS analysis of “Spectrum 58”, and (c) EDS analysis of “Spectrum 73”.

The strength of the joints was determined through a tensile test. All the samples used
were broken during the test by the fracture of the PMMA in the location that was weakened
by the pre-drilled hole. The detail of the failure of the thermoplastic after the tensile test is
documented in Figure 14.
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To assess the maximum strength of the soldered joint, a new series of test samples was
prepared. The PMMA was replaced by an aluminum sheet. The change in the heat input
was again ensured only by changing the heating time from 0.1 to 0.3 s. Since significant
solder spatter occurred already at the heating time of 0.3 s (Figure 15c), the heating time
of 0.4 s was no longer used. Therefore, for the purposes of the tensile test, three series of
samples were made.
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Figure 15. General view of RES joints (steel/aluminum) with bimetallic element (Cu/Sn60Pb40) from
the face (front side): (a) t = 0.1 s, (b) t = 0.2 s, and (c) t = 0.3 s.

The results of the tensile test are shown in Table 9. The failure occurred in all the
samples in the soldered joint. Depending on the heating time, the average value of the
joint shear strength ranged from 34 MPa, at a heating time of 0.1 s, to 53 MPa, at a heating
time of 0.3 s. The results show that the strength of the joint using the bimetallic element
is significantly influenced by the heating time and thus the heat input. Compared to the
strength of the solder itself, which is 61.5 MPa (Table 2), the average maximum strength of
the soldered joint at a heating time of 0.3 s was only slightly lower.

Table 9. Tensile test results for evaluating the strength of RES joints.

Sample
Number

Heating Timet
(s)

Loading Force
Fmax (N)

Ultimate Tensile
Strength Rm (MPa)

Average Value of
Tensile Strength Rm

(MPa)

Standard Deviation
of Tensile Strength

Rm (MPa)

1

0.1

840 42.80

34.03 8.10

2 730 37.20

3 630 32.10

4 490 24.97

5 650 33.12

1

0.2

890 45.35

43.21 6.68

2 1000 50.96

3 640 32.61

4 840 42.80

5 870 44.33

1

0.3

1220 62.17

53.40 9.58

2 1200 61.15

3 900 45.86

4 800 40.76

5 1120 57.07
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The strength of the RES joint is primarily determined by the type of solder, the size of
the contact area between the element and the soldered sheet, and the heating of the sheet
to the soldering temperature. For each shape and size of the bimetallic element, the heat
input has some limit. It was found that, in the case of high heat input, when the volume
of the remelted solder in the bimetallic element was close to 100%, there was an extreme
spattering of the solder and thus a significant decline in the quality of the joint. The suitability
of the recommended heating time of 0.3 s (Q = 952 J) was also confirmed by the results of
the evaluation of the joint strength, when the obtained values were only slightly lower than
the strength of the used solder. Contrariwise, a low heat input, e.g., a heating time of 0.1 s
(Q = 352 J), was insufficient for heating the galvanized steel sheet to the working temperature,
which was manifested by a low strength—the average strength value was only 64% of the
strength of the joints obtained at a heating time of 0.3 s (Q = 952 J).

The fracture surfaces of the joints from the side of the galvanized steel sheet (made
at different heating times) are shown in Figure 16. The images document the very good
wetting of the base material by the Sn60Pb40 solder. The edges of the joints are clearly
defined by the shell of the bimetallic element, which was pressed against the galvanized
steel sheet during heating. As can be seen from the pictures, with the extension of the
heating time (with an increasing heat input), the volume of solder that penetrated between
the element and the galvanized steel sheet increased.
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Figure 16. General view of fracture surfaces (galvanized steel sheets) of joints made at different
heating times: (a) t = 0.1 s, (b) t = 0.2 s, and (c) t = 0.3 s.

A detail of part of the fracture surface from the side of the galvanized steel sheet
(heating time of 0.3 s) is shown in Figure 17. Maps of the distribution of the elements are
shown in Figure 18. It can be seen from the pictures that the fracture propagated through
the solder (an area with high Pb and Sn contents). The area with a dominant presence of
Zn borders the inner diameter of the shell of the bimetallic element.
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The shortcoming of the presented results is the relatively high dispersion of the joint
strength values. This deficiency can be attributed to the sensitivity of the mechanical prop-
erties of the joints to solder spatter or to a rare occurrence of areas where suitable conditions
for wetting the base material with the molten solder were not ensured (Figure 16c). The
results show that the quality and strength of the joint is influenced, in addition to the
process parameters and the quality of the bimetallic element, by the precise positioning
of the element. This condition can be fulfilled by using a suitable jig, which ensures the
perpendicularity of the element to the steel sheet during the making of the soldered joint.

4. Conclusions

The aim of the presented work was to verify the suitability of using Sn60Pb40 solder
in Resistance Element Soldering (RES) technology. For this purpose, joints were made
between galvanized steel sheets and thermoplastics (PMMA) using bimetallic elements,
Cu/Sn60Pb40, with a shaft diameter of 6 mm. For an overall evaluation of the mechanical
properties, joints between galvanized steel sheets and aluminum were made with the same
type of elements. The following conclusions can be drawn from the achieved results:

1. The heat input in the range of 352 to 1375 J (regulated by the heating time of 0.1 to 0.4 s)
had a significant effect on the volume of the remelted solder in the core of the bimetallic
element as well as on its total deformation:

a. At the lowest heat input, the volume of the remelted solder represented only 28%
(of the total volume of the core of the bimetallic element); at the highest heat input
it was 95%. With a volume of the remelted solder greater than 80% (heat input of
above 952 J), a spattering of Sn60Pb40 solder was observed at the joint location,
which can negatively affect the overall properties of the joint.

b. At a heat input of 352 J (heating time of 0.1 s), the required deformation of the
bimetallic element did not occur for the creation of a form-fit connection with the
PMMA. The fixation of the thermoplastic to the galvanized steel sheet at the joint
was insufficient. The necessary deformation of the shaft of the bimetallic element
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only occurred when the heat input exceeded 700 J (heating time of 0.2 s). At the
highest heat input of 1375 J (heating time of 0.4 s), the significant deformation of the
head of the bimetallic element was observed.

2. At a heat input of above 700 J (heating time of 0.2 s), a good wetting of the galvanized
steel sheet with Sn60Pb40 solder was found, without thermal damage to the joined
materials (the destruction of the protective Zn layer on the galvanized steel sheet or
the thermal decomposition of the PMMA). Despite the rapid heating and short cooling
time during resistance soldering, the dissolution of the Zn layer on the galvanized steel
sheet by the solder and the diffusion of Sn from the solder into the Zn coating were
observed. The thickness of the diffusion area from the side of the steel sheet reached
a value of 1.5 µm. The solder structure formed by primarily created Pb grains and
eutectic corresponds to the Sn-Pb binary diagram. A more significant increase in Zn
in the Sn60Pb40 solder structure was observed in the area of primarily created grains
rich in Pb. The appearance of pores in the structure of the solder arose because of its
insufficient degassing during the cooling phase.

3. From the results published so far, the type of coating on the joined material has a
significant effect on the strength of the joints made with Sn-based solders [34–36]. The
strength of the soldered joints between the galvanized steel sheet and PMMA using
bimetallic elements, Cu/Sn60Pb40, exceeded the strength of the thermoplastic. The
replacement test joints between the galvanized steel sheet and the aluminum were
broken in the solder joint. Depending on the heat input during resistance soldering,
the average strength varied from 34 MPa at 352 J (heating time of 0.1 s) to 53 MPa at
952 J (heating time of 0.3 s). The results showed that the heating time and thus the heat
input have a significant effect on the strength of the joint using the bimetallic element,
Cu/Sn60Pb40. Compared to the strength of the solder itself (61.5 MPa), the average
value of the strength of the soldered joint was somewhat lower, which was probably
caused by the sensitivity of the mechanical properties of the joints to local solder spatter
and the occurrence of areas where the conditions for wetting the galvanized steel sheet
with Sn60Pb40 solder were not met.

Based on the results, we assume that RES technology can be used wherever there is a
requirement to join combined materials at low temperatures (up to 250◦C). The soldered
joint can be made on metal or ceramic materials, and any material that can withstand the
soldering temperatures can be joined using RES technology. The technology is also suitable
for joining sandwich materials, e.g., metal–plastic composites (MPCs).
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