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Abstract: For several decades, the electrical resistance spot welding process has been widely used in
the manufacturing of sheet metal structures, especially in automotive bodies. During this period
there was no significant development for this welding process. However, in recent years, in order
to meet the demand for lighter, economical, and low-cost vehicles, the automotive manufacturing
industry is undergoing a revolution in the use of high strength steel sheet combinations, chemical
compositions, and of different thicknesses. In this context, the present work focuses on the study and
development of a new resistant spot welding technology using additive manufacturing (AMSW) in
zinc-coated steel sheets, used in the automotive industry. As a comparison, spot welding was also
performed by the conventional resistance spot welding process (RSW). The results showed that the
spot welding process using additive manufacturing (AMSW), through the optimized parameters,
compared to the conventional resistance spot welding process (RSW), was 34.47% higher in relation
to the shear tensile stress, as well as 28.57% higher tensile stress with a perpendicular load to the
weld spot. The indentation or thermomechanical mark on the surface of the sheet was imperceptible
to the visual inspection, producing a smooth face in the spot region.
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1. Introduction

Resistance spot welding (RSW) is the most used process in the assembly of structures, such as
automobiles, trucks, airplanes, train cars, etc. As an example, an average of 4000 weld spots is required
in an automobile body assembly [1-3].

Currently, in the automotive industry, high strength steels are being used in order to improve the
safety and reduce the weight and cost of vehicles. Combinations of dissimilar materials and different
thicknesses are also being used, these are specified to match material properties to requirements at
specific vehicle body locations. Therefore, the formation of the weld spot and its behavior during
welding is expected to be different when this spot is made on these new circumstances [4-8]. This
phenomenon is due to the fact that the amount of thermal energy generated during welding depends
on three main factors: the electric current, the electrical resistance of the conductor, and the current time.
These three variables directly affect the thermal energy generation by Joule effect during welding [9-11],
as expressed in Equation (1). In this equation, Q is the total thermal energy generated during welding,
R is the total electrical resistance, and t is the interval time of electric current.

t
Q= f R(t).I%.dt 1)
0
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These facts justify the development of a new welding process, so that better conditions of
weldability, as well as structural quality and aesthetic quality in the new vehicle bodies can be observed.
For the conventional resistance spot welding process, the chemical composition and the contact area
between the overlapped sheets are two variables that have an important effect on weldability [12-16].

In this context, the present work focuses on the development of a new spot welding technology
using additive manufacturing, more specifically, using a laser metal powder deposition process, due to
the intrinsic characteristic of this process of performing the deposition from various types of materials,
in different formats with a considerable geometric precision [17-20].

For the study and analysis of the weldability, low carbon steel sheets coated with zinc, used in the
automotive industry, were welded. For this purpose, weldability diagrams were made, in order to find
the optimized welding parameters. Later, using the optimized parameters, the mechanical properties
were analyzed by tensile shear test and cross-tension test. By way of comparison, welding spots were
also realized by the resistance spot wilding process (RSW), aiming at the quantification of the effect of
welding variables on the spots produced by the two processes.

2. Materials and Methods

2.1. Characteristics of the Test Speciments

For the accomplishment of the experiments, low carbon steel sheets from the automotive industry
with 0.8 mm of thickness and coated with zinc by the process of hot immersion were used. Table 1
presents the main elements concerning the chemical composition of the sheet used in the experiments.

Table 1. Chemical composition of the steel sheets used in the experiments.

Alloy C Mn P S Si Cu Ni Cr Mo Al Ti
wt% 0.0030 0.6100 0.0330 0.0046 0.0770 0.0180 0.0056 0.0230 0.0020 0.0500 0.0480

The sheets were overlapped and welded through a spot made in the middle of this area, both for
the tensile shear tests and for the cross-tension tests, as shown in Figure 1. In this way, spot welding
was performed by resistance using the hump created by additive manufacturing, as well as, by way of
comparison, the resistance spot welding process (RSW). The dimensions of the specimens were based
on AWS B4.0 standard.

TL» S

35

le——
J—

O.BT
120

205 : ’é J

Figure 1. Schematic drawing of the test specimens used in the experiments, both for tensile shear tests
and cross-tension test, respectively, dimensions based on AWS B4.0 standard.

Table 2 shows the mechanical properties of the zinc coated steel sheet used in the experiments.



Metals 2020, 10, 555 3o0f12

Table 2. Mechanical properties of the zinc coated steel sheet.

Mechanical Properties Values
Yield Strength [MPa] 188
Tensile Strength [MPa] 372
Ductility [% Elongation] 44

2.2. Characteristics of the Metallic Powder for the Laser Deposition (Additive Manufacturing) Used in
the Experiments

The metal powder used in the experiments, through the process with laser deposition (additive
manufacturing), was the austenitic stainless steel 316L manufactured by the gas atomization process.
Table 3 shows the chemical composition of the metal powder used in the experiments.

Table 3. Chemical composition of the metallic powder - Stainless Steel 316L.

Alloy C Mo Ni Mn Cr Si Fe
wt % 0.015 2.6 13.1 1.6 17.2 0.7 Balance

2.3. Additive Manufacturing Process for Laser Powder Deposition Used in Experiments

Resistance spot welding using additive manufacturing (AMWS) was performed in two stages.
In the first stage, the deposition or printing of a spherical cap with a predetermined geometry was
performed on individual sheets, for the tensile shear test and the cross-tension test, as shown in Figure 2.
The chosen geometry for deposition or printing on the sheet was circular, to be later compared with
the conventional resistance spot welding process (RWS). The equipment used in the experiments to
perform laser deposition with metallic powder was model RPMI 535, manufactured by the company
RPM INNOVATIONS, INC (Rapid City, SD USA). This equipment has five axes for the control of the
movements, of which three axes for moving the nozzle and two for moving the fixing table.

Additive Manufacturing: Additive Manufacturing:

° ;fj: / Laser Metal Deposition Laser Metal Deposition

120

Z

17,5

Figure 2. Schematic drawing of the specimens for the execution of the laser deposition (additive
manufacturing) using metal powder, for both tensile tests and cross-tension tests, respectively.
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In the second stage the sheets were overlapped, one sheet with the MA deposition and the other
without. Subsequently, the electrodes with flat contact face, were positioned in the sheets at the same
coordinates of the deposition for the execution of resistance spot welding, as shown in Figure 3.

/ Electrodes with flat contact face

Figure 3. Schematic drawing of spot welding using additive manufacturing.

2.4. Characteristics of the Resistance Spot Welding Equipment Used in the Experiments

In the experiments, a stationary resistance spot welding equipment was used. This equipment
has a servo motor for the system of force and movement between the electrodes, with a maximum
capacity of 5.0 kN. The welding current used was one of the medium frequency direct currents.

The contact geometry (electrode/sheet) employed during the experiments, referring to the additive
manufacturing spot welding (AMSW), was the flat face. Regarding the resistance spot welding (RSW),
a spherical contact face electrode with a radius of 8 mm and a diameter of 16 mm and a height of
20 mm was used.

2.5. Welding Spot Acceptance Criteria

Table 4 shows the minimum dimensions for weld spot diameter approval, as well as the minimum
strength for tensile shear tests and cross-tension tests, which are directly related to the thickness of
the sheet.

Table 4. Dimensions and minimum tensile strength used for welding spot approval.

Sheet Spot Diameter Spot Diameter Min. Strength: Min. Strength:
Thickness (Macrography Test) (Peel Test) Tensile Shear Test Cross-Tension
(mm) (mm) (mm) (kN) Tests (kN)

0.8 3.1 3.6 2.30 1.38

2.6. Characterization of the Spot Welding Joint Geometry

The characterization of spot-welded joint geometry was based on macrography results. Figure 4
presents a schematic representation of a spot-welded joint geometry of sheet (1) and sheet (2). In this
figure the identifications represent: (A) the depth of indentation; (BM) the length of the sheet material
not affected by heating and cooling; (HAZ) the length of the steel sheet of base metal which was affect
by heating and cooling; and FZ is the fusion zone.
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Figure 4. Schematic drawing of a spot welding joint geometry.

2.7. Determination of Weldability Diagrams and Optimized Welding Parameters

Weldability diagrams were performed for both the resistance spot welding process (RSW) and the
spot welding using additive manufacturing (AMSW). The determination of the weldability diagrams
was built up locating the optimized welding time and welding current of each process. Afterwards,
the optimized parameters were utilized to produce samples for spot weld geometric dimensions
(macrographs) and the spot weld mechanical properties (tensile shear tests and cross-tension tests).

3. Results and Discussion

3.1. Weldability Diagrams

After the execution of the weldability diagrams, the optimized welding parameters were determined.
These were selected through a spot of greatest degree of freedom, concerning the welding parameters,
within the area of the diagram (point 9), as shown in Figure 5.

t (ms)

3 4 5
300 -
RSW Resistance Spot Welding
Optimized parameters:
/ 7.8 KkA; 225 ms and 2.90 kN i
225 5t 6 ‘ |
200 |

1 3 Additive Manufacturing Spot 2
7 Welding (AMSW)
Optimized parameters:
3 4 5 B8kA; 60 msand 1.10 kN
100
60 E

2 4 6 788 10 12 1(kA)

Figure 5. Weldability diagram for the determination of the optimized parameters, both for the spot
welding process using additive manufacturing (AMSW) and for the resistance spot welding process
(RSW), as well as examples of test specimens used in the experiments, respectively.
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Analyzing Figure 5, it is possible to observe that in relation to the optimized parameters,
the welding time was 275.0% higher for RSW than for AMSW. At the same time, the electrode pressure
was 163.6% higher for RSW. This result is due to the higher concentration of thermal energy through
the laser addictive manufacturing deposition, as well as the higher electrical resistivity and lower
thermal conductivity of the deposited material, when compared to the base material. These facts result
in greater efficiency in the generation of thermal energy during welding by Joule heating. On the other
hand, the welding current in the resistance spot welding process was lower by 2.5% in relation to the
parameters optimized by the spot welding process using additive manufacturing.

3.2. Dimensions of the Weld Spots through the Macrography Tests

Through the macrography tests, the dimensions of the weld spots were determined, using the
optimized parameters, referring to the spot welding process using additive manufacturing (AMSW),
as well as, for the resistance spot welding process (RSW), as shown Figures 6 and 7.

250pm

Figure 7. Example of macrography in relation to the spot welding process using additive manufacturing
(AMSW).

By the analysis of Figure 7, it is possible to observe that, in general, the dilution between the
deposited metal and the base material was almost 100% through the optimized parameters, referring
to the spot welding process using additive manufacturing. Table 5 presents a comparison between the
dimensions of the weld spots in relation to the resistance spot welding process (RSW) and the spot
welding process using additive manufacturing (AMSW), through the macrography tests. All results
presented are an average of three measurements.



Metals 2020, 10, 555 7 of 12

Table 5. Dimensions of the spot-welded joints by the macrography tests (mm).

Welding Spot Diameter Indentation Base Metal HAZ Extension Spot Thickness
Process gs Aq A, BM; BM, HAZ, HAZ, P)

RSW 4.92 0.25 0.20 0.0 0.0 0.83 0.68 0.82
AMSW 3.60 0.05 0.07 0.23 0.18 0.17 0.33 0.71

As shown in Table 5, the indentation (A; and Aj) were, on average, five times lower for the
spot-welding process using additive manufacturing (AMSW). This small depression was imperceptible
to the visual inspection, giving a spot welding performed by resistance using additive manufacturing
a very good aesthetic finishing. The indentation depth for AMSW is related to many factors, one of
them is the heat generated by Joule effect in the faying surfaces. The contact resistance at the faying
surface is important to obtain a spot weld with quality. The energy generated is proportional to the
total electrical resistance of the joint and by the welding current to melt sheets, and produce the nugget.
The faying surfaces contact resistances play an important role in producing the weld nugget by Joule
heating effect [21]. In the case of the AMSW one face is carbon steel and the other is AISI 316L laser
deposited by additive manufacturing (AM), which introduces two different materials, with distinct
electrical contact resistances. Figure 8 depicts the contact resistance at room temperature for AISI 316L,
HSLA galvanized, and SAE 1008 with and without galvanized coating. In the same figure is shown the
contact resistance for AISI 316L at 700 °C [22].
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Figure 8. Contact resistance for AISI 316L; HSLA galvanized (g); SAE 1008 without zinc coating (w/g)
and SAE 1008 galvanized and AISI 316L at 700 °C. Adapted from [22].

Analyzing this picture, in the pressure range between 50 and 100 MPa, the contact resistance for
AISI 316L at room temperature is close to one order of magnitude higher than SAE 1008 (g) and SAE
1008 (w/g). This means the Joule heating is much higher for AMSW, than for RSW, explaining the lower
welding time presented by AMSW, depicted in Figure 5. In addition, because of a reduced welding
time for AMSW, a partial burning of the zinc coating on the sheet steel surface occurs, as shown in
Figure 9, which helps in the corrosion resistance in the welded region by AMSW process.
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Figure 9. Image of zinc coated sheet surface after spot welding using additive manufacturing (AMSW).

3.3. Maximum Tensile Shear Stress

Table 6 presents the results (average of 3 samples) of the maximum tensile stress by shearing
of the weld spots, through the optimized welding parameters, by additive manufacturing (AMSW)
spot welding, as well as, by the resistance spot-welding process (RSW), comparing the two welded
joints with the maximum tensile stress of the sheet. In order to obtain greater accuracy in the stress
calculations, the diameters of the weld spots found in the macrography tests were used.

Table 6. Maximum tensile shear stress of the weld spots and the sheet (average of three samples).

. Max. Tensile Max. Tensile
. agS Max.Tensile
Welding Spot Diameter Shear Load Shear Stresses Stress
Process P (mm) (KN) of the Weld Spot of the Sheet
(MPa) (MPa)
RSW 4.92 5.012 264 372
AMSW 3.60 3.613 355 372

Figure 10 presents the results of Table 6 through the bar graph, in order to facilitate the analysis of
the differences between the maximum tensile shear stress of the weld spots in relation to the maximum
stress of the zinc coated sheet.

By the analysis of Figure 10, it is possible to notice that the maximum tensile shear stress related
to the spot welding process using additive manufacturing (AMSW) presented itself 4.57% lower
if compared to the maximum tensile stress of the zinc coated sheet zinc. However, the maximum
tensile stress by shear through the resistance spot welding process (RSW), was lower by 29.1%, when
compared to the maximum tensile stress of the coated sheet of zinc. It is also noticed that the maximum
tensile stress by shearing through the process of spot welding using additive manufacturing (AMSW)
was 34.47% higher in relation to the process of resistance spot welding (RSW). This result is related
to the lower HAZ (heat-affected zone), the absence of indentation and also the higher mechanical
resistance of the alloy deposited in relation to the base material, referring to the spot welding process
using additive manufacturing (AMSW).
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Figure 10. Comparison of maximum tensile shear stress between the weld spots by the spot welding
process using additive manufacturing (AMSW) and the resistance spot welding process (RSW),
in relation to the maximum tensile stress of the zinc coated sheet.

3.4. Maximum Tensile Stress for Cross-Tension Test

Table 7 presents the results (average of three samples) of the maximum tensile stresses of the cross-
tension test with perpendicular load to the weld spot, through the optimized parameters, by the spot-
welding process using additive manufacturing (AMSW), as well as by the resistance spot welding
process (RSW), comparing the two processes with the maximum tensile stress of the sheet. In order
to obtain greater accuracy in the stress calculations, the diameters of the weld spots found in the
macrography tests were utilized to calculate the maximum tensile stresses.

Table 7. Maximum tensile stress for cross-tension test of the weld spots and the sheet (average of three samples).

. as Max Tensile Max. Tensile Max. Tensile
Welding . Stresses Stress
Spot Diameter Shear Load
Process (mm) (kN) of the Spot of the Sheet
(MPa) (MPa)
RSW 492 3.32 175 372
AMSW 3.60 2.29 225 372

Figure 11 shows the results from Table 7 through the bar graph in order to facilitate the analysis of
the differences between the maximum tensile stresses with perpendicular load to the weld spot with
cross- tension, in relation to the maximum sheet tension.
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Figure 11. Comparison of maximum tensile stresses of weld points under cross-tension test, between
spot welding process using additive manufacturing (AMSW) and the resistance spot welding process
(RSW), in relation to the maximum tension of the zinc coated sheet.

By the analysis of Figure 11, it is possible to observe that the stress related to the tensile shear
tests (item 3.3), were 57.78% and 50.86% higher in relation to the spot welding process using additive
manufacturing (AMSW), and also for the resistance spot welding process (RSW), respectively, when
compared to the results of the cross-tension tests. This result is related to the lower deformation rates
for the tensile shear test.

Also, by the analysis of Figure 11, it is possible to observe that the maximum tensile strength of the
weld spot in a cross-tension test, referring to the spot welding process using additive manufacturing
(AMSW), was 39.52% lower compared to the maximum tension of the sheet. However, the maximum
tensile strength of the weld spot in a cross-tension test by the resistance spot welding process (RSW)
was lower by 52.96%, compared to the stress of the zinc coated sheets. It can also be observed that
the maximum tensile stresses with cross-tension test, by the process of spot welding using additive
manufacturing (AMSW), was higher in 28.57%, compared to the process of resistance welding spot
(RSW). Similar to the previously analyzed results (item 3.3—tensile shear stress), these results are
related to the lower HAZ (heat-affected zone), the absence of indentation and also the higher mechanical
resistance of the deposited alloy in relation to the base material, referring to the spot welding process
using additive manufacturing (AMSW).

4. Conclusions

Based on the materials used, the experiments performed and the results obtained, it is possible to
conclude that:

1.  In general, the dilution between the deposited metal and the base material was total, using the
optimized parameters, in zinc coated sheets, it can be concluded that this new process of spot
welding using additive manufacturing (AMWS) is by melting and pressing.

2. The welding time for the optimized parameters, by the resistance spot welding process (RSW),
was higher by 275% when compared to the time of the optimized parameters of the spot welding
process using additive manufacturing (AMSW). This result is related to the higher concentration
of thermal energy in a predetermined area, performed through the laser deposition, as well as,
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with the higher electrical resistivity, and lower thermal conductivity of the deposited material
compared to the base material. Therefore, one can conclude that these facts result in lower losses
and greater efficiency in the generation of thermal energy, when compared to the resistance spot
welding process (RWS).

The strength between the electrodes in relation to the optimized parameters, by the resistance
welding process (RSW), was higher by 163.6%, compared to the strength of the optimized
parameters of the spot welding process using additive manufacturing (AMSW), it can be
concluded that this new process of spot welding requires smaller equipment, and consequently
lower costs.

The maximum stress of the weld spot in relation to the tensile shear tests and the cross-tension
tests, referring to the spot welding process using additive manufacturing (AMSW), was 34.47%
and 28.57% higher respectively, in comparison to the resistance spot welding process (RSW).
These results are related to the lower HAZ (heat-affected zone), the absence of indentation and
also the greater mechanical resistance of the alloy deposited in relation to the base material.
It can be concluded that this new process of spot welding using additive manufacturing, under
optimized conditions, has higher mechanical resistance in static shear stresses and static stresses
perpendicular to the weld spot compared to the resistance spot welding process (RSW).

The indentation or thermomechanical mark on the surface of the sheet, referring to the spot
welding process using additive manufacturing (AMSW), through the optimized parameters,
were imperceptible to the visual inspection. It can be concluded that this new welding process,
in relation to aesthetics, can be used on apparent surface.

5. Patent

The process of resistance spot welding using additive manufacturing (AMSW) was patented by

the authors of this article. Patent Number: US 15442655 — USA.
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