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Introduction. The resistance spot welding (RSW) process has proven to be widely applicable across various
industrial sectors, especially for mass production. Typical fields of application include aerospace, automotive,
furniture manufacturing, and other industries. However, the RSW process presents certain challenges when welding
aluminum and its alloys. Generally, aluminum alloys produce poor welds due to their physical and metallurgical
properties such as oxide formation, thermal expansion and contraction, lower weldability, and the formation of
intermetallic compounds. This study aims to evaluate the feasibility and mechanical characteristics of RSW joints
in A/-5 Mg aluminum alloys. The purpose is to assess the potential of resistance spot welding for aluminum alloys
and to determine the influence of key RSW parameters on the microstructure and properties of the weld. Research
methods. 4/-5 Mg aluminum alloy sheets in as-received condition were used. Spot welding was performed using
a stationary resistance spot welding machine M7-4240. Samples for analysis were cut, polished, and subsequently
examined under an optical microscope. Hardness measurements were carried out using a microhardness tester along
two directions: radially across the nugget and through the sheet thickness, employing a 100 g load. An Instron
electromechanical testing machine was utilized for shear testing at a constant traverse speed of 1 mm/min until
complete joint failure at room temperature. The nugget diameter was measured on the fracture surface after shear
tensile testing. Results and Discussion. Optimal input parameters for welding 2.5 mm thick aluminum sheets were
identified, and three output variables were analyzed: tensile strength, joint hardness, and nugget diameter. It was
observed that joint strength improved significantly with increased process parameters (welding current and welding
period). Nugget diameter showed a clear correlation with input parameters related to current and welding period.
An increase in process parameters, i.e., weld cycle time, electrode force, and welding current, led to an increase
in nugget size. The ratio of weld strength to base metal strength reached approximately 0.9. It is demonstrated
that resistance spot welding of 2.5 mm thick A4/-5 Mg aluminum sheets is feasible and can be employed in various
industrial applications.
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Introduction

Resistance spot welding (RSW) is widely used in the automotive, aerospace, construction, and energy
industries for joining sheet metal components made of steel and aluminum alloys, as well as for creating
dissimilar joints between steel and aluminum, aluminum and magnesium, and aluminum and titanium [1—
10]. For example, the productivity of modern automated automotive assembly lines reaches up to 7 million
spot welds per day [8, 9]. Aluminum alloys are extensively employed in the aerospace industry due to a
combination of properties such as low density, high specific strength, good machinability, and corrosion
resistance. Another significant advantage of aluminum alloys is their wide availability. The density of
aluminum alloys is approximately one-third that of steel, which allows for a reduction in aircraft structural
weight, improved fuel efficiency, and increased payload capacity.

For manufacturing critical load-bearing structural components of supersonic aircraft, where high
strength is crucial, steel remains the preferred material [11-15]. However, aluminum alloys are widely used
for wing panels, fuselage sections, empennage components, exhaust system parts, interior components, and
engine turbine parts of modern aircraft. Aluminum alloys constitute between 50 % and 90 % of the mass of
modern spacecraft. They have been extensively used in spacecraft such as Soyuz, Progress, space shuttles,
satellites, and others [11-15]. Aluminum alloys are classified based on alloying systems such as AI-Mg, Al
Mg-Li, Al-Cu—Li, among others, which are the most common types applied in aerospace and automotive
industries for high-strength engineering applications [14—18].

One of the key trends in the automotive industry is the reduction of vehicle weight. This goal is achieved
by using materials with low specific weight, such as aluminum and its alloys, which in turn contributes
to optimizing production costs [7-9]. Aluminum alloys are suitable metals for automotive applications
because they can be easily cast and formed into required shapes and offer promising weight reduction
compared to steel. The use of aluminum alloys in manufacturing body parts, cabin panels, wheel rims, and
interior trim can reduce vehicle mass by more than 50 % [10, 11]. Owing to their combination of casting
and deformation properties along with low specific weight, aluminum alloys stand out favorably compared
to steels and are widely applied in the automotive sector.

For resistance spot welding of aluminum and its alloys, high-power welding guns are required due to the
need for welding currents 2 to 3 times higher than those used for steel. This is caused by aluminum’s higher
electrical and thermal conductivity. Meanwhile, the welding period must be reduced to approximately one-
third of that used for steel welding [1, 2].

Resistance spot welding (RSW) is a process of joining contacting metallic surfaces through heating
generated by the electrical resistance to the current flowing through the parts being welded [1]. The welding
process is controlled by three main parameters: mechanical (electrode force), electrical (welding current),
and temporal (welding period). An electric current supplied to two overlapping sheets via coaxial electrodes
is maintained for a sufficient duration to achieve localized fusion at the interface of the metal sheets. After
the current is switched off, pressure is applied to form a strong joint along the fusion line. Subsequently, the
molten metal cools down, forming a cast weld nugget within a confined volume.

The current density and applied pressure must be sufficient to form a solidified nugget but not so high as
to expel molten metal from the weld zone. The welding current duration should be short enough to prevent
excessive heating of the electrode surfaces. Electrode force, welding current magnitude, and welding period
play a decisive role in the quality of the resistance spot weld. An electronic control unit is used in welding
machines to monitor and regulate these welding parameters.

The quality and strength of welds produced by RSW are determined by the shape and size of the weld
nuggets. Nugget size is a critical parameter that dictates the load-bearing capacity of the joint. There exists
a direct correlation between heat generation and the size of the weld nugget during the RSW process. Heat
generation, and consequently nugget size, is influenced by the following primary factors: contact resistance
between the welded surfaces, welding current density, welding period, and thickness of the sheets being
joined.

Akey feature of RSW is the absence of the need for filler materials or fluxes. The competitive advantages
of RSW over alternative metal joining methods, such as gas metal arc welding (GMAW), gas tungsten
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arc welding (GTAW), and riveting, include the possibility for full process automation and integration into
robotic production lines.

The main challenges limiting the application of RSW for aluminum alloys are:

1) limited service life of contact electrodes. The surface of aluminum alloys is characterized by the
presence of an oxide film (A4/:0s) with high electrical resistance and non-uniform thickness [1, 2, 12-16].
When the sheets are compressed by the electrodes, the oxide film deforms unevenly, resulting in current
concentration at localized contact points. The high current density in these areas causes intense heating,
localized melting, and fusion between the copper electrode and aluminum, leading to erosive wear of the
electrode’s working surface [1, 2]. Changes in the geometry and composition of the electrode surface
during operation cause instability in welding parameters and reduce weld strength [12—15].

2) high welding current requirements. To ensure the formation of high-quality welds in aluminum alloys
by RSW, significantly higher welding currents are required compared to steels. This factor diminishes the
potential energy efficiency advantages of aluminum alloys related to their lower density compared to steels
[3,4,17, 18].

Existing studies on resistance spot welding (RSW) of aluminum alloys are predominantly focused on
thick materials [19-21]. Thin-sheet aluminum alloys require separate consideration because differences in
contact areas, thermal regimes, and electrical characteristics necessitate adjustments in welding parameters,
including electrode force and current density [1, 2, 20-22]. Both alternating current (4C) and direct current
(DC) power sources with varying frequencies are used for RSW [1, 2, 23-29], affecting energy transfer
modes and optimal welding period for both stationary and portable equipment [1-3, 22, 28, 30, 31, 31-36].
Welding quality is also significantly influenced by external factors such as surface condition (roughness,
contamination) [2—8], assembly accuracy [9], electrode condition (wear) [9—14], and the precision of
positioning the welded parts (axial and angular misalignment) [20-22].

Aluminum alloys are highly sensitive to oxidation under environmental exposure. The oxide film
formed on the surface (4/:0;s) exhibits high electrical resistance, which leads to increased heat generation
at the contact zone during welding. Insufficient surface preparation aimed at oxide film removal can cause
aluminum adhesion to the electrode material, accelerated electrode degradation, and poor-quality welds
[1-5, 36-38]. Some studies have investigated the surface characteristics of aluminum alloy welds produced
by RSW [3-8]; however, only a few reports document a significant decrease in hardness within the weld
zone [1-4] for various aluminum alloy grades. Several works address the reduction in weld joint strength
relative to the base metal and analyze the fracture behavior in the central weld nugget zone [29, 39].

This study aims to investigate the influence of resistance spot welding (RSW) parameters on the
microstructure and mechanical properties of weld joints made from A/-5 Mg aluminum alloy.

The objectives of this work are:

1) to evaluate the applicability of resistance spot welding (RSW) for joining A/-5 Mg aluminum alloy;

2) to determine the effect of key RSW parameters on the microstructure and mechanical properties of
the weld joint.

Materials and experimental procedure

The RSW process cycle diagram and the lap joint configuration used for tensile shear testing are shown
in Figs. 1 and 2, respectively.

For welding, 2.5 mm thick sheets of A/-5 Mg aluminum alloy (GOST 21631-2023) were used. Surface
preparation of the sheets included the following steps: preliminary degreasing, followed by etching in
a 4 % sodium hydroxide (NaOH) solution for 10 minutes, and subsequent treatment in a 2 % nitric acid
(HNO:s) solution for 5 minutes to remove the oxide film. Welding was performed on a stationary resistance
spot welding machine MTN-100.01. The RSW process scheme and cycle diagram are presented in Fig. 2.

Shear tensile tests were conducted on a universal electromechanical testing machine /nstron at room
temperature, with a constant traverse speed of 1 mm/min until complete joint failure. The weld nugget
diameter was measured on the fracture surface after the shear tensile test. Load values at shear and nugget
diameter were calculated as the arithmetic mean of five measurements for each test series.
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Fig. 1. Dimensions of the lap joint specimen produced by
resistance spot welding (RSW) for tensile testing

Fig. 2. Process scheme and cycle diagram of resistance spot welding (RSW)

For resistance spot welding (RSW) of 2.5 mm thick aluminum alloys, three variable parameters were
used: welding current (ranging from 5 to 30 kA), welding period (from 1 to 5 seconds), and electrode
force (from 2,000 to 5,000 N). The experiment consisted of thirteen series, each including welding
of five samples: four for static shear tensile testing and one for metallographic analysis and hardness
measurement.

Samples for metallographic analysis and hardness testing were cut perpendicular to the longitudinal
direction of the welded specimens from the central region of the joint. Preparation of metallographic
specimens involved cutting samples into 12 x 12 mm blanks, grinding, polishing, and etching to reveal
the microstructure. Microstructure examination was performed using an optical microscope Mikromed 2.
Hardness measurements were carried out in two directions (along the nugget radius and through the sheet
thickness) using a microhardness tester with a 100 g load.
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Results and Discussion

The welds produced by resistance spot welding (RSW) demonstrated satisfactory surface quality across
the entire range of tested parameters. Changes in the diameter and depth of electrode indentation were
observed depending on the welding mode. Metallographic analysis revealed no internal defects such as
porosity or shrinkage cavities within the cast structure of the weld nugget.

Fig. 3 shows the general microstructure of the weld joint, illustrating characteristic structural zones
including the fusion zone and the heat-affected zone (HAZ). In the cast structure region (Fig. 3, a, b), a
fine-grained recrystallized microstructure with equiaxed grains is observed, along with insoluble FeAls
intermetallic inclusions (black) and a narrow zone of columnar crystals oriented along the heat dissipation
direction during solidification. The heat-affected zone (HAZ), adjacent to the fusion zone (Fig. 3, c¢), is
characterized by a dendritic structure. The base metal microstructure (Fig. 3, d) consists of grains elongated
in the rolling direction.

c d
Fig. 3. Microstructure of a welded joint obtained by resistance spot welding (RSW):

a — general view of the welded joint; & — microstructure of the cast zone of the weld core; ¢) transition zone from the
weld core to the heat-affected zone (HAZ); d — microstructure of the base material

To study the effect of welding period on the weld microstructure, metallographic analyses were
performed on samples welded at various welding periods (from 33.4 ms to 167.0 ms) at a fixed welding
current of 12 kA. It was found that increasing the welding period in this range leads to growth in grain size of
equiaxed, dendritic, and columnar structures within the fusion zone. No significant changes in grain size or
microstructure were detected in the HAZ compared to the base metal. However, welding periods exceeding
167.0 ms caused grain growth in the HAZ adjacent to the fusion zone relative to the base material, attributed
to increased heat input during welding.

In the fusion zones of welds produced at the minimum welding current, a columnar grain structure with a
pronounced liquation zone at the fusion boundary was observed (Fig. 3, b). The extent of the liquation zone
increased at lower welding currents. Increasing the welding current resulted in a significant enlargement of
the columnar grains in the fusion zone. Additionally, equiaxed grain regions formed in the central part of
the fusion zone, indicating decreased cooling rates and thermal gradients. Grain coarsening was also noted
in the HAZ of welds produced at higher welding currents.

Vol. 27 No. 3 2025 %



% OBRABOTKA METALLOV TECHNOLOGY

Raising the welding current to 17 kA led to the formation of finer equiaxed grains in the fusion zone.
The increase in welding current from 12 kA to 17 kA caused deeper electrode indentation into the sheets,
reducing the distance between the cooled electrode and the center of the fusion zone. Consequently, the
thermal gradient (G) in the fusion zone increased. The diameter of the fusion zone was largely determined
by welding current and welding period. A higher thermal gradient in the weld metal promotes the formation
of a fine-grained microstructure during solidification, which is consistent with findings reported in
references [1-7].

The dependence of the fusion zone diameter on
welding current and welding period is presented in
Figs. 4 and 5. A monotonic increase in the fusion
zone diameter is observed with increasing welding
current up to the maximum value achievable by the
equipment used (Fig. 4). This trend is attributed to the
increased heat input with rising welding current and
is consistent with findings reported for carbon steels
[1]. The results indicate that the applied electrode
force was insufficient to cause the expulsion effect
and the subsequent reduction in fusion zone diameter,
since despite a small amount of expulsion occurring
at 28.7 kA, no decrease in fusion zone diameter was
observed (Fig. 4).

Several researchers have noted the possibility of
increasing welding current without metal expulsion by increasing electrode force [2—5]. Metallographic
analysis of samples welded at high current values revealed incomplete metal expulsion. Furthermore,
welding current affects the depth of electrode indentation on the metal surface. All welds exhibited electrode
indentations, the depth of which was largely determined by the welding current magnitude.

Electrode force has a minor effect on the fusion zone diameter for values up to 4,000 N. However, when
the force exceeds this value, a slight decrease in fusion zone diameter is observed (Fig. 6). This effect can be
explained by improved contact between the welded surfaces, resulting in reduced electrical resistance and
heat input at higher electrode forces. The influence of the contact interface between the sheets on changes
in fusion zone size depending on electrode compression force is also reported in studies [19-22].

The effect of electrode force on indentation depth was negligible within the investigated range. For
detailed analysis of the electrode force effect on thickness reduction of the welded sheets, measurements
were conducted at an intermediate welding current of 26.4 kA and welding period of cycle over a load range
from 2,354 to 4,709 N. It was found that electrode force does not significantly affect indentation depth,
while all welds showed an approximate 10% reduction in sheet thickness.

To evaluate the strength and load-bearing capacity of the welds, tensile tests were performed (Table 1).

Fig. 4. Dependence of the nugget diameter on the
welding current (RSW)

Fig. 5. Effect of welding period on the nugget size Fig. 6. Effect of the electrode force on the nugget
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Table 1
Values of ultimate strength, nugget diameter, and average microhardness
Exp. No. Tensile strength, MPa Nugget diameter, mm Average microhardness, HV

Base metal 272 - 94
1 231 7.91 110

2 220 7.68 105

3 228 7.62 103

4 218 7.59 98

5 198 6.94 103

6 187 6.85 101

7 210 7.20 106

8 203 6.87 101

9 189 7.12 106

Table 1 also presents results reflecting the influence of welding parameters on joint strength, fusion zone
diameter, and hardness. It was found that increasing electrode force from 2 kN to 3 kN and welding current
from 7 kA to 8 kA leads to a significant increase in tensile strength. Changes in welding period from 15 ms
to 25 ms had little effect on joint strength.

To characterize the mechanical properties of the
weld joint, Vickers microhardness was measured in the
weld zone (Fig. 7). It was found that microhardness in
the fusion zone increases with rising welding current
and welding period. Maximum hardness values
reached 110 HV and 107 HV. Average hardness
values in the fusion zone exceeded that of the base
metal (Fig. 7, red line), indicating a reduction in weld
ductility compared to the base material.

Resistance spot welding (RSW) is a thermo-
mechanical joining process in which heat plays a
central role in forming a bond between the welded Fig. 7. Values of microhardness of the weld versus
components. According to the Joule-Lenz law, the experiment number
amount of heat generated during RSW is determined
by the welding current, welding period, and the electrical resistance of the materials involved. Therefore,
welding current, welding period, and electrode force are the primary parameters governing the welding
process and, consequently, the quality of the weld joint (see Fig. 2). The RSW process cycle diagram
typically reflects the variation of these three parameters over time and helps identify optimal ranges to
achieve the desired weld characteristics [1-7].

It is well known that insufficient welding current can result in cold welding, whereas excessive welding
current may cause metal expulsion from the fusion zone, as well as the formation of internal porosity or
cracks within the cast microstructure. Insufficient electrode force may lead to molten metal spreading along
the fusion boundary, while excessive force can reduce heat generation efficiency due to lowered contact
resistance [1].

During welding, as the metal temperature rises, its electrical resistance also increases. The total resistance
in the welding circuit (including the resistance of the welding machine, electrodes, and welded parts)
determines the welding current magnitude. To form a molten zone in RSW, a certain value of total electrical
resistance in the circuit must be ensured, which is the sum of resistances at each current path section through
the welded workpieces [1, 2]. Higher total resistance improves weldability [1]. The total resistance depends
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on the surface condition of the welded materials and electrodes, electrode surface geometry, and electrode
force. Maximum heat generation occurs at the contact interface between the welded parts, where the main
electrical resistance is concentrated. Meanwhile, the high thermal conductivity of copper electrodes and
their intensive water cooling prevent the base metal surface from reaching melting temperature.

As the temperature rises in the zone of maximum electrical resistance, metal melting and molten
zone (weld nugget) formation occur. Simultaneously, the welded sheets thin, and the distance between
electrodes decreases under electrode force, reducing the overall dynamic resistance. If the molten metal
volume becomes too large for the surrounding solid metal to contain under the applied force, molten metal
expulsion from the weld zone occurs. Increasing electrode force reduces electrical resistance by improving
the contact between sheets and smoothing surface irregularities.

The efficiency of energy absorption and the growth rate of the fusion zone depend on the geometrical
dimensions of the welded parts [10—15]. However, classical RSW studies [1, 2] often overlooked this factor,
and most RSW control systems are optimized for welding parts of identical dimensions. Many researchers
[1-12] aim to optimize RSW parameters to achieve a stable process and produce welds with specified
properties. The significant influence of welding current and welding period on the quality of spot welds is
consistently emphasized.

Authors [1-5] identify welding current, welding period, and electrode force as the main parameters of
the resistance spot welding (RSW) process. To achieve an optimal fusion nugget diameter, increased values
of welding current and welding period are recommended [ 1-3]. At the same time, other studies demonstrate
a direct correlation of the fusion zone diameter with welding current and welding period, and an inverse
correlation with electrode force [5—8].

The morphology of RSW joints in metal-to-metal connections is characterized by three distinct zones:
the fusion zone (FZ), the heat-affected zone (HAZ), and the base metal (BM) (Fig. 3). The fusion zone
represents the cast nugget formed due to melting and subsequent solidification of the welded metals. The
heat-affected zone is the region that does not melt but undergoes microstructural changes due to heat transfer
from the fusion zone. Microstructural analysis of samples obtained in this work also revealed these three
characteristic zones (Fig. 3), with significant differences in microstructure within each zone. Both FZ and
HAZ exhibit columnar dendrites oriented in a specific direction. Porosity formation in the cast structure is
typically associated with surface contamination and possible hydrogen saturation of the metal. The absence
of porosity in the fusion zone in this study indicates sufficient heat input to ensure quality melting of the
base metal and formation of a strong joint.

Comparison of the microstructure between the HAZ and FZ shows larger columnar dendrite grains
forming at the fusion boundary. The formation of columnar dendrites in both zones is driven by a high
solidification rate (R) and a steep thermal gradient (G) between the molten metal (approximately 600 °C)
and the base metal (at room temperature). Under these conditions, the undercooling criterion required for
planar solidification at the solid-liquid interface is not met [1-7], meaning the G/R ratio is insufficient to
suppress dendritic growth. The smaller size of columnar dendrites in the fusion zone is related to a higher
cooling rate (i.e., faster solidification), attributed to the high thermal conductivity of aluminum alloys (120—
180 W/m-K) [1, 5, 9, 12—-15].

The cooling rate decreases from the fusion zone through the HAZ to the base metal, which acts as a heat
sink. This is because thermal conductivity is the primary factor controlling cooling rate. Consequently, the
G x R value in the HAZ is lower compared to the fusion zone, resulting in coarser grains.

The size and shape of the fusion zone are key criteria for assessing RSW joint quality (Fig. 3, a) [1, 2, 5,
16-19]. In this study, the fusion zone diameter (D) ranged from 1.33 to 7.61 mm. Each value represents
an average of at least three measurements. A fusion zone diameter exceeding 7 mm is considered critical by
several authors [1, 2] regarding its influence on the joint’s mechanical strength. The increase in fusion zone
size is attributed to the high heat input under the applied welding conditions.

Shear tensile strength is another important criterion used to evaluate the quality of resistance spot
welded joints. In the conducted experiments, the shear tensile strength of nine welded samples ranged from
179 to 231 MPa (Table 1). The maximum shear tensile strength was achieved at a fusion zone diameter of
7.91 mm.
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In conclusion, the RSW process is characterized by a complex interaction of multiple factors. However,
the primary controllable parameters are welding current, electrode force, and welding period, all of which
significantly affect the quality of the welded joint. Table 2 presents a summary of the influence of these
parameters on the RSW process and weld quality, along with corresponding optimization measures based
on a review of the literature [1-23].

Table 2

Recommendations for optimizing the basic parameters of contact spot welding

Process variables Effect on the welding point Optimization measures
Size and shape of the weld;
Occurrence of expulsion;

Shear and tensile strength form the
microstructure of the weld

It is necessary to use a process modeling and
experimentation to find the optimal combina-
tion for a specific process

Welding current

. Tensile strength, peeling, and shear It is necessary to apply variation rather than
Weld period .. .
strength of welded joints a constant value during the process
Energy efficiency of the process;
Occurrence of molten metal expulsion; | It is necessary to apply variation rather than

Electrode f : e :
cetrode force Specific features of weld core solidifica- | a constant value during the process

tion during spot welding

TIn conclusion, it should be noted that achieving high-quality welds of aluminum alloys by resistance
spot welding (RSW) requires careful selection of an optimal combination of welding cycle parameters.
Specifically, to attain high shear tensile strength and welds with a large fusion zone diameter, it is essential
to consider the potential occurrence of undesirable phenomena such as metal expulsion, spatter, cold
welding, or formation of an insufficiently sized fusion zone. A review of the literature [1-23] indicates
that welding current is the key parameter determining heat input during welding and is also the most easily
adjustable parameter. Additionally, the application of variable electrode force, implemented via an electric
servomechanism, can improve process stability and enhance weld quality [14-23].

Future research will focus on optimizing resistance spot welding parameters for aluminum alloys of
various thicknesses.

Conclusions

1. In resistance spot welding (RSW) of Al-5 Mg aluminum alloy, an increase in welding current and
welding period leads to higher heat input and, consequently, an increase in the fusion zone diameter. The
shear tensile strength of the welded joint also increases with rising welding current and welding period,
which is attributed to the enlargement of the fusion zone diameter — a key factor determining joint strength.

2. For resistance spot welding (RSW) of 2.5 mm thick lap joints of A/-5 Mg aluminum alloy, the optimal
parameters ensuring a shear tensile strength of 238 MPa are: electrode force of 3,000 N, welding current of
12 kA, and welding period of 25 ms.
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