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Abstract

Spot welding joins various steel types across diverse applications. Notably, it plays a crucial role in automotive
manufacturing, where over 5000 spot welds contribute to the structural integrity of each car. This complex process relies on
heat and pressure to create "nuggets" of melted metal that bond the sheets together. However, the rapid heating and cooling
involved induce significant changes in the material's microstructure, mechanical properties, and residual stresses. These
stresses arise from non-uniform expansion and contraction during welding, as well as from phase transformations due to
localized heating and cooling. This study delves into these microstructural changes, residual stresses, and mechanical
behaviors of spot welds. Additionally, it investigates how welding parameters like current, time, and force influence the
joint's strength and residual stresses.
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1. Introduction

The intricate process of welding utilizes intense heat to fuse multiple metal pieces, ultimately shaping a singular product
[1]. Welding creates a strong joint that is more secure than other ways to attach metals. Localized heat production from a
heat source occurs during the welding process. The welded pieces were heated up fast to their melt point and then cooled
down quickly, which altered the microstructure and mechanical properties and caused residual stresses [2]. Remaining
stresses and distortion are two of the most problematic aspects of any welding operation [3]. Uneven heat distribution
during resistance spot welding (RSW) creates residual stresses in welded parts due to the differing rates of expansion and
contraction in the base metal and the weld. Additionally, rapid heating and cooling combined with phase transformations
during cooling contribute to these stresses [4, 5]. As a result, welding introduces complex residual stresses that act as an
artificial physiochemical change [6, 7]. Two key factors, weld nugget size and residual stresses, have the most significant
impact on the mechanical behavior of the RSW joint. Therefore, it is crucial to understand how RSW parameters affect
both of these factors. Notably, welding current has a greater influence than welding time [8]. Both the electric current and
welding duration increase residual stresses [9]. In low alloy steel (LAS) welds, the microstructure plays a crucial role in
determining the properties of the weld metal. The chemical composition and parameters of the RSW significantly influence
the microstructure of the welds. The primary constituent of the LAS weld region's microstructure is acicular ferrite, which
ensures weldability and satisfactory mechanical properties of the weld metal [10].

2. Resistance spot welding

2.1. Resistance spot welding fundamentals

Due to its high efficiency and speed, Resistance Spot Welding (RSW) is a crucial joining process in the automotive
industries. This method utilizes pressure and high current to join sheet metal parts, as detailed in Figure 1 [11], [12]. By
controlling the air pressure in a pneumatic cylinder, the force of the welding can be adjusted. After the workpieces are
pressed together for a predetermined amount of time, the power source is connected to a secondary electrical power supply
circuit, which includes a welding capacitor, system machine arms, electrodes, and the workpieces themselves [13]. The
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expansion of the weld nugget is regulated through the management of key parameters, including current, electrode force,
and welding duration. Additional variables that impact the formation of welds are electrode distortion, properties of the
materials involved, and the presence of gaps between the sheets being joined [14].

Force

Cu alloy electrodes

Fig. 1: The schematic representation of the machine of resistance spot welds [15].

The automotive sector is a significant industry that heavily utilizes spot welds to join metal components. A standard
automobile body comprises approximately 3000-4000 spot weld joints [16]. The spot-welding process can be executed
through manual or robotic means or with a specialized machine tailored for this purpose. Spot welding generates heat
according to Joule's law, which is influenced by three factors: the current, the resistance of the conductor, and the duration
of the current. The formula for calculating the amount of heat generated can be derived:

Q =I°Rt (1)

The formula for calculating heat input (Q) in joules involves the variables of current (I) measured in amperes, resistance (R)
measured in ohms, and time (t) measured in seconds. Thus, the quantity of thermal energy produced is contingent upon the
aforementioned triad of factors, namely the magnitude of the electrical current, the degree of resistance encountered, and
the extent of the welding current's length. [17].

2.2. Resistance spot welding parameters

Welding parameters substantially influence spot welds' characteristics. These variables regulate the weld nugget's
microstructure and size, which affects how the welds behave mechanically [18, 19]. These parameters are:

2.2.1. Welding current

Welding current is the most influential parameter in determining the welding performance of a specific material
configuration. Increasing of welding current increases the weld nugget diameter and weld strength as shown in Figure 2a
and Figure 3a respectively. However, the high welding current causes high temperatures above the melting temperature and
leads to an explosion phenomenon in the weld nugget. The expulsion reduces the size of the nugget and could also damage
the surrounding machinery and components, the likelihood of porosity in the completed weld increases if the boiling point
is reached. Also, excessive electric currents can result in the manifestation of oversized grooves on the metallic surface.
Furthermore, the level of heat input directly influences the magnitude of the heat-affected zone (HAZ) and the deformation
of the underlying material. It is worth noting that the welding current amplitude typically ranges between 5 and 10 kA,
contingent upon the configuration of the sheets [20].

2.2.2. Welding time

Welding time refers to the duration of applying the weld current on the metal plates. All timing functions, including the
weld duration, are measured and altered in line voltage cycles. In a power system operating at 50 Hz, one cycle equals 1/50
of a second. It is challenging to determine the ideal weld duration because somewhat dependent on the amount of time
needed for the weld spot [21, 22]. The effect of welding time on the nugget diameter and tensile shear strength is shown in
Figure 2b and Figure 3b.

2.2.3. Electrode force

The electrodes are fastened to the workpiece to ensure contact between them and the sheets throughout the entire welding
process. The electrodes force's function to squeeze metal plates together to form a single unit; otherwise, the weld equality
will not be good enough. However, the amount of heat energy will drop as the electrode's force is raised. Therefore, a high
weld current is needed to produce the same electrode force. A spatter will form between the electrode and the sheet and the
electrode will become caught in the sheet [23]. Figures 2¢ and 3¢ highlight the fact that the force applied to the electrode
can have a variable effect on both the size and strength of the welded area.
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2.2.4. Squeeze time

The Squeeze Time is the amount of time that passes between when an electrode initially touches a piece of work and when
current is applied. Squeeze times are required to delay the electrode’s end when the electrode’s force reaches the desired
level [21].

2.2.5. Holding time

Once the welding process is complete, the current is switched off. However, the electrodes remain attached to the welded
metal sheets to allow them to cool down. This period, known as the hold time, is crucial for the solidification of the weld
nugget and ensures proper cooling of the welded area [24].
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Fig. 2: Effect of (a) welding current, (b) welding time, and (c) electrode force on nugget diameter. Adapted from [25, 26]
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Fig. 3: Effect of (a) welding current, (b) weld time, and (c) electrode force, on tensile shear load. Adapted from [27, 28]
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3. Microstructure in spot welded alloy steel

The microstructure of an alloy steel spot weld can be separated into a BM, fusion zone (FZ), HAZ, and partially melted
zone (PMZ) as illustrated in Figure 4a [29]. BM is the zone that is unaffected during the welding, and the microstructure
remains the same. The microstructure, as depicted in Figure 4(b), was characterized by a ferrite matrix containing carbides
that were dispersed along the grain boundaries [30]. The FZ experiences the highest temperature, leading to typical
recrystallization. The microstructure observed in Figure 4c reveals the presence of coarse lath martensite in the fusion zone
due to fast cooling. During the process of welding, the liquid metal initially undergoes a common phenomenon known as
twinning crystallization at the semi-melted grains. Austenite undergoes precipitation along the fusion line, exhibiting
growth in the direction of the electrode's action, and ceases growth upon reaching the center. The formation of columnar
martensite occurs through the process of water cooling within the electrode [29], resulting in a distinct directional pattern.
The growth orientation is roughly aligned with the direction of the electrode, specifically along the direction of the
temperature gradient. In this particular region, the dendrites undergo a process of solid-solid transformation after the
solidification stage. The columnar grains are composed of characteristic martensite laths [31]. The HAZ is divided into
three regions inter-critical heat affected zone (ICHAZ), fine grain heat affected zone (FGHAZ), and coarse grain heat
affected zone (CGHAZ). The microstructure of ICHAZ in Figure 4d is composed of lath martensite and ferrite. Austenite
changes to fine lath martensitic after cooling in water [29]. The FGHAZ is located between the inner layer adjacent to the
(CGHAZ), and the outer layer (ICHAZ), Figures 4 (e) and (f) illustrate the customary microstructures of the FGHAZ and
CGHAZ, respectively. Is fine martensite and prior austenite grain (PAG) boundaries. The length of the martensite lathes in
the (FGHAZ) is comparatively shorter than that in the (CGHAZ), potentially due to the constraint imposed by the smaller
size of the prior austenite grains (PAG) in the FGHAZ [32]. When PMZ is heated to a temperature between solidus and
liquidus in Figure 4g, a variety of materials partially melt [33]. The phase transformation of HAZ is induced by thermal
cycling and the application of electrode pressure. In the welding procedure, both the CGHAZ and FGHAZ undergo
complete austenitization. The CGHAZ, in particular, experiences prolonged exposure to high temperatures, resulting in its
microstructure being fully austenitized. This austenitized microstructure closely resembles that of the nugget zone. They
are facilitating the dispersion of carbon and the development of austenite. Following the process of water cooling, a
significant quantity of coarse lath martensite is generated [31].

Liquated grain
boundaries

Fig. 4: Microstructure evolution at resistance spot welding : (A) A general view of the etched sample, (B) base metal, (C)
fusion zone, (D) inter-critical HAZ, (E) fine grain HAZ, (F) coarse grain HAZ, (G) partially melted zone (PMZ).
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4. Mechanical properties of spot welded joint

4.1. Tensile properties

The strength and reliability of the spot welds, as well as the overall construction of the car, play crucial roles in determining
its crashworthiness [35]. The welds are examined under the tensile shear test, which uses a typical tensile testing machine
apparatus [36]. Higher welding current leads to larger nuggets, which in turn translates to a higher maximum load capacity
before fracture. However, there were fluctuations observed in the ultimate load capacity for fracture, as well as the failure
energy, with varying levels of welding current [37]. In a 2002 study, Al-Mukhtar investigated the spot welding of austenitic
stainless steel (321). He explored the influence of various welding parameters on the mechanical properties of the welded
joints. His findings revealed a direct relationship between the strength and area of the weld joint, and the variables of
welding current, time, and electrode tip diameter. Increasing these parameters resulted in a corresponding increase in both
weld joint strength and area [38]. A 2006 study by S. Aslanlar explored how welding parameters influence the strength of
resistance spot welds in chromite micro-alloy steel sheets. They focused on the effects of welding current, welding time,
and nugget size on both tensile-peel and shear strength. Their findings revealed a direct relationship between welding
parameters and nugget diameter, with larger nuggets resulting from higher currents and longer welding times. Notably, the
maximum tensile-peel strength coincided with the largest nugget size, which also translated to increased tensile shear
strength [39]. Pouranvari et al. (2010) investigated how welding current, time, force, and holding time affect the strength
and size of spot welds in low-carbon steel. Increasing current and time improved strength and size, while higher force
weakened the welds and made them smaller [40]. Pouranvari (2011) studied the effect of welding current on the strength of
spot welds made in low-carbon steel sheets under tensile-shear loading. They found that increasing the welding current
increases both the maximum force the weld can handle (peak load) and the amount of energy it can absorb before failing
(failure energy). This is because a higher current leads to a larger molten zone (fusion zone) and deeper penetration of the
weld [41]. The impact of the welding current on the dimensions of the nugget and the maximum load is depicted in Figure
5.
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Fig. 5: The impact of welding current on a) the size of the fusion zone and the depth of electrode
indentation, and b) the maximum load and energy required for failure. Adapted from [42].

4.1.1. Mechanism and mode failure in the tensile strength loading state

The analysis of weld fracture surfaces aims to identify spot weld failure modes under various welding conditions. Two
primary failure modes, namely interfacial failure (IF) and pullout failure (PF), were observed in both tensile-shear and
cross-tension tests. The size of the fusion zone (FZ) is widely recognized as the key physical attribute influencing the
mechanical characteristics and failure modes of resistance spot welds (RSWs) [43]. In the IF mode, a crack propagates
through the fusion zone, while the PF mode involves extracting the nugget from one of the sheets, leading to failure. The
mode of failure significantly impacts the carrying capacity and energy absorption capacity of RSWs. In cases of IF mode
failure, crucial for the crashworthiness of vehicles in automotive design, there may be a substantial compromise. Failures of
interfacial welds under low loads affect load distribution. To prevent PF mode failure, adjustments to welding conditions
are necessary, as failure to do so may result in buckling and a reduction in the structural components' ability to absorb
crushing energy [44]. The IF mode is primarily influenced by shear stress, whereas the PF mode is driven by tensile stress
along the nugget's perimeter [45].
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4.2. Microhardness

One crucial aspect influencing the investigation of resistance spot welds' failure mechanisms is their hardness attribute [43].
The magnitude of the fusion zone plays a pivotal role in influencing mechanical properties, particularly microhardness. A
Vickers hardness testing device is utilized to evaluate the microhardness characteristics of spot welds. The hardness
assessments are conducted in the fusion zone (FZ), heat-affected zone (HAZ), and base metal (BM) throughout the
weldment [46]. This examination involves both longitudinal and transverse analyses of microhardness, as illustrated in
Figure 6 and Figure 7. These figures depict investigations across the flaying surface and thickness, respectively [47].

Compared to the base metal (BM) and heat-affected zone (HAZ), the microhardness of the nugget zone demonstrates a
substantial increase, registering hardness levels ranging from 350 Hv to 450 Hv. Specifically, the martensite phase in the
nugget zone may exhibit hardness within the range of 450 Hv to 475 Hv. The HAZ, characterized by a slower cooling rate,
displays ferrite phase hardness levels below 350 Hv. Notably, resistance spot welding (RSW) cooling rates are generally
sufficient for martensite formation in the nugget zone, as observed in previous studies [15]. Svensson et al. (2004) devised
a method to estimate nugget region hardness by analyzing alloyed steel sheets with low carbon content, assuming complete
martensitic transformation. Their findings revealed that spot welds in steels consist entirely of martensite, confirmed by
comparing expected and measured hardness data [49]. In 2007, Kahraman studied microhardness distribution, noting that
the welding nugget exhibited the highest hardness levels, followed by the HAZ, while the BM displayed comparatively
lower hardness levels [50]. Pouranvari et al. 2020 demonstrated that the fusion zone has a significantly greater hardness
than the base metal, attributed primarily to martensite formation within the fusion zone [51]. The welding process induces
the formation of martensite and retained austenite in the nugget zone due to the melting stage and rapid cooling,
contributing to increased hardness. The reduced hardness within the HAZ is linked to notable elastic distortion [15].
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Fig. 6: Hardness profile. Adapted from [48]. Fig. 7: Microhardness measurement. Adapted from [47].

5. Residual stresses

5.1. Residual stress in welding

In welding, residual stress results from mismatches between various components, various phases, or various regions within
the same part brought on by non-uniform thermal strain, strain from solidification, and strains resulting from solid-state
phase transformation [52]. During welding, the region around the weld pool invariably experiences residual tensile stresses
in the welding direction, which are counterbalanced by compressive stresses farther from the weld line [53]. It is important
to accurately quantify residual stress in welded fabrications, including repair welds [54]. The primary research focus on
welding-induced residual stress has been the advancement of mathematical models and experimental methodologies aimed
at predicting, quantifying, and mitigating residual stress across a range of joint geometries and welding conditions [55, 56].
The residual stresses in steel welds can be significantly influenced by transformation strains brought on by solid-state phase
transformations, such as austenite to martensite or ferrite after cooling [57]. The residual stress distribution in weldment
components is influenced by various factors, including the pre-existing residual stress during the manufacturing and
fabrication processes, the properties of the materials of both the welded joint and the BM, the geometric properties of the
interconnected constituents, the application of restraint during the welding process and the procedures to be followed
during the operation after welding [58].

5.2. Types of residual stress in welding

The welding process induces residual stresses, encompassing both tensile and compressive forces within the welded
component. This results in variable stress levels at different locations, particularly within the welded elements [59].
Shrinkage, quenching, and phase transformation are the primary factors contributing to residual stress in welding. Each of
these stress-inducing mechanisms affects the distribution of residual stress differently, as illustrated in Figure 8. While
compressive residual stress type is influenced by quenching and phase transformation, shrinking is responsible for the
occurrence of tensile residual stress type [60]. The presence of tensile residual stress is typically harmful [61]. Tensile
residual stress, commonly considered detrimental, can lead to issues such as stress-corrosion cracking, buckling
deformation, and brittle fracture [62, 63]. On the other hand, the introduction of compressive residual stress can have
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favorable effects on welded components, enhancing fatigue strength, especially when present at the surface [61]. Residual
tensile and compressive stresses coexist in welding components, but their distribution varies depending on the specific
location. The improvement of a welding component can be achieved by applying targeted treatments based on the data
related to residual stress distribution. Determining and understanding the welding residual stress distribution is crucial for
enhancing component quality and mitigating negative impacts [61].
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Fig. 8: Change of residual stress due to metallurgical processes during welding. Adapted from [64].

5.3. Residual stress in RSW

Residual stresses in RSW are more intricate than those found in other welding methods. These stresses arise from three
main factors: rapid local heating and cooling, uneven plastic deformation, and changes in the material's microstructure
during heating and cooling (phase transformation) [65]. Researchers have developed various methods to measure these
stresses in spot welds, including measurements along the weld, on the surface, and at the center [66]. Around the center of
the weld, the stresses are tensile (pulling apart) but transition to compressive (pushing together) as you move towards the
edge. Similarly, the stresses perpendicular to the weld are compressive at the edge and tensile in the center [67, 68]. (Figure
9) shows a typical distribution of these stresses. Notably, the tensile stresses around the weld center are relatively uniform
and equal to the material's yield strength. In contrast, the compressive stresses perpendicular to the weld are more
concentrated, grow rapidly during cooling, and can trigger different types of cracking. The magnitude and distribution of
these perpendicular stresses are significantly affected by the time the weld is held under pressure and the force applied by
the electrodes [69].
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Welding heat and electrode force cause the molten material (fusion zone) to expand. This expansion creates compressive
stresses in the surrounding cooler material. As the weld cools, shrinkage occurs, creating tensile stresses. Copper electrodes
remove heat, affecting the cooling rate and stress levels. Moving towards the sheet edge reduces both tensile and
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compressive stresses inside and outside the weld zone [70]. The amount of residual stress in a spot weld depends mainly on
the electrical current, weld time, and their interaction (Figure 10). Both higher currents and longer welding times reduce
residual stress by increasing heat input [71]. Muhammed (2020) studied residual stress in spot-welded DP600 steel. Six out
of seven samples welded with 7 kA current showed the highest stress, indicating higher hardness and strength compared to
other samples. Increasing welding current generally increases compressive residual stress, suggesting a link between
residual stress and mechanical properties [72]. Triyono et al (2010) used neutron diffraction to measure residual stresses at
the interface of spot-welded carbon steel and austenitic steel. They found compressive residual stresses on both sides
(carbon steel and stainless steel) in the normal, radial, and hoop directions, varying in magnitude with distance from the
nugget center [73]. With an increasing current of the welding and time, the residual stresses increase, but the effect of the
current is greater than the time [74]. Electrode force has little effect on this stress [75].
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Fig. 10: The impact of spot weld parameters on the maximum residual stresses. Adapted from [72].

5.4. Measurement of stresses

The stresses can be determined for spot welds using non-destructive procedures of X-ray diffraction (XRD). Residual
stresses can be calculated via XRD on a diametral cross-section. Measurements are taken either inside or on the spot's
surface. There are macroscopic and microscopic residual stresses [66, 76]. Different types of residual stresses necessitate
different measuring techniques. These stresses fall into three categories: macro, micro (intergranular), and atomic-scale. To
achieve optimal results, the measurement technique should be tailored to the specific type of residual stress present [60].

5.4.1. X-ray diffraction method

Without damaging the material, X-ray diffraction (XRD) measures residual stresses on its surface (figure 11). XRD detects
how applied or residual stress stretches or compresses the atomic planes within the metal's crystalline structure, causing
elastic strains. By measuring these changes in spacing between atomic planes, XRD can indirectly determine the overall
stress on the metal [77, 78]. The XRD technique is fast, reliable, safe for samples, and good at maintaining sample quality.
However, when choosing a residual stress measurement technique, several factors should be considered, such as Specimen:
For valuable, rare, or small specimens, a non-destructive technique is preferred. Machine/method feasibility: Techniques
with less technology, easier handling, lower cost, and simpler analysis are preferable. Type and scale of residual stress: The
chosen technique should be sensitive to the specific type and scale of residual stress present in the sample. In essence, the
best residual stress measurement technique is the one that balances accuracy, cost, ease of use, and safety for the sample
[79].
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Fig. 11: X-ray diffraction method for measured residual stresses [80].
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6. Effect of alloying elements on the alloy steel

Composed of a diverse mix of elements like silicon, boron, and nickel, alloy steel boasts enhanced properties like strength,
hardness, and wear resistance table 1 show the effect of alloying element on alloy steel. The amount of these elements can
range from 1% to 50%, impacting the categorization of alloy steel into two types: low and high. With 5% being the
common dividing line, the presence of this threshold amount of alloying elements is often the defining characteristic of
high-alloy steel [81]. The properties of the weld metal are influenced by both intentional and unintentional additions of
alloying elements. These elements can be added through the filler material and flux, or they can be absorbed from the base
metal during the welding process. Alloying elements serve two main purposes: 1) to achieve the desired strength level, and
2) to control the microstructure of the weld metal. However, the complex interactions between different elements make it
difficult to predict the exact impact of any individual element on the final properties of the weld [82]. In complex
commercial alloy steels, composed of several elements, the added components can exist in different forms: Free elements:
Exist independently within the steel structure. Intermetallic compounds: Chemical bonds formed between iron and other
alloying elements. Nonmetallic inclusions: Oxides, sulfides, or other non-metallic elements trapped within the steel.
Carbides: Specific compounds formed between carbon and certain alloying elements. Dissolved solution: Alloying
elements fully integrated within the iron matrix at an atomic level. The distribution of these elements falls into two
categories: non-carbide forming elements: These elements, like nickel, silicon, cobalt, aluminum, copper, and nitrogen, do
not form carbides with iron. Carbide-forming elements: These elements, including chromium, manganese, molybdenum,
tungsten, vanadium, titanium, zirconium, and niobium, readily form stable carbides in the steel [83]. Metal elements can be
added to steel to form stable carbides. This can be done by adding chemical compounds that contain both carbon and iron
or by incorporating them directly into the solid solution. The way these elements are distributed depends on how much
carbon is in the steel and whether there are other elements present that can also form carbides. Steels that have these
carbide-forming elements show two separate peaks in the rate at which austenite decomposes. These peaks are separated by
a period where the austenite is relatively stable, as shown in (Figure 12).[84].

Table 1: Affect some alloying elements on properties of alloy steel [86]

Alloying Element Properties of alloy steel
Cr Increase hardenability, high-temperature strength, Abrasion Resistance, and Corrosion Resistance
Ti High Temperature Strength, Hardenability.
Ni Corrosion Resistance, Hardenability, Ductility and Toughness,
W Hardenability, High Temperatures Strength, Abrasion Resistance, Abrasion Resistance.
\% Hardenability, High Temperature Strength, Abrasion Resistance,
Mo Corrosion Resistance, Abrasion Resistance, Hardenability.
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Fig. 12: Displays diagrams depicting isothermal transformation. (a) Carbon steel and steel alloyed with non-
carbide-forming elements are two types of steel compositions. (b) Carbon steel and steel alloyed with the carbide-
forming element are two distinct categories of steel compositions. Adapted from [84].

The hardness of ferrite is influenced by the presence of alloying elements that form solid solutions. Figure 13 illustrates the
observed increase in hardness resulting from the introduction of a substitutional solution. Si and Mn are commonly found
alloying elements that significantly impact ferrite's hardness. In contrast, Cr has the least pronounced effect on hardness
increase. Due to this rationale, Cr is an exceptionally advantageous alloying element in steel intended for cold working
processes that necessitate superior hardenability [85].
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Fig. 13: Illustrates the impact of substitutional alloying element additions on the hardness of ferrite, as reported in
reference. Adapted from [85].

7. Conclusion

The following points can be concluded for the current review:
1. RSWa is a key assembly procedure in the automotive and aviation industries due to its efficiency and speed.
2. As the weld current and time increase, the size of the weld nugget also increases. This results in increased values of
tensile-shearing strength.
The reason for the formation of residual stresses in welded parts is rapid cooling and phase transformation.
4. In the weld center are tensile residual stresses that transform into a compressive state as they approach the edge of
the weld nugget.
5. The presence and incorporation of an alloying element in LAS significantly impact the microstructure, consequently
influencing the mechanical properties.
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