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Abstract  

This study emphasizes the critical importance of sample preparation in resistance spot welding (RSW) for 

ensuring the integrity and reliability of the welding process, particularly when dealing with high-strength 

materials (dual phase DP600 and martensitic steel MS1400). By conducting a series of experiments that 

introduce various geometrical inaccuracies, such as misalignment and dimensional errors, the study 

quantifies their impact on tensile strength, displacement, and failure modes during tensile-shear and cross-

tension tests. Key aspects such as spot welder calibration, surface conditions, dimensional accuracy, and 

alignment procedures are thoroughly examined. The investigation reveals that geometrical deviations in 

specimen preparation can significantly affect the mechanical properties assessment of welded joints.  

Keywords: Resistance spot welding, AHSS, sample preparation, mechanical tests 

1. Introduction 

Resistance spot welding (RSW) has several benefits for the automotive sector, such as enhanced 

efficiency, cost-effectiveness, strong joints, low material distortion, adaptability, and environmental 

sustainability. The importance of RSW in vehicle production, and its capacity to help the industry fulfill 

high quality requirements, is highlighted by scientific study (Manladan et al., 2017; Brožek et al., 2017). 

Advanced High-Strength Steel (AHSS) has exceptional strength and ductility in comparison to 

conventional steel, resulting in a substantial improvement in the crashworthiness of automobiles. This 

material enables the creation of more lightweight automobiles while maintaining safety standards. 

Utilizing AHSS in crucial structural elements enhances the capacity to absorb and disperse energy more 

efficiently in the event of collisions (Oikawa et al., 2006). Figure 1 depicts a schematic illustration of 
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various grades of steel, including Ultra High Strength Steel (UHSS), utilized in the body structure of the 

Volvo XC90 as an exemplar. 

 

Figure 1. Body in white (BIW) colored schematic of Volvo XC90 (2019) (volvocars.com) 

Although welding AHSS has obstacles, current research and technical improvements persistently 

enhance the effectiveness and dependability of these procedures. It is essential to combine AHSS with 

optimal welding techniques to create the next iteration of lightweight, high-performance automobiles 

(Rajarajan et al., 2022; Hu et al., 2021). 

Moreover, the automotive industry’s transition towards lightweight and high-strength materials, 

aimed at enhancing fuel efficiency and minimizing emissions, has heightened the significance of RSW 

as a crucial procedure. To ensure the structural integrity of the vehicle, it is necessary to do thorough 

mechanical testing to optimize welding conditions and guarantee the quality of the welds (Nazari et al., 

2022; Manladan et al., 2015). 

Mechanical testing is essential for evaluating the quality and dependability of resistance spot welding 

(RSW) in the automobile sector. The significance of this is emphasized by the fact that a typical 

contemporary vehicle consists of several spot welds, which endure different static, impact, and fatigue 

stresses over the vehicle’s lifetime. The welding conditions and materials employed have a considerable 

impact on the mechanical properties of spot welds, including tensile strength and failure mechanisms. 

Research has indicated that the size of the nugget, which plays a crucial role in determining the weld’s 

strength, escalates as the welding current and time. Nevertheless, an excessive of welding current might 

result in expulsion and further defects, underscoring the necessity for meticulous regulation of welding 

parameters (Afshari et al., 2013; Zhao et al., 2023). 

The importance of mechanical testing is heightened when considering AHSS utilized in the automotive 

sector. AHSS materials, chosen for their exceptional strength-to-weight ratio, present unique challenges 

in spot welding due to their complex microstructures and susceptibility to various failure modes. 

Mechanical testing enables the assessment of the mechanical properties of welds by uniaxial tensile tests, 

offering valuable information regarding their performance and dependability (Pittner et al., 2019). 

Ensuring the reliability and integrity of test results is contingent upon the essential importance of the 

quality of mechanical testing sample preparation. The accuracy and reproducibility of mechanical 

testing conclusions are directly influenced by the physical features of the sample. Geometrical deviations 
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during the welding process can have a major impact on the results of specimen testing, which is essential 

for evaluating the quality of the weld. This impact can be analyzed through various aspects of the welding 

process and the testing methods used. The testing specimens’ dimensions, including width and overlap, 

can vary considerably across various standards and codes. This variation impacts the consistency and 

comparability of test results. For example, the International Organization for Standardization (ISO) and 

the American Welding Society (AWS) have different requirements for specimen dimensions, which can 

lead to different interpretations of weld quality. 

Variations in the position of spot welds can lead to significant geometrical variations in the final 

assembly of sheet metal parts. This variation affects the dimensional integrity and overall quality of the 

welded structure (Zhou et al., 1999). 

Geometrical deviation can impact the failure characteristics of welded joints during mechanical 

testing. For instance, research conducted by Mathiszik et al. (2024) has demonstrated that the width 

of the specimen has a substantial impact on the failure behavior observed during tensile shear testing. 

The reason for this is that differences in the width of the specimen can change how stress is distributed 

and how much force the weld can handle during testing. variations in electrode geometry can influence 

the transport variables during welding, which in turn affects the quality and consistency of the weld 

(Wei et al., 2013). 

The fatigue strength of spot welds is influenced by both the geometrical factors and their variability. 

Slight deviations in geometric parameters can have a substantial impact on the fatigue performance of 

welded structures, which is crucial for ensuring their long-term durability (R. Mohan Iyengar et al., 2009). 

Geometrical deviation in resistance spot welding refers to the variations in the dimensions and positions 

of welds that occur during the welding process. These deviations can significantly impact the quality and 

structural integrity of the welded assemblies, particularly in precision-dependent industries like automotive 

manufacturing. Geometrical deviations can arise from variations in the spot weld positions, which affect 

the overall geometrical quality of the final assembly. For example, deviations in spot weld positions can 

lead to misalignments and inconsistencies in the assembly, impacting the dimensional integrity and 

functional performance of the product (Mali et al., 2012; Söderberg et al., 2012). 

The sequence in which spot welds are applied also plays a crucial role in the final geometrical 

outcome. Incorrect sequencing can lead to accumulative deviations that affect the entire assembly 

process. For instance, in automotive body-in-white (BIW) assemblies, the initial spot welds (geometry 

points) are critical for setting the correct geometry before further welding. Any deviations in these initial 

points can propagate through subsequent welding stages, leading to significant geometrical inaccuracies 

in the final product (Tabar et al., 2020). 

The dimensions of testing specimens play a pivotal role in the reliability of tensile-shear tests for 

resistance spot welded joints. Variations in specimen width, for instance, have been shown to significantly 

influence the failure behavior of the welds under testing conditions. A study highlighted that different 

standards and specifications recommend varying dimensions for tensile-shear testing specimens, which 

can lead to discrepancies in test results and interpretations of weld quality (Zhou et al., 1999). 

This variability can affect the perceived strength and durability of the weld, potentially leading to 

underestimation or overestimation of its capabilities. 

The quality of a spot weld is often evaluated based on the size and integrity of the weld nugget. 

Geometrical deviations during welding, such as misalignment of the electrode or inconsistencies in 

electrode force, can lead to irregularities in the nugget formation. These irregularities can complicate 

the measurement of nugget diameter, which is a critical parameter for assessing weld quality (Stephen 

et al., 2021). 
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Inaccuracies in these measurements can result in non-compliance with quality standards and 

potentially lead to welds that are weaker than required. Variations in electrode geometry, for example, 

affect the heat distribution during the welding process, which in turn influences the microstructure and 

mechanical properties of the weld (Wei et al., 2013; den Uijl et al., 2007). These changes can lead to 

unexpected behaviors under load, such as increased susceptibility to fatigue or reduced tensile strength, 

which might not be adequately predicted by standard testing protocols. 

The deformation of the sheet can influence the pattern of weld nugget development. For instance, if the 

sheets being welded are not flat or if there is a gap due to deformation, it can lead to uneven heat 

distribution during the welding process. This uneven heat can result in inconsistent nugget growth, which 

is critical for the strength and quality of the weld (Pouranvari et al., 2011). Deformation in the sheets can 

affect the contact pressure between the electrodes and the sheets. Proper contact is essential for effective 

heat generation and current transfer during welding. Any irregularities in the sheet surface due to 

deformation can lead to poor contact, resulting in weak or defective welds (Moshayedi et al., 2014). 

The mechanical properties such as tensile shear strength and peel tensile strength of spot-welded 

joints are directly influenced by the strength of the steel sheets being welded. A decrease in sheet 

thickness, which can be a result of deformation, leads to an increase in fatigue strength. This suggests 

that the deformation experienced by the sheets before or during welding can have a direct impact on the 

fatigue behavior of the welded joints (Tohru Okada et al., 2023). 

Deformation can also affect the failure modes of spot-welded joints. Different degrees of 

deformation may lead to variations in the failure mode under tensile or peel loading conditions, which 

in turn influences the overall mechanical integrity of the weld (Al-Mukhtar et al., 2016; Tohru Okada 

et al., 2023). 

Cleanliness is crucial for achieving high-quality resistance spot welds. Contaminants such as oils, 

grease, oxides, and dirt on the surfaces to be welded can act as barriers to effective heat generation and 

metal fusion. These contaminants increase the contact resistance, leading to inconsistent heat generation 

and potentially weak or defective welds. The measurement of initial contact resistance is a useful method 

for ensuring an acceptable level of surface cleanliness (Savage et al., 1978). Surface roughness affects 

the contact area between the welding electrodes and the workpieces. Ideally, surfaces should have 

minimal roughness to ensure uniform electrode contact, which promotes consistent heat generation and 

nugget formation. Uneven surfaces can lead to localized overheating or insufficient heating, resulting in 

weak spots within the weld (Al Naimi et al., 2015; Jo et al., 2019). 

Calibration ensures that the welding parameters such as current, force, and time are accurately set 

according to the specifications required for different materials and thicknesses. This precision is vital 

because even small deviations in parameters can lead to significant differences in weld quality. Proper 

calibration helps maintain the consistency of these parameters, thereby ensuring uniform weld quality 

across multiple operations (Miller Co., 2019). Proper alignment of the electrodes is crucial for ensuring 

that the welding force is evenly distributed across the weldment. Electrodes Misalignment can lead to 

uneven application of force, which in turn affects the heat generation during the welding process. This 

uneven heat can cause the weld nugget to form improperly, either being too small or irregularly shaped, 

which compromises the strength of the weld. The Misalignment can result in a joint with reduced 

mechanical strength and reliability, which may not meet the required standards for certain applications, 

particularly in critical structures like automotive bodies or aerospace components (Yanqing Li et al., 

2019). As the electrode deforms, the contact area with the workpiece increases, which can reduce the 

current density at the contact point. This reduction in current density can lead to insufficient heat 

generation, Deformed electrodes can cause uneven current distribution, leading to inconsistent weld 
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nugget formation. This inconsistency can result in weak spots within the weld, which are susceptible to 

failure under mechanical stress (Bin Wang et al., 2016; Charde et al., 2012). 

We can conclude that the temperature conditions must be the same in all samples to ensure the same 

result The precise control of temperature through welding parameters, including the adjustment of 

electrode temperature can significantly influence weld nugget formation, mechanical properties, and 

overall weld quality. 

Tensile shear and cross-tension tests are standard methods for evaluating the mechanical 

performance of spot welds, providing essential data on the strength and failure characteristics of welded 

joints. The geometry of the test samples, including the size, shape, and orientation of the weld nugget, 

may influence the stress distribution and failure mechanisms observed during testing. The sample 

geometry, particularly the length and width of the sample and the positioning of the weld nugget may 

affect the load distribution and the identification of shear strength. smaller or off-center weld nuggets 

can result in stress concentrations, premature failure, and lower measured strengths. In cross-tension 

testing, where the force is applied perpendicularly to the weld axis, the geometry of the sample dictates 

the mode and location of failure. 

Optimal geometries can help ensure that the failure mode is consistent and reflective of the weld's 

inherent strength, rather than an artifact of geometrical deviations. due to necessitating rigorous testing 

through tensile shear and cross-tension methods. the geometry of the samples used in these tests plays a 

crucial role in accurately evaluating the weld's mechanical properties. This study investigates the 

importance of sample geometry in tensile shear and cross-tension testing, applied on DP600 and 

MS1400 steel aiming to establish guidelines for sample preparation that enhance the reliability and 

relevance of test outcomes. 

2. Materials and method 

This study conducted a series of tensile shear and cross-tension tests on spot-welded samples of SSAB 

Docol Dual-phase DP600 steel and martensitic MS1400 steel grades, each 1.0 mm in thickness and 

featuring various geometrical deviations. The chemical composition and mechanical properties of the 

DP600 and MS1400 steels are detailed in Tables 1 and 2, respectively. 

Table 1 

The chemical composition of the Docol DP600 and MS1400 steel (weight) (Sisodia, 2016) 

C C Si Mn P S Nb V B Fe 

DP600 0.098 0.20 0.81 0.015 0.002 0.014 0.010 0.0002 rest 

MS1400 0.220 0.46 2.46 0.016 0.003 0.000 0.023 0.0000 rest 

 

Table 2 

The mechanical properties of the Docol DP600 and MS1400steel (Sisodia, 2016) 

Grade 
Yield strength Rp0.2 

(MPa) 

Tensile strength Rm 

(MPa) 

Elongation 

A80 (%) 

Hardness 

(HV10) 

DP600 448 669 18.7 204 

MS1400 1391 1496 4.5 470 
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The effect of geometrical deviations (displacement and misalignment) on the cross-tension and tensile 

shear tests was thoroughly investigated on DP600 and MS1400 steel. Each test was categorized into 

three groups, with each group experiencing three distinct geometrical deviations. In the cross-tension 

test, the first group was subject to displacement along the sliding line (S.L. disp.) within the C-T test 

tool, the second group faced angular misalignment (Angular mis.), and the third group encountered 

displacement in the spot weld (S.W. disp.) from the tension center line. The deviations for the first and 

third groups were 0.75 mm, 1.0 mm, and 2.0 mm, respectively, while the angular misalignment for the 

second group was set at 3°, 4°, and 8°, respectively. Refer to Figures 1 and 2 for visual representation. 

Within each group, a sample with 0.0 geometrical deviation was meticulously prepared as a reference 

for comparison against the other samples. For each geometrical deviation, four samples were prepared 

and tested for both cross-tension and tensile-shear configurations and the results represent the average 

values obtained from these four measurements. Figure 2 (on the left) and Figure 4 illustrate the 

geometrical standard (0.0 geometrical deviation) for both the C-T and T-S tests. 

 

Figure 2. Cross-tension test sample geometry drawing on the left and sliding line displacement 

deviation sample geometry drawing on the right 

 

Figure 3. C-T angular misalignment deviation sample geometry drawing on the left and spot weld 

displacement deviation sample geometry drawing on the right 
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Regarding the tensile-shear test, it differs in the first group, the deviation is a parallel misalignment of 

the first sheet from the center line of the spot weld in the second sheet. Each group was compared to  

an accurate standard sample to determine the effect of the mentioned deviations on the test results 

Figures 5, 6, and 7 show the drawings and values of deviation in tensile-shear test groups. 

 

Figure 4. Tensile-shear test sample geometry drawing 

 

Figure 5. Tensile-shear parallel misalignment deviation sample geometry drawing 

 

Figure 6. Tensile-shear spot weld displacement deviation sample geometry drawing 
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Figure 7. Tensile-shear angular misalignment deviation sample geometry drawing 

The base metal sheets were cut to specific sizes and shapes, ensuring they were free of burrs and 

deformation to guarantee correct weld positioning for the test. The jigging bolt holes in the cross-tension 

test and the pin holes in the tensile-shear test were precisely opened, and any burrs resulting from drilling 

were removed using deburring tools. This is crucial because burrs can prevent testing parts from fitting 

together properly, leading to misalignment or assembly difficulties. All standard samples were welded 

within a special template to ensure there was no deviation or displacement during welding. Figure 8 

displays the template for RSW samples used in both C-T and T-S tests. 

 

 

Figure 8. Resistance spot welding samples template 

 

Since surface preparation is a critical step before RSW, the base metal was cleaned to remove oils, 

grease, oxides, and other contaminants, ensuring accurate electrical resistance across the weld interface. 

A dimensionally accurate cross-tension test tool was created to apply a controlled tensile force to an 

RSW welded joint in a cross configuration, thereby assessing its strength and performance. Figure 9 

shows a 3-D drawing of the cross-tension test tool assembly. 
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Figure 9. 3-D drawing of cross-tension test tool assembly 

RSW was performed using a projection-type TECNA 8007 spot and projection welder, operating at 

50/60 Hz with an 80 kVA single-phase AC press, controlled by a TE550 microprocessor-based welding 

control unit. The process utilized two opposite copper chromium zirconium electrodes, turned, cut, and 

dressed, each with a 5 mm spherical head diameter, moving perpendicular to the sheets. The pressure 

(in Bar) was converted to force (in KN), applied by a pneumatic cylinder. All spot welds were conducted 

with the same electrode geometry and at ambient temperature. The RSW parameters for the cross-

tension and tensile-shear tests applied in this study are detailed in Table 3. 
 

Table 3 

The mechanical properties of the Docol DP600 and MS1400steel 
Base 

materials 

Welding current 

[kA] 

Welding time 

[ms] 

Welding 

force [kN] 

DP600 8.5 320 5 

MS1400 8.5 320 5 

 

Straight edges were used to verify the alignment of the electrodes, ensuring they were parallel and centered 

relative to each other. The calibration of resistance spot welders involved utilizing specialized instruments 

to measure the actual output and performance of the welding machine, with these measurements then 

compared against desired standards. Calibrated TECNA TE1700 RSW weld testers were employed to 

assess the reliability of the spot-welding machine. Various probes were connected from the tester to 

specific points on the welder to measure welding current, force at the electrodes, voltage at the electrodes, 

energy, resistance, and thermal current. Figure 10 illustrates the probes and their functions. 

 

 

 

 

Figure 10 

TECNA TE1700 RSW is current 

measuring using a flexible transducer 

prob on the left and a force measuring 

transducer prob on the right 
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All RSW parameters were verified by setting specific values and then checking these using the TECNA 

TE1700 RSW measuring device. The input parameters closely matched the measured values, indicating 

that the welding machine did not require calibration. Figure 11 presents the results of checking various 

welding parameters. 

 

 

Figure 11. Checked RSW parameters of welding force is on the left and welding current and  

time is on the right 

An MTS 322 test frame machine was utilized at a loading speed of 0.2 mm/s. Cross-tension appropriate 

grips, capable of securely holding the specific type of sample without slipping, were attached to the 

machine see Figure 12. Calibrated load cells and displacement transducers were positioned accurately. 

The sample was carefully placed in the testing tool, and the screws were tightened firmly to ensure 

proper positioning and to prevent slipping. 

 

 

Figure 12. MTS 322 test frame machine 
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The samples were installed meticulously in the grips to ensure that the weld was oriented 

perpendicularly to the direction of the applied force and that the sample was centered and aligned 

properly. See Figure 13. A tension load was applied gradually using a hydraulically controlled 

mechanism until the weld failed. The data collected during the test, including the maximum force 

withstood, the displacement at the break, and the nature of the failure, illustrated the behavior of the 

sample. Figure 14 shows the cross-tension test results of DP600 samples and Figure 16 shows the cross-

tension test results of MS1400 steel. For the tensile-shear test, two pins with a 5 mm diameter were 

inserted into the holes at the edges of the sample for proper grip and fixture alignment to securely hold 

the sample and apply force in the desired orientation. Figure 15 shows the tensile-shear test results of 

DP600 steel and Figure 17 shows the tensile-shear test results of MS1400 samples. 

 

Figure 13. Performing the C-T test on the left and the T-S test on the right 

 

Figure 14. DP600 cross-tension test results of all geometrical deviations 
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Figure 15. DP600 tensile-shear test results of all geometrical deviations 

 

 

Figure 16. MS1400 cross-tension test results of all geometrical deviations 
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Figure 17. MS1400 tensile-shear test results of all geometrical deviations 

 

3. Results and discussion 

From the load-displacement figures, it is evident that there is significant convergence in the load-

displacement results of the cross-tension (C-T) and tensile-shear (T-S) tests of DP600 samples. However, 

sample number C1 exhibited a slight superiority, see Figures 14 and 15. For C-T test results of MS1400 

samples, it is very clear that the samples with zero deviation showed a superiority, and the samples with 2 

mm and 8° degrees deviations showed a noticeable decrease compared to the standard samples, while the 

rest of the deviations showed a slight decrease see Figure 16. As for the T-S test of MS1400 steel, samples 

with 2 mm and 8° degrees deviations showed a significant decrease in force and a big similarity in the rest 

of the deviations, see Figure 17. In terms of the failure mode, there is also a notable similarity in the shape 

and size of the failures. Tables 4, 5, 6, and 7 display the type of deviation (Dev. Type), the value of deviation 

(Dev. Value), the average test load of four samples (Avg. Load), the average displacement of four samples 

(Avg. Disp.), and the plug diameter (dp). In our research, since the plug failure is symmetric, the plug 

diameter (dp) is calculated as the mean of the plug’s diameters in two directions (d1, d2). Figure 18 

illustrates a schematic drawing of the symmetric plug diameter measurement. 

Table 4 

Cross-tension test results of DP600 samples 

Sa. 

No. 

Test 

Name  

Dev. 

Type  

Dev. 

Value 

Avg. 

load 

(kN) 

Avg. 

Disp. 

(mm) 

Failure 

Mode 

d1 

(mm) 

d2 

(mm) 

Avg. 

d1, d2 

(mm) 

C1 C-T S.L disp. 0.0 mm  6.70 17.21 Plug 5.7 5.9 5.8 

C2 C-T S.L disp. 0.75 mm 5.40 15.47 Plug 5.3 5.6 5.45 

C3 C-T S.L disp. 1.0 mm 6.25 14.87 Plug 5.4 5.6 5.5 
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Sa. 

No. 

Test 

Name  

Dev. 

Type  

Dev. 

Value 

Avg. 

load 

(kN) 

Avg. 

Disp. 

(mm) 

Failure 

Mode 

d1 

(mm) 

d2 

(mm) 

Avg. 

d1, d2 

(mm) 

C4 C-T S.L disp. 2.0 mm 6.15 15.24 Plug 5.7 5.6 5.65 

C5 C-T Angular mis. 0° deg. 6.16 15.25 Plug 5.8 5.7 5.75 

C6 C-T Angular mis. 3° deg. 5.81 15.77 Plug 5.6 5.8 5.7 

C7 C-T Angular mis. 4° deg. 5.91 15.94 Plug 5.6 5.7 5.65 

C8 C-T Angular mis. 8° deg. 5.82 15.68 Plug 5.4 5.6 5.5 

C9 C-T S.W disp. 0.0 mm 6.24 15.21 Plug 5.6 5.7 5.65 

C10 C-T S.W disp. 0.75 mm 6.11 16.07 Plug 5.6 5.7 5.65 

C11 C-T S.W disp. 1.0 mm 5.91 15.84 Plug 5.6 5.8 5.7 

C12 C-T S.W disp. 2.0 mm 6.13 16.04 Plug 7.1 5.7 6.4 

 

Table 5 

Tensile-shear test results of DP600 samples 

Sa. 

No. 

Test 

Name  

Dev. 

Type  

Dev. 

Value 

Avg. 

load 

(kN) 

Avg. 

Disp. 

(mm) 

Failure 

Mode 

d1 

(mm) 

d2 

(mm) 

Avg. 

d1, d2 

(mm) 

T1 T-S Parallel mis. 0.0 mm 11.41 1.89 PBM NA NA NA 

T2 T-S Parallel mis. 0.75 mm 11.84 1.86 PBM NA NA NA 

T3 T-S Parallel mis. 1.0 mm 11.50 1.55 Plug 5.4 5.1 5.25 

T4 T-S Parallel mis. 2.0 mm 11.61 1.66 Plug 5.4 5.2 5.3 

T5 T-S S.W disp. 0.0 mm 11.46 1.58 PBM NA NA NA 

T6 T-S S.W disp. 0.75 mm 11.32 1.52 Plug 5.3 5.1 5.2 

T7 T-S S.W disp. 1.0 mm 11.27 1.50 Plug 5.3 5.1 5.2 

T8 T-S S.W disp. 2.0 mm 11.27 1.41 Plug 5.3 5.0 5.15 

T9 T-S Angular mis. 0° deg. 11.41 1.40 Plug 5.4 5.1 5.25 

T10 T-S Angular mis. 3° deg.  11.15 1.45 Plug 5.3 5.1 5.2 

T11 T-S Angular mis. 4° deg. 11.24 1.37 Plug 5.3 5.0 5.15 

T12 T-S Angular mis. 8° deg. 10.91 1.37 Plug 5.3 5.0 5.15 
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Table 6 

Cross-tension test results of MS1400 samples 

Sa. 

No. 

Test 

 

Dev. 

Type 

Dev. 

Value 

Avg. 

load 

(kN) 

Avg. 

Disp. 

(mm) 

Failure 

Mode 

d1 

(mm) 

d2 

(mm) 

d, d3 

(mm) 

dp 

(mm) 

C1 C-T S.L disp. 0.0 mm 5.20 10.09 Plug 7.9 7.9 7.9 7.9 

C2 C-T S.L disp. 0.75 mm 4.95 9.10 P. Plug 8.0 8.1 6.28 7.19 

C3 C-T S.L disp. 1.0 mm 4.40 8.83 P. Plug 8.0 8.0 6.0 7.0 

C4 C-T S.L disp. 2.0 mm 4.10 5.70 P. Plug 7.9 7.8 5.3 6.55 

C5 C-T Angular mis. 0° deg. 5.46 10.42 Plug 7.9 7.9 7.9 7.9 

C6 C-T Angular mis. 3° deg. 5.42 7.40 P. Plug 8.0 8.0 6.7 7.35 

C7 C-T Angular mis. 4° deg. 4.81 7.39 P. Plug 8.0 7.9 7.0 7.45 

C8 C-T Angular mis. 8° deg. 4.03 6.03 P. Plug 6.1 7.3 6.3 6.8 

C9 C-T S.W disp. 0.0 mm 5.24 10.20 Plug 7.8 7.8 7.8 7.8 

C10 C-T S.W disp. 0.75 mm 5.86 8.90 P. Plug 8.1 8.1 7.1 7.6 

C11 C-T S.W disp. 1.0 mm 5.55 8.20 P. Plug 8.0 7.8 6.9 7.35 

C12 C-T S.W disp. 2.0 mm 5.01 8.86 P. Plug 7.8 7.8 6.8 7.3 

 

Table 7 

Tensile-shear test results 

Sa. 

No. 

Test 

 

Dev. 

Type 

Dev. 

Value 

Avg. 

load 

(kN) 

Avg. 

Disp. 

(mm) 

Failure 

Mode 

d1 

(mm) 

d2 

(mm) 

d, d3 

(mm) 

dp 

(mm) 

T1 T-S Parallel mis. 0.0 mm 17.01 0.85 Plug 7.8 7.8 7.8 7.8 

T2 T-S Parallel mis. 0.75 mm 17.40 0.78 Plug 7.8 7.8 7.8 7.8 

T3 T-S Parallel mis. 1.0 mm 16.30 0.62 Plug 7.9 7.9 7.9 7.9 

T4 T-S Parallel mis. 2.0 mm 13.30 0.79 P. Plug 7.6 7.5 5.4 6.5 

T5 T-S S.W disp. 0.0 mm 17.28 0.64 Plug 7.9 7.9 7.9 7.9 

T6 T-S S.W disp. 0.75 mm 17.11 0.78 Plug 7.9 7.9 7.9 7.9 

T7 T-S S.W disp. 1.0 mm 17.27 0.81 Plug 7.9 7.9 7.9 7.9 

T8 T-S S.W disp. 2.0 mm 14.98 0.68 Plug 7.8 7.8 7.8 7.8 

T9 T-S Angular mis. 0° deg. 17.47 0.67 Plug 7.8 7.8 7.8 7.8 

T10 T-S Angular mis. 3° deg. 16.95 0.63 Plug 7.8 7.8 7.8 7.8 

T11 T-S Angular mis. 4° deg. 16.70 0.63 Plug 7.8 7.8 7.8 7.8 

T12 T-S Angular mis. 8° deg. 13.85 0.68 Plug 7.8 7.8 7.8 7.8 
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Figure 18. Schematic drawing of the symmetric plug diameter measurement (EN ISO 14272:2001) 

In the cross-tension (C-T) test of DP600 samples, all samples exhibited a symmetrical plug failure mode 

within the nugget boundary, except sample C12. This sample demonstrated a combined failure mode of 

the plug at the nugget boundary and a bump from the heat-affected zone. Figure 19 shows that the bump 

formed after the collapse, as depicted in Figure 14, indicating that it did not influence the outcome of 

the test, as detailed in Table 4. 

 
Figure 19. Plug failure mode in sample C1 is on the left and Plug failure mode in sample C12 is  

on the right in DP600 samples 

In the tensile-shear (T-S) test of DP600 samples, all samples exhibited failure, predominantly through 

the plug failure mode, except for samples T1, T2, and T5, which failed in the plug-in base metal (PBM) 

mode. As depicted in Figure 15, these exceptions did not influence the overall results of the test. Figures 

19 and 20 showcase all types of failure modes encountered in our research. 

It was observed that the failure mode occurred at the crest of the deformation in all samples. This 

phenomenon may result from how the metal's ductility responds to the direction of stresses during the 

test, contributing to the great similarity in results across samples. This principle also extends to the 

tensile-shear (T-S) test, where the metal's ductility may counteract the deformation, leading to uniform 

stresses on the spot weld and thus similar results across all tested samples. 

 

Figure 20. The failure mode in sample T1(plug-in base metal) is on the left and the failure mode  

in sample T3 (Plug) is on the right in DP600 samples 
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In the cross-tension (C-T) test of MS1400 samples, C1, C5, and C9 exhibited a symmetrical circular 

plug failure mode within the nugget boundary see Figure 21. As for the failure mode in the rest of the 

samples, it was a partial plugin deferent sizes and patterns. Figure 22 shows the partial plug failure mode 

in sample C11 of MS1400 samples, as detailed in Table 6. 

 

Figure 21. Plug failure mode in sample C1 of MS1400 samples 

 

Figure 22. Partial plug failure mode in sample C11 of MS1400 samples 

In the T-S test of MS1400, the failure mode in all samples was a plug, with great similarity in size and 

symmetry, as shown in Figure 23, and all samples that had an expulsion occurred as a result of the base 

metal curve during welding were repeated due to unaccepted results see Figure 24. The expulsion is due 

to the base metal arcing resistance of the welding electrodes, which reduces the welding force, resulting 

in increases in the heat generated. 

 

Figure 23. Plug failure mode in sample T10 of MS1400 samples 
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Figure 24. Expulsion failure mode in testing trials of MS1400 samples 

By applying the same tests under identical conditions to ultra-high-strength steel like MS1400 and due 

to its high hardness and strength, this type of metal does not respond as readily to the direction of 

deformation in samples with geometrical deviations, resulting in uneven stresses that impact the test 

results compared to standard samples of the same metal. A current literature review reveals limited direct 

information on the effect of misalignment in cross-tension and tensile shear samples, specifically in the 

context of resistance spot welding RSW of any steel type. Through comparative analysis of various steel 

grades, it is possible to elucidate how dimensions and shapes influence stress distribution, failure modes, 

and overall test results. This approach provides valuable insights for optimizing sample design to 

accurately assess weld quality. 

4. Conclusion 

In this research, resistance spot welded joints on DP600 and MS1400 steel samples were subjected to 

cross-tension (C-T) and tensile-shear (T-S) tests with three different geometrical deviations. The 

investigation into the welded joints’ strength and failure mode allows us to draw the following conclusions: 

1. The deviations (misalignment and displacement) did not significantly affect the outcomes of the 

C-T and T-S tests of DP600 samples. This outcome may be attributed to the ductility of the base 

metal and softening in the heat-affected zone (HAZ), suggesting that fractography is essential for 

interpreting the destructive test results. 

2. The remarkable similarity in the failure modes and test results across the samples of DP600 and 

MS1400 indicates that all samples were welded under consistent conditions, highlighting the 

crucial role of optimizing sample preparation in controlling spot welding quality. 

3. In the cross-tension test, the failure mode was predominantly at the peak of the deformation and 

was almost symmetrical, reflecting the ductility of DP600 steel’s response to spot weld strength. 

4. For C-T and T-S test results of MS1400 samples, the standard samples with zero deviation showed 

a superiority, while the samples with 2 mm and 8° degrees deviations showed a noticeable drop 

proving that the higher strength of steel is more likely to be affected by the geometrical deviation. 

5. The calibration of resistance spot welders is crucial to achieving high-quality welds, affecting 

everything from electrical control to mechanical displacement and, ultimately, the integrity of 

the weld. 

6. The presence of metal surface contaminants, including oxides, significantly impacts the quality 

of resistance spot welds. 
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Lastly, optimizing sample preparation for destructive testing in resistance spot welding is a 

comprehensive process that involves precise control over welding parameters and meticulous sample 

preparation. These steps are vital for preserving the structural integrity of welded joints and ensuring 

the final product’s safety and reliability. 
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