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 Gas Metal Arc Welding (GMAW) is widely used in fabrication due to its 
efficiency and weld quality. This study examined the influence of 
welding sequence on distortion in 316 stainless steel fillet joints using 
the GMAW-pulsed process. Two techniques—back-step welding and 
string welding—were applied without strongbacks on 50 mm × 50 mm 
× 5 mm specimens, with 3–5 seconds between passes. Distortion was 
measured using a trigonometric calculation based on displacement. 
Results show that back-step welding consistently reduced angular 
distortion compared to string welding. For vertical plates, back-step 
yielded 14.53°, 13.59°, and 14.30°, versus 15.42°, 14.07°, and 14.76° 
for string welding. For horizontal plates, values were –3.93 mm, 4.12 
mm, and –6.20 mm for back-step, compared to –10.15 mm, 1.91 mm, 
and –8.20 mm for string welding. Reduced distortion is attributed to 
intermittent bead placement, which limits heat accumulation and 
residual stress. These findings highlight the importance of sequence 
selection in minimizing distortion, particularly in precision-demanding 
sectors such as marine and automotive fabrication, and support the 
inclusion of back-step welding in welder training programs. 
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1. INTRODUCTION  
Welding is widely used in fabrication for various applications, including shipbuilding, aircraft, 
automotive, and building structures (Chaudhary, 2017; Wang et al., 2025). In the welding process, 
several methods can be applied, such as gas tungsten arc welding (GTAW) (Bouhelal et al., 2025), 
shielded metal arc welding (SMAW) (Afzal et al., 2025), flux cored arc welding (FCAW) (Malhotra 
et al., 2022), and gas metal arc welding (GMAW) (Gandhi & Ghosh, 2025). Among these, the 
GMAW method is one of the most commonly used, especially in the manufacture of marine 
fabrication components such as vessels (Rubino et al., 2023). In the process, an electric arc serves 
as the heat source, melting the metal joint (Dadkhah et al., 2025; Kumar & Timothy, 2019). GMAW 
offers  several advantages, including high weld toughness, concentrated arc, time efficiency, and 
relatively low distortion rate (Baskoro et al., 2019; Nishanth & Venkatesan, 2022).  

Distortion —defined as deviation in the shape of the joined parts—often occurs in welding 
due to uneven heat absorption, which causes non-uniform expansion and contraction (Bintari 
Nurhayati et al., 2016; Chen et al., 2024; Seo & Lee, 2025). Distortion is closely linked to residual 
stress, which results from tensile and compressive forces generated by welding heat that are 
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unevenly distributed (Ramadhan, 2017; Horváth et al., 2025; Mandal, 2017; Pujono et al., 2025). 
Residual stress can compromise dimensional accuracy and structural strength, often requiring 
corrective processes such as flame straightening, which increase production time and cost 
(Pangesti, 2016). 

Distortion can be minimized through various strategies, including the use of strongbacks, 
heat input control, and adjustment of the welding sequence (Liang & Deng, 2018; Sun & Dilger, 
2023). Welding sequence selection is particularly effective in reducing residual stress and distortion 
(Ozcatalbas & Vural, 2009). Two common sequences are the back-step and string welding 
technique. The difference in heat transfer characteristics between these methods significantly 
affects residual stress development and distortion. Back-step welding deposits short, discontinuous 
weld beads in the reverse direction of the overall progression, allowing partial cooling between 
passes (Jilabi, 2024). This intermittent heating lowers the peak temperature, reduces steep thermal 
gradients, and promotes uniform contraction (Liang & Deng, 2018). Consequently, tensile residual 
stresses are reduced, limiting angular distortion (Horváth et al., 2025). In contrast, string welding 
applies continuous heat along the weld path, producing higher thermal gradients and localized 
expansion, followed by uneven contraction (Malhotra et al., 2022; Sun & Dilger, 2023). Given that 
316 stainless steel has low thermal conductivity and a high coefficient of thermal expansion 
(Mandal, 2017), it is especially sensitive to variations in heat input and cooling patterns, making 
welding sequence selection critical for distortion control. 

This selection becomes even more crucial in constructions with tight dimensional 
tolerances, such as those in the marine and automotive industries, where small deviations can 
compromise component fit-up, alignment, and performance. These sectors often involve long, thin 
plates or complex assemblies that are highly susceptible to thermal deformation (Rubino et al., 
2023; Sun & Dilger, 2023). In shipbuilding, for example, hull panels must align precisely to prevent 
hydrodynamic inefficiencies and structural weaknesses, while in automotive manufacturing, body 
panels and chassis components require accurate positioning to ensure safety, aerodynamics, and 
noise–vibration–harshness (NVH) control (Azad et al., 2020; Horváth et al., 2025). Incorrect 
sequence selection can lead to cumulative distortion exceeding allowable tolerances, resulting in 
costly rework or scrapping of parts. Therefore, controlling residual stresses and distortion through 
an optimized welding sequence is essential for maintaining dimensional accuracy, minimizing 
corrective work, and ensuring long-term performance in precision-demanding industries (Liang & 
Deng, 2018; Ozcatalbas & Vural, 2009). 

Previous research supports the observations. (Jilabi, 2024) demonstrated that applying an 
optimized sequence in GTAW on butt joints reduced distortion by up to 38.64% compared to 
welding without sequence control. Similarly, (Azad et al., 2020) reported that the welding sequence 
significantly affects deformation in fillet joints using the GMAW process. Building on these findings, 
the present research investigates the effects of two welding sequences—back-step welding and 
string welding—on distortion in GMAW-pulsed fillet joints of 316 stainless steel, with the goal of 
improving performance and reducing fabrication costs. 

2. RESEARCH METHOD 
The experimental procedure followed the sequence illustrated in Figure 1, beginning with 
observation, preparation of materials and tools, parameter selection, distortion testing, and 
concluding with data analysis. 
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Figure 1. Flow chart 

 
 This study compared two welding sequence techniques—back-step welding and string 
welding—using the GMAW-pulsed process without the use of strongbacks. The workpiece material 
was 316 stainless steel, cut into plates measuring 50 mm × 50 mm × 5 mm. The filler material was 
ESAB ER316LSI wire, 1.2 mm in diameter. The welding equipment used was a GMAW-pulsed 
machine. Supporting tools included a caliper, grinder, measuring tape, cutting pliers, and wire 
brush. In the back-step welding technique, short adjacent weld beads were deposited in the 
reverse direction of the overall welding progression, with a 3–5 second pause between passes to 
allow partial cooling. In the string welding technique, the weld was made in a continuous straight 
path while maintaining a constant welding speed (Jilabi, 2018). The sequence patterns for each 
method are illustrated in Figures 2 and 3. After welding, distortion was measured at three vertical 
plates and three horizontal plates (highlighted with question marks) as indicated in Figure 4. 
Measurements were analyzed using the trigonometric formula: 

 
…………………………………………………………(1) 

 

Where  is the angular distortion (degrees),  is the horizontal displacement or shrinkage 

(mm), and  is the radius or distance from the pivot point to the measurement location (mm). This 

method allowed accurate quantification of angular changes caused by thermal deformation. 
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(a) (b)  

Figure 2. Back Step Welding Technique Process for (a) Side 1 and (b) Side 2 

 

 
(a)                                                         (b)  

Figure 3. String Welding Technique Process for (a) Side 1 and (b) Side 2 

  

 
Figure 4. The calculated part after welding 

3.  RESULTS AND DISCUSSIONS  
Figures 5 and 6 show the welded specimens produced using the back-step and string welding 
sequences, respectively. Distortion measurements were taken on vertical plates 1, 2, and 3, as well 
as horizontal plates 1, 2, and 3. Tables 1 and 2 summarize the distortion values for both 
sequences. 
 

 
Figure 5. Results of the back-step welding sequence process 
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Figure 6. Results of the string welding sequence process 

  
For vertical plate 1, the back-step method resulted in a distortion of 14.53°, compared to 

15.42° for string welding. Vertical plate 2 showed 13.59° for back-step versus 14.07° for string 
welding, and vertical plate 3 showed 14.30° for back-step versus 14.76° for string welding. In the 
horizontal direction, back-step welding produced values of –3.93 mm, 4.12 mm, and –6.20 mm for 
plates 1, 2, and 3, respectively, whereas string welding produced –10.15 mm, 1.91 mm, and –8.20 
mm. These results confirm that back-step welding is more effective in minimizing both vertical and 
horizontal distortion. The reduced distortion is attributed to the intermittent deposition pattern, 
which decreases shrinkage forces and limits stress accumulation by allowing partial cooling 
between passes (Jilabi, 2024). 
 

Table 1. Back-step welding sequence calculation results 

Name Before Welding (mm) After Welding (mm) Distortion 

Vertical Plate 1 50.26 48.70 14.53° 
Vertical Plate 2 50.23 48.83 13.59° 
Vertical Plate 3 50.26 48.74 14.30° 

Horizontal Plate 1 2.75 6.68 -3.93 mm 
Horizontal Plate 2 4.12 0.00 4.12 mm 
Horizontal Plate 3 3.68 10.06 -6.20 mm 

 
Table 2. String welding sequence calculation results 

Name Before Welding (mm) After Welding (mm) Distortion 

Vertical Plate 1 50.28 48.50 15.42° 
Vertical Plate 2 50.23 48.76 14.07° 
Vertical Plate 3 50.25 48.65 14.76° 

Horizontal Plate 1 0.00 10.15 -10.15 mm 
Horizontal Plate 2 1.91 0.00 1.91 mm 
Horizontal Plate 3 1.00 9.20 -8.20 mm 

 
 The differences in vertical and horizontal distortion between the two sequences have direct 
implications for joint performance and longevity. Higher vertical distortion, as observed in string 
welding, increases residual stresses and creates stress concentration zones at the weld toe, 
reducing fatigue life and load-bearing capacity (Chen et al., 2024; Mandal, 2017). Excessive 
horizontal displacement can compromise dimensional accuracy, leading to misalignments that 
require corrective work and may degrade material properties (Azad et al., 2020; Sun & Dilger, 
2023). In contrast, the lower distortion achieved with back-step welding promotes uniform stress 
distribution, better dimensional fit-up, and improved structural integrity (Jilabi, 2024; Liang & Deng, 
2018)  
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When applied to large structures such as ship panels or plate girders, scale alters heat-
sink behaviour and restraint conditions, potentially changing distortion modes from angular bending 
to more complex buckling. To translate these findings to a production scale, strategies such as 
calibrated FEM simulations, localized low-heat deposition, balanced welding sequences, and 
appropriate fixturing or strongbacks should be implemented. Large-scale welding should also 
include validation of residual-stress fields and buckling limits to ensure both distortion control and 
structural performance (Chen et al., 2024; Seo & Lee, 2025) 

4. CONCLUSION  
This study investigated the effect of welding sequence—back-step and string welding—on 
distortion in the GMAW-pulsed process applied to 316 stainless steel fillet joints. The results 
showed that back-step welding produced smaller distortions in vertical plates 1 (14.53°), 2 (13.59°), 
and 3 (14.30°) compared to string welding, which yielded 15.42°, 14.07°, and 14.76°, respectively. 
Horizontal plate measurements also indicated lower distortion with the back-step method: plate 1 (-
3.93 mm), plate 2 (4.12 mm), and plate 3 (-6.02 mm), versus string welding values of -10.15 mm, 
1.91 mm, and -8.20 mm. These findings confirm that distortion can be minimized by selecting an 
appropriate welding sequence. 
 The results of this research can also inform welder training programs to encourage broader 
adoption of the back-step method in industry. Training should combine distortion-control principles 
with practical demonstrations comparing back-step and string welding, supported by hands-on and 
simulation-based exercises to illustrate how bead placement and cooling intervals reduce residual 
stress. Including the technique in certification requirements and shop-floor guidelines will promote 
consistent application, particularly in sectors where precision and distortion control are critical, such 
as marine and automotive fabrication. Furthermore, distortion control can be enhanced by 
integrating appropriate sequence settings with additional measures: controlling heat input (reduced 
current, higher travel speed, smaller beads), limiting interpass temperature, and applying preheat 
or controlled cooling. Mechanical aids such as strongbacks, clamps, chill bars, and balanced or 
skip-sequencing help restrain shrinkage and distribute stresses. 

REFERENCES  
Afzal, M. S., Wakeel, A., Nasir, M. A., Qazi, M. I., & Abas, M. (2025). Optimization of process parameters for 

shielded metal arc welding for ASTM A 572 grade 50. Journal of Engineering Research (Kuwait), 13(2), 
1072–1088. https://doi.org/10.1016/j.jer.2024.01.005 

Azad, N., Iranmanesh, M., & Rahmati Darvazi, A. (2020). A study on the effect of welding sequence on 
welding distortion in ship deck structure. Ships and Offshore Structures, 15(4), 355–367. 

https://doi.org/10.1080/17445302.2019.1619898 
Baskoro, A. S., Budi Prasetya, D. R., & Widyianto, A. (2019). Analisis pengaruh arus pengerasan dan 

kecepatan pengelasan terhadap lebar manik las dan distorsi pada pengelasan gas metal arc welding 
(GMAW) dengan sambungan tumpul SS 304. Jurnal Teknik Mesin Indonesia, 14(2), 52–57. 

https://doi.org/10.36289/jtmi.v14i2.131 
Bintari Nurhayati, R., Syahroni, N., Handayanu, I., & Teknologi Kelautan, F. (2016). Analisa Pengaruh Welding 

Sequence Terhadap Tegangan Sisa Dan Distorsi Pada Sambungan Tubular Dt-Joint Menggunakan 
Metode Elemen Hingga Dosen Pembimbing. 

Bouhelal, N., Mebdoua, Y., Benamar, M., & Lahmar, H. (2025). Gas tungsten arc welding as a method for 
producing bulk thermoelectric higher manganese silicide materials. Surface and Coatings Technology, 
504(March), 132058. https://doi.org/10.1016/j.surfcoat.2025.132058 

Chaudhary, K. (2017). A Review on Advance Welding Processes. International Journal of Engineering and 
Techniques, 3(6), 86–96. 

Chen, Z., Li, D., Li, J., & Yi, J. (2024). The influence of welding-induced 3D residual stress and distortion on 
the ultimate strength of multi-stiffened thin plate structures under cyclic load. Ocean Engineering, 
311(P1), 118797. https://doi.org/10.1016/j.oceaneng.2024.118797 

Dadkhah, A., Sarkari Khorrami, M., Kashani-Bozorg, S. F., & Miresmaeili, R. (2025). The effect of heat input 
on the residual stress distribution in gas-metal arc welding of carbon steel: Simulation and experimental 
methods. Journal of Advanced Joining Processes, 12(July), 100333. 
https://doi.org/10.1016/j.jajp.2025.100333 

Gandhi, D., & Ghosh, P. (2025). Precipitation behavior in gas metal arc welded ferrite-bainite steels. Materials 
Chemistry and Physics, 333(October 2024). https://doi.org/10.1016/j.matchemphys.2025.130384 



    ISSN 2301-4148 (Print) | 2962-3391 (Online) 

Int. J. MECOMARE, Vol.14, No. 2, (August) 2025: pp 42-48 

48 

Horváth, A., Kollár, D., & Kövesdi, B. (2025). Distortions and residual stresses of NSS, HSS and hybrid box 
sections with single-bevel butt welds: An experimental study. Thin-Walled Structures, 208(September 

2024). https://doi.org/10.1016/j.tws.2024.112834 
Jilabi, A. S. J. (2018). Controlling angular distortion in manual metal arc welding of austenitic stainless steels 

using back-step technique. Journal of University of Babylon, Engineering Sciences, 26(2),311-319. 
https://doi.org/10.29196/jub.v26i2.523 

Jilabi, A. S. J. (2024). Control of Angular Distortion in Gas Tungsten Arc Aluminum Welds Using the Back-
Step Welding Procedure. Annales de Chimie: Science Des Materiaux, 48(6), 823–829. 
https://doi.org/10.18280/acsm.480608 

Kumar, T. P., & Timothy, S. (2019). An General Review of Joining of Al and its Alloys by Fusion and Solid-
State Welding Processes. International Journal of Innovative Science, Engineering & Technology, 5(10), 
5–10. 

Liang, W., & Deng, D. (2018). Influences of heat input, welding sequence and external restraint on twisting 
distortion in an asymmetrical curved stiffened panel. Advances in Engineering Software, 115(July 2017), 

439–451. https://doi.org/10.1016/j.advengsoft.2017.11.002 
Malhotra, M., Kashish, Samridhi, & Khanna, P. (2022). Prediction of angular distortion in flux-cored arc 

welding of stainless steel 301 plates by mathematical modelling. Materials Today: Proceedings, 62, 
3681–3688. https://doi.org/10.1016/j.matpr.2022.04.426 

Mandal, N. R. (2017). Welding Residual Stress and Distortion. i, 235–261. https://doi.org/10.1007/978-981-10-
2955-4_17 

Nishanth, N., & Venkatesan, K. (2022). A Literature Review on Gas Metal Arc Welding (GMAW). International 
Journal of Innovative Research in Technology, 370(7), 370–375. 

Ozcatalbas, Y., & Vural, H. I. (2009). Determination of optimum welding sequence and distortion forces in 
steel lattice beams. Journal of Materials Processing Technology, 209(1), 599–604. 
https://doi.org/10.1016/j.jmatprotec.2008.02.051 

Pangesti, A. A. (2016). Analisa Tegangan Sisa Dan Distorsi Pada Sambungan Tubular Tipe T Dengan 
Pengaruh Post Weld Heat Treatment Menggunakan Metode Elemen Hingga. Jurusan Teknik Kelautan 
Fakultas Teknologi Kelautan …. https://core.ac.uk/download/pdf/291472527.pdf 

Pujono, Ilman, M. N., Kusmono, Muslih, M. R., Priyanto, T. H., Apriansyah, R., & Isnaini, A. (2025). 
Diminishing residual stress and distortion by in-situ rolling tensioning to increase fatigue performance of 
friction stir welded AA2024-T3 joints. International Journal of Fatigue, 190(October 2024). 
https://doi.org/10.1016/j.ijfatigue.2024.108659 

Ramadhan, F. A. (2017). Analisa Tegangan Sisa dan Distorsi Pada Konstruksi Bottom Kapal Survey 
Geomarin IV menggunakan Metode Elemen Hingga dengan Variasi Urutan Pengelasan. 

Rubino, F., Tucci, F., Caruso, S., Umbrello, D., & Carlone, P. (2023). An integrated numerical approach to 
simulate the filler deposition and the shape distortions in gas metal arc welding. CIRP Journal of 
Manufacturing Science and Technology, 45, 26–34. https://doi.org/10.1016/j.cirpj.2023.05.010 

Seo, H. D., & Lee, J. M. (2025). A new welding distortion analysis method considering inherent deformation-
based tendon force estimation. International Journal of Naval Architecture and Ocean Engineering, 
17(October 2024). https://doi.org/10.1016/j.ijnaoe.2024.100640 

Sun, J., & Dilger, K. (2023). Influence of welding sequence and external restraint on buckling distortion in thin-
plate arc-welded joints. Journal of Advanced Joining Processes, 8(September 2023), 100157. 
https://doi.org/10.1016/j.jajp.2023.100157 

Wang, X., Liu, Y., Zhang, Q., Luo, C., & Hu, Q. (2025). Numerical analysis arc behavior in single-power 
double-wire single-arc gas metal arc welding. Results in Engineering, 26(April), 1–8. 
https://doi.org/10.1016/j.rineng.2025.105538 

 


