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Abstract

:

Manufacturing tiny components into gigantic structures seems unimaginable without welding connections, whether it is for materials, parts, structures, or equipment. In the recent competitive market scenario, manufacturing industries are desperately looking for a viable alternative to fusion-based conventional material joining technologies, to improve upon cost-effectiveness along with performance. The present investigation is to evaluate the performance of structural steel thick plate joints prepared by advanced solid-state friction stir welding (FSW) over conventional metal active gas welding (MAG). The FSW experiments were carried out with different tool designs and configurations. The outcomes were evaluated in terms of microstructural integrity and mechanical joint resistance. Impressive results were obtained with FSW joints, characterized by an almost defect-free microstructure with a leaner heat-affected zone and higher joint resistance as compared to conventional MAG-welded joints.
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1. Introduction


The recyclable nature of structural steel makes it a green construction material. According to a global report, the market size of structural steel valued at more than United States Dollar 100 billion in 2021, and is anticipated to grow at a compound annual growth rate (CAGR) of 5.3% from 2021 to 2028 [1]. Looking at this gigantic consumption pattern and anticipated growth numbers, a tiny improvement in the manufacturing/fabrication practices of structural steel could be multiplied into huge savings in terms of effort, time, and money. Manufacturers execute the structural design typically based on professional society-backed standards. A considerable improvement at this stage can lead to enduring the life of the component. An improvement in the fabrication technique could have a large contribution as it is a key factor for structural integrity. Welding technology finds its application in two different regimes, viz., manufacturing and maintenance. The present investigation is focused on the former.



Fusion-based welding of structural steel tends to have a complex relationship with heat input, reactivity, and phase formations wherein failure modes such as cracking, distortion, hydrogen dissolution, and embrittlement are very hard to avoid. The detrimental phase formation and resulting mechanical properties in the arc welding of several sheets of steel were examined in numerous previous investigations [2,3,4,5,6,7,8,9]. Reported defects like air holes and embrittlement cracks in the joints produced with the MAG welding of low carbon bainite ADB610 structural steel proposed by Zhang et al. [10]. Such defects were generated owing to the uncontrolled heating and cooling cycle during MAG welding.



In the last two decades, FSW has emerged as a credible alternative to conventional fusion-based joining techniques like shielded metal arc welding, Metal-arc Inert Gas (MIG), Metal-arc Active Gas (MAG) welding, etc. The mechanical performance of FSW joints has surpassed fusion-based welding joints produced with not only soft materials like aluminum and magnesium but harder ones such as structural steel, stainless steel, titanium, etc., owing to its low heat input attribute [11,12,13,14,15,16]. For instance, Fujii et al. [17] reported that FSW of carbon steel could be completed within a wide range of temperatures from below the A1 to above the A3 line. Moreover, FSW may offer a choice of resultant microstructure characterized by a refined mixture of ferrite and cementite, pearlite, bainite, or martensite, by simply altering the welding parameters. The comparison between MIG and FSW of aluminum alloy Al 5083, reported by Yazdipour et al. [18], indicated the distinct grain morphology in the welded zones. While the weld zone of the MIG specimen was characterized by larger grains than the parent metals, the FSW specimen was characterized by very fine equiaxed grain morphology. Moreover, an ultrafine-grained structure was reported by Xue et al. [19] for the FSW of steel joints, whereas only a coarse solidification microstructure was formed in the fusion welds of the same material. Such a distinction is majorly attributable to the distinctive heat input during welding. As it is minimal in the case of FSW, this joint microstructure is characterized by finer grains. Yan et al. [20] also reported identical results for A7N01-T4 aluminum alloy, wherein FSW specimens exhibited higher mechanical properties (i.e., joint resistance and hardness) as compared to MIG-welded specimens ensuing from a finer grain structure in the weld zone. Apart from the grain dimensions, the size of the heat-affected zone (HAZ) is also minimized comparatively in the case of FSW as per an investigation published by Kumar et al. [21] for mild steel. The HAZ, considered generally the weakest zone in most materials, is characterized by a larger grain with the induction of hard and brittle phases in the microstructure of arc-welded joints. As the HAZ size is minimized in the case of FSW, it not only improves the joint resistance but provides a more uniform defect-free microstructure.



It is strongly believed that the joint performance is varied by the welding parameters and resultant deformation behavior of steels at elevated temperatures [22,23,24]. Yet, the FSW of a thick steel plate is still considered challenging due to the size of the rotating tool and the required FSW machine rigidity. To date, only limited studies about FSW of thick structural steel plates with a thickness of more than 6 mm have been reported. A very interesting study was reported by Konkol et al. [25] for a two-pass FSW of 12.7 mm thick HSLA-65 steel, wherein a single pass weldment was 6.4 mm. However, numerous practical challenges are present during FSW of thick plates, as the very high amount of stress on the rotating tool at elevated temperatures causes very high tool wear or even fracture, which not only negatively affects the tool life but the cost economy of the FSW process [26].



From the presented pieces of literature, it can be stated that there is huge potential for structural steel butt joints for thick plates produced by FSW, in terms of its industrial applicability accompanied by the lack of literature availability. In particular, when welding thick plates by FSW, the pin length plays a key role in the final properties of the joint, as it determines the overlap between the two passes at the mid-thickness of the joint cross-section. This aspect, which has been very scarcely investigated in the literature, could be critical for the industrial adoption of the process. Hence, the objective of the present investigation is not only to compare the 8 mm thick structural steel joints produced by FSW and MAG but also to infer the role of different FSW tool designs and configurations on their microstructural and mechanical properties, including grain dimensions, detrimental phase formation, joint strength, and microhardness.




2. Materials and Methods


Joints prepared with low-carbon manganese steel (S355J2), plate sizing 300 × 250 × 8 mm, were the subject of the comparison between MAG and FSW experiments. The chemical composition and primary mechanical characteristics of the substrate material are listed in Table 1.



MAG welding was carried out on an ESAB welding machine (Origo MIG/MAG 6502cw) using a T 46 2 P M 21 1 H 10 flux-cored wire with rapidly solidifying slag and with an active gas mixture of Ar (80%) + CO2 (20%). Figure 1a,b show the geometrical characteristics and technological parameters for MAG, respectively.



All the FSW experiments were carried out on the ESAB LEGIO machine (Figure 2a), using a tool tilt angle of 2.5°(θ) and a clamping fixture as illustrated in Figure 2b,c, respectively.



W25Re, characterized by a melting temperature of 3050 °C and a recrystallization temperature of around 1900 °C, was used as FSW tool material. The experiments carried out with distinct FSW tool geometrical parameters are depicted with their IDs in Figure 3.



As far as the FSW process parameters are concerned, the tool rotation and the feed rates, 900 rpm and from 80 mm/min, respectively, were used. These parameters were derived from a preliminary experimental campaign. As the material thickness is very high and the extreme stress on the rotating tool at elevated temperatures causes very high tool wear, this leads to numerous defects as described earlier in Section 1. To counterfeit these consequences, FSW was carried out in two stages as displayed in Figure 4, wherein the first FSW pass to cover almost half-plate thickness was followed by the second pass with the plate flipped.



Cross-sections from the center of the welded seam were sliced perpendicular to the welding direction and prepared following the metallographic procedures. Further, they were hot mounted in resin, ground, and finally polished down with 3 µm diamond paste before etching with Picral reagent (HNO3 2% vol. + C2H5OH bal.%). Prepared microstructural samples were examined through optical microscopy (OM) (OLYMPUS, Model—Inverted Metallurgical Microscope GX51) for features such as grain morphologies, intermetallic particles, fractured particles, porosities, and other compositional elements.



Hardness traverses (2-mm increments) were produced across the weld regions using a 5 Kg load and a 15-s dwell time with an Eseway 4302 Vickers hardness tester. Tensile testing as per ASTM E8 was carried out on all the prepared samples with a velocity of 2 mm/minute.




3. Results


3.1. Welding Time and Economical Evaluation


MAG welding and FSW processes both work on different technological parameters; hence, for a proper evaluation as per industrial norms, the first and foremost step is to evaluate each process based on time and economy. The average time consumption for welding the length of 500 mm in 8 mm thick plate was 20–22 min for MAG welding whereas it was 12–13 min for FSW. On one hand, a total of five weld overlays were required, while on the other hand, FSW was finished with only two passes, viz., a top and bottom pass. It is important to note that this time is exclusive of time spent on the pre-weld preparation and post-welding treatments.



As far as the economical aspect is concerned, during FSW no filler material was consumed, while a total of 10 kg of filler material was consumed in 20 min of the MAG welding. Additionally, during the MAG process, 120 kg of inert gas was utilized at a rate of 260 [liters/min].




3.2. Tensile Evaluations


Tensile results of the base material (BM), MAG, and FSW samples are graphically represented in Figure 5. While the yield strength and ultimate tensile strength (UTS) for BM were 400 and 520 MPa, respectively, they were 390 and 490 MPa, respectively, for the MAG samples, which is almost 6% lower than BM. Moreover, the location of fracture for the MAG samples was the heat-affected zone (HAZ) area. It is noteworthy to report that the FSW sample B3, prepared with a 5.5 mm pin height (PH) and 10 mm shoulder diameter (SD), exhibited the yield strength and UTS at 430 and 530 MPa, respectively. Although the joint strength seems to have only a marginal increase, as the location of the fracture was in the BM region, it can be said that the FSW samples’ joint strength surpassed the one with BM.



These things considered, when all FSW samples were subjected to a tensile test, interestingly, all FSW samples fractured from the BM region. Among all the FSW samples, the yield strength and UTS of sample B3 (SD = 10 mm, PH = 5.5 mm) were remarkably high, as graphically represented in Figure 6; however, the highest elongation was recorded with sample A3 (SD = 16 mm, PH = 5.5 mm). Figure 6 compares the influence of pin height and % weld overlap with two different shoulder diameters on joint efficiency. Interestingly, while the samples welded with a SD of 16 mm exhibited a bell curve for joint efficiency, the samples welded with a SD of 10 mm exhibited a constant rise in the joint efficiency value up to a 10% weld overlap, and then it became almost constant up to 38% of overlap.



Moreover, during the fracture surface evaluation, the MAG sample’s fractured surface exhibited a brittle fracture with ridges, whereas the FSW sample B3 exhibited ductile fracture with cup and cone geometry at the fracture location, as shown in Figure 7. However, sample A1, which was welded with 3.3 mm PH, exhibited rupture from a recessed defect.




3.3. Hardness Evaluations


Hardness profiles for MAG and FSW sample B2 are graphically represented in Figure 8. The hardness indentations were made along the two lines across the joint area to evaluate the whole weld zone. While the first line of indentations was 2 mm beneath the top surface, the second was 6 mm beneath the top weld surface, as indicated in Figure 8. The maximum hardness of 204 HV was recorded within the nugget area of sample B2, whereas it was 188 HV for the MAG sample.



Additionally, sample B3 not only exhibited the highest hardness values but the most uniform hardness distribution across the welded region among all the samples. The hardness values were consistent in the welded region for both lines. However, there was a huge variation of almost 10% between the hardness values along the two indentation lines for the MAG sample. Furthermore, the hardness values were higher in the HAZ region as compared to the weld zone, characterized by a V-curved hardness distribution. In addition, there was a very lean variation of 3–4% between the hardness of the two indentation lines for FSW sample A3.




3.4. Macro- and Microstructure Evaluations


A macrostructural comparison of the MAG and FSW samples, corresponding to different zones, is exhibited in Figure 9. The weld zone (WZ) of the MAG sample was majorly characterized by enlarged grains as compared to the HAZ.



The heat flow direction along the ferrite grain is visible in Figure 10a, which indicates the cooling rate is the slowest in the center of the WZ during MAG welding. Additionally, lots of porosity was present across the WZ of this sample. The WZ consists of coarse grains along with some martensite packets oriented in the preferred directions. At the WZ/HAZ interface, the unidirectional crystallographic oriented martensitic lath structure is visible.



However, samples welded with FSW exhibited an almost porosity-free WZ, a very lean thermo-mechanically affected zone (TMAZ), and a HAZ as well. These samples contain a refined microstructure in the WZ. Most areas in the WZ display single variants of grains, though FSW samples welded with 3.3 and 4.4 mm PH exhibited recess defects, as depicted in Figure 10b,c, respectively.



The grain size comparison for different samples welded with MAG and FSW is graphically represented along with microstructure images, depicted in Figure 11. As the FSW samples were subjected to top and bottom passes separately, their grain sizes were also evaluated separately.



MAG samples exhibited an average grain size of 15 µm in the WZ. The FSW samples exhibited average grain sizes ranging from 7 to 11 µm. Further, when average grain sizes were compared among the FSW samples, sample B3 exhibited the finest grain dimensions.



Microstructure Evaluations through Scanning Electron Microscope (SEM)


SEM micrographs, depicting different zones of the MAG and FSW sample A3, are displayed in Figure 12a,b, respectively. On one hand, the MAG sample was characterized by a combined ferritic-pearlitic structure along with a few spots of martensite in the WZ, yet several weld porosities were also present. The HAZ contained mainly a ferritic structure with several spots of martensite wherein the lathes of martensite are aligned towards the preferred direction of heat flow.



On the other hand, there is an appreciable morphological variation in the formation of acicular ferrite and bainite as compared to MAG. The SEM micrographs of the FSW joint indicate that the WZ comprises bainite, and acicular ferrite dispersed throughout the zone. Interestingly, no trace of martensite was present in the WZ of the FSW sample. The TMAZ exhibited distorted grains with a few spots of martensite and upper bainite. The HAZ region was mainly characterized by the ferrite-pearlite structure with the least-distorted structure. The grain morphological variation clearly indicates the interface between the TMAZ and HAZ.






4. Discussion


4.1. Influence of Welding Process Variants on Microstructure


The chemical composition in filler material and the heat input are crucial factors for resulting microstructural features and morphologies in the joint area. Most commonly, higher heat input followed by slower cooling rate results in coarse gain structures in the WZ [10,24]; however, low heat input during welding fosters faster cooling and results in a finer grain structure. In the present investigation, the MAG welding was carried out by cladding one after another up to five passes, during which the heat is built up in the WZ and never gets enough time to cool down completely, ensuing in grain growth. Although low heat leads to finer grain microstructure comparatively, refinement of the microstructure is quite dependent on the intrinsic nature of the process. For instance, during FSW the grains are refined not only by the low heat input processing, but tool pin-led plastic deformation plays an important role too in grain refinement. Hence, when the faster cooling rate is coupled with plastic deformation, the formation of upper bainite with a small amount of acicular ferrite is probabilistically present. That is one of the prevailing reasons for the upper bainite grains in the WZ of FSW samples, as displayed in Figure 12b.



Nevertheless, the higher heat input nature of the MAG welding process is majorly responsible for the phase transformation in the WZ. The base material microstructure consisting of ferrite with a small amount of pearlite was transformed into the acicular ferrite and retained austenite and martensite, as shown in Figure 12a. Additionally, filler metal plays a vital role in the transformation of microstructures too. Hence, it seems very challenging to get a uniform microstructure in fusion-based arc welding [21].



FSW samples exhibited a refined structure with a nearly uniform structure in terms of phase distribution. The rotating pin not only infuses the heat by friction, but it plastically deforms the grain structure too, which results in the refined grain structure as discussed earlier. Among the different FSW samples, the one produced with a 5.5 mm pin length and 10 mm shoulder sample (Sample B3) exhibited the highest grain refinement aligned with the highest mechanical properties. However, the sample welded with a 5.5 mm pin was characterized by finer grains as compared to 4.4 mm. This can be attributed to the 38% overlap of the top and bottom passes, churning out the grains further down to 7 µm from 11 µm, as displayed in Figure 12b. Additionally, the grain size varied from top to bottom of the WZ. This different grain size can be explained by the dual heating cycle experienced by the WZ top region. As indicated earlier, to cover the complete thickness of the plate, the FSW was carried out in two steps, namely a top and bottom pass. So, as the top pass was followed by the bottom one, the material stirred by the first pass experiences heating while the second pass is carried out. Hence, the region is recrystallized again without appreciable plastic deformation, leading to larger grains as compared to the bottom part. During FSW, as the shoulder equally contributes to heat input as a pin, the sample with a larger shoulder diameter inducts more heat and so does the larger grain, as resulted with sample A3 [27].



As far as the defects are concerned in all the welded samples, each defect is driven by a different mechanism owing to their different welding conditions. For MAG welding, the atmospheric gases like hydrogen, oxygen, or nitrogen get dissolved in a weld puddle during the welding, which later is released during solidification leaving a residual porosity in the WZ, as indicated in Figure 11A and Figure 12a. However, a quite different phenomenon is associated with the presence of porosity in FSW samples. Porosities are reported in the cases where: (i) the material flow stress is too high to make it hard to deform and stir uniformly, (ii) when the heat input is insufficient to soften the material, or (iii) when the tool plunge is insufficient to stir whole material volume underneath the shoulder [28]. In the current study, for the samples welded with 3.3 mm PH (Sample A1 and B1), insufficient plunge depth resulted in porosity, as displayed in Figure 12b. The samples welded with 4.4 and 5.5 exhibited an almost identical defect-free microstructure.




4.2. Influence of Welding Process Variants on Mechanical Properties


The joint properties rely mainly on the microstructure along with the chemical composition of the WZ. The prevailing reason for the property enhancement of the WZ is the resulting microstructure post-welding. The yield strength improvement of the prepared joints can be attributed to the interaction of cracks with the dynamic dislocations or grain boundaries [29]. On the one hand, the % elongation of the MAG sample was 22%, and this is lower than the base metal (26%). The reason for the decrease in the elongation is the presence of the hard and brittle martensite phase in the WZ, as mentioned in Section 4.1. Moreover, the yield strength and UTS were also lowered by almost 6%, as compared to the base material, mainly due to the visible gain growth in the WZ and the porosity defects. Moreover, a typical hardness trend was observed in the MAG sample. The hardness started declining from the HAZ/WZ interface to the weld center. Such a trend can be attributable to the concentrated heat flow at the center of the WZ followed by slow cooling, which not only promoted grain growth but the formation of stable acicular ferrite with a fraction of upper bainite. However, the martensitic transformation led by the faster cooling increased the hardness in the HAZ, which is also superior to that of the base material. Moreover, when the hardness profile in the two different regions (viz., top and bottom region) were compared, the lower half of the WZ exhibited reduced hardness values. This can be directly related to the different grain size distributions in the WZ, in which the top region was characterized by larger grains as compared to the bottom. As discussed in Section 4.1, as the weld puddle was prepared by cladding one by one five layers of filler material, the bottom-most region experienced multiple heating and cooling cycles, ensuing in grain growth. Further, the MAG sample fractured from the HAZ region. The WZ/HAZ interface acts as the weakest link during the tensile test due to distinct hardness values possessed by each zone. This soft/hard interface led to the necking and final fracture across the HAZ region [30]. As this kind of interface is not present in the case of base metal, it exhibits higher ductility, comparatively.



On the other hand, the FSW samples exhibited an extraordinary rise in the % elongation, tensile strength, and hardness values as compared to the base material and MAG samples. Whereas the % elongation of the best-welded sample (Sample B3) was 45%, the other FSW samples also exhibited an incredible rise in the % elongation as compared to the BM. During FSW, the material experiences severe plastic deformation along with heat input, leading to dynamic recrystallization and ultimately refined grain structure. With an increased grain boundary area by finer grains, the crack and dislocation motions are hindered, ensuing in increased properties like strength, ductility, and hardness. This phenomenon can be further confirmed by the Hall–Petch relation, according to which the fine grains are expected to enhance both the hardness and strength of the weld metal [31,32,33,34]. Besides, among the FSW samples, the amount of heat input plays a decisive role in the final microstructural features like grain size and phase transformations. The samples welded with a 10 mm shoulder characterized by the finer grain structure exhibited higher strength and hardness as compared to the 16 mm shoulder sample. As far as the FSW pin dimensions are concerned, the samples with a 3.3 mm pin exhibited lower properties owing to the recess defects present in the WZ. In addition, the samples welded with 4.4 and 5.5 mm PH demonstrated defect-free microstructure. However, as the WZ of sample B3 which was welded with 5.5 mm PH experienced double FSW passes, the grains were churned and refined twice, as discussed in Section 4.1. These finer grain structures not only assist in increasing the tensile strength but the hardness values too.



As far as the hardness values are concerned, a very interesting profile was generated in sample B3. While the sample welded with MAG and 4.4 mm PH in FSW exhibited a huge variation in the hardness values for the top and bottom region of WZ, the sample B3 exhibited almost constant hardness throughout the WZ owing to the completely and uniformly refined microstructure. This uniformity had been inducted by the 38% overlap of the top and bottom passes. Undoubtedly, the WZ demonstrated higher hardness values as compared to the BM region. It demonstrated higher values than the TMAZ and HAZ too. Hence, the process mechanic is very important for the resultant mechanical properties.



In a nutshell, the FSW process surpasses MAG welding in almost every aspect, whether it is time and economy, as discussed in Section 3.1, or the microstructural integrity and resultant mechanical properties. It is the industry-ready approach for the replacement of conventional fusion-based welding technologies.





5. Conclusions


A comparative analysis among the joints produced with metal active gas welding and friction stir welding was successfully carried out. The processes were evaluated in terms of time, economy, microstructure, and resultant joint properties. The influence of different process variables like tool shoulder diameter, pin height, pass overlap on the microstructure, tensile strength, and hardness was studied in detail for friction stir welded samples. The following conclusions were extracted from the study.




	
For a welding length of 500 mm in an 8 mm thick plate, the average time required for MAG welding was 20–22 min, whereas the average time required for FSW welding was 12–13 min. This time does not include the amount of time spent on pre-weld prep and post-weld treatments;



	
In terms of cost, during the FSW no filler material was used, however, during MAG welding, 10 kg of filler material was used up in just 20 min. Additionally, 120 kg of inert gas was used during the MAG process at a rate of 260 [liters/min];



	
The best FSW sample exhibited 21% and 11% higher hardness as compared to the base material and MAG samples. Such a commendable rise in the hardness can be attributed to dynamic recrystallization in the WZ led by severe plastic deformation, localized heating, and faster cooling during the FSW process. Additionally, whereas MAG samples were found with almost 10% hardness variation in the top and bottom regions of the WZ, it was consistent in the case of FSW samples owing to more uniformity in the microstructure.



	
Of the FSW samples, the one welded with the highest pin height of 5.5 mm and the smallest shoulder diameter of 10 mm outperformed others concerning tensile strength and hardness, owing to the low amount of heat input and 38% overlap of top and bottom passes, led grain refinement.
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Figure 1. MAG: (a) “V” groove dimensions, and (b) Parameters selected during welding. 
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Figure 2. (a) ESAB Legio 3 ST machine, (b) Tilt angle used, and (c) Clamping fixture. 
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Figure 3. Geometrical parameters used in friction stir welding where a is the shoulder diameter, b is the pin diameter and c is the pin height. 
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Figure 4. Schematic double passes FSW process. 
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Figure 5. Stress vs. strain curve for BM, MAG, and FSW samples. 
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Figure 6. Effect of % overlap of FSW passes on Joint efficiency. 
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Figure 7. Fractured surface comparison for: (a) MAG, (b) Sample B3, and (c) Sample A1. 
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Figure 8. Hardness values for: (a) MAG, (b) FSW Sample A3, and (c) FSW sample B3. 
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Figure 9. Macrographs of samples: (a) MAG, (b) A3, and (c) B3. 
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Figure 10. Macrographs showing defects in the samples: (a) MAG, (b) A1, and (c) A2. 
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Figure 11. Weld zone average grain size comparison between: (A) MAG and Sample A3, and (B) Sample A3 and Sample B3. 
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Figure 12. SEM micrographs of different zones for: (a) MAG, and (b) Sample A3. 
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Table 1. Main mechanical and chemical properties of the examined S355J2 steel.
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Materials

	
Ultimate Tensile Strength

[Mpa]

	
Yield Strength 0.2% Proof

[Mpa]

	
Elongation at Break

[%]

	
Vickers Hardness

[HV]






	
S355J2

	
610

	
470

	
6

	
170




	
C

	
Si

	
Mn

	
P

	
S

	
Cu




	
Max

	
max

	
max

	
max

	
max

	
max




	
0.20

	
0.55

	
1.60

	
0.025

	
0.025

	
0.40
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