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Abstract 

In this study, to evaluate the performance of different welding techniques in joining dissimilar 

aluminum alloys, known as the Tailor Welded Blank (TWB) concept, and to investigate their 

resulting mechanical properties and microscopic structures, three aluminium alloys—AA3105, 

AA5052, and AA1200—were investigated. These alloys were joined as multi-material dissimilar 

blanks using Gas Tungsten Arc Welding (GTAW) and Friction Stir Welding (FSW). By 

conducting Nakazima formability tests on the welded specimens, forming limit diagrams (FLD) 

were extracted. The FLD indicated that, across the strain paths examined, the FSW joints generally 

showed higher forming-limit strains and a broader safe-forming region than the corresponding 

GTAW joints.  FSW 1–5 displayed the greatest formability, while AA5052 exhibited the lowest 

overall forming ability. The improved formability of the FSW joints suggests the feasibility of 

solid-state welding for producing dissimilar aluminium sheets that will undergo subsequent 

forming operations. The FSW 1–5 joint exhibited approximately 152% higher displacement 

capacity than the corresponding TIG joint during Nakazima testing.  
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1. Introduction 

The increasing demand for lightweight structures with enhanced mechanical performance has 

accelerated the development of advanced joining technologies for aluminium alloys. In industries 

such as automotive, aerospace, railway transportation, and shipbuilding, the fabrication of reliable 

welded joints is essential for reducing structural weight while maintaining adequate strength, 

durability, and formability. Consequently, significant research efforts have been devoted to 

developing joining techniques that produce high-quality welds with minimal defects and superior 

mechanical performance. Among the available joining processes, fusion welding and solid-state 

welding represent the two principal categories for joining sheet metals. Gas Tungsten Arc Welding 

(GTAW), commonly referred to as Tungsten Inert Gas (TIG) welding, is one of the most widely 

used fusion welding techniques because of its excellent weld quality, high dimensional accuracy, 

and superior surface finish. In the GTAW process, an electric arc is established between a non-

consumable tungsten electrode and the workpiece, generating sufficient heat to melt the base 

material. The weld pool is protected from atmospheric contamination by an inert shielding gas, 

typically argon, helium, or their mixtures. Although GTAW can produce high-quality welds, the 

relatively high heat input often leads to excessive distortion, residual stresses, grain coarsening, 

and degradation of mechanical properties, particularly in thin aluminium sheets with thicknesses 

below approximately 2 mm [1]. 

Friction Stir Welding (FSW), introduced by The Welding Institute (TWI) in 1991, has emerged as 

one of the most successful solid-state joining technologies for aluminium alloys. Unlike fusion 

welding processes, FSW joins materials below their melting temperature using a rotating non-

consumable tool consisting of a shoulder and a profiled pin. During welding, frictional heating and 

severe plastic deformation soften the surrounding material. Simultaneously, the rotating tool 

transports the plasticized material from the advancing side to the retreating side, producing a 

consolidated joint through dynamic recrystallization. Because melting is avoided, FSW 

significantly reduces welding defects such as porosity, hot cracking, solidification shrinkage, and 

excessive distortion. Furthermore, the absence of filler materials and shielding gases, together with 

its relatively low energy consumption, makes FSW an environmentally friendly and economically 

attractive joining process for high-volume manufacturing applications [2]. 
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The formability of welded sheet metals is a critical consideration in the manufacturing of 

lightweight components. Formability describes the ability of a sheet material to undergo plastic 

deformation without localized necking or fracture during forming operations. Among the available 

characterization methods, the Forming Limit Diagram (FLD) is widely accepted as the standard 

criterion for evaluating sheet metal formability. The FLD defines the combinations of major and 

minor principal strains corresponding to the onset of localized necking, thereby distinguishing the 

safe forming region from the failure region. In the present study, the FLD was determined using 

the standardized Nakazima out-of-plane stretching test, in which a circular grid pattern is applied 

to the specimen surface before deformation. Following deformation, the deformation of the 

circular grid elements into ellipses is measured to calculate the major and minor principal strains 

and subsequently construct the forming limit curve (FLC) [3]. 

Extensive research has been conducted on the mechanical behavior, microstructural evolution, and 

formability of welded aluminum alloys produced by different joining techniques [4–26]. 

Comparative investigations involving GTAW, Gas Metal Arc Welding (GMAW), Laser Beam 

Welding (LBW), and FSW have consistently demonstrated that the welding process significantly 

influences the resulting microstructure and mechanical performance. For example, studies on 

AA6061 joints produced by GTAW, GMAW, and FSW reported that GMAW achieved higher 

joint efficiency than the other two welding methods under the investigated conditions [6]. In 

contrast, comparative studies on AA2014-T6 indicated that FSW produced superior tensile 

properties and joint quality owing to the elimination of solidification-related defects commonly 

associated with fusion welding [14]. Similarly, Edip et al. [15] investigated dissimilar welding of 

AA5182 and AA7075 alloys using GTAW and GMAW, demonstrating that both processes 

produced comparable mechanical properties when appropriate welding parameters and groove 

geometries were employed. Moreover, investigations on AA1050 aluminum sheets revealed that 

FSW joints exhibited superior mechanical performance and more uniform strain distribution than 

those produced by GTAW [16]. 

Considerable attention has also been devoted to evaluating the formability of welded aluminum 

tailor-welded blanks through experimental and numerical approaches [27–38]. Previous studies 

have shown that the forming behavior of welded sheets is strongly affected by the welding 

technique, welding parameters, material combination, and loading condition. For instance, 
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comparative investigations on AA6061 tailor-welded blanks joined by FSW, Friction Stir 

Vibration Welding (FSVW), and CO₂ laser welding demonstrated that FSVW provided the highest 

forming limits and limiting dome heights among the investigated joining methods [27]. Studies on 

dissimilar AA5182-AA6061 FSW tailor-welded blanks further revealed that both the material 

arrangement and welding parameters significantly influence the forming limit, with optimum 

performance obtained at a rotational speed of 700 rpm and a traverse speed of 150 mm min⁻¹ [28]. 

Other investigations have shown that elevated forming temperatures substantially improve the 

FLD of aluminum alloys and stainless steels, whereas factors such as sheet orientation, punch 

geometry, strain path, and geometric discontinuities also play important roles in determining 

formability [29–34]. More recently, Deilami and Safari [32] demonstrated that increasing the 

rotational speed during FSW reduced the formability of ultra-thin steel tailor-welded blanks, 

whereas increasing the welding speed improved their forming performance. 

Although numerous studies have investigated the mechanical properties, microstructural 

evolution, and formability of welded aluminum alloys, most have focused on similar-material 

joints or a single welding technique. Comparative investigations evaluating the formability of 

dissimilar aluminum tailor-welded blanks produced by both fusion welding and solid-state welding 

remain limited. In particular, comprehensive FLD-based studies involving AA5052-AA3105 and 

AA5052-AA1200 dissimilar joints are rarely reported in the literature. Furthermore, the combined 

effects of welding process, weld quality, and microstructural characteristics on the forming 

behavior of these dissimilar aluminum combinations have not yet been fully clarified. 

Therefore, the present study aims to comparatively investigate the formability of dissimilar 

aluminum tailor-welded blanks fabricated from AA5052-AA3105 and AA5052-AA1200 alloys 

using Friction Stir Welding (FSW) and Gas Tungsten Arc Welding (GTAW). Formability was 

evaluated using the Nakazima test by constructing forming limit diagrams, while the 

corresponding failure characteristics, mechanical behavior, and microstructural evolution of the 

welded joints were systematically analyzed. The findings provide a comprehensive assessment of 

the influence of welding technique on the forming performance of dissimilar aluminum tailor-

welded blanks and offer useful guidance for the manufacturing of lightweight sheet-metal 

components. 
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2. Materials and Experimental Procedure 

Sheets of AA1200, AA5052, and AA3105 aluminum alloys, each with a thickness of 2 mm, were 

used to fabricate dissimilar tailor-welded blanks. Two material combinations, AA3105–AA5052 

and AA1200–AA5052, were produced using both FSW and GTAW. Nakazima formability tests 

were conducted in accordance with ISO 12004-2 to construct the forming limit curves. 

The chemical compositions of the alloys are presented in Tables 1–3, and their initial 

microstructures are shown in Figure 1. The average grain sizes were determined to be 30–40 µm 

for AA1200, 150–200 µm for AA3105, and 40–50 µm for AA5052. 

Table 1: Chemical composition of AA 5052 alloy (wt.%). 

Al Others Zn Mn Cu Fe Si Cr Mg 

Rem < 0.15 < 0.1 < 0.1 < 0.1 < 0.4 < 0.25 0.15-0.35 2.2-2.8 

Table 2: Chemical composition of AA 3105 alloy (wt.%). 

Al Others Ti Zn Mn Cu Fe Si Cr Mg 

Rem < 0.15 < 0.1 < 0.4 0.3-0.8 < 0.3 < 0.7 < 0.6 < 0.2 0.2-0.8 

Table 3: Chemical composition of AA 1200 alloy (wt.%). 

Al Others Ti Zn Mn Cu Si+Fe 

Rem < 0.15 < 0.05 < 0.1 < 0.05 < 0.05 < 1 

 

 

a 

 

b 
 

c 

Figure 1. Microstructures of a) AA 1200, b) AA 3105, and c) AA 5052. 



6 

 

GTAW was performed manually, and process parameters, including welding current (100–120 A) 

and filler metal diameter, were systematically evaluated. For FSW, the selection and optimization 

of rotational speed, traverse speed, and tool tilt angle were guided by preliminary trials and 

recommendations from the literature. In the FSW trials, rotational speeds of 1200, 1600, and 2000 

rpm, traverse speeds of 8, 12, and 20 mm min⁻¹, and tool tilt angles ranging from 1° to 2° were 

examined. FSW butt-joint specimens were clamped in a rigid fixture and welded using a tool 

machined from H13 hot-work tool steel. FSW was carried out on an FP4M milling machine, 

whereas GTAW was performed using a TRIPLE 500 welding unit (Figure 2). 

The geometry and dimensions of the FSW tool are shown in Figure 3. Abbreviated designations 

were adopted to simplify specimen identification, as summarized in Table 4. 

 
a 

 
b 

Figure 2. Experimental equipment a) GTAW setup, and b) Milling machine utilized for FSW. 
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Figure 3. (a) Schematic diagram and dimensions and (b) experimental condition of the FSW tool. 

Table 4: Nomenclature and designation of experimental specimens . 

No. Designation Description 

1 AA1200 As-received AA1200 base metal sheet 

2 AA5052 As-received AA5052 base metal sheet 

3 AA3105 As-received AA3105 base metal sheet 

4 FSW 1-5 FSW dissimilar joint: AA1200 – AA5052 

5 FSW 3-5 FSW dissimilar joint: AA3105 – AA5052 

6 TIG 1-5 GTAW dissimilar joint: AA1200 – AA5052 

7 TIG 3-5 GTAW dissimilar joint: AA3105 – AA5052 

Out-of-plane Nakazima tests were performed in accordance with ISO 12004-2 using a sub-size 

die configuration consisting of a blank holder and a hemispherical punch with a diameter of 44 

mm. The die was machined from MO40 alloy steel and heat-treated to a hardness of approximately 

40 HRC. Figure 4 shows the die geometry and dimensions. The two-piece die assembly was 

aligned using precision guide pins and secured with four socket-head cap screws. A guide sleeve 

in the upper die housing ensured accurate punch alignment. Specimens with different waist widths 

were prepared using wire electrical discharge machining (wire-EDM) to generate a range of strain 

paths. The specimen geometries and the gridded specimens used for Nakazima testing are shown 

in Figure 5, and representative prepared specimens are shown in Figure 6. Before forming, a 

circular grid pattern was applied to the specimen surfaces to evaluate the surface strain distribution 

after deformation. The pattern was transferred using a gelatin stamp with raised grid features 

coated with specialized ink.  
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Figure 4. Tooling setup for the Nakazima test: a) Assembly schematic, and b) Die components 

 

 

 

Figure 5. Geometries and dimensions of gridded specimens for Nakazima formability testing. 
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Figure 6. Wire-EDM-prepared TIG and FSW welded specimens for Nakazima test. 

 

After Nakazima testing, the major and minor axes of the deformed circular grid elements were 

measured using a Mylar scale. Major true strain (ε1) and minor true strain (ε2) were calculated 

using Equation (1). 

The engineering limit strains are expressed as: ݁1 = ஽−ௗ˳ௗ˳            ݁₂ = ௗ−ௗ˳ௗ˳                                            (1) 

where e1 is the major engineering strain, e2 is the minor engineering strain, D is the major axis of 

the deformed ellipse, d is the minor axis, and d0 is the initial circle diameter. 

The true limit strains are calculated using: 

1ߝ    = ݈݊ ஽ௗ˳ ₂ߝ                       = ݈݊ ௗௗ˳                                           (2)  

where ε1 is the major true strain, ε2 is the minor true strain, D is the major axis, d is the minor axis, 

and d0 is the initial circle diameter. 
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To analyze formability behavior, tracking the deformation path is essential. The strain path reflects 

the ratio of minor strain (ε2) to major strain (ε1) throughout deformation. This relationship is 

quantified by the strain path parameter α: 

ߙ   = ఌ2ఌ1                                                                                           (3) 

where ε2 and ε1 represent the minor and major true strains, respectively. Based on the magnitude 

of α, the strain state is classified as: α<0: Uniaxial tension domain, α=0: Plane strain domain, and 

α>0: Equi-biaxial tension domain. 

 

3. Results and Discussion 

The optimized FSW parameters were identified as a tool rotational speed of 1600 rpm, a traverse 

speed of 12 mm min⁻¹, and a tool tilt angle of 1.5°. For GTAW, the optimized condition consisted 

of a welding current of 120 A with a 2.4-mm-diameter ER5356 aluminum filler rod.  

Representative welded specimens produced by FSW and GTAW are shown in Figure 7. After 

Nakazima testing, strain analysis was performed using a Mylar scale, as shown in Figure 8, and 

forming limit curves were constructed. 

Figure 9 presents the forming limit diagram for the AA3105 base material. The region below the 

FLC represents the safe forming region, whereas strain states above the curve indicate localized 

necking and fracture. 

 



11 

 

Figure 7: Welded joint appearances: a) FSW specimen, and b) GTAW specimen. 

 

 

Figure 8: Deformed specimen following Nakazima formability testing. 

 
Figure 9: Forming Limit Diagram for AA 3105 base alloy. 

 

Figure 10 compares the forming limit diagrams of GTAW- and FSW-welded specimens against 

the base metals. AA 5052 exhibits the lowest overall formability, whereas the FSW 1-5 joint 
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displays the highest formability limit. Overall, FSW joints demonstrate superior forming capacity 

compared to GTAW joints. Figure 11 depicts the variation of limit strains across different strain 

paths (α=ε2/ε1). The horizontal axis denotes the strain ratio α, while the vertical axis represents the 

major limit strain (ε1). The plots cover uniaxial tension, plane strain, biaxial tension, and mixed 

strain paths. 

 
a 

b 

Figure 10: Comparison of forming limit curves for welded specimens and base metals: a) TIG 3-

5 (T3-5) vs. FSW 3-5 (F3-5), and b) TIG 1-5 (T1-5) vs. FSW 1-5 (F1-5). 

Figure 12 depicts the variation of limit strains across different strain paths (α=ε2/ε1). The horizontal 

axis denotes the strain ratio α, while the vertical axis represents the major limit strain (ε1). The 

plots cover uniaxial tension, plane strain, biaxial tension, and mixed strain paths. The FSW 1–5 

joint extended the investigated strain-path range from α = 0.4 for TIG 1–5 to α = 0.9, corresponding 

to an absolute increase of 0.5 in α and a 125% increase relative to the TIG joint. The FSW 1–5 

joint demonstrated a substantially broader biaxial strain-path coverage, reaching α = 0.9, whereas 

the TIG 1–5 joint reached only α = 0.4. The maximum investigated strain-path parameter increased 

from α = 0.5 for TIG 3–5 to α = 0.8 for FSW 3–5, corresponding to an absolute increase of 0.3 and 

a 60% increase relative to the TIG joint. The investigated α-range was 0.9 for FSW 3–5 and 0.7 

for TIG 3–5, indicating a 28.6% broader strain-path range for the FSW joint. FSW 3–5 provided 

broader coverage toward the positive biaxial-tension regime, whereas TIG 3–5 extended further 

toward negative minor-strain conditions. 
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 ای

 
a 

 
b 

Figure 11: Forming limit variation vs. principal strain ratio (α=ε2/ε1) for welded specimens: a) 

FSW 1-5 vs. TIG 1-5, and b) FSW 3-5 vs. TIG 3-5. 

The comparative curves confirm that FSW joints consistently outperform GTAW joints across all 

strain paths. FSW limit curves reside at significantly higher strain levels, indicating that the fine, 

equiaxed dynamic recrystallized grain structure produced during solid-state stirring enhances sheet 

formability. The comparative curves confirm that FSW joints consistently outperform GTAW 

joints across all strain paths. FSW limit curves reside at significantly higher strain levels, indicating 

that the fine, equiaxed dynamic recrystallized grain structure produced during solid-state stirring 
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enhances sheet formability. The safe and fracture domains illustrated in Figure 12 compare the 

forming windows for FSW and GTAW aluminium joints. FSW specimens display an expanded 

safe forming window with higher limit strain boundaries, whereas GTAW specimens exhibit 

premature necking and a constricted safe window. The FSW 1–5 joint extended the investigated 

strain-path range to α = 0.94, corresponding to 94% of the equibiaxial strain-path condition (α = 

1). The safe-forming region of the FSW 1–5 joint extended over a broad strain-path range from α 

= −0.09 to α = 0.94. Notably, the upper boundary approached the equibiaxial strain condition (α = 

1), reaching 94% of the corresponding strain-path ratio. 

The enhanced formability of the FSW joints can be attributed to greater microstructural 

homogeneity, more uniform strain distribution, and reduced stress concentrations compared with 

fusion-welded joints. Consequently, FSW preserves the formability of tailor-welded blanks more 

effectively than GTAW. Figure 13 compares the force–displacement response curves of FSW and 

GTAW specimens with those of the base metals during Nakazima testing. The FSW specimens, 

particularly FSW 1-5, sustained the largest displacement before failure, indicating greater overall 

ductility. 

 
(a) 

 
(b) 

Figure 12: Comparison of safe and failure regions during forming for specimens welded by: a) 

FSW, and b) GTAW (TIG). 

In GTAW joints, complete melting and subsequent solidification promote coarse dendritic 

structures in the fusion zone and heat-affected zone (HAZ), accompanied by solidification defects 

such as porosity and micro-cracking that exacerbate stress concentrations and impair plastic 
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deformability. Conversely, solid-state FSW avoids liquid-to-solid phase transformations, relying 

on dynamic recrystallization to refine the microstructure, enhance metallurgical bonding, and 

eliminate solidification defects. This refined microstructure delays crack initiation and 

propagation, enabling higher strains prior to ductile failure. 

Figure 13  presents the force-displacement curves of welded specimens and base metals during 

dome testing and a cross-sectional metallographic overview of the FSW 3-5 joint, respectively. 

The stir zone (SZ) is distinctly refined compared to the base metal (BM) due to severe plastic 

deformation and thermal exposure, with clear interface boundaries reflecting microstructural 

gradients across the thermo-mechanically affected zone (TMAZ) and HAZ. The curved interface 

morphology indicates complex material flow during stirring. High-magnification micrographs 

(Figure 14) show significant grain refinement in the stir zone compared to the base metal.  

 

Figure 13: Force-displacement curves of welded specimens and base metals during dome testing. 

 

Figure 14 shows a cross-sectional metallographic overview of the FSW 3-5 joint. The central stir 

zone (SZ) is clearly demarcated from the adjacent base metals: AA 3105 on the left and AA 5052 

on the right. The SZ features a distinct refined structure compared to the base metal (BM) due to 
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severe plastic deformation and thermal exposure. Distinct interface boundaries reflect 

microstructural gradients across the thermo-mechanically affected zone (TMAZ) and HAZ. The 

characteristic curved interface morphology reflects complex material flow patterns during stirring. 

Figure 15 presents high-magnification micrographs (200X) across different joint regions. 

Micrograph (b) highlights substantial grain refinement in the stir zone relative to the base metal 

microstructures. 

 

Figure 14: Cross-sectional optical micrograph of the FSW 3-5 joint. 

 
(c) 

 
(b) (a) 

Figure 15: Optical micrographs of a) AA5052 base metal, b) Stir zone (SZ), and c) AA3105 base 

metal. 

Figure 16 illustrates post-test failure locations in formed Nakazima specimens. FSW specimens 

fractured outside the stir zone, propagating along the transition interface near the weaker base 

metals (AA3105 / AA1200). Conversely, GTAW specimens failed within or near the weld seam 

due to fusion defects and coarse grain structures. 
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Figure 16: Post-forming failure locations in specimens welded by a) FSW and b) GTAW . 

 

4. Conclusions 

This study experimentally investigated the influence of friction stir welding (FSW) and gas 

tungsten arc welding (GTAW) on the formability, deformation behavior, microstructure, and 

failure characteristics of dissimilar aluminium sheets. The AA5052–AA3105 and AA5052–

AA1200 joints were evaluated using Nakazima forming tests, forming limit diagrams (FLD), 



18 

 

force–displacement measurements, and metallographic characterization. The main conclusions are 

as follows: 

- FSW produced higher forming-limit strains and a wider safe-forming region than the 

corresponding TIG joints under the investigated conditions  as the FSW 1–5 joint exhibited 

approximately 152% higher displacement capacity than the corresponding TIG joint during 

Nakazima testing. 

- The enhanced formability of FSW joints was associated with the refined and relatively 

homogeneous stir-zone microstructure produced by severe plastic deformation and 

dynamic recrystallization. 

- Failure predominantly occurred outside the FSW stir zone, whereas TIG specimens failed 

within or near the fusion-weld region, indicating different strain-localization and damage-

development mechanisms, further confirming the superior deformation capability of the 

FSW joints. 

- Among the conditions investigated, FSW 1–5 displayed the greatest formability, while 

AA5052 exhibited the lowest overall forming ability. The improved formability of the 

FSW joints suggests the feasibility of solid-state welding for producing dissimilar 

aluminium sheets that will undergo subsequent forming operations. 

- For the 1–5 configuration, the maximum α increased from 0.43 for TIG to 0.94 for FSW, 

corresponding to an absolute increase of 0.51 and a relative increase of approximately 

118.6%. Accordingly, the overall α-range increased from 0.58 to 1.03, representing a 

77.6% expansion. For the 3–5 configuration, the maximum α increased from 0.50 to 0.80, 

corresponding to a 60% increase, while the α-range increased by approximately 28.6%. 

These results indicate that the influence of the joining process on the accessible strain-path 

range was more pronounced for the 1–5 configuration. 

- The influence of the joining process on the accessible positive strain-path range was more 

pronounced for the 1–5 configuration than for the 3–5 configuration. The maximum α 

increased by 125% for FSW 1–5 relative to TIG 1–5, compared with a 60% increase for 

the 3–5 configuration. 

- The results demonstrate that controlling welding-induced microstructural heterogeneity is 

critical for retaining the forming capability of dissimilar aluminium blanks. 
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