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Abstract. Lightening structures is one of the main challenges of the aviation industry today. 

Friction stir welding is an alternative to replace conventional assembly processes and reduce 

the mass of the structure. The mechanical behavior of this assembly must be determined to 

understand the failure mechanisms. The concept of fracture mechanics is often used to 

characterize the fracture of thin sheets. In this document, a global energy approach proposed to 

characterize the phenomenon of rupture and to determine experimentally the essential work of 

fracture in Aluminum Alloy welded by Friction Stir Welding process. The tests were carried 

out on DENT specimens welded by the process of friction stir welded and not welded 

specimens. The results obtained show that the not welded sheets show that the strength of the 

specimens welded by FSW has a low tear resistance compared to the welded specimens. 
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Introduction  

The lightness of structures is one of the main goals and challenges, aluminum alloys are widely 

used in many sectors such as the automobile industry, aeronautics and the military, thanks to  

a unique combination of properties, such as good strength to weight ratio, high corrosion 

resistance, easy workability and high electrical and heat conductivity [1,2]. The use of 

aluminum alloys assembled by Friction Stir Welding process is looked for to replace those 

riveted Aluminum alloys structures in many sectors such as in Aeronautics, Automobile and so 

on.  However, the major challenge for designers is the welding of aluminum alloys [3]. Friction 

Stir Welding  process presents many advantages over the conventional welding, such as less 

distortion, lower residual stresses and fewer weld defects, due to its low heat input and absence 

of melting and solidification process [4,5]. These important domains require the knowledge of 

fracture behaviour of the materials used for a sufficient safety in service. 

For the ductile structures, the fracture characterization is a major challenge due to that the 

cracking is made in presence of an extended plasticization where the concepts of the Linear 

Fracture Mechanics (LFM) cannot be applied. Due to the limits of the Linear Fracture 

Mechanics, two parameters were introduced: namely the crack tip opening displacement 

(CTOD) and the J integral contour which describes well the stress distribution in the plasticized 

zones. One of these parameters can be used as fracture criteria. In 1961 Wells [6] had proposed 

the crack tip opening displacement (CTOD) as an alternative parameter to the stress intensity 
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factor in the case of ductile materials where important plasticization exists for a better 

description of the stress distribution in the plastic zones. The concept of the J-integral developed 

by Rice [7] in 1968 for the case of linear elastic behavior has been extended and used to solve 

the nonlinear elastic fracture problems for materials with elasto-plastic behavior. 

The J-integral is similar to the elastic energy release rate G, but it depends on the non-

elastic energy release rate according to Rice [7]. However, for a good J integral estimation the 

plane strain stress conditions must be satisfied according to the ASTM and ESIS 

recommendations [8,9]. 

The fracture toughness of materials is generally determined by using the concepts of 

elastic linear fracture mechanics. To characterize the fracture that arise at stresses below the 

elastic limit of the material, Linear elastic fracture mechanics are used under conditions where 

the plastic deformation at the tip of the crack is confined, and the breaking process is inherently 

fragile.  

Many authors investigated the influence of FSW parameters on fracture toughness  

and fatigue crack growth of Aluminum alloy. For example, Moghadam et al. [10] investigated  

the influence of welding speed on fracture toughness and fatigue crack growth of  

FSW-AA2024-T351 alloy. The results showed that the tool rotational and traverse speeds affect 

the fracture toughness and fatigue crack growth rate, and FSW provides 18 − 49 % reductions 

in maximum fracture load and fracture toughness. The effect of the welding speed on Charpy 

impact toughness, hardness distribution and the material microstructure of the FSW-joint is also 

studied by Milčić et al. [11,12]. Later, the study by Milčić et al. [13,14] focuses on the fatigue 

behavior of Friction Stir Welding (FSW) joints. By determining the S-n curves, the highest 

fatigue strength was found to be at a welding speed of 116 mm/min. These authors also 

investigated the effect of welding speed on the quality of the butt joint by analyzing 

microstructure, hardness, and fracture toughness properties [15]. Ma et al. [16] studied the 

impact of stress ratio on the fatigue-crack growth characteristics of AA5083. The results 

showed that as the stress ratio increased, the rate of crack propagation also increased, other than 

the fracture toughness and the propagation threshold decreased.   

The fracture toughness and tensile strength are two important mechanical properties of 

materials, and they are often interdependent. Increasing the tensile strength can result in a 

decrease in fracture toughness, and vice versa. In the case of friction stir welded AA7075-T651 

joints, the study by Sivaraj et al. [17] showed that a solution treatment followed by water 

quenching and artificial aging improved the fracture toughness by 12% compared to as-welded 

joints. Similarly, Tao et al. [18] reported that friction welding of dissimilar titanium alloys also 

resulted in improved fracture toughness.  

In conclusion, the results of these studies demonstrate the potential of FSW as a reliable 

method for joining metal components and the importance of considering the fracture toughness 

in the evaluation of the strength and reliability of FSW joints.  

The essential work of fracture method, based on the work of Broberg [19] has been 

introduced by Cotterell and Reddel [20] as a method to obtain the toughness to rupture of thin 

ductile metal sheets. This method is based on the fact that the rupture process zone at the crack 

tip opening displacement is surrounded by an important plastic zone. The work made in this 

zone presents a dimensional and geometrical dependency which should be separated from the 

total work in order to obtain the essential work made in the rupture plastic zone. 

The idea in separating the two regions is inspired from Broberg [19]. The first works 

using this approach are the works of Cotterell and Reddell [20] and de Mai and Cotterell [21] 

in the case of metal sheets. In many works [22-25] EWF tests were realized to characterize 

ductile rupture in sheets metals. 

The essential work of fracture can be considered as an inverse approach of the classical 

fracture mechanics in characterizing the material toughness not at the initiation of the crack but 
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at the total separation of the specimen. The use of DENT specimen (Double Edge Notched 

Tension) is recommended in order to avoid buckling problems. 

The principle of the technique consists of measure the load-displacement curve from 

tensile tests and the energy for a series of fracture samples, making sure that the ligament is 

fully plasticized.  In this case, the total energy of fracture can be divided into two components. 

A component corresponds to the term (we) which is the essential work of fracture (EWF) 

dissipated in the zone of fracture process and (wp) the non-essential work of fracture dissipated 

in the external plastic zone. For both metals and plastics, it has been observed that the volume 

of the outer region is proportional to the square of the ligament length and so in any valid set 

of conditions, the total energy absorbed in fracturing such a specimen, 𝑊𝑓, is given by the 

expression: 

𝑊𝑓 = 𝑤𝑒𝐿𝑡 + 𝑤𝑝𝛽𝐿
2𝑡,                                                               (1) 

where  𝛽 is a shape factor associated with dimensions of the plastic zone, L the ligament length 

between the two notches and t the sheet thickness.     

Normalizing by Lt, we obtain the specific work of fracture 𝑤𝑓 :               

𝑤𝑓 =
𝑊𝑓

𝐿𝑡
= 𝑤𝑒 + 𝑤𝑝𝛽𝐿.                                                            (2) 

Despite having several applications of aluminum alloy AA3003 in various fields such 

automobile, aeronautics, few researches are conducted on aluminum AA3003 welded by FSW 

in particular the fracture characterization. In this paper, an experimental investigation on 

aluminum alloy sheets welded and not welded with the special attention on the fracture 

characterization on DENT specimens welded by FSW process using the essential work of 

fracture approach. 

 

Material 

The material consists of plates of aluminum alloy of type AA3003 is a wrought aluminum-

manganese family alloy with thickness t = 2, 4 mm. The material is supplied in the form of  

a sheet of dimensions 1000 × 1000 × 2 mm.  

The welded joint was obtained by assembling two AA3003 aluminum plates, dimensions 

210 mm × 110 mm and 2 mm thick. The friction stir welding is performed on a modified 

conventional machine milling. The welding direction was vertical to the rolling direction, and 

a 1.5° tilt was applied between the tool rotation axis and the normal direction of the sheet.  

The weld travel speed was 200 mm/min and the rotational speed of the FSW tool was 1400 

rpm.  Welding is done in a single pass to obtain the joints (Fig. 1). The parameters were chosen 

on the basis of work carried out by Chekalil et al. [26].    

 

 
 

Fig. 1. Friction stir welding configuration 
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Tables 1 and 2 present the chemical composition and properties of  base metal and welded 

AA3003 aluminum alloy respectively.  

 

Table 1. Chemical composition of AA3003 [27] 

Element Al Mn Si Fe Cu Ti Zn 

Wt. % 96.7 1.3 0.9 0.9 0.13 0.1 0.03 

 

Table 2. Mechanical properties of base metal and welded AA3003 [17] 

Material UTS, MPa  YS, MPa YM, MPa % E 

AA3003 Base 

Metal 
156.9 105.7 70000 15.5 

AA3003 Welded 140.1 87.1 70000 24.5 

 

We can note that the tensile strength and yield strength of weld joints are lower than those 

of Base Metal, while the elongation is higher. This result is attributed to the phenomenon of 

recrystallization caused by the combination of thermomechanical effects related to the rotation 

and translation of the pion and the heat of the parts welded by FSW. This thermomechanical 

history causes metallurgical phenomena such as recrystallization grains and the change in 

precipitation state [27]. These results are confirmed for other types of aluminum [27–29]. 

Overall, the elastic limit and the tensile strength of the A3003 material are greatly reduced by 

FSW welding. The elastic limit decreases by 18.6 MPa between the base metal and the welded 

joint, i.e. a decrease of about 17.5 % and the tensile strength by 16.8 MPa or 10 %, these results 

are confirmed for other types of aluminum [28–32]. This reduction is generally due to the 

phenomenon of recrystallization caused by the combination of thermomechanical effects 

related to the rotation and translation of the pion and the heat of the parts welded by FSW [33]. 

On the other hand, recrystallization is accompanied by an increase in ductility, thus the strain 

is 0.155 for the no-welded specimens and 0.245 for the welded specimens, i.e. a difference of 

0.046 corresponding to 58 % of the strain of the no-welded specimens. 

 

Preparation of DENT specimens 

The test specimens were obtained by water jet cutting of an aluminum plate of dimensions 

300 × 150 mm and 2 mm thick for the unweldled specimens. Figure 2 represents the cutting 

principle and the dimensions of the DENT unweldled specimens. 

 

 
Fig. 2. (a) Geometry and dimensions of the not welded DENT specimen (dimensions are in 

mm). (b) Cutting by water jet of not welded specimen on plate of aluminum 
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The welded specimens are obtained by cutting a plate resulting from the assembly of two 

plates of dimensions 300 × 75 mm welded along the rolling direction by the friction stir welding 

process. Figure 3 represents the cutting principle of DENT welded specimens. 

 

 
 

Fig. 3. (a) Geometry and dimensions of the welded DENT specimen (dimensions are in mm). 

(b) Cutting by water jet of welded specimen on plate of aluminum 

 

Determination of the essential work of fracture tests 

To applying the EWF approach to evaluate the plane stress fracture toughness, the European 

Structural Integrity Society (ESIS)–TC 4 protocol [9] must be met. These conditions are:   

if L is the length of the uncracked ligament, t is the thickness and W is the width, and then the 

total energy absorbed during the rupture process is 𝑊𝑓 given by relation (2). 

The essential work of fracture is obtained by plotting according to the ligament L. The 

conditions to be verified are: 

• L> 3.t: condition of plane stresses; 

• L <W / 3: to limit edge effects 

 

Table 3. Number of specimens according the ESIS recommendations 

Ligament Range 
Number of specimens 

Maximum Minimum 

0.33xW 0.27xW 2 

0.27xW 0.20xW 3 

0.20xW 0.13xW 5 

0.13xW 3xt 10 

0.33xW 0.27xW 2 

 

So for an uncracked ligament length L the conditions are: W / 3 < L < 3t. Taking into 

account, especially these conditions, for W = 60 mm, we prepared about twenty test specimens 

(see Table 3). The EWF tests are carried out on an INSTRON 8501 hydraulic machine with a 

capacity of 100 KN (Figure 4) controlled by MTS software allowing data acquisition (Load-

displacement). 
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Fig. 4. INSTRON 8501 testing machine and specimen mounting 

 

Results and discussions 

The experimental results of the essential EWF fracture work obtained on the different samples 

with different ligaments are given in the form of force-displacement curves in Figures 5 and 6 

respectively for the not welded specimens and the specimens welded by FSW. All curves follow 

the same shape.  

The energies are calculated from the area of the curves of the load as a function of 

displacement. The specific energy is given by the ratio between this energy and the surface of 

the broken specimen, i.e. L.t.  

It is noted that the maximum loads obtained for each ligament for the not welded 

specimens are greater than those obtained for the welded specimens. On the other hand, the 

maximum displacements of the welded specimens are much greater than those obtained for the 

not welded specimens. A comparison of the results is given in Table 5.  

 

  
Fig. 5. Load-displacement of not welded 

specimen 

Fig. 6. Load-displacement of welded 

specimen 

 

Table 4. Comparison between maximal loads and displacements for no-welded and welded 

specimens 

Ligament  

Length, mm 

Not welded Welded 

Load, N Displacement, mm Load, N Displacement, mm 

7.8 1844.52 0.871 1233.07 1.679 

12.0 3097.88 1.635 2402.16 2.200 

16.2 4833.36 1.8337 3462.33 3.154 

19.8 6406.15 2.321 4385.62 4.002 
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Table 4 shows maximal loads and displacements for no-welded and welded specimens 

for each ligament, we can note that the maximum loads for not welded specimen are greater 

that welded specimen, on the other hand displacements for welded specimens are hightest that 

displacements of not welded. The results obtained confirm the hypothesis that the welded joints 

are subjected to a phenomenon of recrystallization, as related in section "Materials".   

Figure 7 presents an example of load-displacement curves for ligament length 19.8 mm 

(Welded specimen). The DENT specimen has been tested up to failure. The initial ligament 

length decreases as the load increases to reach the maximum.   

 

 
Fig. 7. Load-displacement of welded specimen 

 

Figure 8 shows images of phases of process of deformation for welded specimens at 

different displacement levels identified on the load–displacement curve of Fig. 7. The 

observations of the specimen indicated the different phase of the deformation process during 

the test: I-Initial configuration; II-Crack initiation; III-Blunting; IV- Beginning of Tearing; V-

Tearing and VI-Final rupture. 

 

 
Fig. 8. Different phase of deformation process of welded specimen 

 

The essential work of fracture as a function of the ligament of not welded specimen and 

of welded specimen is given by Figs. 9 and 10.  
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Fig. 9. Variation of total work fracture with 

respect to initial size of Ligament  

(not welded) 

Fig. 10. Variation of total work fracture 

with respect to initial size of Ligament 

(welded) 

 

The EWF parameters are determined by plotting the total work of rupture wf as a function 

of the length of the ligament L. The value of the essential work of the rupture of we is obtained 

by extrapolation of wf  for a length of the ligament L = 0 and the value of β.wp is the slope of 

the line resulting from the linear regression. 

The values of the essential specific work and the non-essential specific fracture work 

obtained for the welded specimens and the non-welded specimens are therefore grouped 

together in Table 5. 

 

Table 5. EWF parameters for not welded and welded specimens 

Specimen β.wp, KJ/m2 𝑤𝑒 

Not welded 9.088 65.783 

Welded 13.502 36.026 

 

The essential work of fracture decreases by 29.75 KJ/m2 between the base metal and the 

welded joint, i.e. a decrease of about 45.23 %. This result confirms the values of the essential 

specific work obtained for the tensile tests, therefore the fracture toughness of the joint welded 

by FSW is reduced, and this is explained by the recrystallization phenomenon observed during 

welding by FSW. 

 

Conclusions 

The experimental tests carried out in this work make it possible to highlight the tenacity to 

rupture, in terms of essential fracture work, as a suitable property of the material to estimate the 

ductility of the AA3003 aluminum sheets. 

The EWF method allowed us to demonstrate a very ductile behavior characterized by the 

existence of a large phase of plastic deformation. The essential work of fracture, which is a 

method of characterizing the fracture of thin sheets. This method is used only on the assumption 

of plane stresses. In the present study, it was successfully used for the fracture characterization 

of FSW welded and unwelded AA3003 aluminum sheets. The results obtained show that the 

unwelded sheets has a better tear resistance compared to the welded sheets. 
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