
 

 

 

 Trans. Nonferrous Met. Soc. China 26(2016) 2567−2585 

 
Influence of welding parameters on fracture toughness and fatigue crack 

growth rate in friction stir welded nugget of 2024-T351 aluminum alloy joints 
 

Danial GHAHREMANI MOGHADAM, Khalil FARHANGDOOST 
 

Faculty of Engineering, Department of Mechanical Engineering, 

Ferdowsi University of Mashhad, Mashhad 9177948974, Iran 
 

Received 8 September 2015; accepted 5 May 2016 

                                                                                                  
 

Abstract: Friction stir welding (FSW) was performed on 2024-T351 aluminum alloy plates. Metallographic analysis, Vickers 

microhardness and XRD tests were conducted to determine the properties of the welded zone. FE simulation of the FSW process was 

implemented for the different welding conditions to extract the residual stress and stress intensity factor (SIF). Fracture and fatigue 

behaviors of the welds which have the initial crack in the nugget zone and the crack orientation along the welding direction, were 

studied based on standard test methods. Fracture behavior of the welds was also evaluated by shearography method. The results 

showed that the tool rotational and traverse speeds affect the fracture toughness and fatigue crack growth rate. FSW provides 

18%−49% reductions in maximum fracture load and fracture toughness. A slight diminution in fracture toughness of the joints was 

observed for lower traverse speed of the tool, and at higher traverse or rotational speeds, increasing the probability of defects may 

contribute to low fracture toughness. Fatigue crack propagation rate of all welds was slower than that of the base metal for low values 

of stress intensity factor range ΔK (ΔK<13 MPa∙m1/2), but is much faster for high values of ΔK. 
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1 Introduction 
 

Friction stir welding (FSW) is a solid state welding 

process which was invented by The Welding Institute 

(TWI) in Cambridge (UK) in 1991 [1]. PEEL et al [2] 

investigated the main advantages of FSW process such 

as creating high quality joints, precise external control 

and high levels of repeatability, simple specimen 

preparation, requiring less energy and less pollution. This 

welding process is more appropriate than the 

conventional methods specially used for welding of 

aluminum alloys with lower weld ability and also for 

welding of dissimilar alloys. Unlike traditional methods 

of welding, FSW occurs below the melting point 

temperature, which provides lower distortions and 

residual stresses. Due to these advantages, FSW is 

utilized extensively in various industrial fields such as 

automobile manufacturing, aerospace, shipbuilding and 

railroad for welding aluminum alloys [3]. For instance, 

FSW is used for welding series 2 and 3 aluminum alloys 

in aircraft construction, which reduces weight by 15% 

and costs by 20%, respectively [4,5]. 

The tool geometry, rotational and traverse speeds, 

mass plunge depth, forge force and the tilt angle are the 

most effective parameters influencing the microstructure, 

joint strength, hardness, residual stress and fatigue 

resistance in FSW which are widely investigated. 

MOSHWAN et al [6] investigated the effects of tool 

rotational speed on the microstructure and mechanical 

properties of 5052 aluminum alloy, welded by FSW. 

Welding process was conducted at a constant traverse 

speed and different rotational speeds from 800 to   

3000 r/min. Their results indicated that a rotational speed 

of 1000 r/min provides joints with higher tensile strength. 

LAKSHMINARAYANAN and BALASUBRAMANIAN 

[7] studied the effects of tool rotational speed, welding 

speed and axial force on ultimate tensile strength of 

Al−Zn−Mg alloy plates by using Taguchi method for 

optimization of process parameters. Their results 

indicated that these parameters have affected the tensile 

strength of the joints significantly. KRASNOWSKI    

et al [8] examined the effects of tool shape and welding 

configuration on the microstructure and mechanical 

properties of friction stir welded 6082 aluminum alloy 

joints. They found that welding by conventional and 

Triflute tool provides better tensile strength, and 

two-sided welds exhibit weaker mechanical properties 
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than one-sided welds due to the greater heat transference 

to the material during the second pass of welding. 

PEEL et al [2] investigated the effect of tool speed 

on residual stress by using XRD. They found that the 

peak longitudinal stresses increase as the traverse speed 

increases. XU et al [9] used hole-drilling and strain- 

gauge to measure residual stress on top and bottom 

surfaces of thick plates welded by FSW, and concluded 

that by increasing rotational speed, the residual stress is 

reduced on the top surface and is increased on the bottom 

surface of the specimen. 

Besides the experimental methods, numerical 

simulations have been widely conducted to determine 

residual stress in FSW process. CHO et al [10] 

performed a three-dimensional thermomechanical 

simulation of FSW process for ferritic stainless steel by 

using an Eulerian finite volume under the steady state 

condition. ZHANG et al [11] and CHIUMENTI et al [12] 

simulated the FSW process of aluminum alloys using a 

fully coupled thermomechanical analysis and 

Lagrangian−Eulerian formulation. 

The most basic factor to prevent the structure failure 

is that the stress which is applied to the components must 

be lower than the strength of the material. Moreover, in 

the case of cracked component, failure might occur 

before yielding. Fracture toughness is one of the material 

properties for crack propagation under static loading 

depending on critical stress and the initial crack length. 

SUTTON et al [13] studied microstructure and Mode I 

fracture of AA2024-T3 plates designated hot, medium 

and cold due to the level of nominal generated heat 

during the FSW. Their results showed that all welded 

specimens have weaker fracture properties than base 

metal. SUTTON et al [14] also examined mixed mode 

I/II fracture of welded specimens. They found that FSW 

affects fracture behavior and crack growth path. 

SANTOS et al [15] investigated fracture toughness of 

ISO 3183 steel thick plates which were friction stir 

welded using two passes on both sides of the plate by 

ceramic tool. They obtained fracture toughness by using 

the critical crack tip opening displacement (CTOD), 

revealing that joints produced with lower rotational 

speeds presented higher toughness in the heat affected 

zone (HAZ) and stir zone (SZ), which are comparable 

with the toughness of the base metal. PIRONDI and 

COLLINI [16] examined the fracture of composite 

aluminum alloy 6061 and 7005 plates reinforced with 

Al2O3 particles. The results of their tests on welded and 

un-welded specimens showed that FSW affects fracture 

toughness, and it is 25% lower for the former on welded 

specimen, but it is 10%−20% higher for the latter on 

welded specimen. 

In recent years, many efforts have been devoted to 

studying optical methods to obtain mechanical properties 

of materials. Quality and reliability, being non-contact 

and also non-destructive, are significant factors needed 

for the development of these methods. Among optical 

methods, shearography has been further developed in the 

last decade due to the relative non-sensitivity to ambient 

disturbances, vibrations and noises such as rigid body 

movement and no additional reference beam (contrary to 

holography). Shearography has many applications such 

as measuring the strain, material properties, residual 

stress, and also for determining shape and slope of 

surfaces and vibrational analysis [17−24]. Additionally, 

this method can be used to measure stress intensity factor 

(SIF). 

ERICSSON and SANDSTROM [25] studied fatigue 

behavior of friction stir welded joints for using in the 

manufacture of aircraft and automobile industries. 

However, this topic is of researchers’ interest, but the 

fatigue strength is not completely established because 

fatigue process is fundamentally complex and FSW is a 

relatively new advent technology. In recent years, many 

efforts have been done to study the fatigue properties in 

friction stir welded joints and the relationship between 

these properties and process parameters. JAMES      

et al [26] investigated the effect of process parameters, 

defects of welding and residual stress on fatigue behavior. 

FRATINI et al [27] studied the effects of welding 

residual stress on crack propagation. They showed that 

fatigue crack growth rate outside the welding zone is 

affected by residual stress and in the welding zone crack 

propagation is affected by microstructure and hardness 

changes. KIM et al [28] conducted fatigue tests on 

6005-T5 aluminum alloy plates welded by FSW 

technique and gas metal arc welding (GMAW). They 

found that FSW joint strength is significantly higher than 

that of GMAW specimens. Also, it was observed that 

fatigue resistance in FSW specimens is reduced with 

increasing in tool rotational and traverse speed, and with 

decreasing tool tilt angle. MA et al [29] examined fatigue 

crack propagation rate in FSW joints of AA2198-T8. 

Fatigue test was conducted by creating crack in nugget 

zone at different load ratios (Rratio) on specimens. Their 

results showed that contrary to base metal, fatigue crack 

propagation rate is not sensitive to Rratio in welded 

specimens. Also, they performed FE simulation to 

evaluate the effects of residual stress. CIRELLO et al [30] 

examined the effects of FSW process parameters such as 

tool rotational and traverse speeds on fatigue resistance 

in FSW joints of aluminum alloy 6082-T6. Their results 

showed that the variation of process parameters has weak 

effect on fatigue resistance of welded joints. Also, the 

ratio of traverse speed to rotational speed is the most 

important parameter in determining the joints fatigue 

resistance. FENG et al [31] studied the effects of welding 

parameters on low cycle fatigue (LCF) behavior and 
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microstructure of FSW welded specimens of 

AA6061-T651. They found that rotational speed has a 

negligible effect on the mechanical properties of the 

joints, while fatigue life is increased by increasing the 

traverse speed. Furthermore, FSW specimens have lower 

fatigue life than the base metal specimen. 

The effects of FSW welding parameters on fracture 

toughness and fatigue crack growth rate have not been 

studied completely. For instance, the effects of tool 

rotational and traverse speeds on fracture toughness and 

fatigue crack propagation rate have not been investigated 

in literatures. In this work, the microstructure of FSW 

joints of 2024-T351 aluminum alloy and the effects of 

rotational and traverse speeds on hardness and residual 

stress were investigated. Fracture toughness was 

determined using standard test method and shearography 

optical method in mode I (KI). Also, the effects of 

rotational and traverse speeds on fracture toughness were 

studied. Numerical simulations of FSW were performed 

using thermal model to find the residual stress and 

fracture toughness for different rotational and traverse 

speeds. The numerical results were in good agreement 

with the experimental results and the model was 

validated. The effects of tool rotational and traverse 

speeds on fatigue crack propagation rate were studied in 

the nugget zone by performing fatigue tests on welded 

specimens. Also, fracture surfaces of the specimens were 

investigated by using SEM. 

 

2 Experimental 
 

2.1 Frictions stir welding 

Welding was performed by milling machine on 

2024-T351 aluminum alloy plates with dimensions of  

35 mm × 120 mm and 8 mm in thickness in butt joint 

way. Table 1 gives the chemical composition of 

2024-T351 aluminum alloy measured by XRF analysis 

and the mechanical properties obtained from tensile tests 

are presented in Table 2. 

 

Table 1 Elemental chemical composition of 2024-T351 

aluminum alloy (mass fraction, %) 

Cu Fe Mg Mn Si Zn Al 

4.45 0.29 1.53 0.72 0.11 0.12 Bal. 

 

Table 2 Mechanical properties of 2024-T351 aluminum alloy 

Mechanical property Value 

Tensile yield stress/MPa 324 

Ultimate tensile stress/MPa 429 

Vickers hardness 137 

Poisson ratio 0.31 

Elastic modulus/GPa 77.5 

The welding tool (Fig. 1) which was made from 

steel alloy SPK 2436 with Rockwell hardness of 50, 

employed to weld the plates in longitudinal edge and 

parallel to rolling direction. Figure 2 shows the 

assembled parts prepared for FSW and the welded 

specimen. 

 

 

Fig. 1 Welding tool (a) and its geometry (b) (unit: mm) 

 

 

Fig. 2 Assembled parts for FSW (a) and welded specimen (b) 

 

Different rotational and traverse speeds for FSW of 

the plates are presented in Table 3. It is observed that the 

minimum rotational speed which is appropriate for a 

proper welding is about 400 r/min because less values of 

rotational speed cannot provide sufficient heat for the 

welding. The mechanical properties and thickness of the 
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Table 3 Different values of applied rotational and traverse 

speeds and measured forge forces of FSW experiments 

Specimen No. ω/(r∙min−1) v/(mm∙min−1) Forge force/N 

1 400 8 6085.8 

2 400 16 7487.2 

3 400 20 8320.2 

4 400 25 8800.4 

5 400 31.5 9643.2 

6 500 8 6056.4 

7 500 16 7105 

8 500 20 8045.8 

9 500 25 8222.2 

10 500 31.5 9457 

11 630 8 5390 

12 630 16 6624.8 

13 630 20 7369.6 

14 630 25 7849.8 

15 630 31.5 8486.8 

16 800 8 4927.4 

17 800 16 5468.4 

18 800 20 6497.4 

19 800 25 7467.6 

20 800 31.5 8290.8 

ω is the rotational speed of the tool, and v is the traverse speed of the tool 

 

plates are significant parameters which are restricted by 

the minimum rotational speed. Although the worst weld 

feature is a result of high rotational and traverse speeds 

of the tool (Fig. 3) and the burr implies that the 

insufficient and unsteady flow of material cannot fill the 

cavity made by the pin, especially on the advancing side 

(AS) [32]. It should be mentioned that, when the traverse 

speed increases, the shoulder cannot force the material 

into the flow of the pin at an increased rate. The softened 

material tends to accumulate under the shoulder, and 

therefore it has a tendency to lift away from the 

specimen resulting in surface voids, irregularities and a 

poor surface finish. By trial and error in experiments, 

proper rotational and traverse speeds of the tool are 

found to be 400−800 r/min and 8−31.5 mm/min, 

respectively, and the best welding morphology occurred 

in this interval of speeds. Additionally, other significant 

parameters of welding such as the plunge depth, the tool 

edge angle and the pin shape were chosen by trying 

different welds to achieve optimal heat generation. 

Optimum heat generation guaranties a proper material 

flow during the welding and consequently the burrs or 

cracks do not appear in the welding zone. 

The forge force was measured using a load cell 

which was calibrated and attached under the clamps. 

 

 

Fig. 3 Inappropriate welding feature at rotational speed of  

1200 r/min and traverse speed of 31.5 mm/min (a), and cavity 

made by pin at weld section (b) 

 

The load cell capacity is 14700 N and the axial force of 

the milling machine could be determined during the 

welding process. The forging force values for welding of 

some specimens are shown in Fig. 4, which is 

approximately constant during the FSW, as mentioned in 

literature [32]. Table 3 includes the forge force values of 

FSW experiments. At constant shoulder plunge depth, 

forge force values changed by various tool rotational and 

traverse speeds. When the rotation speed increases, the 

heat input in the stirred zone also increases due to the 

higher friction heat which in turn results in intense 

stirring and mixing of materials [33]. So, the shear 

strength decreased significantly at high rotational speed, 

which means that the material becomes more flowable 

around the tool. On the other hand, the forging forces are 

lower at high rotational speed. Furthermore, the forging 

force increases significantly with increasing in traverse 

speed. This is expected due to a reduction in heat input 

and thermal softening and resultantly the higher forging 

force, which is required for movement of the tool in 

harder material. 
 

 

Fig. 4 Forging forces during welding for different specimens 
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2.2 Morphological analysis and Vickers test 

The microstructure of the transverse section of the 

joints can be observed after surface preparation 

according to ASTM E3-01 [34] and etching Keller’s 

reagent (95% H2O, 2.5% HNO3, 1.5% HCl, and 1% HF). 

Vickers microhardness test was conducted according to 

ASTM E384 [35] on cross-section of specimens with the 

applied load of 50 g and the dwell time of 15 s. Hardness 

profile was extracted for the middle cross section of the 

specimens. 

 

2.3 Longitudinal residual stress measurement 

The analysis of the longitudinal residual stress for 

welded specimens was performed using standard X-ray 

diffraction method. The basic methodology for XRD 

method is available in Refs. [36,37]. 

Based on the X-ray diffraction test method, at first, 

the angle (2θ) of the most appropriate peak should be 

determined. For this purpose, the considered surface was 

exposed to the X-ray for spectral analysis from 0° to 

150°. When the intensity and accuracy of the peaks are 

proper, the residual stress measurement will be 

performed. In this work, the 2θ scanning angle for the 

specimens was considered from 133.8° to 140.8° and the 

specimen rotated in seven tilt angles of ψ (from 0 to 0.6 

with 0.1 increment for sin2ψ). Eventually, assuming the 

linear relation between lattice spacing d and sin2ψ, the 

values of residual stress can be calculated [36,37]. 

 

2.4 Fracture toughness and fatigue testing 

The fracture toughness and fatigue crack growth 

experiments were performed on the non-welded and 

welded specimens using universal 10 t tensile test 

machine. For detecting more accurate crack length, a 

camera was used in addition to the extensometer. 

Fracture and fatigue tests were performed on compact 

tension (CT) specimens (Fig. 5). The specimens were 

machined in L−T orientation relative to the plate rolling 

direction. The crown side of FSW specimens was also 

machined to remove flash and to ensure that the opposite 

sides of each specimen are parallel and the final 

thickness of the specimens is 6 mm. A Chevron notch 

was created in the middle of weld nugget using spark 

process in CT specimens, and crack orientation is along 

the welding direction. Chevron starter notches have   

17 mm in length as measured from the specimen 

load-line (hole centers). 

Specimen geometry, preparation and testing were 

performed according to ASTM E399 [38] for fracture 

toughness measurement and ASTM E647 [39] was 

employed to measure fatigue crack growth rate. 

Specimens were pre-cracked at a frequency of 10 Hz, 

and the crack length reached 25 mm for fracture 

toughness testing and 18.5 mm for fatigue crack growth 

testing. Loading rate of all fracture toughness tests was 

0.1 kN/s. Figure 6 shows the tensile load versus crack 

opening displacement (COD) curves obtained from 

experiments, which is used to calculate fracture 

toughness according to ASTM E399. 

 

 

Fig. 5 Dimensions of compact tension (CT) specimen (a) and 

prepared CT specimen (b)  

 

 

Fig. 6 Load vs COD curves for different specimens 
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Fatigue tests were performed under constant load 

amplitude control, at minimum to maximum load ratio of 

0.1 and frequency of 10 Hz. Crack length was monitored 

by the compliance method. Tests were continued to the 

crack length of 47 mm or at specimen breakage. 

There were 21 different specimens including 20 

different welding conditions and the base metal, and each 

fatigue test was repeated at least three times for these 

specimens to decrease the uncertainty. All these 

experiments were conducted to study the fatigue 

behavior of FSW joints. Crack length versus cycles data 

were obtained based on the “incremental polynomial 

method” for estimating fatigue crack propagation rate 

(da/dN) versus stress intensity factor (SIF) range (ΔK) 

propagation curves. 

After breakage, all fracture surfaces were observed 

and examined by means of scanning electron microscopy 

(SEM), to analyze the fracture mechanism. To decrease 

the intrinsic scatter due to welding, the propagation 

curves were plotted as the average of three repeated tests. 

The propagation curves were approximated as the 

average of propagation rates which have the same 

amount of ΔK. 

 

2.5 Determination of KI by digital shearography 

Digital shearography is a non-contact, full field and 

optical measurement method, which is able to measure 

directly the deformation gradient. Hence, shearography 

was used to determine the opening mode (Mode I) SIF of 

friction stir welded CT specimens in this research. An 

optical setup of digital shearography is shown in Fig. 7. 

In this method, the test object is illuminated using an 

expanded laser beam to form a speckle image and    

the image is recorded by a CCD-camera where a 

shearing device (modified Michelson interferometer) is 

implemented in front of camera lens. A pair of laterally 

displaced (or sheared) images of the test object is 

generated on the CCD-camera [40]. A speckle pattern is 

 

 

Fig. 7 Optical setup of digital shearography based on 

Michelson interferometer 

produced by interfering of the two sheared images. After 

any deformation on the object surface, another speckle 

pattern is provided, and the result of the subtraction 

operation between two digitals information (two speckle 

patterns) yields a fringe pattern called “digital 

shearogram” depicting the fringe phase Δ. 

It can be shown that the relative phase change is 

proportional to the displacement derivatives instead of 

displacement itself due to the shearing function of 

shearography [40]. For the x component of shearing 

direction, relative phase change ( x ) is as follows: 
 

s| |x x

w

x
 





k                               (1) 

 

where ks is the sensitivity vector; δx is the image shearing 

that is directed along the x-axis and w is the displacement 

component along the z-axis. For the shearing along the y 

direction, relative phase change (Δy) is 
 

s| |y y

w

y
 





k                              (2) 

 

where δy is the image shearing that is directed along the 

y-axis. 

The out of plane component of displacement in 

plane stress state could be written as 
 

( , ) [ ( , ) ( , )]
2

x y

h
w r r r

E


                      (3) 

 
where υ, h and E represent Poisson ratio, specimen 

thickness and elastic modulus, respectively. According to 

linear elastic fracture mechanics (LEFM) relations, 

normal components of stress field near the crack tip (σx, 

σy) are expressed in terms of mode I SIF (KI) and polar 

coordinate components (r, θ). By substituting the stress 

components into Eq. (3) and through transforming partial 

differential relation from polar coordinates into Cartesian 

coordinate, first partial derivative components of 

displacement (w) can be achieved. Eventually, by 

substituting these derivative components into Eqs. (1)  

and (2) and considering s

4π
cos

2




k , where λ is the 

laser wave length and β is the angle between illuminating 

and viewing direction (assuming β= 0), Δx and Δy are 

derived as 
 

I

3
cos

4π2

2 2π
x x

K
h

Er r




 


                       (4) 

 

I

3
sin

4π2

2 2π
y y

K
h

Er r




 


                       (5) 

 
Figure 8 shows the optical setup and loading system 

of shearography experiment. As illustrated in this figure, 

an Al−7000M Gotech universal tensile machine was  
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Fig. 8 Test setup of digital shearography (a) and Michelson 

interferometer (b) 

employed to load the specimens and a helium-Neon laser 

(wave length of 632.8 nm) was utilized to illuminate the 

surface of the specimens. Speckle pattern was formed 

using a simple Michelson interferometer. 

The pre-cracked CT specimens with 25 mm in crack 

length were tested to measure fracture toughness by 

shearoghraghy optical method. The shear value is 

adjusted to 5 mm for all cases. The speckle patterns have 

been taken using a digital CCD camera. The fringe 

patterns will appear by subtracting the intensities before 

and after the loading, which is demonstrated by the out 

of plane displacement derivatives ∂w/∂y. 

The obtained shearographic fringe pattern of 

Specimen 1 under loading 3 kN is shown in Fig. 9(a). To 

extract the phase information from shearograms (fringe 

patterns), wavelet transformation was implemented in 

this work. The steps of image processing for extracting 

the phase information of Specimen 1 are represented in 

Figs. 9(b) and (c). After eliminating the noises of 

shearogram, 1D Paul wavelet algorithm was used to 

calculate the wrapped phase map of Fig. 9(b). The last 

stage was to unwrap phase map (Figs. 9(c) and (d)) 

which was determined by applying a phase unwrapping 

 

 

Fig. 9 Shearography results of loading (3 kN) of Specimen 1: (a) Shearography fringe pattern; (b) Wrapped phase map;          

(c) Unwrapped phase map; (d) Colored unwrapped phase map 
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algorithm [41]. The extracted phase map was used to 

calculate SIF according to Eq. (5). Although the data of 

one point were sufficient to determine SIF, in order to 

take advantage of whole field shearography and increase 

the accuracy of SIF, the data of several points were 

registered and least squares method was utilized [42]. 

 

3 Numerical simulation 
 

The numerical analysis was performed based on FE 

simulation using a thermal model. Hence, the generated 

heat should be determined in the FSW process. By 

considering the tool pin shape as a cylinder which is 

connected to the tool shoulder with angle α toward inside, 

the total generated heat (Qtotal) under the partial 

sliding/sticking condition [43] can be expressed as 

follows: 
 

yield

tatal

2
π (1 )

3 3
Q p


   
 

    
 

 

 
3 3 3 3
shoulder probe probe probe probe[( )(1 tan ) 3 ]R R R R H     

(6) 
 

where ω is the tool rotational speed, σyield is the yield 

stress of material at welding temperature, μ is the friction 

coefficient, p is the forge pressure, Rshoulder is the radius 

of the tool’s shoulder, Rprobe and Hprobe are the radii at 

middle section and the height of the tool pin,  

respectively, α is the shoulder cone angle, and δ is the 

contact state variable (dimensionless slip rate) with 

0<δ<1 for partial sliding/sticking. 

For numerical simulation, a rectangular plate was 

modeled with dimensions of 120 mm × 70 mm and 

thickness of 8 mm that was meshed by C3D8T 

eight-node quadrangular elements (Fig. 10). The tool 

rotational and traverse speeds were considered according 

to Table 3. The material properties were modeled using 

the Johnson−Cook model [44]: 
 

p

yield p
0

( ) 1 lnnA B C


 


 
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melt room

1
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T T

T T

  
   

   

                     (7) 

 

where εp is the plastic strain, ε∙ p is the plastic strain rate, 

T is the material temperature, Tmelt is the melting point of 

the material, σyield is the yield stress at temperature T, and 

the coefficients of this equation are listed in Table 4 [44]. 

The thermal properties of aluminum alloy 2024-T351 are 

provided in Table 5 [45]. 

The moving heat source which is applied to the 

elements of the simulation is calculated from Eq. (6). In 

this equation, the optimal amount of δ is obtained by 

repeating simulation for different values of δ. The best 

value of δ (=0.25) is the state that numerical and 

experimental results of residual stress and fracture 

toughness have the best agreement. Friction coefficient μ 

is considered to be 0.4 and the forge pressure (p) is 

obtained from experimental forge forces and tool section 

area. 

 

 

Fig. 10 Meshed plate using C3D8T eight-node quadrangular 

elements 

 

Table 4 Coefficients of Johnson−Cook model for aluminum 

alloy 2024-T351 [44] 

Parameter Value 

Reference strength, A/MPa 324 

Strain-hardening, B/MPa 426 

Strain-hardening index, n 0.34 

Strain-rate coefficient, C 0.015 

Room temperature, Troom/°C 20 

Temperature exponent, m 1 

 

Table 5 Thermal properties of aluminum alloy 2024-T351 [45] 

Parameter Value 

Melting point/°C 502 

Specific heat capacity/(J∙g−1∙°C−1) 0.875 

Heat conductivity/(W∙m−1∙K−1) 121 

 

Computed temperature contours on the top surface 

of the workpiece during the welding for Specimens 2, 10 

and 12 are shown in Fig. 11. The maximum temperatures 

of some specimens during the welding process are 

illustrated in Fig. 12. Based on Fig. 12, the maximum 

temperature is increased by increasing the tool rotational 

speed, or decreasing the traverse speed of the tool. 

After the welding process simulation, the new 

dimensions of the welded plate are 60 mm × 62.5 mm 

with thickness of 6 mm, using the model change method 

for preparing the CT model. Figure 13 shows the  

residual stress contour of changed model Specimens 1, 

14 and 20. 
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Fig. 11 Maximum temperature during welding process for Specimens 2, 10 and 12 

 

 

Fig. 12 Maximum temperatures for some specimens during 

welding under different welding conditions 

 

The second change model was used to create a 

notch with 17 mm in length in the weld line, and a crack 

with a length of 8 mm was modeled at the end of the 

notch. Then, a tensile load was applied at the cracked CT 

specimen holes and SIF (KI) was determined for 

specimens. 

 

4 Result and discussion 
 
4.1 Morphological analysis 

Considering the structural properties of the grains, 

four different zones were observed in all welding 

specimens: 1) the nugget zone with very fine, 

homogeneous and equiaxed microstructure; 2) the 

thermo-mechanical affected zone (TMAZ), which is 

partially recrystallized and modified by severe 

deformation and heating induced by friction; 3) the heat 

affected zone (HAZ), produced by thermal cycle of 

heating and cooling near welding; and 4) the base metal, 

which is unaffected by welding. 

Microstructure images for different sections of the 

welded zone are illustrated in Fig. 14. In the nugget zone, 

the material underwent the most severe plastic 

deformation and the highest temperature conditions. Due 

to the friction between the shoulder and specimen and 

the plastic deformation of the material, the temperature 

increases to (0.6−0.9)Tm, where Tm is the melting   

point [46,47]. 

The TMAZ is located around the nugget zone with a 

different microstructure affected by heat and mechanical 

work; however, the influence of the welding on its 

microstructure is lower than the nugget zone and the 

effect of rotational flow on elongated grains is apparent. 

The HAZ is the region beyond the TMAZ. This zone 

experienced a thermal cycle, without any plastic 

deformation during the welding, and the change in its 

microstructure is lower than that in the nugget zone and 

TMAZ. 

 

4.2 Hardness 

Severe plastic deformation has great influence on 

mechanical properties of heat treatable and non-heat 

treatable aluminum alloys. For heat treatable aluminum 

alloys welded by FSW, hardness would be decreased in 

welded zone [48] and the hardness of the advanced side 

of FSW welds is lower than that of the retreating    

side [49]. When the dynamic recrystallization occurs, the 

grain structure of the base metal will be replaced by a 

proper equiaxed recrystallized grain structure in the 

stirred zone. The recrystallized grain size is influenced 

by the generated heat, and the hardness depends on the 

microstructure of the stirred zone under different welding 

conditions [49]. 
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Fig. 13 Residual stress contour after cooling and changing in dimensions for Specimens 1, 14 and 20 

 

 
Fig. 14 Optical micrographs associated with welded zone sections for Specimen 1: (a) Macro-graphic image of welding section;   

(b) Base metal; (c) TMAZ; (d) Fine equiaxed grains of nugget zone 

 

Vickers microhardness is obtained for specimens 

which are welded with different rotational and traverse 

speeds of the tool. Figure 15 shows the microhardness 

results on the middle line of transversal section from 

nugget (center) to base metal (B. M) (advancing and 

retreating sides). The hardness profile displayed  

W-shape, which is characteristic for friction stir welds of 

precipitation hardening aluminum alloys [48,49]. The 

grains structure of the welding zone is affected by heat 

and plastic deformation and its hardness is lower than 

that of the base metal. 

Due to high generated heat in FSW process, the 

precipitates of Al2CuMg (S) in the alloy base (Al) which 

is the significant reason for the hardness of the aluminum 

alloy 2024 [50], were either dissolved or aggregated, and 

consequently the hardness would be decreased in the 

heated region. Furthermore, the size of recrystallized 

grain varies with heat input [48], therefore, it can be 
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concluded that the generation of refined grains and the 

higher S particles density in the stirred zone are the main 

factors that cause the hardness increase associated with 

decreasing heat input. As illustrated in Fig. 15, the 

nugget zone is significantly harder than TMAZ because 

of refined and equiaxed grains. Figure 16 summarizes the 

dependence of average microhardness of the stir zone on 

the rotational and traverse speeds of the tool. As 

mentioned before, with the increase in traverse speed, 

there would be a decrease in maximum temperature, and 

consequently a decrease in solving or aggregating of the 

strengthening precipitates. Therefore, the hardness of the 

welded zones (HAZ, TMAZ and nugget) has fewer 

reduction, by increasing the traverse speed of the 

welding. Additionally, with the increase in rotational 

speed, there would be an increase in maximum 

temperature, and enhancement in the hardness reduction 

of each welding zones. 

 

 

Fig. 15 Vickers microhardness of Specimens 1, 2 and 6 

 

 

Fig. 16 Microhardness of stir zone for different rotational and 

traverse speeds of tool 

4.3 Residual stress 

Residual stress was studied using standard X-ray 

diffraction method for the welded CT specimens without 

notch. Residual stresses, which are perpendicular to the 

weld line, were measured in a few square regions with  

5 mm sides. Figure 17 illustrates the numerical and 

experimental results of the longitudinal residual stress for 

Specimens 12, 15, 17 and 20. According to Fig. 17, the 

residual stress in the welding zone which is in contact 

with tool shoulder (with 22 mm in width), has the 

maximum positive values; in the rest of the regions, the 

compressive residual stress is observed. It can be seen 

that the tensile residual stress peaks are located in the 

region which is around ±8 mm far from the weld line, 

and this distance indicates the region which is in contact 

with the edge of the tool shoulder, before dropping 

slightly at the weld center. The dip around the pin 

position may be due to the high temperatures generated 

in this region, which would limit the capacity of the 

material to support the applying load [51]. 

Figure 18 shows mean value of the residual stress in 

the transverse distance of ±10 mm relative to the weld 

line, for different rotational and traverse speeds of the 

tool. It shows that at a constant traverse speed, with an 

increase in tool rotational speed, there would be an 

increase in the mean value of longitudinal residual stress, 

due to the increase in generated heat in the welding zone. 

Also at a constant rotational speed, increasing the 

traverse speed leads to the fact that the peak stresses 

become closer to the weld line and the stress values 

would be increased. The former may be due to the 

reduction in generated heat that accompanies with an 

increase in traverse speed. This would result in a 

reduction in the width of the high temperature zone 

around the tool. Also, this could be a result of the 

increased thermal gradients during higher traverse speed 

of welding. The residual stress profile indicates a mild 

asymmetry within the welds which is about 10% higher 

on the advancing side (only for experimental results). 

 

4.4 Fracture toughness 

Experimental measurement (based on ASTM E399) 

and shearography tests were performed on specimens to 

study the effect of rotational and traverse speeds of the 

tool on fracture toughness. Table 6 shows the fracture 

toughness results of standard test (ASTM E399), 

shearography test and numerical simulation for some 

specimens. Based on KIC (fracture toughness of Mode 1) 

validation (Table 7), it is observed that the obtained 

results are not valid, and this difference may be due to 

the thin plates and the brittle fracture phenomenon 

without considerable plastic deformation. Considering 

Fig. 6 and Table 6, it can be concluded that the maximum 

fracture load (PQ) of base metal is approximately 8 kN,  
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Fig. 17 Longitudinal residual stress obtained from experimental results and numerical simulation for Specimens 12 (a), 15 (b), 17 (c) 

and 20 (d): (a) 800 r/min, 16 mm/min; (b) 630 r/min, 16 mm/min; (c) 800 r/min, 31.5 mm/min; (d) 630 r/min, 31.5 mm/min 

 

 

Fig. 18 Average longitudinal residual stress for different 

rotational and traverse speeds of tool 

 

which is higher than PQ of all the welded specimens. As a 

result, the welded specimens have lower fracture 

toughness, which is between 51% and 82% of 

non-welded specimen. This abjection is expected based 

on the fact that the weld microstructure has been 

modified from a form that was developed in order to 

maximize the fracture toughness of the material 

(2024-T3) [13]. Thus, it can be concluded that the 

welding operation would decrease the fracture toughness, 

maybe due to the existence of wormholes along the weld 

line. Furthermore, coarse precipitates cause lower tensile 

strength [48,52], welding zone hardness and 

consequently fracture toughness of the welded  

specimens. Besides, it can be seen that specimens behave 

differently during the loading. Table 6 shows the results 

of the fracture toughness for some specimens. The 

differences between standard test results and 

shearography and numerical results are approximately 

14% and 9%, respectively. 

Comparing shearography and standard test results 

demonstrates that the digital shearography is a novel 

technique that can be utilized to determine the fracture 

toughness. According to Fig. 19, one can conclude that at 

each constant rotational speed, the welds fracture 

toughness reached the maximum values of 46.8, 47.2, 

46.9 and 47.1 MPa∙m1/2 which occurred at the speed 

ratios (ω/v) of 400/16, 500/20, 630/25, 800/31.5 r/mm,  
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Table 6 Experimental and numerical results of fracture toughness for some specimens 

Specimen 

No. 

PQ/ 

kN 

KQStandard
/ 

(MPa∙m1/2) 

KQShearography
/ 

(MPa∙m1/2) 

KQNumerical
/ 

(MPa∙m1/2) 

Difference between  

standard test and 

shearography/% 

Difference between 

standard test and 

numerical/% 

Base metal 8.008 57.6 47 .9 60 .8 16.8 5.6 

1 5.639 40.6 34.7 43.8 14.5 8. 0 

6 5.292 38.1 32.7 42.4 14.1 11.2 

8 6.556 47.2 39.6 51.3 16.1 8.6 

11 4.903 35.3 30.5 39.1 13.6 10.7 

13 6.237 44.9 37.9 49 15.5 9.2 

15 6.209 44.7 37.8 48.3 15.4 8.1 

 

Table 7 Validation for KIC 

Specimen No. KQStandard
/(MPa∙m1/2) 2.5(KQ/σyield)

2 Validity requirement Comment 

Base metal 57 .6 0.079  Not valid 

1 40.6 0.0 91  Not valid 

6 38.1 0.084 0.006 Not valid 

8 47.2 0.099  Not valid 

11 35.3 0.081 ≥2.5 (KQ/σyield)
2 Not valid 

13 44.9 0.094  Not valid 

15 44.7 0.11  Not valid 

 

 

Fig. 19 Fracture toughness of some specimens at various 

rotational and traverse speeds of tool 

 

respectively. Then, the fracture toughness results at each 

rotational speed decreased gradually. At lower traverse 

speeds higher heat generation, consequently lower 

nugget hardness and the overaging or coarse precipitates 

followed by dissolving of strengthening precipitates at 

high temperatures may be the main factors that provide 

the low PQ (as a result low fracture toughness) in the stir 

zone. Also for the specimens that have been welded with 

higher traverse speed, the probability of defects increases 

and some defects such as tunnel defects behave as a 

notch that increases stress intensity factor locally, 

resultantly the fracture occurred at lower PQ. From the 

obtained fracture toughness results, it can be found that, 

at lower traverse speeds (e.g., 8 and 16 mm/min), as the 

rotational speed and consequently inputted heat 

increased, considering the reduction of strengthening 

precipitates in stir zone, the joints fracture toughness 

decreased. At higher traverse speeds (e.g., 31.5 mm/min) 

it is seen that at fixed traverse speed, increasing the tool 

rotational speed causes to increase the joints fracture 

toughness because of the grains refinement and higher 

recrystallization in the stir zone. 

The optimum tool rotational and traverse speeds 

were essential to generate adequate frictional heat as it 

produced defect-free welded joints with better 

mechanical properties and higher fracture toughness by 

sufficient strain of plasticized material with fine 

recrystallized grains. From the fracture toughness results, 

it can be found that the fracture toughness is higher at the 

speed ratios (ω/v) of 400/16, 500/20, 630/25, and 

800/31.5 r/mm, and the optimum welding conditions can 

be obtained at this interval of ω/ v . 

 

4.5 Fatigue crack propagation rate 

Fatigue tests were conducted for specimens where 

the SIF range is 8−38 MPa∙m1/2 and the crack 

propagation rate is about 4×10−7 to 4×10−3 mm/cycle. 

Figure 20 shows the crack propagation diagram 

specimens under four different welding conditions and 

the base metal. 
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Fig. 20 Fatigue crack growth rate vs stress intensity factor 

range (ΔK) diagram of base metal and some welded specimens 

 

Experimental results confirm that the welding 

conditions have influence on fatigue curves. At low 

values of ΔK (in fatigue curve), propagation rate of 

welded specimens is always less than or equal to that of 

base metal. At higher rotational and traverse speeds, 

fatigue curve of welded specimens is located below the 

fatigue curve of base metal at low values of ΔK, but the 

crack growth rate slowly achieves higher levels at the 

high values of ΔK. At the rotational speed of 400 r/min 

and traverse speed of 8 mm/min, the fatigue curve does 

not exceed the base metal, and generally for low 

rotational and traverse speeds, the crack propagation rate 

at any ΔK is lower than that of the base metal (e.g.,   

400 r/min, 8 mm/min and 500 r/min, 16 mm/min). This 

behavior is more apparent in Fig. 21. This figure 

illustrates the normalized propagation rate which is 

defined based on the ratio of the crack propagation rate 

in welded specimen (da/dN)w to propagation rate of base 

metal (da/dN)b. The effects of rotational and traverse 

speeds on fatigue behavior of specimens can be 

summarized as follows: higher rotational and traverse 

 

 

Fig. 21 Normalized fatigue crack growth rate vs stress intensity 

range diagram 

speeds lead to higher propagation rate. 

The crack propagation rate of welded specimens at 

lower rotational and traverse speeds (400 r/min,       

8 mm/min) is almost 4 times lower for low values of ΔK 

(ΔK=11 MPa∙m1/2) and it will increase up to 60% in base 

metal for higher values of ΔK (ΔK=34 MPa∙m1/2).  At 

rotational speed of 630 r/min and traverse speed of    

25 mm/min, the normalized propagation rate is started 

from 0.5 and at ΔK=15 MPa∙m1/2 it reaches the values 

higher than that of the base metal. At higher rotational 

and traverse speeds (800 r/min, 31.5 mm/min), the 

propagation rate is about 5 times higher than that of the 

base metal at ΔK=22 MPa∙m1/2. 

Figure 22 shows the effect of welding traverse 

speed on fatigue behavior of welded specimens. At lower 

rotational speed of 400 r/min, with increasing in traverse 

speed, the crack propagation rate is increased, but the 

 

 

Fig. 22 Effect of traverse speed on normalized crack 

propagation rate at different rotational speeds: (a) 400 r/min;  

(b) 630 r/min; (c) 800 r/min 
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crack propagation rate is lower than that of the base 

metal; in other words, at low rotational speeds, welded 

specimens show better fatigue behavior. At higher 

rotational speeds, the crack propagation rate of welded 

specimens is higher than that of the base metal, and 

increasing the traverse speed will increase the crack 

propagation rate. Therefore, it can be concluded that 

traverse speed will affect the fatigue behavior. Increasing 

the rotational speed from 400 to 800 r/min will change 

fatigue behavior of specimens, so that the welded 

specimens would have better behavior than base metal at 

low traverse speeds, but crack propagation rate will be 

much faster at high traverse speeds (especially for higher 

values of ΔK). Figure 23 illustrates the variation of 

fatigue curves when the rotational speed increases from 

400 to 800 r/min at a constant traverse speed of       

16 mm/min. It is observed that with the increase of 

rotational speed, the fatigue crack propagation rate will 

increase. 

 

 

Fig. 23 Effect of rotational speed on normalized crack 

propagation rate at traverse speed of 16 mm/min 

 

Although all requirements of ASTM E647 are 

observed, the crack tends to move away from the central 

line of the welded specimen (contrary to base metal). 

This might be due to the difference of mechanical 

properties among nugget zone (initial position of the 

crack), TMAZ and HAZ. Also, residual stress 

distribution is different in these zones affecting the crack 

deviation from the center. 

Welding parameters affect the fatigue behavior and 

preferential path of crack propagation due to difference 

between the microstructure and dimensions of weakened 

zone around the nugget zone. In some specimens, the 

crack propagation is different on two sides of the 

specimen. On the crown side (tool side) of the specimen, 

the crack deviation is more due to high plasticization. 

Based on macroscopic morphology of fracture 

surfaces for CT specimens after fatigue test, three 

regions are apparent on fracture surface: fatigue 

pre-cracking, crack propagation and final rupture. In 

pre-cracking zone, crack initiation occurs due to 

microstructural defects. It should be considered that 

tunnel defects are often observed in the crack 

propagation region (Fig. 24); however, in specimens with 

the best fatigue properties, tunnel defects are not 

observed. Higher welding rotational speeds cause tunnel 

defects because of the abnormal stirring of the 

plasticized metal, and higher traverse speeds easily result 

in piping defects because of the insufficient heat 

generation [53,54]. It seems that these defects will affect 

the direction of crack propagation and propagation rate. 

Therefore, the defects behave as a notch that increases 

SIF locally and accelerate the crack propagation mainly 

at higher values of ΔK, where the effect of internal 

compressive residual stress generated by FSW can be 

ignored. In other words, internal residual stress will be 

effective at lower values of ΔK, so the fatigue crack 

propagation rate in welded specimens is reduced relative 

to base metal. JOHN et al [55] studied the effect of 

residual stresses distribution generated by FSW on the 

fatigue resistance of aluminum alloys. Compressive 

stresses along the welding line will reduce the crack tip 

SIF, thus, the crack propagation rate is reduced. JAMES 

et al [56] by investigating the effect of welding residual 

stress found that crack propagation reduction occurred in 

specimens at low values of ΔK. Further increase in ΔK 

reduces the positive effect of compressive residual 

stresses on crack propagation. So, at higher values of ΔK, 

the crack propagation rate of welded specimens is higher 

than that of the base metal. Therefore, the effect of 

rotational and traverse speeds on fatigue behavior of 

FSW joints is complicate. At low values of ΔK, internal 

residual stresses reduce the crack propagation rate, and at 

high values of ΔK, metallurgical defects increase the 

crack propagation rate to the level even higher than that 

of base metal. 

 

 

Fig. 24 Fracture surface of specimen welded by inappropriate 

welding condition (1000 r/min, 25 mm/min) 
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4.6 Fractography 

The fracture surfaces of CT specimens were studied 

by scanning electron microscopy (SEM). Figure 25 

shows the pre-cracked zone and also the crack initiation 

in the chevron notch tip. Due to geometry of Chevron 

notch, Crack initiation starts in all specimens almost 

from the same zone (chevron tip). Figure 25(b) illustrates 

the fatigue crack propagation zone where the crack is 

propagated in recrystallized fine nugget zone and also 

the final rupture. According to Fig. 25(c), which 

magnifies the final rupture zone, ductile behavior can be 

seen in this zone. 

 

 

Fig. 25 Crack initiation in Chevron notch tip and fatigue  

crack propagation for welded CT specimen (400 r/min,       

8 mm/min) (a), distinct zones of crack propagation and    

final rapture (b), and final rapture zone at higher magnification 

(c) 

 

Figure 26 shows the difference of fracture surface of 

fatigue crack propagation zone between base metal and 

welded specimen. It is seen that the crack propagation in 

base metal is completely different and characterized by 

the presence of flat areas in the low ΔK zone, and the 

crack propagation on multiple plateaus joined by tear 

ridges. In the crack propagation zone, the fracture 

surface of welded specimens includes a large number of 

intergranular facets at low values of ΔK (Fig. 26) which 

is confirmed in Refs. [57,58]. It should be noted that 

intergranular facets significantly reduce the crack 

propagation rate (as shown in propagation curves). This 

effect can be justified due to increased tortuosity created 

in the path of crack and crack deviation from the plain of 

maximum stress. At high values of ΔK, the fracture 

surfaces in base metal and welded specimen are very 

similar. 

 

 

Fig. 26 Fatigue propagation of welded specimen at 500 r/min 

and 16 mm/min (a), base metal (b), and intergranular facets of 

welded specimen fracture surface (c) 
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5 Conclusions 
 

1) The microhardness of welding zone is lower than 

that of the base metal, and the microhardness profile is in 

W-shape on the welding section. By increasing the 

traverse speed or decreasing the rotational speed of the 

tool, there would be a decrease in hardness. Increasing 

the rotational or traverse speed of the tool causes the 

increase of the longitudinal residual stress in the welded 

zone. 18%−49% reductions in maximum fracture load 

and fracture toughness are observed in welded specimens 

compared with the base metal. 

2) Digital shearography was employed as a novel 

method to determine the SIF (ΔK) in FSW specimens. 

The maximum difference between shearography and 

standard test results is less than 15%. At lower traverse 

speeds, dissolving of strengthening precipitates and the 

lower nugget hardness provided low fracture toughness. 

At higher traverse or rotational speeds of the tool, 

increasing the probability of defects may contribute to 

low fracture toughness. 

3) At low values of ΔK, the fatigue crack 

propagation rate in the weld nugget is always slower than 

that in the base metal. The increase in rotational and 

traverse speeds of the tool will increase the crack 

propagation rate of the welded specimens. In the low ΔK 

region, crack propagates on multiple plateaus joined by 

tear ridges in base metal, and for the welded specimens, 

the crack propagation rate is reduced due to presence of a 

large number of intergranular facets. 
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焊接参数对搅拌摩擦焊 2024-T351 铝合金 

焊接接头断裂韧性和疲劳裂纹生长速率的影响 
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摘  要：在横向速度为 8~31.5 mm/min、搅拌速度为 400~800 r/min 条件下对厚度为 8 mm 的 2024-T351 铝合金板

进行搅拌摩擦焊接实验。为了考察焊接样品的各项性能，对焊接样品进行金相分析、维氏硬度和 XRD(确是残余

应力)测试。为了得到样品的残余应力和应力强度因子(SIF)，对样品的搅拌摩擦焊接过程进行有限元分析。基于

标准测试方法研究焊接样品的断裂和疲劳行为，焊接样品在焊核区出现初始裂纹且裂纹沿焊接方向扩展；同时采

用剪切散斑干涉方法对焊接样品的断裂行为进行进一步研究。结果表明：横向速度和搅拌速度影响样品的断裂韧

性和疲劳裂纹生长速率。搅拌摩擦焊使样品的最大断裂荷载和断裂韧性降低了 18%~49%。较低的横向速度使焊

接接头的断裂韧性稍许降低。在较高的横向速度或较低的搅拌速度下，焊接接头缺陷的增加可导致较低的断裂韧

性。在较低应力强度因子差值(ΔK≤13 MPa∙m1/2)条件下，所有焊接样品的疲劳裂纹扩展速率比其基体合金的疲劳

裂纹扩展速率慢；而在较高的 ΔK 值条件下，焊接样品的疲劳裂纹扩展速率比基体合金的疲劳裂纹扩展速率快得

多。 

关键词：铝合金；搅拌摩擦焊；断裂韧性；剪切散斑干涉法；疲劳裂纹扩展速率 
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