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[bookmark: _Hlk121760501]Abstract: Since aluminum alloys have the low melting point and high thermal conductivity, friction stir weld (FSW)has been successfully used in the aerospace industry as an alternative to traditional welding methods. In the service of FSWed structures, the residual stress and external load would result in a secondary deformation and residual stress redistribution. Therefore, it is necessary to investigate the effect of residual stress on the FSWed fatigue responses. This paper studied the fatigue crack growth behavior of 2024-T3 and 7075-T6 homogeneous and dissimilar FSWed joints. The finite element model was built to calculate the fatigue crack growth rate of FSWed specimen, and the results were compared with the experiment results. It was demonstrated that residual stress significantly affected on the fatigue crack growth rate. Tensile residual stress promoted the crack growth, and it offset the decrease of fatigue crack growth rate by grain refinement. The numerical results also indicated that the longitudinal residual stress showed the greatest effect on the crack deflection. Under the same welding speed, the fatigue crack growth rate of 2024 increased with the increasing rotational speed. For the same rotational speed, the fatigue crack propagation rate of 7075 decreased with the increasing welding speed.
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1. Introduction
As the main structural material of aircraft, AA 2xxx and AA 7xxx aluminum alloys have low density, high strength, and high stiffness [1]. However, it is easy to produce defects in traditional welding methods because of the low melting point and high thermal conductivity of aluminum alloys [2]. Friction stir weld (FSW) is a typical solid-state joining technology, which has high-quality welded joints and small welding deformation [3]. Therefore, FSW has been successfully used in the aerospace industry as an alternative to traditional welding methods [4,5]. During the welding process, plastic deformation occurs in the welded zone due to the change in local temperature. And the residual stress, which is a self-balancing system independent of external load is finally formed [6,7]. In the service of welded structures, the residual stress and external load would result in a secondary deformation and residual stress redistribution [8]. It has a great influence on the integrity and safety of welded structures [9]. Therefore, it is necessary to investigate the effect of residual stress on mechanical properties and fatigue responses of the FSW aluminum joints.
The initial step of learning fatigue crack growth behavior is to figure out the residual distribution of FSWed joint. Former studies already showed that the maximum residual stress of longitudinal direction (LD) was in the heat-affected zone (HAZ), and the minimum compressive residual stress was in the advancing side just beyond the welded zone (WZ) [10,11]. The author's previous research of this paper indicated that the longitudinal residual stress on the 7075 side was higher than that of the 2024 side. This related to the position in the welded joint and mechanical properties. The magnitude of residual stress decreased from the top to the bottom [12]. 
Fatigue crack growth rate in FSWed joint is determined by the microstructure and the residual stress distribution [13,14]. The high compressive residual stress near the welded zone can produce crack closure effects, and tensile stress increases the effective stress intensity factor range [15]. Local hardness and microstructure changes appear to play a secondary role [16]. L. Fratini [17,18] pointed out that stress relief did not change the hardness and microstructure properties of FSW, and closure phenomena due to residual stress acted to change growth rates. M. N. Ilman [19] investigated fatigue crack growth resistance of AA2024-T3 welds, the results showed that the effect of microstructure on fatigue crack growth rate was not significant compared to residual stress. However, in the study of K. A. Wedge [20], residual stresses were not attributed to the change in crack growth. It was observed that the depletion of strengthening precipitates in thermally affected zones influenced the crack growth rate.
To identify the effect of residual stress on the fatigue crack growth behavior of 2024-T3 and 7075-T6 friction stir welded joints, fatigue crack growth experiments with different welding parameters were tested. The finite element model was built by ANSYS software and FRANC3D to calculate the fatigue crack growth rate, and the results were compared with the experiment. 
2. Experimental
2024-T3 and 7075-T6 rectangular plates with the size of 87.5 mm × 400 mm × 8 mm were respectively joined by the FSW machine (Fig.1). Diameter of the shoulder is 20 mm. The probe diameter is 5 mm and 7.5 mm in length. The welding parameters are shown in Table 1. All weld directions were parallel to the rolling direction.
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Fig.1 FSW plate
Table 1 Welding Parameters
	Specimen
	Material
	[bookmark: _Hlk119592929]Rotational Speed (rpm)
	Welding Speed (mm/min)

	1
	2024
	400
	150

	2
	2024
	200
	150

	3
	7075
	400
	150

	4
	7075
	400
	100

	5
	2024/7075
	400
	150

	6
	2024 base metal
	-
	-

	7
	7075 base metal
	-
	-



Compact-Tension (C(T)) fatigue crack growth specimens were machined according to ASTM-647 standard by the size of Fig.2(a). Cracks were parallel to the weld in C(T) samples. To facilitate fixture fixation and crack growth observation, the surface of the specimen was polished before the experiment (Fig.2(b)).
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(a)                                                      (b) 
[bookmark: _Hlk119588813]Fig.2 Fatigue crack growth specimen: (a) Size of C(T) specimen (mm); (b) C(T) specimen

[bookmark: _Hlk119588855]Fig.3 is the fatigue experimental equipment (INSTRON 810). Fatigue tests were performed in laboratory air at R=0.1 for all C(T) specimens, with the fatigue load frequency of 20 Hz. The applied load ranges were 6.21 kN for the 2024 and 7075 homogeneous specimens, 8.04 kN for the 2024/7075 dissimilar specimen, and 3.26 kN for the base metal. The round hole at the upside of the specimen is the loading hole, and the constraint hole is at the lower part. Stress intensity factors for all specimens were calculated using the expressions recommended in ASTM E647. 
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Fig.3 Fatigue experimental equipment

3. Fatigue crack growth experimental results
3.1 	Crack growth rate analysis
The fatigue crack growth results of 2024 homogeneous FSWed specimens with different rotational speeds are shown in Fig. 4(a). The crack growth rate of the 2024 base metal is higher than that of welded specimen during the crack growth stage. Under the same welding speed, the fatigue crack growth rate of 400 rpm specimen is higher than that of 200 rpm specimen. In Fig.4(b), the crack path of 200 rpm was deflected to the loading hole. With further crack propagation, the crack crossed through the WZ into the thermal-mechanical affected zone (TMAZ). In Fig.4(c), the crack growth path of 400 rpm was maintained in the WZ. According to our former studies on the dynamic tensile properties of WZ, the increasing rational speed led the particles in the WZ to be smaller and more uniform [21]. It is helpful to improve the mechanical properties of the WZ and reduce the fatigue crack growth rate in this region. Therefore, residual stress has a significant effect on crack growth rate. Tensile longitudinal residual stress promoted the crack growth, and it offset the decrease of fatigue crack growth rate by grain refinement. 
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(b)                                                       (c)
Fig. 4 Fatigue crack growth results of 2024: (a) Crack growth rates of 2024; (b) Crack growth path of 200 rpm; (c) Crack growth path of 400 rpm

[bookmark: _Hlk120200679]Fig.5(a) is the fatigue crack growth results of 7075 homogeneous FSWed specimens with different welding speeds. It is shown that welding speed also has a great influence on crack growth rate.  At the initial stage of crack growth, the crack growth rate of 7075 base metal was much higher than that of FSWed specimen. With further crack propagation to TMAZ, the growth rate of FSWed specimen approached that of base metal. The fatigue crack growth rate of the specimen with welding speed of 100 mm/min was higher than that of 150 mm/min. It can be seen from our previous research that the mechanical properties of 100 mm/min and 150 mm/min specimens were close. And longitudinal residual stress of 100 mm/min was higher than that of 150 mm/min. Hence, for 7075 welded specimens, the reduction of longitudinal residual stress led to the lower fatigue crack growth rate of 150 mm/min specimen. 
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(b)                                                              (c)
Fig. 5 Fatigue crack growth results of 7075: (a) Crack growth rates of 7075; (b) Crack growth path of 100 mm/min; (c) Crack growth path of 150 mm/min

Fig.6(a) shows the fatigue crack growth rate curve of 2024/7075 dissimilar FSWed specimen with welding speed of 150 mm/min and rational speed of 400 rpm. It was compared with 2024 and 7075 homogeneous FSWed specimens under the same welding parameters. The results showed that at the initial stage of crack growth, the fatigue crack growth rate of 2024/7075 dissimilar specimen was between that of 2024 and 7075 homogenous specimens. With further crack propagation, the dissimilar crack growth rate gradually approached that of 2024 homogeneous specimen. This is owing to the lower hardness of 2024 material. It is more conducive to crack propagation and resulted in the crack finally extending to 2024 side.
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[bookmark: _Hlk120024873]Fig. 6 Fatigue crack growth results of 2024/7075 dissimilar specimen: (a) Crack growth rates; 
(b) Crack growth path 

3.2 Fracture morphology
According to the fracture process, the fatigue fracture can be divided into three characteristic zones, including the fatigue source zone, the fatigue propagation zone, and the transient fracture zone. The fracture morphologies of fatigue specimens with the same welding parameters in the fatigue propagation zone are shown in Fig.7. The fatigue striation appeared in all three specimens. Instead of expanding vertically, the crack front had an incline. On one hand, the residual stress of FSWed specimen decreased gradually from the top to the bottom. On the other hand, the grain size at the bottom of the WZ was smaller than that of the top [21]. Therefore, the fatigue crack rate at the top was faster than that at the bottom.
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Fig.7 Fracture morphology of fatigue specimen: (a) 2024 400 rpm-150 mm/min; (b) 7075 400 rpm-150 mm/min; (c) 2024/7075 400 rpm-150 mm/min

4. Numerical analysis of fatigue crack growth
In this paper, the residual stress distribution of FSWed specimen was calculated by ANSYS software, and the stress results were imported into FRANC3D software for crack growth and post-processing analysis. The specific calculation process is shown in Fig.8.
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Fig.8 Flow chart of fatigue crack growth 

4.1 Residual stress distribution of fatigue specimen
The coupled thermo-mechanical model was employed to calculate the welded plate residual stress distribution. A bilinear material model with an isotropic hardening law was used in this step [22]. Considering the influence of mechanical properties on fatigue crack growth rate, the model was divided into seven zones, which respectively represent the base metal (BM), the advancing heat affected zone (HAZ), the advancing thermal-mechanical affected zone (TMAZ), the welded zone (WZ), the retreating thermal-mechanical affected zone, and the retreating heat affected zone. Thermal-mechanical properties of 2024 and 7075 are shown in Table 2. The mechanical parameters of 2024, 7075, and 2024/7075 dissimilar FSW specimens are shown in Table 3 -Table 5 respectively [21]. This model was already verified in the author's previous research by neutron diffraction method.

Table 2 Thermo-mechanical properties of 2024 and 7075 aluminum alloy
	
	Temperature (℃)
	25
	100
	200
	300
	400
	500

	2024
	Specific Heat (J/(kg·K))
	900
	910
	950
	1020
	1100
	1100

	
	Density (kg/m3)
	2770
	2760
	2730
	2710
	2690
	2670

	
	Thermal conductivity (W/(m·K))
	126
	129
	153
	178
	187
	194

	
	Poisson’s ratio
	0.33
	0.33
	0.33
	0.33
	0.33
	0.33

	
	Young’s Modulus (MPa)
	7.2e4
	7.1e4
	6.3e4
	5.3e4
	4.5e4
	4.3e4

	
	Coefficient of thermal expansion (×10-5/K)
	2.11
	2.29
	2.38
	2.47
	2.65
	2.87

	7075
	Specific Heat (J/(kg·K))
	835.4
	897
	974
	1012.5
	1128
	1205

	
	Density (kg/m3)
	2800
	2800
	2800
	2800
	2800
	2800

	
	Thermal conductivity (W/(m·K))
	114.8
	128.4
	142.2
	152.7
	160.8
	166.7

	
	Poisson’s ratio
	0.33
	0.33
	0.33
	0.33
	0.33
	0.33

	
	Young’s Modulus (MPa)
	7.3e4
	7.2e4
	6.4e4
	5.6e4
	4.8e4
	4.8e4

	
	Coefficient of thermal expansion (×10-5/K)
	2.3
	2.44
	2.66
	2.87
	3.09
	3.2



Table 3 Mechanical parameters of 2024 FSWed specimen
	
	Temperature (℃)
	25
	100
	200
	300
	400
	500

	2024 base metal
	Yield stress (MPa)
	306
	261
	152
	57
	13
	5

	
	Plastic modulus (MPa)
	530
	400
	330
	233
	95
	65

	2024 advancing HAZ
	Yield stress (MPa)
	326
	278
	162
	60
	13
	5

	
	Plastic modulus (MPa)
	424
	289
	103
	63
	35
	15

	2024 advancing TMAZ
	Yield stress (MPa)
	205
	174
	101
	38
	9
	3

	
	Plastic modulus (MPa)
	820
	750
	600
	370
	210
	90

	WZ
	Yield stress (MPa)
	229
	198
	113
	42
	9
	3

	
	Plastic modulus (MPa)
	960
	870
	720
	270
	105
	70

	2024 retreating TMAZ
	Yield stress (MPa)
	211
	180
	105
	39
	9
	3

	
	Yield stress (MPa)
	820
	750
	600
	370
	210
	90

	7075 retreating HAZ
	Yield stress (MPa)
	313
	267
	155
	58
	13
	5

	
	Plastic modulus (MPa) 
	424
	289
	103
	63
	35
	15



[bookmark: _Hlk120732737]Table 4 Mechanical parameters of 7075 FSWed specimen
	
	Temperature (℃)
	25
	100
	200
	300
	400
	500

	7075 base metal
	Yield stress (MPa)
	455
	389
	278
	47
	33
	20

	
	Plastic modulus (MPa)
	250
	210
	150
	50
	15
	10

	7075 advancing HAZ
	Yield stress (MPa)
	381
	326
	233
	39
	27
	16

	
	Plastic modulus (MPa)
	300
	260
	190
	90
	45
	25

	7075 advancing TMAZ
	Yield stress (MPa)
	252
	215
	154
	26
	18
	11

	
	Plastic modulus (MPa)
	990
	870
	775
	300
	145
	90

	WZ
	Yield stress (MPa)
	259
	221
	158
	26
	18
	11

	
	Plastic modulus (MPa)
	940
	830
	680
	230
	75
	50

	7075 retreating TMAZ
	Yield stress (MPa)
	264
	226
	161
	79
	18
	11

	
	Plastic modulus (MPa)
	990
	870
	775
	300
	145
	90

	7075 retreating HAZ
	Yield stress (MPa)
	371
	317
	226
	38
	26
	16

	
	Plastic modulus (MPa) 
	300
	260
	190
	90
	45
	25



Table 5 Mechanical parameters of 2024 /7075 dissimilar FSWed specimen
	
	Temperature (℃)
	25
	100
	200
	300
	400
	500

	2024 base metal
	Yield stress (MPa)
	306
	261
	152
	57
	13
	5

	
	Plastic modulus (MPa)
	530
	400
	330
	233
	95
	65

	2024 HAZ
	Yield stress (MPa)
	313
	267
	155
	58
	13
	5

	
	Plastic modulus (MPa)
	424
	289
	103
	63
	35
	15

	2024 TMAZ
	Yield stress (MPa)
	211
	180
	105
	39
	9
	3

	
	Plastic modulus (MPa)
	820
	750
	600
	370
	210
	90

	WZ
	Yield stress (MPa)
	296
	250
	190
	100
	65
	40

	
	Plastic modulus (MPa)
	1150
	950
	700
	250
	85
	60

	7075 TMAZ
	Yield stress (MPa)
	252
	215
	154
	26
	18
	11

	
	Plastic modulus (MPa)
	990
	870
	775
	300
	145
	90

	7075 HAZ
	Yield stress (MPa)
	418
	357
	238
	37
	23
	10

	
	Plastic modulus (MPa) 
	381
	326
	233
	39
	27
	16

	7075
	Yield stress (MPa)
	455
	389
	278
	47
	33
	20

	
	Plastic modulus (MPa)
	250
	210
	150
	50
	15
	10



Fig.9(a) shows the size and the position of C(T) specimen. The “birth and death element” method was used to calculate the residual stress of C(T) specimen (Fig.9(b)). The FSWed plate model has 105,992 elements, and the number of C(T) specimen elements is 40,768(Fig.9(c)). The boundary conditions were the same as those in Ref. [21].
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Fig. 9 Residual stress model of C(T) specimen: (a) Size of the specimen; (b) “Birth and death element” method (Pa); (c) Finite element meshing

The longitudinal residual stress distribution of 2024 C(T) specimen is shown in Fig.10(a). The position of Path 1 was the normal direction in the middle of the specimen, and Path 2 was cross the weld. Compared with the welded plate, the residual stress of C(T) specimen was redistributed after it was excised from the welded plate. And Fig.10(b) showed that the residual stress of Path 1 was decreased from the top to the bottom. In Fig.10(c), the longitudinal residual stress of the 2024 C(T) specimen with different rotational speeds at Path 2 is shown. For the same welding speed (150 mm/min), the maximum longitudinal residual stress at Path 2 increased with the increasing rotational speed. The effect of welding speed on 7075 residual stress was studied and shown in Fig.10(d). The maximum longitudinal residual stress at Path 2 decreased with the increasing welding speed.
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Fig.10 Residual stress of C(T) specimen: (a) Longitudinal residual stress distribution of 2024 400 rpm-150 mm/min (Pa); (b) Residual stress at Path1; (c) Effect of rotational speed on LD residual stress in Path 2; (d) Effect of welding speed on LD residual stress in Path 2

4.2 Calculation results of fatigue crack growth
In this paper, fatigue crack propagation in FSW joint was modeled by Walker fatigue model incorporating the effects of residual stress and stress relaxation. The Walker model has a simple form and few parameters, it can predict crack growth during the stable propagation. The results of Ref. [23] showed that the Walker model had a good consistency with fatigue crack growth tests.

                                                              (1)
                                        
where a is the crack length; N is the number of propagation cycles;  is the crack growth rate; C is the coefficient of Walker model; m, n are the exponents; ΔK is the stress intensity factor range.
[bookmark: _Hlk120728500]According to the crack growth rates of 2024 and 7075 base metal specimens, the material constants C, m, and n were determined by data analysis and linear fitting (Table 6). For dissimilar welded specimen, average values of 2024 and 7075 base metals were used. Fig.11 is the comparison of fatigue specimens and numerical calculation results respectively. It is shown that the crack growth predictions presented an agreement with experiments. 
Table 6 Walker model parameters
	[bookmark: OLE_LINK67][bookmark: OLE_LINK68]Material
	C
	m
	n

	2024
	2.71e-10
	4.360
	3.375

	7075
	6.79e-10
	3.957
	3.108

	2024/7075
	4.75e-10
	4.159
	3.242




            
(a)                                                                         (b)


(c)
Fig.11 Comparison of experimental results and numerical analysis: (a) 2024; (b) 7075;
 (c) 2024/7075 dissimilar welded specimen

[bookmark: _Hlk120552281]The residual stress with the rotational speed of 400 rpm and welding speed of 150 mm/min was inserted into the C(T) specimen. The fatigue crack growth model was calculated with the same load as the experiments. To determine the effects of mechanical properties and residual stress on fatigue crack growth behavior, the fatigue crack growth rates under the following five conditions were compared, which respectively represent 2024 base metal, “Mechanical properties” (only considering the mechanical properties of FSWed specimen), “Longitudinal direction” (only considering the residual stress of longitudinal direction), “Transverse direction” (only considering the residual stress of transverse direction) and “Normal direction” (only considering the residual stress of normal direction). 
The calculated results in Fig.12(a) showed that 2024 base metal presented the highest fatigue crack growth rate. The crack growth rate was reduced by considering the residual stress of the transverse direction and normal direction. It was because of the compressive stress in these two directions, although the stress level was low. And the tensile stress in the longitudinal direction led to the increase of crack growth rate. 
The comparison of fatigue crack growth paths is shown in Fig.12(b). The crack growth path of “Mechanical properties” is consistent with that of the base metal. So, the mechanical properties of the FSWed specimen had no influence on the fatigue crack deflection. When the residual stress was considered, cracks were all deflected to the upside of the specimen. However, the crack deflection angle caused by the residual stress in the longitudinal direction was larger than that of the other directions. It was due to the residual stress value in the longitudinal direction, and the stress gradient along the thickness direction of the specimen was greater than that in the transverse and normal directions.
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Fig.12 Comparison of fatigue crack growth in 2024: (a) Fatigue crack growth rate curve; 
(b) Fatigue crack growth path
The fatigue crack growth rate comparison of 2024 under different rotational speed is shown in Fig.13(a). The results showed that for the 2024 FSWed specimen, the fatigue crack growth rate increased with the increasing rotational speed. This was because of the longitudinal direction residual stress in 600 rpm specimen was higher than that of the other directions. Thus, the mechanical properties changed by grain refinement in the weld were offset, and the crack growth rate was increased. In Fig.13(b), the fatigue crack growth rate of 7075 specimen decreased with the increasing welding speed. Therefore, for 7075 fatigue specimens, the fatigue crack growth rate was also dominated by the residual stress.


             
   (a)                                                                         (b)
Fig.13 Effect of welding parameters on fatigue crack growth: (a) Effect of rotational speed (2024); (b) Effect of welding speed (7075)

5. Conclusion
[bookmark: _Hlk121758371](1) Compared with the welded plate, the residual stress of C(T) specimen was redistributed after it was excised from the welded plate, and it decreased from the top to the bottom. The maximum longitudinal residual stress increased with the increasing rotational speed, and it decreased with the increasing welding speed.
[bookmark: _Hlk121758134][bookmark: _Hlk121758245] (2) 2024 base metal presented the highest fatigue crack growth rate. Welding parameters had a significant effect on the fatigue crack growth rate. Longitudinal residual stress showed the greatest effect on the crack deflection. Tensile residual stress promoted the crack growth, and it offset the decrease of fatigue crack growth rate by grain refinement.
(3) The fatigue crack growth rate of 2024 specimen increased with the increasing rotational speed. The fatigue crack growth rate of 7075 specimen decreased with the increasing welding speed.
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