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Abstract

:

2519A aluminum alloy thick plate is a promising structural material in the field of military industries, owing to its low density, high tensile strength and excellent ballistic performance. However, the nonuniformly distributed microstructure along the thickness direction of this alloy leads to delamination cracks, which restrict its further application in light armor fields. In order to understand the mechanism of delamination cracking along the thickness direction, the effect of the microstructure on the mechanical properties of 2519A aluminum alloy in the thickness direction was investigated. The results show that the elongation and critical stress intensity factor values (ΔKcr) of the alloy in the thickness direction are 45.8% and 44.1% lower than the values in the rolling direction, respectively. The low mechanical properties of the alloy may be due to the short distance between the second phase, the weak binding force of grain boundaries and the disharmonious deformation caused by the inhomogeneous distribution of the microstructure. This study provides a basis for improving the mechanical properties and delamination cracking of the alloy along the thickness direction.
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1. Introduction


2519A aluminum alloy has good comprehensive properties such as high strength, high toughness, low density and excellent fatigue resistance, and has been widely used in aerospace and military industries [1,2]. However, owing to the difficulties in the manufacturing process of thick plates, the nonuniformly distributed microstructure (i.e., second phase and grain structure) can be observed, thus leading to the significant variation of the mechanical properties of aluminum alloy along the thickness direction [3,4,5]. It has been found that cracks form easily due to the nonuniformly distributed precipitates during the service life of thick plates [6,7,8]. It is obvious that the growth of a crack will lead to the catastrophic failure of structural components, thus bringing about air crashes and shipwrecks, etc. [9,10,11,12,13].



In recent years, much attention has been drawn to the investigation of the inhomogeneity of the microstructure of aluminum alloy thick plate [14,15,16,17,18]. It is known that the inhomogeneity of the microstructure of aluminum alloy thick plate along the thickness direction is related to the forming technology. Zhao et al. [14] found that the inhomogeneous distribution of precipitates was caused by the nonuniform deformation and cooling rates. Yin et al. [15] studied the quench sensitivity of Al–Cu–Mg alloy thick plates, and their experimental results exhibited a dramatic decrease in the quench cooling rate from the surface to the center of the plate, and the inhomogeneous quenching caused the difference in the microstructure. Zhou et al. [16] observed that the increase in the average pass reduction ratio (APRR) during hot rolling was beneficial to the formation of weaker shear texture, and it improved the uniformity of the mechanical properties of aluminum alloy thick plate. For further identification of the corresponding mechanisms of the nonuniformity of aluminum alloy thick plate, many researchers have studied the influence of the inhomogeneity of the microstructure on the mechanical properties. She et al. [3] studied the relationship between the microstructure and the mechanical properties of aluminum alloy thick plate. They concluded that the different deformability of thick plate will lead to the alternation of additional stresses, and then result in the occurrence of recovery and recrystallization in the central and surface layers, respectively. Hence, the distinct difference of strength can be observed in the different layers of aluminum alloy thick plate. Wu et al. [17] pointed out that the yield strength and ultimate tensile strength gradually increased from the surface layer to the center layer of an Al–Cu–Li thick plate. These results were mainly caused by texture, low-angle grain boundaries (LAGB) content and T1 precipitate density. Plonka et al. [18] studied the influence of successive stages of rolling on the mechanical properties of AA2519 aluminum alloy. They found that the strength and toughness of the alloy increased with increasing rolling reduction.



In summary, the effect of the nonuniformly distributed microstructure on the mechanical properties of aluminum alloy thick plate and the corresponding formation mechanisms has been extensively studied. However, the studies on aluminum alloy thick plates mainly focus on the relationship among microstructure, deformation and mechanical properties [19,20]. Moreover, researchers mainly pay attention to the mechanical properties of the rolling direction. There are few reports on the inhomogeneity of the structures and fracture mechanism of thick plates along the thickness direction. The objective of this work is to investigate the fracture properties of 2519A aluminum alloy thick plate along the thickness direction and explore the corresponding microstructure distribution. Meanwhile, the related fracture mechanisms will also be revealed.




2. Materials and Methods


In the present study, the raw material, with dimensions of 500 mm × 300 mm × 52 mm, was commercial 2519A aluminum alloy T87 plate. The composition of the 2519A aluminum alloy is listed in Table 1. In order to investigate the microstructure distribution and fracture properties of 2519A aluminum alloy thick plate along the thickness direction, the specimens (as shown in Figure 1) were taken from different layers (surface layer and middle layer) along the thickness direction (normal direction, ND). Furthermore, the rolling direction and transverse direction of the alloy were named RD and TD, respectively. It should be pointed out that the tensile specimen in the thickness direction was named ND, and the specimens from the surface layer and the middle layer of the rolling direction were named RD-S and RD-M, respectively.



The mechanical tensile experiment was carried out on a universal test machine (INSTRON Corporation, Norwood, MA, USA), and the tensile rate was 1 mm/min. The fatigue crack growth rate (FCGR) tests were conducted using the MTS-Landmark fatigue test machine (MTS System Corporation, Eden Prairie, MN, USA). According to GB/T 6398-2017 standard, the FCGR tests were taken on the compact-tension (CT) specimens (the schematic diagrams of CT specimens are shown in Figure 2). The thickness of the CT specimen was 3 mm. Before the FCGR tests, both surfaces of the specimens were polished with a 60 nm silica suspension to a mirror finish to eliminate the effect of surface roughness. Then, 2 mm cracks were prefabricated on the specimens. A sinusoidal cyclic constant loading with a stress ratio (R = σmin/σmax) of 0.1 and a frequency of 10 Hz were applied. Each FCGR curve was measured with about three specimens, and the FCGR of the CT specimens was measured automatically with the crack opening displacement method (COD). To facilitate the calculation and plotting of the curve, we define the FCGR symbol as da/dN.



The grain structure of 2519A aluminum alloy was examined using a 4XC-MS optical microscope (OM, Shanghai optical instrument factory, Shanghai, China). To obtain a clear image of the microstructure, the specimens were polished, and then anodized with an electrolyte (5 mL HBF4 and 200 mL H2O). The distribution of the second phase and tensile fracture morphology were observed using a JSM-6360LV scanning electron microscope (SEM, JEOL Ltd., Tokyo, Japan) equipped with an energy scanning dispersive spectroscopy (EDS). The precipitates of the alloy were confirmed by the TecnaiG220 transmission electron microscopy (TEM, FEI Company, Hillsboro, OR, USA). TEM specimens were first mechanically polished by the sandpaper into thin slice of 60 μm, and then electropolished using a twin-jet machine in a solution of 30 vol% HNO3 and 70 vol% methanol at −25 °C. The average aspect ratio of the grains, the area fraction and average spacing of the second phase were counted by the ImageJ software (Version 1.8.0, NIH, Bethesda, MD, USA). According to GB/T 6394-2017 standard, the average aspect ratio of the grains was counted through a straight-line intersection point method [21]. The area fraction of second phase A was calculated by using Formula (1) as follows:


  A =    S 0   S  × 100 %  



(1)




where S0 is the area of the second phase and S is the area of the SEM test area (area of SEM image).




3. Results and Discussion


3.1. Microstructure Analysis


Figure 3 shows the metallographic structure of different layers along the thickness direction of 2519A aluminum alloy. The surface layer and the middle layer of the alloy are shown in Figure 3a and Figure 3b, respectively. It can be seen that the grains of different layers of the alloy are stretched along the rolling direction. From the surface layer to the middle layer, the average aspect ratios of the grains gradually increase (i.e., 5.4 and 7.1, respectively). This can be associated with the different deformability of thick plate in the different layers during the rolling process. The surface layer is seriously deformed due to the friction of the roller, and thus the grains of the layer were refined significantly in comparison with the middle layer. Hence, there were some small and irregular-shaped grains on the surface layer. From the surface layer to the middle layer, the shear effect weakened, and thus the deformation degree decreased. Therefore, the long strip grains can be observed in the middle layer. In addition, there were many black spots in the metallographic structure. These spots should be the second phases in the alloy. It is seen that the size and number of the phases gradually increase from the surface layer to the middle layer. More detailed information will be given in the next section.



Figure 4 shows the second phase distribution of different layers in 2519A aluminum alloy. The second phases were “chain-like” in different layers of the alloy. According to the EDS analysis, the second phase of the alloy contained Fe, Mn and Si. As can be seen from Figure 4, the coarse second phase in the alloy gradually increases from the surface layer to the middle layer. To further analyze this change, the size and the area fraction of second phase in the surface layer and middle layer were calculated by ImageJ software, and the results are shown in Figure 4e. According to the statistical results, the total area fraction of the second phase increased from 1.76% to 4.06% from the surface layer to the middle layer. The area of the second phase was mainly 0–25 μm2 in the surface layer, while the area of the second phase was mainly above 25 μm2 in the middle layer. The proportion of coarse second phase in the middle layer was obviously higher than that of the surface layer. The inhomogeneous distribution of these phases can be attributed to the following reasons. Firstly, the deformation of the surface layer was larger than that of the middle layer in the rolling process [4,18]. Hence, the second phase of the surface layer was more fragmented than that of the middle layer, and the size of the second phase was smaller. Secondly, the alloy elements in the middle layer were difficult to fully dissolve, so there were large numbers of insoluble phases containing Fe, Mn and Si in this layer. Thirdly, the cooling rate of specimens gradually decreased from the surface layer to the middle layer during the quenching process. The nonequilibrium solidification effect of the middle layer decreased, and thus the second phase in this layer was larger than the surface layer [22]. The analysis agrees with the metallographic structure in Figure 3.



Figure 5 shows the TEM images of 2519A aluminum alloy in the different layers and the electron diffraction (ED) patterns of the Al matrix and precipitates. The “cross-shaped” diffraction spot of the θ′ phase’s characteristic super lattice reflections can be observed in Figure 5 [23,24,25]. The θ′ phases possessed the same orientation relationship with the aluminum matrix (〈100〉 Al direction), which agreed with the results reported in [26]. It is obvious that the intensity of the spots in the middle layer was weaker than that of the surface layer. Furthermore, the θ′ precipitates were slender in the surface layer and turned relatively coarsened in the middle layer.



The variation of the precipitates was associated with the following reasons. Firstly, in the solid solution treatment process, it takes less time for soluting atoms in the surface layer to diffuse from the second phase into the aluminum matrix than they do in the middle layer. Therefore, the solid solution degree in the surface layer was higher than that of the middle layer, and the precipitation effect during the aging treatment was significantly better than that of the middle layer [27]. Secondly, in the quenching process, the cooling rate of the surface layer is higher than that of the middle layer. Therefore, there were more supersaturated solid solutions in the surface layer, and many fine θ′ phases were formed during the aging treatment. Thirdly, in the process of cold rolling before the aging treatment, the surface layer has a high degree of plastic deformation and a high dislocation density. During the aging stage, there were more nucleation points to form the precipitated phase, so the θ′ phase was slender and denser in the surface layer.




3.2. Mechanical Tensile Properties


Figure 6 shows the tensile properties of the 2519A aluminum alloy. The tensile strength of the alloy gradually decreases while the elongation gradually increases from the surface layer to the middle layer in the rolling direction. The tensile strength and yield strength of the RD-S specimen were 456 MPa and 425 MPa, with an elongation of 6.4%. Meanwhile, the tensile strength and yield strength of the RD-M specimen were 434 MPa and 390 MPa, with an elongation of 7.2%. Compared with the RD-S specimen, the ultimate tensile strength of the RD-M specimen decreased by 4.8%, the yield strength decreased by 8.2% and the elongations increased by 12.5%, respectively. In addition, the tensile properties in the thickness direction of the alloy were significantly different from those in the rolling direction. The tensile strength and yield strength of the ND specimen in the thickness direction were 414 MPa and 387 MPa, with an elongation of 3.9%. In comparison with the RD-M specimen, the tensile strength of the ND specimen was reduced by 20 MPa, and the elongation was reduced by 3.3%.



As can be seen from Figure 6, the tensile strength of the alloy along the thickness direction gradually decreased from the surface layer to the middle layer, and the elongation increased. The grains, second phases and precipitates were the main factors affecting the inhomogeneity of the strength of the alloy. Firstly, according to the Hall–Petch formula [28], the increase in the average aspect ratio of the grains leads to a decrease in the tensile strength from the surface layer to the middle layer. Secondly, the size and density of the coarsened phases gradually increased from the surface layer to the middle layer. The coarsened phases were detrimental to the strength of alloy [29]. The increase in the size and density of the coarsened phases contributes to a decrease in the tensile strength. Thirdly, the size of the θ′ phases increased, and the density decreased from surface layer to the middle layer. According to the precipitation-strengthening mechanism [28,30], the surface layer of the alloy with the smaller size and higher density of the precipitates presents a higher strength than the middle layer.



According to the Figure 6, the elongation of the alloy along the thickness direction gradually increased from the surface layer to the middle layer. The variation of elongation is mainly related to grain size. It has been reported that an increase in the average aspect ratio of grains will lead to an increase in lattice space to accommodate dislocations, thus improving the elongation [31]. As can be seen from the Figure 3, the average aspect ratio of grains from the surface layer to the middle layer increased from 5.4 to 7.1. This indicates that the grains in the middle layer have a strong capacity to accommodate dislocation. Therefore, the elongation of the middle layer is higher than that of the surface layer. In addition, Li et al. [32] discussed the dependence of uniform elongation on grain size in metal structural materials. They concluded that the relationship between elongation and grain size was as follows:


   ε u  =  ε 0  −  1  A + B d    



(2)




where,    ε u    is the elongation of alloy;    ε 0   , A, and B are the parameters determined by the experiment for a material being investigated—these three parameters are constant for the same material; and d is the average grain diameter. According to Formula (2) and Figure 3, the elongation increases with an increase in the average aspect ratio of grains from the surface layer to the middle layer.



By comparing the RD-M specimen and the ND specimen, the elongation of the ND specimen especially was much lower than that of the RD-M specimen. This may be related to the equivalent distance between two adjacent coarse second phases in the alloy. Some researchers [33] have studied the effect of the coarse second phase on the plasticity of alloys and obtained the quantitative relationship between the coarse second phase and elongation, as shown below:


   ε f  ∝ ln (    A   f c      − B ) ∝ ln     C  L c 3     r c 3      − B  



(3)




where    ε f    is the elongation; A, B and C are the constants; fc is the volume fraction of the coarse second phase; Lc is the average spacing of the coarse second phase; rc is the equivalent radius of the coarse second phase. The symbol  ∝  stands for direct proportion. Figure 7 shows the statistical results of the average spacing of the second phase in the surface layer and middle layer. L0 and L1 represent the average spacing of the second phase in RD and ND, respectively. The statistical method of the average spacing of the second phase is as follows: Taking L0 as an example, (1) draw a line with length L (L equals the length of the SEM picture) and a direction parallel to the rolling direction on the SEM picture. (2) Count the number N of the second phase traversed by the line and calculate the average spacing of the second phase by using the formula L/N. (3) Move the line a certain distance along the thickness direction and repeat step (2). (4) Repeat step (3) to obtain 60 values and take their average as the final result. L1 is calculated in the same way. As can be seen from Figure 7, L0 is smaller than L1 in both layers. The L0 and L1 in the surface layer were 19.79 μm and 25.22 μm, whereas the L0 and L1 in the middle layer were 6.19 μm and 10.17 μm, respectively. The results indicate that the crack propagation distance in the adjacent second phase of the alloy subjected to the rolling direction load (L1) is much larger than that of the alloy subjected to the thickness direction load (L0). According to Formula (3), the elongation of the alloy under the rolling direction load is higher than that under the thickness direction load. In addition, the cavities inside the alloy are difficult to polymerize because the average spacing of the second phase is large and make the alloy more resistant to fracture. Therefore, the mechanical properties of the alloy in the rolling direction load are better than those in the thickness direction load.




3.3. Fatigue Properties


The curves of the da/dN v. ΔK from the replicate fatigue tests of the 2519A aluminum alloy under the rolling direction and thickness direction fatigue load are plotted in Figure 8. The specimen subject to the fatigue load in the rolling direction is named the RD specimen, and the specimen subject to the fatigue load in the thickness direction is named the ND specimen. As can be seen, all these curves present classical da/dN curve characteristics which can be divided into three stages [17]: stage I (the early stage), stage II (steady state stage) and stage III (the final stage). The FCP of specimens had obvious stage II and stage III, but the stage I was not apparent under the fatigue loads. In stage II, the FCGR curve of the RD specimen was flat, but that of the ND specimen was steep. The critical stress intensity factor values (ΔKcr) of the RD and ND specimens were 29.21 MPa·m1/2 and 16.32 MPa·m1/2, respectively. The ΔKcr values of the RD specimen were 79.0% higher than those of the ND specimen. To clarify the difference of FCGR under different directions of fatigue load, the fracture mechanics-based Paris power equation was adopted to analyze the experimental results. The Paris power equation [34] is shown below:


  d a / d N = C   ( Δ K )  m   



(4)




where C and m are constants. Their values for the two specimens are listed in Table 2, and are evaluated from the linear region (stage II) of the plots of da/dN v. ΔK in Figure 8. Meanwhile, the values of da/dN at the specific ΔK are calculated and listed in Table 2. It can be seen from the experiment and fitting results that the FCGR of the RD specimen is significantly lower than that of the ND specimen—the alloy is more prone to fracture with weak FCP resistance under the ND fatigue load.



To further analyze the fracture behavior of alloy, the fatigue fractography of the specimens in the two directions was observed by SEM. Figure 9 shows the macroscopic morphology and fractography of the fatigue fracture surface of the CT specimens. A noticeable deflection of 98° (as shown in Figure 9a) occurred in the RD specimen during cyclic loading, while the crack path was flat in the ND specimen without similar crack deflection (Figure 9d). In steady state stage, the surface of the fatigue fracture in the RD specimen fluctuates greatly (Figure 9b). Cleavage steps, holes (as shown in the orange circle) and several secondary cracks are the main features at this stage. Moreover, it can be seen from the HDBSD image that some holes contain coarse second phase particles (Figure 9c). Compared to the RD specimen, the surface of the fatigue fracture in the ND specimen shows hybrid-fracture characteristics of a cleavage step and a fine fracture surface (shown in the blue dotted box in Figure 9e). The cleavage step of the fracture at this stage is flatter with small fluctuation. According to the HDBSD observation, the fine fracture surfaces are mainly formed by the fragmentation of second phases. Microcracks can be observed in these surfaces (Figure 9f). Comparing the HDBSD images of the RD and ND specimens, it can be seen that the clustering degree of coarse second phases in the RD specimen is low and the area of the coarse second phase is small (as shown in the red circles in the Figure 9c). However, the clustering degree of the broken coarse second phase in the ND specimen increases obviously (as shown in the blue dotted box in the Figure 9f), and the coarse second phase occupies a larger area. These differences may be related to the arrangement of the coarse second phase in the alloy, which will be discussed further later.



The microstructure, including grain and the second phase, play an important role in the FCP of aluminum alloy. These factors may lead to different crack propagation models, such as crack deflection and bifurcation, thereby resulting in different FCGR [35,36]. In this study, the effect of the microstructure on the fatigue behavior of the alloy mainly lies on the influence of the grain boundary and coarse second phase on the FCP.



It is known that grain boundary plays an important role in determining the fatigue property [36,37]. Figure 10 shows the optical images of fatigue crack at steady state stage in the CT specimen. As can be seen, the FCP mode of the RD specimen is transgranular crack propagation. Meanwhile, there are many intergranular microcracks near the main crack (indicated by the red arrow in Figure 10a). Different from RD specimen, the FCP mode of the ND specimen is inter/transgranular crack propagation (Figure 10b). The fatigue properties of the RD specimen are better than that of the ND specimen, which may be related to the grain boundary. On one hand, the grain boundary is regarded as a barrier for dislocation slip, promoting the decrease in slip reversibility and the increase in fatigue damage accumulation [37]. When the alloy is subjected to the rolling direction fatigue load, the fatigue crack passes through more grain boundaries. The fatigue crack propagation resistance is greater than that of the alloy under the thickness direction fatigue load. On the other hand, the microcracks are more likely to initiate and propagate due to the weak bonding force at the grain boundary when the alloy is subjected to fatigue loading in the thickness direction [38]. Therefore, the fatigue life in the thickness direction is lower than that in the rolling direction.



The massive research also indicated that the coarse second phase in the alloy has an important effect on the FCP [39,40]. The experimental results show that the fracture anisotropy of the 2519A aluminum alloy is determined by the degree of continuity of the second phase. The second phase was “chain-like” along the rolling direction in different layers of the alloy. The average spacing of the second phase in the thickness direction is significantly higher than in the rolling direction (as show in the Figure 7). The effect of the second phase on the fracture process of the alloy can be divided into two phases. Figure 11 shows the schematic diagram of influence of the second phase on the fracture process of the 2519A aluminum alloy.



Firstly, in the crack initiation and microcrack coalescence stage, the stress concentration occurs around the coarse second phase due to deformation inconsistency between the matrix and the second phase. Thus, the microcracks are easy to initiate in the coarse second phase under fatigue loading due to the stress concentration [39]. The cracking of the second phase changes the strain field in the surrounding matrix and creates a region of elevated strain in the close neighborhood. The process of microcrack coalescence is favored when the loading is in the ND due to the enhanced interaction of the strain fields around second phase (LRD is small) (see Figure 11c). On the contrary, when the loading is in the RD, there is less interaction of the local strain fields associated with the second phase due to their spatial distribution (LND is large) and the aggregation effect of the microcracks is weakened (see Figure 11a). In addition, the degree of microcrack coalescence in the alloy is also affected by the nonuniform microstructure and mechanical properties along the thickness direction. The damage degree of the alloy gradually decreases from the middle layer to the surface layer due to the synergistic deformation of microstructure when the alloy is subjected to the fatigue load in the thickness direction. The degree of microcrack coalescence is the highest in the middle layer and the lowest in the surface layer (see Figure 11c). However, due to the cooperative deformation of the microstructure, the damage degree of each layer was the same when the alloy was subjected to the fatigue load in the rolling direction. The resistance of the alloy to deformation is stronger than that under the thickness fatigue loading, and the microcracks do not coalesce easily (see Figure 11a).



Secondly, in the final fracture stage, the final fracture is triggered by the coalescence of microcracks which is favored when the load is in the thickness direction because the second phase is closer to one another. This proximity of second phases creates an easy percolating crack path along the rolling direction as a crack can extend along this direction throughout the material without the need to cross a tougher matrix material (see Figure 11d). On the opposite, the effect of the second phase particles on the aggregation of microcracks is weak when the load is in the rolling direction because the second phase is more isolated. The presence of a tougher matrix between these second phases greatly reduces the detrimental effect of microcrack aggregation and improves fracture performance (see Figure 11b).





4. Conclusions


The effect of microstructural heterogeneity on the mechanical properties of 2519A aluminum alloy thick plate was investigated. From the results and discussion, the mechanical properties of the alloys were mainly affected by the coarse second phase, grain boundary resistance and the inhomogeneous distribution of the microstructure. The main conclusions are as follows:




	(1)

	
The tensile strength of the alloy decreases, and the elongation increases from surface layer to middle layer along the rolling direction. The tensile strength and elongation of the alloy in the thickness direction are 4.6% and 45.8% lower than those values in the rolling direction, respectively. The ΔKcr values of the RD specimen is 79.0% higher than that of the ND specimen.




	(2)

	
The spacing between the adjacent second phase is the main factor affecting the mechanical properties of the alloys. The L0 and L1 in the surface layer are 19.79 μm and 25.22 μm, whereas the L0 and L1 in the middle layer are 6.19 μm and 10.17 μm, respectively (L0 and L1 represent the average spacing of the second phase in RD and ND). The crack propagation distance in the adjacent coarse second phase of the alloy subjected to the rolling direction load (L1) is much larger than that of the alloy subjected to the thickness direction load (L0). As a result, the microcracks tend to coalesce and bridge when the alloy is subjected to the thickness direction load. The alloy has weak fracture resistance and poor mechanical properties in the thickness direction.




	(3)

	
The crack propagation mode of the RD sample is transgranular crack propagation, whereas that of the ND sample is intergranular/transgranular crack propagation. When dislocations pile up at grain boundaries, cracks are more likely to occur. These cracks are more likely to propagation along grain boundaries due to the weak binding force of grain boundaries, which makes the alloy is more likely to fracture under the thickness direction load.




	(4)

	
From the surface layer to the middle layer, the average aspect ratio of grains, the size and density of the coarsened Al(CuFeSiMn) phases gradually increases. The size of the θ′ phases increases, whereas the density in this phase decreases from surface layer to middle layer. The deformation of the alloy under the thickness direction load is not coordinated due to the inhomogeneous distribution of the microstructure, so the alloy is more prone to fracture.
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Figure 1. Sampling methods of mechanical tensile specimens. 
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Figure 2. The schematic diagrams of CT specimens: (a) the CT specimen size; (b) the enlarged view of area I in (a). 
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Figure 3. Optical images of 2519A aluminum alloy along the thickness direction: (a) Surface layer; (b) Middle layer. 
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Figure 4. The second phase distribution of 2519A aluminum alloy in the thickness direction: (a) Surface layer; (b) Middle layer; (c,d) EDS results of the second phase in (b); (e) the area fraction of second phase in (a,b). 
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Figure 5. The TEM micrographs of 2519A aluminum alloys in thickness direction: (a) Surface layer; (b) Middle layer. 
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Figure 6. Tensile properties of the 2519A aluminum alloy. 
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Figure 7. The average spacing of the second phase in the different directions. 
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Figure 8. FCGR under different loading directions. 
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Figure 9. Macroscopic morphology and fractography of fatigue fracture surface of CT specimen: (a,d) macroscopic photos of specimens; (b,e) SEM fractography of fatigue fracture surface in steady state stage at location I; (c,f) the backscattered electron detector (HDBSD) images of (b,e). 
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Figure 10. Optical images of fatigue crack at steady state stage in CT specimen: (a) RD specimen; (b) ND specimen. 
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Figure 11. The schematic diagram of influence of the second phase on fracture process of the 2519A aluminum alloy: (a,b) RD load, (c,d) ND load. 
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Table 1. Composition of 2519A aluminum alloy (Mass fraction/%).
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	Elements
	Cu
	Fe
	Mg
	Mn
	Ni
	Si
	Ti
	Zn
	Zr





	Content
	5.9
	0.31
	0.19
	0.3
	0.04
	0.17
	0.05
	0.1
	0.19
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Table 2. Material parameters in the Paris power equation and values of da/dN at the specific ΔK.






Table 2. Material parameters in the Paris power equation and values of da/dN at the specific ΔK.





	
Loading Direction

	
C

	
m

	
da/dN (mm/cycle)




	
ΔK = 11 MPa·m1/2

	
ΔK = 13 MPa·m1/2

	
ΔK = 15 MPa·m1/2






	
RD

	
2.73 × 10−7

	
2.34

	
6.81 × 10−5

	
1.09 × 10−4

	
2.37 × 10−4




	
ND

	
9.70 × 10−12

	
6.85

	
1.14 × 10−4

	
4.08 × 10−4

	
6.15 × 10−4
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