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Abstract

:

The influences of cold rolling and subsequent heat treatment on the microstructure evolution of 2524 alloy were investigated using an orientation distribution function (ODF) and electron back-scattered diffraction (EBSD). A preparation method of 2524-T3 aluminum alloy with a strong Brass texture was developed, and its effect on the fatigue properties of the alloy was investigated using scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The results show that with the increase in cold rolling deformation from 0% to 80%, the volume fractions of Brass, copper, and S textures in the 2524-T3 alloy also increase, especially in the case of Brass and S textures. However, the volume fractions of cube and Goss textures are reduced significantly, especially for cube textures, which are decreased by 57.4%. Reducing coarse second-phase particles (CSPs) is conducive to the formation of a strong deformation texture during cold rolling. A 10% deformation at each rolling pass, followed by a step annealing, helps the preservation of a Brass texture even after solution treatment at 500 °C for 0.5 h, while a large cold deformation followed by high-temperature annealing helps the formation of a strong cube texture. The Brass texture can enhance the strength while decreasing the fatigue crack growth resistance of this alloy.
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1. Introduction


2524 aluminum alloy has been widely used in aircraft as a fuselage and wing skin material, due to its good mechanical properties and excellent fracture toughness [1,2,3]. Fatigue damage poses the main threat to the service safety of 2524 aluminum alloy components [4,5]. It is well known that the fatigue behavior of alloy depends on its microstructure, making it necessary to reveal the relationships between the microstructure and fatigue properties of 2524 aluminum alloy, as well as methods of controlling the microstructure thereof.



To assess the effects of different microstructure characteristics on the fatigue properties of aluminum alloy, much research has been conducted, as summarized herein.



Regarding inclusions, in aluminum alloys, inclusions are omnipresent and may cause severe local stress concentration and crack initiation during fatigue-inducing processes [6]. Reducing inclusions is believed to be an effective way of enhancing the fatigue properties of aluminum alloy [7]. Generally, high-purity raw materials are used for high damage-tolerant aluminum alloys to minimize the adverse effects of inclusions; purifying raw materials will also increase their cost, and the efficacy thereof diminishes once the purity reaches a certain level [8].



Regarding precipitates, those formed during artificial aging can improve the mechanical properties of age-hardened aluminum alloys and can thereby inhibit fatigue crack initiation. Meanwhile, precipitation may also promote the formation of CSPs or a precipitate-free zone (PFZ) along grain boundaries, which provide potential nucleation sites for fatigue cracking [9,10]; therefore, many high damage-tolerant aluminum alloys are treated as if in a natural aging state (T3 temper) to avoid the adverse effects of precipitation on resistance to fatigue crack growth.



Regarding grain size, grain refinement can strengthen aluminum alloys and therefore improve the fatigue lives thereof under stress-controlled conditions [11]. However, under strain-controlled fatigue, grain refinement decreases the fatigue life due to the fatigue-induced shear bands caused by cyclic softening [12]. In addition, many studies have proved that an increase in grain size would decrease the fatigue crack growth rate (FCGR) of an alloy, especially at a low stress intensity factor range (ΔK) [13].



Based on this analysis, there are certain limits to this method of controlling microstructures such as inclusions, precipitates, and grain size to enhance the fatigue growth resistance of aluminum alloys.



Recent studies indicate that the texture of an aluminum alloy could also affect its fatigue properties. More than five-fold differences have been found in FCGRs between aluminum alloy samples loaded in different directions [14,15]. This might be related to the textural change caused by the variation of loading direction, since there are significant differences in the fatigue propagation behavior as the crack passes through grains with different orientations [16,17]. It was demonstrated that some typical textures in aluminum alloy plate, such as Goss ({110} <001>) [18], cube ({001} <100>) [19], S ({123} <634>) [20] and Brass ({011} <001>) [21] textures have a significant effect on the FCGRs. Wu et al. [22] investigated the fatigue crack propagation behavior of an Al-Cu-Mg alloy, finding that there is a slight decrease in FCGR as the crack propagates the Goss-orientated ({110} <001>) [18] grains, and the fatigue crack is prone to deflect when it goes through the cube-orientated ({001} <100>) [19] grains. Liu et al. [23] found that the Goss texture can reduce the FCGR of aluminum alloys, whereas Wen [20] showed that the S ({123} <634>) texture has a strong inhibitory effect on the fatigue crack growth of the alloy.



Although many studies have been conducted, the relationships between textures and the fatigue properties of aluminum alloy remain unclear. In addition, there is still a lack of effective methods available to control the texture during the fabrication of wrought aluminum alloy. It is known that a high damage-tolerant aluminum alloy is always chosen with a T3 temper to minimize the adverse effect of inclusions, while, during the solution treatment of T3, the texture characteristics, especially deformation textures, would be totally switched due to the inevitable recovery and recrystallization at such high temperatures [24,25].



The aim of this study is to reveal the effect of texture on the fatigue properties of 2524-T3 aluminum alloy. Here, the texture evolutions of 2524-T3 aluminum alloy during cold rolling and heat treatments were revealed, and a method for the preparation of 2524-T3 aluminum alloy with a strong deformation texture (i.e., a Brass texture) was developed. In addition, the effects of this Brass texture on the fatigue crack propagation behavior of alloy were assessed by the use of an orientation distribution function (ODF), electron back-scattered diffraction (EBSD), and transmission electron microscope (TEM).




2. Experimental Work


2.1. Materials


The raw materials used in this study are 6.0-mm-thick hot-rolled 2524-T3 aluminum alloy plates with a 100-μm-thick cladding layer, provided by Southwest Aluminum Co., Ltd. (Chongqing, China). Its chemical composition is as follows: 4.2% Cu, 1.41% Mg, 0.56% Mn, 0.08% Fe, 0.06% Si, with Al accounting for the remainder (all wt %).




2.2. Cold Rolling and Heat Treatment


The cold rolling was performed using 270-mm diameter rollers operating at 30 rpm. The deformation was controlled by measuring the thickness of each pass before and after rolling. The annealing and solution treatments were carried out using an air circulation oven (WGZ-9040B, ± 2 °C). Differential scanning calorimetry (DSC) analysis was undertaken to identify the recrystallization temperatures of the alloy, using a universal V4.1-TA instrument. DSC runs from 250 °C to 500 °C were conducted at a constant rate of heating of 10 °C/min.




2.3. Microstructural Analysis


Optical microscopy (OM) samples were prepared in a standard procedure and etched in a solution consisting of HF (2 mL), HCl (3 mL), HNO3 (5 mL), and H2O (200 mL) for 15 s (after [26]), and were observed using an MR5000 inverted optical microscope.



The textures were determined using a Bruker D8 Discover X-ray system (at 40 kV, and 40 mA, using Cu Kα radiation). The ODF was calculated using {111}, {110}, and {200} pole figures, performed at α (5° to 85°) and β (0° to 360°).



SEM observation was conducted using a Quanta-200 environmental SEM equipped with EDAX Genesis (EDS) to evaluate the distribution of CSPs in the alloy. EBSD data acquisition was conducted on a JSM-5600L field emission scanning electron microscope equipped with EBSD detection system. After data acquisition, the collected data were analyzed using HKL Channel 5 software. The samples used for EBSD analysis were prepared by electrochemical polishing, using an electrolyte consisting of a nitric acid and methanol solution (1:3) at −20 °C using a working voltage of 20 V and a current of 0.5 A, for a polishing time of 40 s.



To reveal the evolution of dislocations, TEM observations were conducted using a Tecnai G2 F20 TEM with an accelerating voltage of 200 kV. The TEM samples were mechanically ground to a surface roughness of about 0.1 mm. Electrolytical polishing was then undertaken using a solution of 25% nitric acid and 75% methanol at −25 °C and 20 V for 60 s (after [27]).





3. Results and Discussion


3.1. Texture Evolution of Alloy during Cold Rolling


3.1.1. The Deformation Effect


The EBSD-derived inverse pole-figure (IPF) maps of the as-hot-rolled sample in Figure 1a identify the orientation of grains using different colors. The grains of the as-hot-rolled plate are significantly elongated along the rolling direction (RD), for which the grain aspect ratio (i.e., grain length divided by grain width) is found to be 5.56. In addition, there are many sub-grains with small orientation differences within the grains. Figure 1b shows the pole figures of <001>Al, <011>Al and <111>Al. It has a good match with the findings of Zhao et al. [28] that there are a certain number of deformation textures present in such hot-rolled alloy specimens.



To determine the volume fraction of each texture component, the samples after different deformations (i.e., 10%, 40%, and 80%) were detected by XRD, and the ϕ2 = 0° ODF sections are illustrated in Figure 2.



The spatial distribution of grains with different orientations can be expressed by ODFs, and the volume fraction of grains with different orientations can be quantified (for deviation angles ≤20°), as listed in Table 1. Brass ({011} <211>), S, and cube textures are the main types of texture present in the as-hot-rolled sample, of which the volume fractions are 12.56%, 9.68%, and 8.57% respectively. There are also certain amounts of copper (5.87%) and Goss textures (4.44%) present. With the increase in deformation from 0% to 80%, the volume fractions of Brass, copper ({112} <111>), and S textures increase, especially for Brass and S textures, which increase from 12.56% to 25.65%, and from 9.68% to 19.36%, respectively (the amounts of cube and Goss textures decrease).



Figure 3 shows the EBSD-derived IPF maps of the as-hot-rolled sample after 10%, 40%, and 80% cold deformation (Figure 3a–c), respectively. Brass, S, and cube textures were set into individual subsets, so that the evolution of each texture during cold deformation can be observed independently. With increasing deformation, all grains gradually fracture into small sub-grains. In addition, the area occupied by cube-orientated grains decreases significantly, and breaks into many small grains as the deformation reaches 80%, while those of S-orientated and Brass-orientated grains can increase.



Figure 4 shows TEM images and corresponding selected-area diffraction patterns (SADPs) of the hot-rolled alloy after cold rolling deformation of 10%, 40%, 80%, and 90%, respectively. As shown in Figure 4a, after 10% deformation, many dislocations are present within the alloy matrix. These dislocations entangle with each other, forming a dislocation net. After 40% deformation (Figure 4b), many cellular structures with a high dislocation density appear. The dislocation density in the cellular structure increases upon deformation, and the size of each defect is also significantly refined, as shown in Figure 4c,d. In addition, it can be seen from the SADPs that the circular diffraction spots in the alloy gradually evolve into an arc shape, and then into a ring shape with increasing deformation. This indicates that the number of sub-grains and their orientation differences increase upon deformation.




3.1.2. CSP Effects


Figure 5 demonstrates the back-scattered electron (BSE) images of the as-hot-rolled 2524 alloy. There are many CSPs with a size ranging from 5 to 30 μm arranged along the RD of the sample (Figure 5a). According to EDS analysis, these CSPs mainly include S(Al2CuMg) (Figure 5b) and AlCuFeMn phases (Figure 5c), which are the main inclusions present in this alloy [8,29].



To assess the effect of second-phase particles on the deformation characteristics of alloy, the RD-ND plane of the sample was polished on which some straight scratches were preserved deliberately so that the local deformation behavior of the region near CSPs can be determined by comparing the changes in the shape of these scratches before and after cold rolling.



Figure 6 shows the SEM images of the RD-ND plane of the sample after 10% cold rolling. As shown in Figure 6a,b, deflections (~18°) and displacements of the scratches can frequently be observed as they cross the interface between the CSPs and alloy matrix. This indicates that significant deformation discontinuities are present in the local region near the CSPs, given the aforementioned discontinuity of deformation: this leads to significant stress concentration in the near-CSP region, causing crack initiation at the interface of the CSPs (Figure 6c) and the fracture thereof (Figure 6d).



Figure 7 shows TEM images of the region near an AlCuFeMn-phase particle in the sample after 80% cold rolling. It indicates that a high density of dislocations evolves to form many cellular structures caused by the great deformation. Compared with Figure 7a,b, the sizes of the cellular structures are shown to be smaller in the matrix adjacent to the interface of the particle than those only ~3 μm from the interface. As the wall of this cellular structure comprises a high density of dislocations, it is believed that the smaller the cellular structure, the higher the dislocation density.



According to the theory of plastic deformation [30], the relationship between dislocation density (ρ) and strain (ε) of an alloy is given by:


   d ε  =   b g  β    .     d ρ    ρ   1 2       



(1)




where b is the Burgers vector, and g and β represent constants. There is a more serious strain at the region closer to the CSPs, as it has a higher dislocation density. This is mainly because many dislocations are blocked and accumulated at the interface of CSPs during cold rolling. This phenomenon will undoubtedly aggravate the non-uniformity of deformation in certain areas.



To reveal the effect of CSPs on the texture evolution of alloy during cold rolling, the hot-rolled alloy samples were pre-annealed at 495 °C for 2 h so that most CSPs were dissolved into the alloy matrix, and their volume fractions of textures after different deformations were compared with those without pre-annealing (Figure 2).



Figure 8 shows the sections (φ = 0°) of ODFs of pre-annealed samples after different amounts of deformation (i.e., 10%, 40%, and 80%). Their volume fractions of different textures were also calculated quantitatively (deviation angle ≤20°), as listed in Table 2. This indicates that, as is consistent with the results in Figure 2 and Table 1, the volume fractions of cube and Goss textures in the pre-annealed alloy decrease, and those of Brass and S textures increase significantly upon deformation, whereas, at the same deformation of 80%, the volume fractions of Brass and S textures in pre-annealed samples are 37.54% and 25.78%, respectively (Table 2). These are much greater than those without pre-annealing (25.65% and 19.36%, respectively (Table 1)); reducing the CSPs increases the amounts of deformation textures (such as Brass and S forms). This might be due to minimizing the discontinuity of deformation during cold rolling, caused by the CSPs.





3.2. Texture Evolution of Alloy during Annealing


3.2.1. CSP Effects


The pre-annealed samples were cold rolled to 10%, 40%, 60%, and 80%, respectively, then tested by DSC. As shown in Figure 9, the onset of the major exothermic peak in DSC occurs at ~350 °C in the 10% deformed sample, and the peak in the exothermic event occurs at 379.7 °C. The stored energy released during the major exothermic event is believed to be due to the recrystallization of the cold-rolled sample [31]. This exothermic peak gradually shifts to a lower temperature, and its height increases significantly with increasing deformation, then shifts to 364.1 °C for the sample after 80% cold rolling. This is probably due to the increase in stored energy caused by cold rolling.



Figure 10 shows the ϕ2 = 0° ODF sections of samples after different cold rolling and annealing treatments at 470 °C for 0.5 h. Their volume fractions of different textures were also calculated quantitatively (deviation angle ≤20°), as listed in Table 3. This shows that the volume fraction of cube texture in the 10% deformed sample is only 8.2% after annealing, while the volume fraction thereof in the 80% deformed alloy reaches 20.8% after annealing. This indicates that the cold deformation exerts a significant influence on the evolution of the cube texture during subsequent annealing.




3.2.2. Annealing Temperature Effect


Figure 11 shows the ϕ2 = 0° ODF sections of 80% cold-rolled samples after different annealing treatments. The texture change is minor after annealing at 330 °C for 0.5 h (Figure 11a,b). When the annealing temperature reached 380 °C (Figure 11c), and then exceeded 420 °C (Figure 11d,e) significant changes occurred. With increasing annealing temperature, the amounts of Brass, copper, and S textures decreased (especially Brass and S textures, Table 4), while the amounts of cube and Goss textures increased with increasing temperature (especially that of the cube texture, of which the volume fraction increased from 2.82% to 36.53% after annealing at 470 °C for 0.5 h).



Figure 12a–c shows the EBSD-derived inverse pole figure (IPF) images of 80% cold-rolled samples, annealed at different temperatures for 0.5 h. There are several equiaxed recrystallized grains with sizes of 5–10 μm when the samples are annealed at 330 °C for 0.5 h (Figure 12a). With the increase in temperature, the recrystallized grains grow (Figure 12b,c). Figure 12d–f demonstrates the cube-orientated grains extracted from Figure 12a–c, respectively. Agreeing with the results in Figure 11, most of these recrystallized grains show a cube-like orientation, and, with the increase in temperature, cube-orientated grains grow faster and are thus much larger than grains with other orientations.





3.3. Preparation and Fatigue Crack Propagation Behavior of 2524-T3 Aluminum Alloy with a Strong Brass Texture


Based on the above analysis, reducing second-phase particles is conducive to the formation of a strong deformation texture (such as the Brass texture), while increasing the annealing temperature would weaken the deformation texture. Besides, increasing deformation will, on the one hand, increase deformation texturing during cold rolling, while on the other hand facilitating recrystallization during subsequent annealing.



To produce a strong deformation texture in a T3-tempered sample, Sample 1 was pre-annealed at 495 °C for 2 h to minimize the number of second-phase particles. Then, it was cold-rolled to 10% deformation in each pass, and a staged annealing treatment was applied (330 °C/0.5 h + 380 °C/0.5 h + 420 °C/0.5 h) after each pass to limit the potential for recrystallization. After eight passes of cold rolling and annealing, the material was solution-treated at 500 °C for 0.5 h and then naturally aged for about 96 h to achieve a T3 temper. To assess the deformation texture effect on the fatigue properties of the alloy, a T3-tempered sample (Sample 2) with and without evident texture, which can be obtained following the same process as for Sample 1 except for rotating the rolling direction by 90° after each pass, was examined.



Figure 13 shows the ODFs of the two samples, and their volume fractions of textures are summarized in Table 5; although, after being solution-treated at 500 °C for 0.5 h, Sample 1 preserves its very strong Brass texture (35.0%), while Sample 2 exhibits no evidently strong texture, which it is probably due to the randomized grain orientations arising from rolling in alternate directions.



The OM images of the two samples are shown in Figure 14. In both samples, most grains are elongated along the RD, and there are few equiaxed recrystallized grains. The average sizes of grains in these two samples are 312.3 ± 5.9 and 303.1 ± 6.4 µm respectively (these are relatively large, a fact attributed to the continuous grain growth during processing, and the inhibition of recrystallization, which restricts grain refinement).



Table 6 lists the mechanical tensile properties of two samples. Compared with Sample 2, both the yield strength (σ0.2) and tensile strength (σb) of Sample 1 increase, especially in the RD direction along which σ0.2 of Sample 1 is 39 MPa (~14.6%) greater than that of Sample 2; the elongations (δ) of Sample 1 are lower than those of Sample 2 in both RD and TD directions, but the decreases are less than 3.2%. In addition, the strength of Sample 1 in the RD direction is much greater than that in the TD direction. This is probably attributed to the mechanical anisotropy caused by the strong Brass texture of Sample 1. Unlike Sample 1, there are only small differences in the mechanical properties of Sample 2 in the RD and TD directions, as it possesses no evident texture.



Figure 15 shows the FCGR vs. the applied △K of Samples 1 and 2, and an industrial 2524-T3 alloy: both Samples 1 and 2 have a lower FCGR at the same applied △K, especially at low △K values. Among these three samples, Sample 2 has the lowest FCGR at ~75% and ~31% less than those of the industrial alloy and Sample 1, respectively, at △K = 10 MPa m1/2.



From the inserted OM image, Samples 1 and 2 contain coarser grains than the industrial 2524-T3 alloy, and their crack paths are also more tortuous. Previous studies [29,32] showed that the coarse-grained samples possessed higher resistance to fatigue-crack growth, since it on the one hand deflected cracks and therefore increased the length of the crack path, and on the other hand produced a more evident roughness-induced crack closure [32]. Thus, the lower FCGRs of Samples 1 and 2 could be due to the higher crack closure level and lower driving force of crack growth, caused by coarser grain sizes.



It is recognized that during fatigue loading, there is a reverse plastic region [33] with radius rp at the crack tip when the applied stress changes. The size of the reverse plastic zone under plane-stress condition can be estimated thus:


   r c  ≈  1 π   (    Δ  K I    2  σ  0.2      )   



(2)







For a tension–tension fatigue loading, compressive stress exists in this reverse plastic zone that has an inhibitory effect on the crack growth. Generally, the larger the size of the reverse plastic zone, the lower the FCGR.



Previously, Zhao et al. [21] investigated the texture evolution of a hot-rolled Al-Cu-Mg plate, annealing at temperatures from 300 °C to 400 °C, finding that the fracture toughness (∆KI) of the alloy is reduced with the increase in the volume fraction of Brass texture. Additionally, as shown in Table 6, this Brass texture can increase σ0.2 to a significant extent; both these effects can lead to a decrease in rc and thus a higher FCGR. This may be due to the lower fatigue crack growth resistance of Sample 1.





4. Conclusions


	(1)

	
With the increase in cold rolling from 0% to 80%, the volume fractions of Brass, copper, and S textures increase significantly, especially for the Brass texture, while those of cube and Goss textures decrease.




	(2)

	
Reducing CSPs is conducive to the formation of strong deformation texture during cold rolling because of the minimization of local deformation discontinuity.




	(3)

	
A large cold deformation combined with subsequent high-temperature annealing can lead to the formation of a strong cube-like texture. With the increase in annealing temperature from 330 °C to 470 °C, the volume fraction of the cube texture in 80% cold-rolled samples increases from 2.82% to 36.53%.




	(4)

	
A strong Brass texture can be produced by eight passes, each of 10%, of cold rolling, followed by staged annealing at 330 °C/0.5 h + 380 °C/0.5 h + 420 °C/0.5 h after each rolling of the pre-annealed sample, even after solution treatment.




	(5)

	
The Brass texture increases the strength but decreases the fatigue crack growth resistance of this aluminum alloy.
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Figure 1. Microstructures of the as-hot-rolled sample: (a) EBSD-derived IPF maps; (b) pole figures. RD and TD are the rolling direction and the transverse direction, respectively. 
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Figure 2. Sections (φ = 0°) of ODFs on the rolling plane of hot-rolled state 2524-T3 alloy after cold rolling: (a) 0%; (b) 10%; (c) 40%; (d) 80%. 
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Figure 3. Microstructures of the hot-rolled state 2524-T3 alloy after cold rolling: (a) 10%; (b) 40%; (c) 80%. 
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Figure 4. TEM images of the hot-rolled state 2524 alloy after cold rolling: (a) 10%; (b) 40%; (c) 80%; (d) 90%. 
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Figure 5. BSE images and EDS results of the as-hot-rolled sample: (a) macroscopic BSE image showing the CSPs arranged along RD; (b) BSE image and EDS result indicating ellipsoidal-shaped S(Al2CuMg) phase; (c) BSE image and EDS result indicating the presence of an irregularly shaped AlCuFeMn phase. 
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Figure 6. The SEM images in the secondary electron mode of near-CSPs regions after the sample was cold-rolled at 10%: (a) a scratch deflected by ~18° when it crosses the CSP; (b) a scratch displaced by about 0.4 μm at the CSP interface; (c) cracks nucleated at the CSP interface; (d) fracture of CSP. 
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Figure 7. TEM images showing the dislocation distributions around CSPs in the sample after 80% cold rolling: (a) the region far from the interface of the particle; (b) the region adjacent to the interface of the particle. 
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Figure 8. Sections (φ = 0°) of ODFs on the pre-annealed samples after different cold rolling treatments: (a) 10%; (b) 40%; (c) 60%; (d) 80%. 
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Figure 9. Sections (φ = 0°) of ODFs on the pre-annealed samples after different cold rolling treatments. 
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Figure 10. Sections (φ = 0°) of ODFs on the rolling plane of sample after different rolling deformations and annealing treatments at 470 °C for 0.5 h: (a) 10%; (b) 40%; (c) 60%; (d) 80%. 
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Figure 11. Sections (φ = 0°) of ODFs on the rolling plane of the cold-rolled sample after different annealing treatments: (a) before annealing; (b) 330 °C/0.5 h; (c) 380 °C/0.5 h; (d) 420 °C/0.5 h; (e) 470 °C/0.5 h. 
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Figure 12. EBSD-derived IPF images of 80% cold-rolled samples after different annealing treatments: (a) 330 °C/0.5 h; (b) 420 °C/0.5 h; (c) 470 °C/0.5 h; (d) cube-orientated grains extracted from (a); (e) cube-orientated grains extracted from (b); (f) cube-orientated grains extracted from (c). 
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Figure 13. ODFs on the rolling plane of two T3-tempered samples: (a) sample 1; (b) sample 2. 
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Figure 14. OM images of two T3-tempered samples: (a) Sample 1; (b) Sample 2. 
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Figure 15. Fatigue crack growth rates (FCGRs) vs. applied ∆K of Sample 1 and 2, and an industrial 2524-T3 alloy. 
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Table 1. Volume fractions of the textures in samples after different cold rolling treatments, calculated based on the ODF (with a measurement accuracy of 0.05%).
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	Deformation (%)
	Cube (%)
	Goss (%)
	Brass (%)
	Copper (%)
	S (%)





	0
	8.57
	4.44
	12.56
	5.87
	9.68



	10
	6.51
	4.13
	15.39
	6.35
	11.26



	40
	4.60
	3.81
	20.63
	8.41
	15.55



	80
	3.65
	2.54
	25.65
	9.36
	19.36
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Table 2. Volume fractions of the textures in pre-annealed samples after different cold rolling treatments, calculated using the ODF (with a measurement accuracy of 0.05%).
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	Deformation (%)
	Cube (%)
	Goss (%)
	Brass (%)
	Copper (%)
	S (%)





	10
	10.70
	9.47
	10.87
	4.56
	5.79



	40
	7.37
	6.14
	18.59
	6.84
	8.77



	60
	4.39
	4.21
	28.59
	7.54
	15.61



	80
	2.81
	3.16
	37.54
	8.60
	25.78
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Table 3. Volume fractions of textures in alloy after different rolling deformations and annealing treatments at 470 °C for 0.5 h, calculated using the ODF (with a measurement accuracy of 0.05%).
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	Deformation (%)
	Cube (%)
	Goss (%)
	Brass (%)
	Copper (%)
	S (%)





	10
	8.24
	7.74
	8.71
	5.49
	4.84



	40
	8.71
	9.03
	7.10
	5.81
	4.52



	60
	15.80
	8.71
	6.61
	5.48
	3.87



	80
	20.83
	9.68
	5.81
	4.99
	3.39
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Table 4. Volume fractions of different textures, calculated based on the ODF of 80% cold-rolled samples after different annealing treatments (with a measurement accuracy of 0.05%).
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	Heat Treatment
	Cube (%)
	Goss (%)
	Brass (%)
	Copper (%)
	S (%)





	Before annealing
	2.82
	3.06
	35.46
	8.63
	25.80



	330 °C/0.5 h
	10.56
	4.27
	26.85
	7.66
	12.66



	380 °C/0.5 h
	17.65
	7.67
	15.64
	5.56
	8.47



	420 °C/0.5 h
	20.64
	15.72
	11.61
	4.68
	4.35



	470 °C/0.5 h
	36.53
	17.33
	8.43
	3.15
	2.82
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Table 5. Volume fractions of textures, calculated based on the ODFs of two T3-tempered samples (with a measurement accuracy of 0.05%).
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	Sample
	Cube (%)
	Goss (%)
	Brass (%)
	Copper (%)
	S (%)





	Sample 1
	5.24
	4.52
	35.0
	8.10
	9.17



	Sample 2
	8.64
	6.51
	4.56
	4.09
	2.35
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Table 6. Mechanical tensile properties of two T3-tempered samples.
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Sample

	
Direction

	
σ0.2 (MPa)

	
σth (MPa)

	
δ (%)






	
Sample 1

	
RD

	
305.5 ± 6.9

	
375.7 ± 5.6

	
20.6 ± 0.6




	
TD

	
284.8 ± 4.3

	
358.6 ± 4.5

	
21.1 ± 0.5




	
Sample 2

	
RD

	
266.5 ± 4.1

	
353.7 ± 6.3

	
23.5 ± 0.7




	
TD

	
253.8 ± 3.5

	
344.6 ± 3.1

	
24.3 ± 0.3
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