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Abstract

:

The influence of normal rolling and cross-rolling on the microstructure, mechanical properties, and anisotropy of Al-3Li-1Cu-0.4Mg-0.1Er-0.1Zr alloy was investigated. With an increase in the rolling reduction amount, both the strength and plasticity of the alloy are enhanced. Among them, the alloy in the normal rolling state with a deformation amount of 90% exhibits the best properties, with a tensile strength of 362 MPa and an elongation of 19.1% along the rolling direction. During the rolling process, the intergranular Cu-containing phase in the alloy is continuously broken and dissolved, leading to a decrease in both size and quantity, turning from continuous distribution along grain boundaries to a granular distribution. Moreover, a large quantity of the Al3Li phase and Al3(Er, Zr, Li) core–shell composite phase are precipitated in the alloy. Recrystallization occurs mainly through the particle stimulated nucleation (PSN) mechanism. Cross-rolling eliminates the brass-type texture <111> produced by normal rolling and enhances the brass R-type texture {111}<112>. The index of plane anisotropy (IPA) of the strength decreases from 10.1% for normal rolling to 5.5% for cross-rolling, and the IPA of elongation decreases from 12.8% to 3.3%. Cross-rolling provides an effective method to reduce the anisotropy of Al-Li alloys.
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1. Introduction


Al-Li alloys are considered to be the ideal lightweight, high-strength structural materials in the aerospace field due to their high elastic modulus, high specific strength, low density, good weldability, and corrosion resistance [1,2,3]. After deformation processing, the microstructure of Al-Li alloys can be improved to enhance their mechanical properties and ultimately obtain the desired sheets or plates [4]. The main deformation processes for Al-Li alloys include rolling, extrusion, and stretching. Among them, rolling is one of the most commonly used deformation processes [5,6,7].



During the hot rolling process, the microstructure and mechanical properties undergo a series of changes, such as work hardening, dynamic softening, dissolution and precipitation of second phases, and grain preferential orientation [8,9,10]. An appropriate hot rolling process can not only reduce the anisotropy but also enhance mechanical properties of the alloy. Ye et al. [11] investigated the effects of different methods of thermomechanical processing on the precipitation behavior, crystallographic texture, and tensile properties of Al-Cu-Li alloy (AA2195). The results showed that although HC-T8-processed alloy had higher tensile strength and elongation compared to H-T8-processed alloy, the strength anisotropy of HC-T8 alloy was more pronounced. The higher dislocation density existed in the H-T8 samples, which promoted the nucleation of strengthening phase T1 in the matrix and suppressed the precipitation at grain boundary, resulting in better strength and ductility. Zhuo et al. [12] investigated the effects of the combined processing methods of heat treatment and rolling on the mechanical properties of Al-6Si-3Cu alloy. After solution treatment and rolling deformation, the as-cast Al alloy exhibited a tensile strength increased by 105%, reaching 429.8 MPa, and an improved elongation by 76%, reaching 5.8%. The increased ductility compared to as-cast alloy is due to the fragmentation and refinement of Si particles and dissolution of coarse precipitates.



Different rolling deformation processes have different effects on the texture of alloys, thus influencing the anisotropy of alloys [13,14,15]. Huh et al. [16] found that an AA5182 alloy sheet improved its strong texture through cross-rolling accompanied by recrystallization texture. Niraj et al. [17] found that AA2195 alloy exhibited typical copper texture after conventional rolling, while it showed a brass texture after cross-rolling. Li et al. [18] investigated the effects of cross-rolling and annealing on the microstructure and mechanical properties of AA7075 alloy and found that cross-rolling reduced the intensity of dominant textures, such as brass and S grain orientations, causing the decreased anisotropy of the alloy. However, texture is not the sole factor affecting the anisotropy of Al-Li alloys. Other factors, such as the presence of grain-boundary-precipitation-free zones and the type and size of second phases, also influence the anisotropy [19,20,21].



In this work, Al-3Li-1Cu-0.4Mg-0.1Er-0.1Zr alloy was processed with normal rolling and cross-rolling at 500 °C. The alloy with a low anisotropy was obtained through the cross-rolling process. The evolution of the microstructure, mechanical properties, and anisotropy under different rolling processes was investigated.




2. Materials and Methods


Al-3Li-1Cu-0.4Mg-0.1Er-0.1Zr alloy was melted and cast using commercial pure ingots of Al (99.9 wt.%), Li (99.9 wt.%), and Mg (99.9 wt.%) and master alloy ingots of Al-50 wt.%Cu, Al-10 wt.%Er, and Al-10 wt.%Zr. Subsequently, the as-cast alloy was subjected to homogenization annealing at 500 °C for 24 h followed by furnace cooling. The chemical composition of the alloy was determined using inductively coupled plasma atomic emission spectroscopy, as shown in Table 1.



In the normal rolling, the rolling direction was kept unchanged. In this study, sheet materials with initial thicknesses of 2.5 mm, 4 mm, and 20 mm were rolled to a final thickness of 2 mm, resulting in corresponding deformation rates of 20%, 50%, and 90%, respectively. Each reduction in thickness for each pass was set at 0.4 mm. The different initial thicknesses of the sheet materials resulted in deformation rates of 16%, 10%, and 2% for the respective thicknesses. The rolling was conducted at 500 °C with a roll diameter of 500 mm and a roll speed of 600 r/min. Prior to rolling, the specimens were heated to 500 °C using a resistance furnace, and the temperature was held for 30 min. At the intervals between two passes, the specimens were kept in the resistance furnace for 5 min. The final rolled sheet thickness was 2 mm.



In the cross-rolling, the initial thickness was set as 20 mm. Other parameters were the same as in the normal rolling process except for the change in rolling direction between passes. Two rolling directions were selected: one was the initial rolling direction (RD), and the other was perpendicular to the previous rolling direction (TD). The rolling process was performed alternately between these two directions, and the alloy was ultimately rolled to a thickness of 2 mm.



The mechanical properties of the specimens were measured by a WDW3050 electronic universal testing machine. The tensile specimen dimensions are shown in Figure 1. The nominal strain rate was 1 × 10−3s−1. Five parallel samples were selected for testing in the same state, and the average value was taken. In order to investigate the effect of rolling processes on the anisotropy of Al-Li alloy, the conventional rolled alloy with 90% deformation and the cross-rolled alloy were taken for tensile testing. The specimens were cut at 0°, 45°, and 90° with respect to the rolling direction (RD direction), as shown in Figure 1.



Phase analysis was carried out by X-ray diffraction (XRD, Rigaku TTR-III) with a copper foil target, tube voltage 40 kv, tube current 110 mA, scanning speed of 2°/min, start angle of 10°, and end angle of 90°. The microstructure and tensile fracture morphology of the rolled alloy were observed using a Hitachi SU5000 scanning electron microscope (SEM) with an attached energy dispersive spectrometer (EDS) to measure the chemical compositions of the phases. The morphology, composition, and distribution of the second phase in the rolled alloy were observed and characterized using a JEM-2100EX transmission electron microscope (TEM). The texture measurements of the specimens were conducted using a Hitachi SU5000 SEM electron backscatter diffraction (EBSD) system. After the testing, HKL Channel 5 software was used to process and analyze the collected data, outputting inverse pole figures, pole figures, and orientation distribution function (ODF) maps.




3. Results and Discussion


3.1. Microstructure and Mechanical Properties of Different Rolling Reductions


3.1.1. Microstructural Evolution during Rolling with Different Reductions


As shown in Figure 2, the gray-white phase represents Cu-rich phases, while the bright-white phase is a mixed phase mainly composed of Cu-rich phases. Figure 2a,b show that after 20% deformation rolling, a small amount of Cu-rich phases near the grain boundaries are fragmented in blocklike shapes, while the majority of the Cu-rich phases still maintain continuous distribution along the grain boundaries. After 50% deformation rolling, more Cu-rich phases that were originally continuously distributed along the grain boundaries are fragmented in particle-like shapes, as shown in Figure 2c,d. It can also be observed that the Cu-rich phases that have not been completely fragmented still distribute along the grain boundaries, but they have transformed from large blocklike shape to fine elongated strips. Overall, there is a reduction in the quantity of Cu-rich phases. After 90% deformation rolling, the Cu-rich phases that are originally continuously distributed along the grain boundaries in the Al-Li alloy are completely fragmented into particles, as shown in Figure 2e,f. From general observation, the quantity of Cu-rich phases in the alloy after 90% deformation rolling is significantly reduced, and there are almost no larger Cu-rich phases.



XRD patterns of Al-Li alloys with deformation amounts of 20%, 50%, and 90% are presented in Figure 3. In 20% and 50% deformed Al-Li alloys, only the diffraction peaks of α-Al and Al2Cu are observed. By comparing the XRD patterns of the 20%, 50%, and 90% deformed Al-Li alloys, it can be noticed that the intensity of the Al2Cu phase diffraction peak significantly decreases in the 90% deformed Al-Li alloy, indicating that a large amount of Al2Cu phase is dissolved into the matrix. Moreover, besides the diffraction peaks of α-Al and Al2Cu, some new diffraction peaks of Al3Li phase appear, indicating that a large amount of the Al3Li phase is dynamically precipitated. However, according to the literature, there are also Al3Zr phase, Al3Er phase, Al3(Er, Zr) phase, and Al3(Er, Zr, Li) composite phase with the same crystal structure as the Al3Li phase, which all have an L12 crystal structure [5]. Therefore, based on the XRD patterns of the 90% deformed Al-Li alloy in the rolled state, it is possible that besides the dynamic precipitation of the Al3Li phase, the dynamic precipitations of the Al3Zr phase, Al3Er phase, Al3(Er, Zr) phase, and Al3(Er, Zr, Li) composite phase also occur during the hot rolling process.



Figure 4 shows the TEM dark-field image of the Al-Li alloys in the as-rolled state at 90% deformation and the selected-area electron diffraction (SAED) pattern along the [011]Al axis. It can be observed that there is a large number of bright spherical nanoscale second phases, which exhibit the typical morphology of the Al3Li phase. From Figure 4b, the electron diffraction pattern can be identified as two sets of diffraction spots: one set originates from the face center cubic (FCC) lattice of the matrix, which is α-Al, and the other set represents the L12-type superlattice diffraction spots embedded in the FCC diffraction spots. It can be concluded that the dispersed bright spherical second phase in Figure 4a is an Al3Li phase with an L12 crystal structure. Additionally, there are also some dark nanoscale second phases, which are much larger in size compared to the Al3Li phase. These phases have a dark center and a white circular shell, showing a typical core–shell structure. These phases are possibly Al3(Er, Li) composite phases, Al3(Zr, Li) composite phases, or Al3(Er, Zr, Li) composite phases, where the inner layer consists of Al3Er, Al3Zr, or Al3(Er, Zr) composite phases and the outer white shell consists of an Al3Li phase [22,23].



As shown in Figure 5, the high-resolution transmission electron microscope (HRTEM) image reveals the presence of a core–shell composite phase, and corresponding diffraction patterns were obtained by performing a Fourier transform at different positions within the core–shell structure. Further analysis was conducted to investigate the structural composition of the core–shell phase. In Figure 5a, a clear observation of the core–shell structured phase can be made, where the core region and shell region of the core–shell structured phase are marked with dashed lines. It can be clearly seen that the core region of the Al3(Er, Zr) composite phase has a darker contrast, followed by the brighter shell region, and then the darker α-Al matrix region. Subsequently, a Fourier transform was performed on these three regions, resulting in the respective diffraction patterns. It can be observed from Figure 5d that the Fourier transform diffraction at the α-Al matrix region surrounding the core–shell structured phase is a typical FCC diffraction. From Figure 5b,c, it can be observed that the Fourier transform diffraction patterns at the core position and shell position of the core–shell structured phase correspond to L12-type superlattice diffractions. Based on the above analysis, although both the core and shell of the core–shell structure exhibit L12-type superlattice diffraction, the diffraction pattern obtained through the Fourier transform indicates that the core structure corresponds to the Al3Li phase while the shell corresponds to the Al3(Er, Zr) phase. Therefore, the core–shell structure can be described as a composite phase of Al3(Er, Zr, Li) [24,25,26].




3.1.2. Mechanical Properties during Rolling with Different Reductions


The stress–strain curves of Al-3Li-1Cu-0.4Mg-0.1Er-0.1Zr alloys with different rolling deformations are shown in Figure 6. With the increase in rolling deformation, the mechanical properties of the alloys, including tensile strength, yield strength, and elongation, continuously improve, with the best mechanical properties achieved at the 90% deformation. The as-rolled Al-Li alloy with 20% deformation has a tensile strength of 102 MPa and an elongation of 1.1%, but it does not exhibit yielding. When the rolling deformation increases to 50%, the tensile strength, yield strength, and elongation are 194 MPa, 92 MPa, and 5.4%, respectively. When the rolling deformation increases to 90%, the mechanical properties of the alloy show significant improvement. The tensile strength, yield strength, and elongation are 362 MPa, 274 MPa, and 19.1%, respectively. With the increase in rolling deformation, the mechanical properties of the alloy, including tensile strength, yield strength, and elongation, are greatly enhanced.



Figure 7a,b display the tensile fracture surfaces of Al-Li alloy with a 20% rolling deformation. In the images, typical low-melting-point metal brittle intergranular fractures can be observed, which are caused by the segregation of low-melting-point eutectic phases at the grain boundaries. The fracture mode of the Al-Li alloy with a 20% rolling deformation is the intergranular brittle fracture. Additionally, large blocks of the second phase along the grain boundaries can also be observed in the tensile fracture surfaces, which greatly influence the mechanical properties of the alloy, particularly its plasticity. Figure 7c,d represent the tensile fracture surfaces of Al-Li alloy with a 50% rolling deformation, where many smooth intergranular fracture surfaces, coarse second-phase particles, and pores resulting from the detachment of the second phase can clearly be seen. It can be further observed that compared to the 20% rolling deformation, the fracture surface of the 50% rolling deformation shows more dimples, although their distribution is not uniform. Hence, it can be inferred that the fracture mode of the Al-Li alloy with a 50% rolling deformation is a mixture of intergranular and dimple fractures. Figure 7e,f illustrate the tensile fracture surfaces of Al-Li alloy with a 90% rolling deformation, where numerous dimples are observed with a more uniform distribution. Some intergranular fracture surfaces and traces of fractured and detached second-phase particles with sizes around 10 µm can also be observed. Compared to the 50% rolling deformation, the number and distribution of dimples increase in the tensile fracture surface of the Al-Li alloy with a 90% rolling deformation. The size and quantity of second-phase particles decrease. Based on these results, it can be preliminarily concluded that the fracture mode of the Al-Li alloy after a 90% rolling deformation is a mixture of intergranular and dimple fractures, with the dimple fractures being predominant.





3.2. Microstructure and Mechanical Properties of Normal Rolled and Cross-Rolled Specimens


3.2.1. Microstructure of Normal Rolled and Cross-Rolled Specimens


Figure 8 shows the EBSD grain maps of normal rolled and cross-rolled Al-Li alloys. In Figure 8a, it can be observed that the grains in the normal rolled alloy are severely elongated along the RD direction, presenting a typical fibrous morphology. Additionally, numerous small equiaxed grains can be observed, indicating recrystallization occurrence. In Figure 8b, it can be seen that the elongation of the grains along the RD direction is relatively not obvious in the cross-rolled alloy, which is attributed to the increased deformation component in the TD direction. A few small recrystallized grains are also observed. A comparison reveals that the grain orientation in the normal rolled Al-Li alloy is mainly oriented along the <111>//RD direction, with a small fraction oriented along the <001>//RD direction. However, the grain orientation in the cross-rolled Al-Li alloy exhibits a more pronounced diversification, with a noticeable decrease in the <111>//RD orientation and a shift towards other directions. This indicates that normal rolling tends to align the grains in the Al-Li alloy towards a single orientation, while the cross-rolling process can alter this orientation pattern, leading to a more diversified grain orientation in the rolled alloy [27,28,29].



Figure 9 shows the recrystallization of Al-Li alloys with 90% deformation in both normal rolling and cross-rolling. Although recrystallization occurs after cross-rolling, the degree of recrystallization is significantly reduced compared to normal rolling, with a noticeable decrease in proportion of recrystallized grains, 23.5% vs. 4.5%. Figure 10 shows the EBSD microstructure at the same position. Some voids can be observed in Figure 10, which are caused by the detachment of coarse second-phase particles during electropolishing. By combining Figure 9 and Figure 10, it can be observed that the regions with detached second-phase particles in Figure 10 correspond well to the regions with obvious recrystallized grains in Figure 9. This indicates that recrystallization is more likely to occur near the coarse second-phase particles during rolling, known as particle stimulated nucleation (PSN) [30]. The recrystallized grains in the cross-rolled alloys are also distributed near micrometer-sized second-phase particles in the alloy, indicating that the recrystallization mechanism is also dependent on PSN. However, by comparing the observations, it can also be found that near some second-phase particles in the cross-rolled Al-Li alloy, there do not exist recrystallized grains, indicating that these particles do not induce recrystallization via PSN. Compared to conventional rolling, the degree of recrystallization in the cross-rolled Al-Li alloy is reduced, with a decrease in the proportion of recrystallized grains by approximately 6.5%. It can be concluded that, in the cross-rolling process, the alloy undergoes alternating deformation along the RD–ND directions, with different rolling directions between adjacent passes, which activates more slip systems compared to normal rolling, thereby promoting recovery and reducing the dislocation density in the alloy. Although the PSN mechanism can help accumulate deformation energy and promote recrystallization, the overall reduction in dislocation density in the alloy makes it difficult to reach the critical value for recrystallization. Therefore, only a portion of the second-phase particles in the cross-rolled alloy induce recrystallization, resulting in a reduced number of recrystallized grains compared to normal rolling [31,32,33].




3.2.2. Grain Orientation and Texture of Al-Li Alloys Processed by Normal Rolling and Cross-Rolling


As shown in Figure 11, it can be observed that the phase composition of the alloys does not change in normal rolled and cross-rolled specimens, mainly consisting of α-Al, Al3Li, and Cu-rich phases. However, we can observe that the intensity of diffraction peaks varies. After cross-rolling, the intensity of the (111) and (200) diffraction peaks is enhanced, while the intensity of the (200) diffraction peak is decreased, suggesting that the preferred grain orientation changes.



The pole figures of the as-rolled and cross-rolled Al-Li alloys are presented in Figure 12. X0 and Y0 represent the rolling direction and normal direction, respectively. Analysis reveals that the normal rolled Al-Li alloy predominantly exhibits a brasslike texture with the {011}<111> orientation, while the cross-rolled alloy primarily exhibits a brass R-type texture with the {111}<112> orientation [30].



The ODF (orientation distribution function) graphs of the normal rolled and cross-rolled Al-Li alloys are shown in Figure 13. The graphs utilize a constant φ2 in a range of 0° to 90°, with a 5-degree interval per image. It is observed that the alloy exhibits a strong brasslike texture {011}<111> after normal rolling, as depicted in Figure 13a. This is consistent with the results shown in the pole figure of Figure 13a, with the highest intensity of 9.11. Additionally, a weaker brass R-type texture {111}<112> is present in the alloy after normal rolling. Figure 13b demonstrates that the alloy displays a strong brass R-type texture {111}<112> after cross-rolling, which aligns with the pole figure result in Figure 12b. The highest intensity in this texture reaches 10.07. Moreover, a weak cube texture {001}<100> can be observed in the cross-rolled alloy [34,35].



Cross-rolling changes the alloy texture composition of alloy. After cross-rolling, the intensity of the brass R-type texture {111}<112> become stronger, eliminating the brass-type texture {011}<111>, while also adding a weak cubic cube texture {001}<100> [36]. The main texture of the alloy changed from the brass-type texture {011}<111> to the brass R-type texture {111}<112>, with similar intensity. According to the literature, the brass-type texture {011}<111> is a recrystallization texture. It is formed by rotating the brass-type texture around the ND direction and usually appears after recrystallization through the PSN mechanism [30]. Based on the characterization of recrystallization mentioned earlier, it can be concluded that normal rolling of Al-Li alloy contains a large number of recrystallized grains formed by the PSN mechanism, which coincides with the recrystallization texture of normal rolling. Although recrystallization also occurs during cross-rolling, it does not exhibit a recrystallization texture, indicating that the recrystallized grains generated by the cross-rolling process are randomly oriented.




3.2.3. Mechanical Properties of Normal Rolled and Cross-Rolled Specimens


Figure 14 shows the stress–strain curves of the normal rolled and cross-rolled Al-Li alloys, with three different orientations of 0° (RD), 45°, and 90° (TD) with respect to the RD direction. It can be observed that the tensile strength varies significantly in different directions for the normal rolled alloy, while the cross-rolled Al-Li alloys exhibit smaller variations in tensile strength among the different orientations.



To provide a more comprehensive understanding, the tensile strength and elongation of Al-Li alloys were statistically compared, as shown in Figure 15. The specimens along RD in the normal rolled state have the highest tensile strength, reaching 362 MPa, while those along TD have the lowest tensile strength at only 306 MPa. Comparatively, the tensile strength values in different directions of the cross-rolled Al-Li alloys are relatively close, with the RD still having the highest tensile strength of 342 MPa, while the lowest tensile strength of 319 MPa is observed in the 45° direction. From Figure 15b, it can be observed that the normal rolled specimen along RD has the highest elongation, reaching 19.1%, while that along the 45° direction has the lowest elongation of 14.7%. The cross-rolled specimen along the 45° direction has the highest elongation, reaching 15.2%, and that along TD has the lowest elongation of 14.6%.



The planar anisotropy of the mechanical properties of alloy sheets can be measured using the IPA. The greater the IPA value, the greater the anisotropy of the mechanical properties [4]. The calculation method is shown in Equation (1).


  IPA =   2 Xmax − Xmid − Xmin   2 Xmax   × 100 %  



(1)




where Xmax, Xmid, and Xmin represent the maximum, intermediate, and minimum values, respectively. Combined with Figure 15, the IPA values of tensile strength and elongation of the alloy can be calculated separately. Figure 16 shows the statistical chart of IPA values for the strength and elongation of the normal rolled and cross-rolled specimens. Compared with the strength IPA of normal rolled specimens, that of cross-rolled specimens decreases from 10.1% to 5.5%, indicating a significant decrease in its anisotropy. The IPA of elongation also decreases from 12.8% to 3.3%, further demonstrating the decreased anisotropy of Al-Li alloy after cross-rolling [36].



In this paper, the factors affecting the planar anisotropy of the alloy plane are discussed by two kinds of factors. First is the second-phase particles; the alloy is distributed with δ′ (Al2Cu) as the main reinforcing phase, which is a spherical substable phase with a cubic superlattice crystal structure (L12). Since the δ′ phase is a spherical phase, its enhancement effect on the strength of the alloy is basically the same in different loading directions. However, the low shear modulus of the δ′ phase enables the dislocations to repeatedly slide on the same slip surface and shear the δ′ phase, which can easily lead to the anisotropy of the alloy elongation. The δ′ phase acts with the dislocations by a cut-through mechanism during plastic deformation of the alloy, which promotes the coplanar slip, softens the slip surface gradually, and reduces the number of effective slip coefficients, which can easily lead to the localized stress concentration at the grain boundaries and cause brittle fracture in the alloy. Brittle fracture occurs [14,15]. This is the main reason that affects the plasticity change in the alloy in different directions. Second is with regard to the type of fabrication: the main changes in the type of fabrication of the alloy after cross-rolling are the elimination of brasslike fabrication {011}<111> and the enhancement of brass R-type fabrication {111}<112>. It is shown that the stronger the brasslike weave is, the higher the anisotropy of the alloy is and the higher the IPA index is, while the {111} surface weave can obviously inhibit the anisotropy of the alloy [13,32], which causes the alloy to be strongly anisotropic in the unidirectional rolling process, and a lower anisotropy can be obtained in the cross-rolling process.






4. Conclusions


	(1)

	
As the rolling deformation increases, the Cu-rich phase in the Al-3Li-1Cu-0.4Mg-0.1Er-0.1Zr alloy continues to fragment and dissolve, resulting in a continuous decrease in size from 30 µm to about 8 µm with a more uniform distribution.




	(2)

	
In the alloy with the rolling reduction of 90%, abundant Al3Li phases are precipitated, and an Al3(Er, Zr, Li) core–shell composite phase is formed. Additionally, recrystallization occurs by the PSN mechanism.




	(3)

	
The strength and plasticity of Al-3Li-1Cu-0.4Mg-0.1Er-0.1Zr alloys increases with the increase in rolling reduction, in which the tensile strength of the alloy specimen with 90% of rolling deformation is 362MPa and the elongation is 19.1%.




	(4)

	
Compared with the normal rolled specimen, the cross-rolled specimen has relatively lower strength and elongation. The cross-rolling eliminates the brasslike texture {011}<111> generated by normal rolling and enhances the brass R-type texture {111}<112>.




	(5)

	
The IPA of the strength decreases from 10.1% in normal rolling to 5.5% in cross-rolling, and the particle stimulated nucleation of the elongation decreases from 12.8% to 3.3%. The cross-rolling obviously decreases the anisotropy.
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Figure 1. The locations and dimensions of the tensile specimens. 
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Figure 2. SEM images and their corresponding EDS mapping of Cu element in the RD–ND plane of Al-3Li-1Cu-0.4Mg-0.1Er-0.1Zr alloys with different rolling deformations: (a,b) 20%, (c,d) 50%, and (e,f) 90%. 
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Figure 3. The XRD patterns of Al-3Li-1Cu-0.4Mg-0.1Er-0.1Zr alloys with rolling deformation amounts of 20%, 50%, and 90%, respectively. 
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Figure 4. The dark-field TEM images of a 90% rolled state Al-3Li-1Cu-0.4Mg-0.1Er-0.1Zr alloy and the electron diffraction spots of the [011]Al axis: (a) dark phase, and (b) electron diffraction pattern. 
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Figure 5. HRTEM images of core–shell structured composite phases in 90% cold rolled Al-3Li-1Cu-0.4Mg-0.1Er-0.1Zr alloy and the corresponding Fourier transform diffraction patterns obtained at different positions of the core–shell structure: (a) HRTEM image, (b) Fourier transform diffraction pattern at the core position, (c) Fourier transform diffraction pattern at the shell position, and (d) Fourier transform diffraction pattern at the matrix position. 
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Figure 6. Stress–strain curves of Al-3Li-1Cu-0.4Mg-0.1Er-0.1Zr alloys under different rolling deformation percentages. 
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Figure 7. Scanning electron microscopy of tensile fracture surfaces of aluminum–lithium alloys at different rolling deformation levels: (a,b) 20%, (c,d) 50%, and (e,f) 90%. 






Figure 7. Scanning electron microscopy of tensile fracture surfaces of aluminum–lithium alloys at different rolling deformation levels: (a,b) 20%, (c,d) 50%, and (e,f) 90%.



[image: Metals 13 01564 g007]







[image: Metals 13 01564 g008] 





Figure 8. EBSD grain map of 90% deformation Al-3Li-1Cu-0.4Mg-0.1Er-0.1Zr alloy in conventional rolled and cross-rolled state: (a) normal rolling, and (b) cross-rolling. 
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Figure 9. The recrystallization characteristics of 90% deformation in both normal rolling and cross-rolling states of Al-3Li-1Cu-0.4Mg-0.1Er-0.1Zr alloys: (a) normal rolling, and (b) cross-rolling. 
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Figure 10. Microstructure of Al-3Li-1Cu-0.4Mg-0.1Er-0.1Zr alloys with 90% deformation by normal rolling and cross-rolling: (a) normal rolling, and (b) cross-rolling. 
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Figure 11. XRD pattern of conventional rolling and cross-rolling with 90% deformation. 
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Figure 12. Different rolling processes for Al-3Li-1Cu-0.4Mg-0.1Er-0.1Zr alloy {001} surface pole: (a) normal rolling, (b) cross-rolling. 
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Figure 13. ODF diagrams of Al-3Li-1Cu-0.4Mg-0.1Er-0.1Zr alloys in different rolling processes: (a) normal rolling, and (b) cross-rolling. 
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Figure 14. A 90% deformation stress–strain curve of normal rolled and cross-rolled Al-3Li-1Cu-0.4Mg-0.1Er-0.1Zr alloys. 
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Figure 15. Tensile strength and elongation of Al-3Li-1Cu-0.4Mg-0.1Er-0.1Zr alloys in different rolling processes: (a) strength, and (b) elongation. 
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Figure 16. Statistical diagram of IPA values of Al-3Li-1Cu-0.4Mg-0.1Er-0.1Zr alloys in different rolling process. 
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Table 1. The chemical composition of the as-received Al-3Li-1Cu-0.4Mg-0.1Er-0.1Zr alloy.
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	Elements
	Li
	Cu
	Mg
	Er
	Zr
	Al





	Content (wt.%)
	3.198
	1.165
	0.4087
	0.1188
	0.1237
	Bal.
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