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Abstract

:

Al-0.5Mg-0.4Si-0.1Cu alloy possessing weather resistance and oxidation resistance can obtain good surface quality (metallic luster) without chrome plating. Therefore, it is an important material to replace polluting chrome-plated aluminum profiles for automotive decorative parts. At present, studies about the extrusion process of Al-0.5Mg-0.4Si-0.1Cu alloy are very few, which affects its further application. In this work, the effect of extrusion ratios on microstructure and mechanical properties of Al-0.5Mg-0.4Si-0.1Cu alloy is investigated by optical microscopy (OM), scanning electron microscopy (SEM), electron backscattered diffraction (EBSD), transmission electron microscopy (TEM) and tensile tests. The results showed that the dynamic recrystallization degree of the alloy gradually increased with the extrusion ratio increasing, which is attributed to the driving force provided by the large extrusion ratio. Meanwhile, due to the occurrence of dynamic recrystallization, the texture changed from <111> to <001> orientation. In addition, grains were obviously refined and uniform with the extrusion ratio increasing. Due to the fine grain strengthening mechanism, the tensile strength and elongation of the alloy with an extrusion ratio of 30 reached 152 MPa and 32.4%.
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1. Introduction


Due to their high toughness, lightweight and excellent corrosion resistance, Al–Mg–Si(–Cu) alloys have been widely used in automotive, construction and aerospace fields [1,2,3,4]. In recent years, Al–Mg–Si(–Cu) alloys have been investigated intensively. It is generally accepted that reasonable control of alloy composition can improve its microstructure and overall performance. It has been found that Mg and Si have a significant effect on the properties of Al–Mg–Si(–Cu) alloys. The strength of alloy with a low Mg/Si ratio was increased due to the promotion of aging precipitation. Meanwhile, modulating Mg/Si ratio can also improve its corrosion resistance [5,6,7].



In addition, it was demonstrated that the trace elements could significantly refine grains and reduce segregation which can improve the microstructure of the Al–Mg–Si(–Cu) alloys [8,9,10,11]. Prior studies also showed that the hot extrusion process has a significant effect on the microstructure of the alloy. During hot deformation, coarse equiaxed grains gradually evolved into fine equiaxed grains due to dynamic recrystallization [12]. In the study of the extrusion process of Al–Mg–Si(–Cu) alloys, Cao et al. [13] found that with the increase of the extrusion ratio, the dynamic recrystallization was more sufficient and the microstructure was more uniform. Moreover, the mechanical properties of the alloy were highest at large extrusion ratios. Zhang et al. [14] analyzed the microstructure evolution during the extrusion process, the results showed that with the increase of plastic deformation, more fine equiaxed grains were formed and the frequency of low-angle grain boundaries gradually decreased, which reflected the increase of recrystallization degree. Therefore, the comprehensive properties of Al–Mg–Si(–Cu) alloy can be enhanced by reasonable composition regulation and extrusion processes.



Based on this, Al-0.5Mg-0.4Si-0.1Cu alloy possesses excellent weather resistance and oxidation resistance was developed, which can maintain a long period of metallic luster. Therefore, this alloy is expected to replace the polluting chrome-plated aluminum profiles for automotive decorative parts (such as luggage racks and window trim). Most decorative parts with complex structures were obtained by extrusion, and their microstructure and properties were easily affected by the hot extrusion process. Consequently, a comprehensive understanding of the influence of extrusion process parameters on the microstructure and mechanical properties of the alloy is important to facilitate its application. While, up to date, most of the research on Al-0.5Mg-0.4Si-0.1Cu alloy is focused on metallurgical processes, few studies reported the extrusion process of this alloy, especially about the effect of extrusion ratios (λ) on its microstructure and mechanical properties. Therefore, in this work, the effect of extrusion ratios on the microstructure and mechanical properties of the alloy was studied through optical microscopy, scanning electron microscopy, electron backscattered diffraction, transmission electron microscopy and tensile tests. Moreover, the evolution mechanism of microstructure was explored which provides a theoretical basis for its production.




2. Materials and Experiment Procedures


2.1. Specimens Preparation


The raw material used in this work is commercial Al-0.5Mg-0.4Si-0.1Cu alloy (hereinafter referred to as the alloy) with its chemical composition shown in Table 1. The sample with the dimensions of Φ55 × 100 mm was selected at the positions possessing similar solidification parameters to ensure composition accuracy. The cylindrical billets were homogenized at 540 ± 1 °C for 13 h in SX-G0413 high-temperature electric furnace (Zhonghuan Electric Furnace Inc., Tianjin, China), and then air-cooled. Based on the previous research results [15], 480 °C is considered the reasonable extrusion temperature. Extrusion tests were performed on a TXCJ-300 extruder (Yuchun Machinery Inc., Wuxi, China) with extrusion ratios of 7, 13, 21 and 30, respectively. In order to prevent the deformation heat of the billet and friction heat caused by the extrusion process temperature deviation, the preheating temperature of the die and extrusion barrel should be set lower than the billet temperature of about 20 °C. The hot extrusion process is as follows: First, the extruded billets were placed into the high-temperature electric furnace for heating and holding. Then, the heating coil of the extrusion cylinder was adjusted to a predetermined temperature. Finally, start the extruder and install the die when the extruded billets were heated for 1 h, followed by the billet into the extrusion barrel for hot extrusion. Due to the effect of a temperature drop on the accuracy of the experimental results, it is required to transfer the billet quickly.




2.2. Microstructure Observation


Figure 1 shows the positions of the samples used for microstructure observation and mechanical property testing. Typical metallographic preparation methods were used for metallographic specimens, that is, specimens were polished after grinding by different sandpapers (600#, 800#, 1000#, 1200#, 1500#, 2000#, 2500#). The metallographic specimens were etched with 2 vol.% HF solution for 4 min and then rinsed with ethanol. Leica DM2700M metallographic microscope (Leica Inc., Weztlar, Germany) was used for microstructure observation. Gemini SEM 300 (Zeiss Inc., Oberkochen, Germany) was used for electron backscatter diffraction and the observation position is the longitudinal section of the alloy along the extrusion direction. The FEI Tecnai G2 F30 (FEI Inc., Hillsboro, OR, USA) was used for TEM observation, operating at 200 kV. The preparation process of the specimens for TEM observation was as follows: The samples were firstly thinned to 50–60 μm, followed by punching into Φ3 mm discs using a sample puncher. After that double-jet thinner (MTP-1A) and Ion thinning (Gatan 691) were used to obtain the thin zone. Liquid nitrogen was used for cooling during the experiment.




2.3. Tensile Test


In order to establish the relationship between mechanical properties and the extrusion process, tensile tests were applied to the alloys with different extrusion ratios in this study.



Tensile test samples of extruded alloys were prepared according to the national standard of GB/T228-2010, and the sampling direction was the extrusion direction. The tensile test was obtained by UTM5105X universal test machine (Liantai Inc., Jinan, China) with a stretching speed of 2 mm/min. Three specimens of the same condition were selected for testing and the average values of tensile strength, yield strength and elongation of the alloys were obtained, respectively.





3. Results and Discussion


3.1. Homogenization


Figure 2 shows the effect of the homogenization process on the microstructure of the alloy. As can be seen in Figure 2a, the as-cast alloy exhibits severe segregation and non-equilibrium eutectic structure formed along grain boundaries. In addition, the hard-brittle second phase can lead to stress concentration, and decrease the thermal deformation ability of the alloy [16]. Therefore, the cast alloy needs to be homogenized to eliminate elemental segregation and avoid affecting the properties of the extruded alloys. As shown in Figure 2b, equiaxed recrystallized grains were formed in the homogenized alloy, and the grain boundaries were relatively straight, indicating a supersaturated state. It is clear that most of the eutectic and second phases dissolved into the matrix, which can reduce the deformation resistance and facilitate hot extrusion deformation [17,18,19].



In order to further study the effect of homogenization on the typical second phase in the as-cast alloy, the morphology and composition of the second phase were characterized by SEM and Energy Dispersive Spectrometer (EDS) scanning. As shown in Figure 3, a large number of needle-like and spherical second phases (yellow arrows) were found in the alloy, distributed at grain boundaries and within the grain. Figure 3c shows the EDS scanning result of the spherical second phase (marked position at point a), which pointed out that the phase is a Cu-rich phase (Q phase). In addition, the EDS scanning results of the acicular phase are shown in Figure 3d, whose components mainly include Al, Fe, and Si. According to the morphological characteristics and atomic ratio of Fe and Si (0.9), it can be known that the acicular phase is mainly the β-AlFeSi phase. During the thermal deformation of the alloy, such as extrusion and rolling, the β-AlFeSi phase causes matrix splitting, which is very unfavorable to the plastic forming of the alloy.



Figure 4 shows SEM images and EDS scanning of the homogenized alloy. It can be seen that the segregation in the as-cast alloy has been largely eliminated after homogenization. The second phase particles are significantly refined and uniformly distributed in the alloy matrix. As shown in Figure 4c, the content of aluminum in the second phase increases, while the content of elements such as Mg and Si decreases. The atomic ratio of Fe to Si is about 1.72, which indicates that the Fe-rich phase belongs to α-AlFeSi. The above results indicate that the needle-like β-AlFeSi phase in the cast alloy has evolved into a granular α-AlFeSi phase during homogenization. The transformation of the second phase will be more favorable for the subsequent hot working deformation. On the other hand, no Cu-rich phases were found in the homogenized alloy, indicating that most of the eutectic phase with a low melting point has been dissolved into the matrix during homogenization. Only a few of the α-AlFeSi phases remain in the alloy, indicating that a high degree of homogenization has been achieved.




3.2. Microstructure of Extruded Alloys


In order to investigate the relationship between the extrusion ratio and the microstructure of extruded alloys, OM and EBSD tests were applied. The microstructure parallel and perpendicular to the extrusion direction (ED) is shown in Figure 5. It can be seen that the grains were obviously refined with the extrusion ratio increasing. When the extrusion ratio is 7 and 13, as shown in Figure 5a,c, the grains of extruded alloys are equiaxed and grain boundaries are smooth (blue arrows). Compared to the large grains (220 μm) of the alloy before extrusion, average grain sizes of extruded alloys (λ = 7, 13) were reduced to 160 μm and 122 μm, respectively. As shown in Figure 5f, although the average grain size is only 85 μm when the extrusion ratio is 21, the microstructure uniformity is poor, which adversely affects the mechanical properties of the alloy. It is noteworthy that grains were further refined (45 μm) when the extrusion ratio is 30, as shown in Figure 5h, and microstructure uniformity is also improved.



Figure 6 shows the EBSD maps and misorientation angle distribution along the extrusion direction. It should be noted that white lines correspond to low-angle grain boundaries (LAGB) with orientation angles between 2° and 15°. Moreover, the thicker black lines represent high-angle grain boundaries (HAGB) with orientation angles greater than 15°. When the extrusion ratio is 7, as shown in Figure 6a, the grains are stretched along the extrusion direction. Meanwhile, the presence of a large amount of LAGB inside the grains indicates that dynamic recovery (DRV) occurred in the extruded alloy [20,21,22]. With continued deformation, discontinuous dynamic recrystallization (DDRX) grains will nucleate and grow at the grain boundaries of the original grains [23]. As shown in Figure 6a, the recrystallization degree under the present condition is low, and only a few equiaxed grains with non-uniform sizes are formed. Similarly, when the extrusion ratio was 13, as shown in Figure 6c, there are still a large of fibrous structures existed inside the alloy, but the DRX degree has been improved and the number of recrystallization grains increased. Figure 6b,d shows statistical results of grain boundaries orientation of the alloys with the extrusion ratio of 7 and 13. It is clear that the vast majority of the orientation angles are obviously concentrated in the range of LAGB (2°~15°) and the proportions of HAGB are about 13.68% and 17.64%, respectively.



Generally, during the hot extrusion process, certain deformation amounts and deformation temperatures are needed for the aluminum alloy to achieve full dynamic recrystallization [24,25,26,27]. When the extrusion ratio reached 21, as shown in Figure 6e, the deformed structure almost disappeared and the number of equiaxed DRX grains was greatly increased, and the proportion of HAGB increased to 38.79% (Figure 6f). However, uneven microstructure and softening effect of recrystallization will lead to a decrease in mechanical properties. Continuing to increase the extrusion ratio to 30, as shown in Figure 6g, dynamic recrystallization of the alloy is more sufficient and the structure is more uniform. Moreover, the recrystallized grain size is significantly reduced, indicating that the extrusion ratio has a significant effect on grain refinement [28,29]. While, the proportion of LAGB and HAGB change little, with 39.81% for HAGB (Figure 6h).



Figure 7 shows the DRX distribution and statistical results of the extruded alloys, which intuitively show the effect of extrusion ratios on microstructure evolution by coloring deformed microstructure, substructure and recrystallized grains. It can be seen that when the extrusion ratio was 7, as shown in Figure 7a, most of the extruded alloy consisted of a deformed microstructure (red region). As can be seen from the bar graph on the right, the proportion of recrystallized grains (blue region) was only 33%. When the extrusion ratio was 13, as shown in Figure 7b, the proportion of recrystallized grains increased significantly to 59.4%. Continuing to increase the extrusion ratio to 21 and 30 (Figure 7c,d), the proportion of recrystallized grains reached more than 90%.




3.3. Texture Analysis


Figure 8 shows the inverse pole figures (IPF) of the extruded alloys. It can be seen that the textures are mainly concentrated in <111> and <001> orientations. It is known that when metals undergo plastic deformation, their crystal orientation will constantly transform from soft orientation (large orientation factor) to hard orientation (small orientation factor) [30]. Therefore, during the hot extrusion deformation process, for a face-centered cubic crystal, its orientation factor reaches the minimum value when the crystal orientation <111> is parallel to the extrusion direction. Continue to increase the deformation process, the grains with other orientations gradually move to <111> orientation and form a strong preferred orientation. When the extrusion is 7, as shown in Figure 8a, the texture strength (Concentration degree of grains in a certain orientation) in <111> orientation is the largest, which is 14.97 (white number). With the extrusion ratio increasing to 13, as shown in Figure 8b, the recrystallization texture of <001> orientation is enhanced with the increase of recrystallization degree which is 9.24. On the contrary, the texture strength of <111> orientation decreases to 6.02. At this time, neither texture is fully developed. When the extrusion is 21, as shown in Figure 8c, texture strength of <111> orientation is further weakened to only 2.71, while recrystallization texture strength reaches 16.86, indicating crystals produce stronger meritocratic orientation under greater plastic deformation. When the extrusion ratio increased to 30, as shown in Figure 8d, the texture of <111> orientation almost disappeared. Similar results have been reported where the recrystallization degree of alloys increased with the extrusion ratio increasing, while the texture of <111> orientation disappeared [31]. Meanwhile, the texture intensity of <001> orientation was reduced to 9.78 due to the increase in grain boundaries caused by grain refinement. During the extrusion deformation process, fine grains are more prone to rotation, which promotes grain boundary migration and weakens the consistency of grain orientations. Moreover, a decrease in anisotropy improves the plasticity of extruded alloys [32].




3.4. Tensile Properties


The tensile properties of the extruded alloys are shown in Figure 9. In terms of the overall change trend, tensile properties gradually increased with the extrusion ratio increasing. Generally, the improvement of mechanical properties is mainly attributed to grain refinement, texture and the second phase [33]. If only the texture is considered, the low texture strength of the alloy at an extrusion ratio of 30 predicts a decrease in its tensile strength. However, the stress-strain curves show that the mechanical properties of the alloy with an extrusion ratio of 30 are better. indicating that the strengthening effect of texture is less than grain size and uniformity on the alloy with an extrusion ratio of 21. Among the various factors, the average grain size plays a crucial role in the mechanical properties of the alloy, and fine grains can lead to high strengthening effects [34]. When the extrusion ratio is 30, due to the decrease in the average grain size, the tensile strength and elongation of the alloy increased to 152 MPa and 32.4%, respectively. It is worth noting that the difference in mechanical properties of the alloy is small when the extrusion ratio is 13 and 30. The main reason is the difference in their reinforcement mechanisms. When the extrusion ratio is 13, the dynamic recrystallization degree is low and work-hardened plays a major role. A higher degree of dynamic recrystallisation occurred in the alloy with the extrusion ratio of 30, which can lead to some softening of the alloy, while, due to fine grain strengthening the strength can partly increase.



Tensile test results showed that the elongation of the extruded alloys reaches more than 20%, indicating that the alloy has good plasticity which is consistent with the presence of a large number of dimples on the fracture surface of the extruded alloy (Figure 10). It can be seen that the fracture morphology of the alloy varies at different extrusion ratios.



When the extrusion ratio was increased from 7 to 13, as shown in Figure 10a,b, the uniformity of dimples on the surface of the tensile fracture has been improved. However, when the extrusion ratio was increased to 21, as shown in Figure 10c, the dimples gradually became larger and shallower, possessing a corresponding lower elongation, which is consistent with the tensile test results. When the extrusion ratio was increased to 30, as shown in Figure 10d, the dimples increased significantly and are more uniform, showing excellent elongation [35].




3.5. Microstructure Evolution during Hot Extrusion


Generally, during the hot extrusion process, a great number of dislocations will proliferate in the alloy and its density will increase rapidly due to the intense plastic deformation. Meanwhile, sub-grains are important structural features formed by dislocation motion during the severe plastic deformation process and its dynamic evolution process is closely related to dynamic recovery and dynamic recrystallization [36]. It is reported that when an alloy was deformed, high-density dislocations are gradually accumulated around the second phase and a distortion zone with a high orientation gradient will form near it, which can provide a driving force for DRX and similar phenomena appears in this work [37]. When the extrusion ratio is 7, as shown in Figure 11a, dislocation movement is pinned and inhibited by the second phase, resulting in dislocation accumulation. Figure 11d shows the high-resolution morphology of the second phase, followed by calibration of its diffraction spot (Figure 11g) the phases are nanoscale Al8Fe2Si. It can be seen in Figure 11b, a sub-grain prototype was found in the alloy of extrusion ratio is 13 with a significantly reduced dislocation density. The formation of sub-grains is due to dynamic recovery. As the deformation continues, more dislocations will move to grain boundaries or dislocation walls, resulting in dislocations balance out and recombination which will leave the same type of dislocations to reduce dislocation spacing (Figure 11h), and dislocation walls will gradually become clear and transform into sub-grain boundaries [38]. Figure 11e shows the high-resolution morphology of sub-grain boundaries and it can be seen that under the effect of deformation stress, many crystalline defects such as vacancies generated and it is favorable for dislocations to slip and climb, which will lead to the formation of LAGB. In addition, a black iron-rich phase was also found along the boundary (Figure 11b), indicating that the second phase can limit the movement of sub-grains. When the extrusion ratio is lower, sub-grains do not have enough driving force to get rid of the pinning effect of the second phase, which will delay the DRX process and prevent the rapid formation of recrystallized grains from sub-grains. It follows that the microstructure evolution of the alloy during thermal deformation is multivariate and complex. It has been reported that work hardening and dynamic softening jointly determine the strength and plasticity of aluminum alloys [39]. Due to the pinning effect of the second relative dislocation, the alloy has a high deformation resistance which compensates for the negative effect of dynamic softening on the strength.



On the other hand, it has been reported that nanoparticles distributed along grain boundaries not only inhibit the DRX process but also hinder the migration process of HAGB after deformation [40]. Figure 11c shows the TEM image of the alloy with an extrusion ratio of 30, where the Al8Fe2Si phase is also found at the grain boundary (Figure 11f,i) and the dislocation density is greatly reduced due to the DRX process. It can be seen that an increased extrusion ratio can refine the grains, and the limitation of the migration of HAGB by second-phase particles also plays a role in avoiding grain coarsening. More importantly, refined grains provide a large amount of grain boundaries, which can effectively impede the slip of grain boundaries, resulting in more uniformly stressed during deformation and excellent fracture toughness [41].





4. Conclusions


In this work, the effect of extrusion ratios on microstructure and mechanical properties of Al-0.5Mg-0.4Si-0.1Cu alloy was studied and the following results were obtained:




	(1)

	
When the extrusion ratio was low, softening mechanism of the alloy was mainly DRV and the original grains were elongated along the ED direction. With the extrusion ratio increasing from 7 to 30, the proportion of dynamically recrystallized grains increased from 33% to 92%, the average grain size decreases from 160 μm to 45 μm.




	(2)

	
The textures of the alloy are mainly concentrated in <111> and <001> orientations. With the increasing extrusion ratio, the texture of <001> orientation gradually occupied the main position, texture intensity of <111> orientation decreased after DRX fully developed. The presence of nano-sized Al8Fe2Si particles caused dislocation pile-up which provided a driving force for DRX and also limited the migration of HAGB.




	(3)

	
When the extrusion ratio was increased from 7 to 30, the dimples on the tensile fracture surface increased and are more uniform, showing excellent elongation of 32.4%. Due to the fine-grain strengthening mechanism, the tensile strength of the alloy with an extrusion ratio of 30 reached 152 MPa.
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Figure 1. Schematic location of microstructure observation and tensile specimens. 
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Figure 2. Effect of homogenization on Al-0.5Mg-0.4Si-0.1Cu alloy: (a) as-cast, (b) homogenized. 
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Figure 3. (a,b) Microstructure of as-cast alloy; (c) composition at point (a); (d) composition at point (b). 
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Figure 4. (a,b) Microstructure of the homogenized alloy; (c) composition of second phase. 
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Figure 5. Microstructure of the extruded alloys: (a,b) λ = 7, (c,d) λ = 13, (e,f) λ = 21, (g,h) λ = 30. 
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Figure 6. EBSD maps and misorientation angle distribution of specimens: (a,b) λ = 7, (c,d) λ = 13, (e,f) λ = 21, (g,h) λ = 30. 
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Figure 7. DRX distribution and statistical results of extruded alloys: (a) λ = 7, (b) λ = 13, (c) λ = 21, (d) λ = 30; (e) Statistical plot of DRX content. 
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Figure 8. IPF of the extruded alloys: (a) λ = 7, (b) λ = 13, (c) λ = 21, (d) λ = 30. 
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Figure 9. Effect of extrusion ratio on the tensile properties of the alloys: (a) Stress-strain curves; (b) Histogram of tensile properties. 
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Figure 10. SEM images of tensile fracture of extruded alloys: (a) λ = 7, (b) λ = 13, (c) λ = 21, (d) λ = 30. 






Figure 10. SEM images of tensile fracture of extruded alloys: (a) λ = 7, (b) λ = 13, (c) λ = 21, (d) λ = 30.



[image: Metals 13 00669 g010]







[image: Metals 13 00669 g011 550] 





Figure 11. TEM images of the extruded alloy under different extrusion ratios: (a,d,g) λ = 7, (b,e,h) λ = 13, (c,f,i) λ = 30. 
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Table 1. Chemical composition of Al-0.5Mg-0.4Si-0.1Cu alloy (wt.%).
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	Mg
	Si
	Cu
	Fe
	Mn
	Zn
	Ti
	Cr
	Al





	0.466
	0.394
	0.114
	0.023
	≤0.0030
	≤0.0037
	≤0.0052
	≤0.0005
	Bal
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