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Abstract

:

Samples were cut from an extruded AZ31 magnesium alloy bar for uniaxial tensile and EBSD characterization tests. The long axis and bar extrusion directions were 0° (T0 sample), 45° (T45 sample), and 90° (T90 sample). The effects of loading direction on the tensile behavior, microstructure, and texture evolution of the magnesium alloy were studied. Results show that the obvious mechanical anisotropy of tensile behavior is affected by the loading direction, and the T0 sample with a grain c-axis perpendicular to the extrusion direction has a strong basal texture and high flow stress and yield strength. The loading direction has a significant influence on the microstructure characteristics of different samples, especially the number of {10–12} tensile twins and {10–11} compression twins. Texture evolution results show that the loading direction and the effect of deformation mode on the deformation mechanism lead to variations in texture evolution: the basal slip and prismatic slip during the plastic deformation of the T0 specimen, the compression twin of the T45 specimen, and the tensile twin of the T90 specimen.
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1. Introduction


Owing to the advantages of magnesium alloys with high specific strength, high specific stiffness, and low densities [1,2], wrought magnesium alloys have great potential in various structural applications, particularly in the automotive, communications, and military fields [3,4,5]. However, the inherent close-packed hexagonal structures of magnesium alloys usually result in strong basal texture, poor ductility, and formability, which severely limits its wide-range commercial applicability [6].



Texture greatly influences the ductility and formability of magnesium alloys [7] and can be improved by reducing the strength of the base texture. Zhang et al. [8] used a one-way bending (RUB) process to improve the texture of an AZ31 magnesium alloy sheet and found that the RUB-treated sheet had a weaker base texture, which was comparable to a sheet with a strong base texture, and it had enhanced ductility. Liu et al. [9] weakened the basal structure of a magnesium alloy sheet by subjecting it through multiple passes of hot rolling, which further improved the formability of cold rolling. Iwanaga et al. [10] pointed out that reducing the (0002) base surface texture can significantly improve the room temperature formability of AZ31 sheets. Therefore, initial texture plays an essential role in the plastic deformation of magnesium alloys. However, Wang [11] pointed out that the main deformation mechanism of magnesium alloys is highly dependent on the initial texture, that is, the activation of {10–12} tensile twins when compressed perpendicular to the c-axis or stretched parallel to the c-axis. Then, the difference in initial texture caused by the loading direction will inevitably affect twin deformation [12,13,14,15], and the sudden change in crystal orientation caused by the twin will render the texture evolution law complicated [16,17,18]. In previous studies, only magnesium alloys with a single texture shape were used in investigating microstructure evolution during deformation [19,20], and the effects of different loading directions on tensile behavior, microstructure, and texture evolution were not considered. Magnesium alloys have strong anisotropy, and different deformation mechanisms will produce different deformation storage energies. Therefore, the different sampling angles of magnesium alloy extruded bars will affect the tensile deformation behavior. At present, there is no in-depth study on this issue. Therefore, the influence of loading direction on the tensile behavior and microstructure evolution during the stretching process should be explored, especially the influence of loading direction combined with deformation mechanism on texture evolution.



In this paper, from the extruded AZ31 magnesium alloy bar, the T0, T45, and T90 specimens with long axes showing large differences in the loading direction at 0°, 45°, and 90° from the extrusion direction were cut; then, the specimens were singled. For axis tensile analysis, through tensile test and EBSD characterization, the mechanical properties and microstructure evolution of the specimen during the tensile process were studied, and the influence of the loading direction on the tensile process was demonstrated. The viscoplastic self-consistent (VPSC) model was used in simulating and predicting the texture evolution law of tensile behavior, and the microstructure evolution mechanism of AZ31 magnesium alloy was mastered. This is of great significance for obtaining high-performance magnesium alloy materials.




2. Viscoplastic Self-Consistent Model


The VPSC model considers the interaction among crystal grains in a polycrystal. The model assumes that crystal grains are ellipsoidal inclusions deeply buried in an infinite homogeneous medium (homogeneous equivalent medium, HEM). The model uses a rate-dependent continuous constitutive model [21] equation:


   ε  i j   (  x ¯  ) =   ∑ s    m  i j  s   γ s    (  x ¯  ) =  γ 0      ∑ s    m  i j  s  {    m  k l  s   σ  k l   (  x ¯  )    τ s    }    n  =  M  i j k l    σ  k l   (  x ¯  ) .  



(1)







In the above formula,    τ s    is the critical shear stress;    m  ij  s  =  1 2  (  n i s   b j s     + b   j s   n i s  )   is the Schmidt factor of the slip system/twin system (s), where    n s    and    b s    are the normal direction and slip direction/twin direction, respectively;    ε  i j   (  x ¯  )   and    σ  k l   (  x ¯  )   are the strain rate deflection tensor and stress deflection tensor, respectively; s represents each slip and twinning mechanism;    γ s    is the local shear rate acting on the slip system (s);    γ 0    is the normalization coefficient; n is the rate-sensitive index; and    M  i j k l     is the viscoplastic convention.



The critical shear stress    τ s    is formed with the accumulation of shear in each grain. Thus, in terms of its hardening law, it can be expressed by the empirical formula of the Voce hardening law:


   τ s  =  τ 0 s  + (  τ 1 s  +  θ 1 s  Γ ) ( 1 − exp ( −    θ 0 s  Γ    τ 1 s    ) ) .  



(2)







In the above formula,   Γ =   ∑ s   Δ  γ s      is the cumulative shear of the grains, and the parameters    τ 0   ,    θ 0   ,    θ 1   , and    τ 0 s  +  τ 1 s    represent the initial critical shear stress, initial hardening rate, hardening rate represented by the asymptote, and estimated critical shear stress. The specific meaning of each hardening parameter is shown in Figure 1.



The predominant twinning reorientation model is used for the influence of twinning on texture evolution [22]. In polycrystals, the cumulative twin crystal integral number    V  a c c , mod e     of all twin systems in all crystal grains is:


   V  a c c , mod e   =   ∑ g     ∑ t    γ  t , g   /  S t      .  



(3)







Among them,    γ  t , g     is the shear strain caused by each twin system t for a given crystal grain g, and the corresponding twin volume fraction is    V  t , g   =  γ  t , g   /  S t   , where    S t    is the intrinsic shear strain of the twin system t.




3. Experimental Method


The material used in the experiment is a commercial extruded AZ31 magnesium alloy bar with a diameter of 40 mm, from which tensile specimens with different initial orientations are cut. Figure 2b shows the schematic diagram of the sheet tensile specimen designed in this paper. The total length of the specimen is 36 mm, the gauge length is 15 mm, and the cross-sectional dimension is 5 mm × 1 mm. The extrusion direction of the bar is indicated by ED, and the transverse direction perpendicular to the ED is indicated by TD. The samples with 0°, 45° and 90° deflections along the ED direction are named T0, T45, and T90, respectively, as shown in Figure 2a. The EBSD technique is used in characterizing the microstructure and grain size statistics of the longitudinal section (ED-TD plane), as shown in Figure 2c. Most of the initial samples have equiaxed crystal structures, with an average grain size of approximately 25.5 μm (Figure 2d). In addition, elongated crystal grains can be found in Figure 2c, resulting from the stretching of crystal grains along the extrusion direction during extrusion.



Figure 3 shows the initial pole figures of the (0001) planes of the samples. Figure 3a shows that in the initial pole figure of the T0 sample, most AZ31 magnesium alloy bars have c-axis distribution perpendicular to the extrusion direction, that is, the base plane is parallel to the ED, which results in the initial magnesium alloy. The pole figure distribution presents a strong basal surface texture. When the T45 sample is loaded, the initial orientation of all grains is rotated 45° in the ED direction, and the resulting texture is shown in Figure 3b. It can be seen that the two directions after rotation are the 45° direction in the ED-TD plane, and the macroscopic strain rate and stress loaded along the two directions are the loading conditions of the 45° direction. Similarly, the macroscopic strain rate and stress loaded along the TD direction are the loading conditions of the T90 specimen, as shown in Figure 3c.



The T0, T45, and T90 specimens are subjected to room temperature tensile tests. A universal material testing machine is used, and the selected strain rates are all 10-3s-1. The mechanical properties of different specimens are obtained, as shown in Figure 4. The stress–strain curves of specimens with different loading directions have obvious mechanical anisotropy. The flow stress and yield strength of T0 specimens are significantly higher than those of the T45 and T90 specimens.



The VPSC model is used to fit the stress–strain curve of a specific loading experiment for the acquisition of the hardening parameters of the corresponding deformation mechanism. The specific fitting method is as follows: First, the hardening parameters of the base surface slip and prismatic surface slip are determined by fitting the tensile results of the T90 specimen, and then, the hardening parameters of the cone slip are determined by fitting the tensile results of the T45 specimen. Finally, the hardening parameters of the tensile twins and compression twins are determined by fitting the tensile results of the T0 specimens. The result of the fitting curve is shown in Figure 4. The stress–strain curve fitted by the VPSC model is in good agreement with the test results, accurately reflecting the stress at each stage of the tensile process of each specimen in different loading directions. Regarding strain characteristics, Table 1 shows the optimal hardening parameters of different deformation mechanisms obtained by fitting. At near room temperature, CRSS basal slip [16] < CRSS tensile twins [17] < CRSS prismatic slip [23] < CRSS cone slip [24] < CRSS compression twins [17]. The overall size sequence of the CRSS used in the simulation of the plastic deformation of magnesium alloys in this study is consistent with the research. These parameters play important guiding roles for researchers studying the macro and micro deformation mechanisms of magnesium alloys.




4. Results and Analysis


4.1. Deformation Mechanism Opening Amount


Figure 5 shows the prediction results of the relative opening of the deformation mechanism during the tensile deformation of different samples. Figure 5a shows that when the T0 sample is uniaxially stretched, the c-axis of the crystal grain is under compressive stress, and the tensile twins are difficult to open. The relative opening of all the tensile twins is extremely small (less than 1%), and the basal surface slip and prismatic surface slip play key roles in the entire deformation process. At increased strain, the (0001) basal planes of most grains are basically parallel to the extrusion axis, and the basal surface slip is suppressed. With the continuous increase in the stress value, the slitting stress value of the non-base surface slip reaches the corresponding shear stress value, and the dominant deformation mechanism changes from the base surface slip to the prismatic surface <a> slip. This result is consistent with the research results of Agnew [24]. When ε = 0.02, the tensile twins are gradually exhausted, and the activity of the compression twins begins to increase slowly. The reason is that the slip is insufficient to coordinate the c-axis compressive strain, and the generation of compression twins can coordinate the strain when the c-axis is compressed. When the T45 specimens are uniaxially stretched, the c-axes of the crystal grains are simultaneously subjected to tensile stress and compressive stress at the initial stage of deformation, and base slip, cylindrical slip, cone slip, and tensile twinning are all activated to varying degrees. As the strain increases, the dominant deformation mechanism changes from base slip to compression twinning, as shown in Figure 5b. During the uniaxial stretching of the T90 specimen, the c-axes of the crystal grains are subjected to tensile stress at the initial stage of deformation, which is conducive to the opening of the tensile twins. At increased strain, the dominant deformation mechanism changes from base slip to cone slip. In the later stage of deformation, compression twins are produced, as shown in Figure 5c.




4.2. Microstructure


Figure 6 shows the grain orientation (IPF) diagrams of different samples when they are stretched to 8%. The tensile twins and compression twins are indicated by black and white arrows, respectively. As shown in Figure 6a, a proper amount of {10–12} tensile twins and a small amount of {10–11} compression twins can be observed during E0 stretching. This phenomenon may be due to the inhomogeneity of the initial grain texture and orientation (the c-axis facing ED) in the initial extruded AZ31 magnesium alloy, as clearly shown in the initial pole figure (Figure 3a). Therefore, the c-axis can still be possibly pulled by the stress of the adjacent grains during the stretching process along the ED direction for the production of stretching twins. As shown in Figure 6b, when the E45 sample is stretched, a proper amount of {10–11} compression twins and a small amount of {10–12} tensile twins are generated. By contrast, when the E90 sample is stretched, a large amount of {10–12} stretched twins is generated, as shown in Figure 6c, indicating that stretching along the c-axis direction in the crystal grains is conducive to the generation of stretched twins.



Figure 7 shows the grain boundary diagram and the grain boundary orientation difference statistical diagram of different samples uniaxially stretched to 0.08. The grain boundary orientation difference between 2° and 5° is defined as the small-angle grain boundary and is represented by the green solid line; the grain boundary orientation difference of 15° or more represents the large-angle grain boundary, which is represented by the black solid line. The proportions of the small-angle grain boundaries in Figure 7a–c are 26%, 22%, and 14%, indicating that during uniaxial stretching of AZ31 magnesium alloy, the peak value of the small-angle grain boundary gradually decreases as the loading direction changes from perpendicular to the grain c-axis to parallel to the grain c-axis mainly because of twinning. Thus, the small-angle grain boundary absorption dislocation is transformed into a large-angle grain boundary. In addition, Figure 7a,c show that the grain boundary orientation difference has a peak around 80–90°, and the grain boundary orientation difference of Figure 7b has a peak around 50–60°, indicating that E0 and E90 specimens produced {10–12} tensile twins during uniaxial stretching, and E45 specimens produced {10–11} compression twins during stretching.



Figure 8 shows the local misorientation graph (Kernel Average Misorientation, KAM) and the histogram of the local misorientation distribution when the different samples are uniaxially stretched to 0.08. The KAM diagram is used to indicate the local dislocation density and strain degree in the microstructure. The darker the color, the greater the local misorientation [25]. The average local misorientation angles of the T0, T45, and T90 samples are 0.81, 0.87, and 0.76, respectively. The dislocation density and strain of the T0 and T45 samples are relatively large, and the distribution is relatively uniform, whereas the dislocation density and strain of the T90 sample are low, and a large amount of dislocation density and strain are generated around the original grain boundary and the sub-grain boundary. The dislocation plugging and entanglement of the magnesium alloy increases the internal storage energy of the magnesium alloy. When the dislocations accumulate to a certain degree, the dislocations can be rearranged through slipping and climbing for them to form dislocation cells and the reduction of the internal storage energy. Dislocation cells merge to a certain size, the orientation difference with the surrounding grains exceeds at an angle of 15° or greater and transforms into a large-angle grain boundary.




4.3. Texture Evolution


Figure 9 shows the texture evolution of different samples during uniaxial stretching. When the T0 sample is stretched, the c-axes of the crystal grains show no substantial change, but the texture strength increases. When the T45 specimen is stretched, grain rotation hardly occurs at the initial stage of deformation, and the intensity peak appears near the loading direction in the (0001) pole figure at the later stage of deformation. Combined with the predicted opening rates of slip and twin systems (Figure 5), it can be seen that the {10–11} compression twinning in the late tensile stage of T45 specimen has a certain contribution to the plastic deformation, indicating that the lattice rotation caused by the {10–11} compression twinning is the main reason for the (0001) peak. When the T90 sample is stretched, the intensity and range of the (0001) pole figure in the TD direction are reduced, the c-axes of many crystal grains are turned to the direction perpendicular to the loading axis, and a certain distribution is observed in all directions along the (0001) plane. The reason is that when the T90 specimen is stretched, the loading axis is parallel or close to the direction of the c-axis of each grain. The {10–12} tensile twinning is the dominant deformation mechanism and has a high SF. After twinning is turned on, it causes the 86.3° rotation of the crystal lattice and the c-axis of the crystal grain to turn from almost parallel to the TD direction to the direction perpendicular to the TD.





5. Conclusions


Through tensile tests using an EBSD characterization technology and VPSC model, the influence of loading direction on the tensile properties and texture evolution of magnesium alloys was studied, and the following conclusions were obtained:



	(1)

	
An obvious difference in the loading direction leads to the obvious anisotropy of the tensile behavior. The flow stress and yield strength of the T0 sample with a base surface texture perpendicular to the extrusion direction are significantly higher than those of the T45 and T90 samples.




	(2)

	
The microstructure results show that the reason for the large difference in the microstructure of different samples is the number of {10–12} tensile twins and {10–11} compression twins, which are mainly caused by the large difference in the loading direction.




	(3)

	
Loading direction plays an important role in the texture evolution, particularly influencing the deformation mechanism during the stretching process: owing to the base surface slip and prismatic surface slip of the T0 sample, the {0001} pole figure is basically unchanged in the entire deformation process. In the later stage of deformation of the T45 specimen, the lattice rotation caused by the opening of the compression twins is the main reason for the peak load direction of the (0001) pole figure. The large number of tensile twins of the T90 sample is turned on, reducing the strength and range of the (0001) pole figure in the TD direction, and the c-axes of many crystal grains are turned to a direction perpendicular to the loading axis.
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Figure 1. Physical meaning of hardening parameters. 
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Figure 2. Specimen and microstructure: (a) sampling diagram, (b) tensile specimen, (c) microstructure, (d) grain size. 
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Figure 3. The initial pole figure of the {0001} plane of different samples: (a) T0 sample, (b) T45 sample, (c) T90 sample. 
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Figure 4. Fitting results of true stress–strain curves of different samples. 
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Figure 5. VPSC predicted relative activity of deformation modes under uniaxial tension of different samples: (a) T0 sample, (b) T45 sample, (c) T90 sample. 
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Figure 6. Grain orientation (IPF) of different samples under axial tension of 0.08: (a) T0 sample, (b) T45 sample, (c) T90 sample. 
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Figure 7. The grain boundary map and grain boundary misorientation map of different samples under axial tension of 0.08: (a) T0 sample, (b) T45 sample, (c) T90 sample. 
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Figure 8. Local misorientation maps of different samples under axial tension of 0.08: (a) T0 sample, (b) T45 sample, (c) T90 sample. 
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Figure 9. Predicted texture evolution of {0001} pole figure of different samples under axial tension to different strain values: (a) T0 sample, (b) T45 sample, (c) T90 sample. 
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Table 1. Hardening parameters of each slip and twinning system in the simulation of Mg alloy under monotonic loading.
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	Deformation Mode
	τ0/MPa
	τ1/MPa
	θ0/MPa
	θ1/MPa





	Basal <a>
	28
	60
	185
	16



	Prismatic <a>
	85
	10
	200
	250



	Pyramidal <c + a>
	110
	15
	120
	400



	Extension twin
	45
	0
	150
	400



	Compression twin
	210
	100
	345
	400
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