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Abstract

:

An eight-sided prism sample, obtained from a hot-rolled AZ31 magnesium alloy sheet, was compressed at room temperature along the transverse direction to investigate the influence of local strain on twinning behavior using electron backscatter diffraction (EBSD) measurements, hardness distribution, and metallographic observations. The octagonal surface of the sample was divided into distinct regions based on hardness distribution and metallographic observations. Combined analysis of the Schmid factor (SF) and the strain compatibility factor (m’) was employed to study twin variant selection. Basal on SF ratio distribution, the Schmid factor criterion, can predict over 75% of observed twin variants in regions A and D (normal stress samples). In contrast, 64% of twin variant selection behavior in region C (shear stress sample) can be effectively explained using a pure shear model. Twin variants with high strain compatibility factors may prefer activation to reduce stress concentration. The strain compatibility factor is more appropriate than the Schmid factor for analyzing the effect of local strain on the selection behavior of twin variants.
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1. Introduction


Magnesium alloys have low density, high specific strength, and excellent properties such as high durability, high absorption, excellent electrical and thermal conductivity, and outstanding electromagnetic shielding and damping properties [1,2]. As the lightest structural metal, magnesium alloys have broad application prospects in aerospace, biomedicine, and electronics [2,3,4]. Twinning plays an important role in the low-temperature deformation of magnesium alloys [5,6,7]. Moreover, the incidence of {10-12} twinning is closely related to the initial crystal orientations and the loading path [8,9,10,11]. {10-12} <−1011> can be aroused by extension stress along the c-axes, which is favorable during parallel to c-axes tension or perpendicular to c-axes compression [12,13,14,15]. Theoretically, Mg alloy has six equivalent {10-12} twin variants within each grain. Several studies have investigated variant selection using a Schmid factor criterion [16,17,18]. A previous study by Hong et al. [16] indicated that the activation of {10-12} twinning depends on strain paths, and the selection mechanism of the six variants was governed by the Schmid factor (SF) criterion. Song et al. [17] suggested that variant selection in twinned grains generally follows the Schmid factor criterion. Various non-Schmid phenomena have been recorded, attributed to the different local stress from externally applied stress [19,20,21]. Lou et al. [22] suggested that non-Schmid behavior in certain grains is linked to local stress variations near the grain boundary, resulting from strain accommodation between grains.



Several recent publications [17,23,24,25] aim to understand the strain accommodation necessary for twinning to spread across grain boundaries. Intragranular multiple twin variants frequently occur and are conducive to the formation of twin–twin structures to continuously coordinate the further deformation. Twin–twin interactions affect subsequent twinning and the division and refinement of grains, leading to twin-induced hardening [26,27,28]. The quantification of strain accommodation can be assessed using a geometric compatibility factor, m’ = cos(Ψ)∙cos(κ), where Ψ and κ represent the angles between the normal of the twinning plane and the twinning shear direction of adjacent grains, respectively. Guo et al. [29] conducted a thorough analysis of the SF criterion and local strain accommodation to study the variant selection of {10-12} twinning. The researchers found that stress concentration relief happened through transfer across grain boundaries and the formation of new twinning. Shi et al. [30] also studied cross-grain boundary contraction paired twins (CTWs) and found that the formation of CTWs was influenced by the twinning shear compatibility across grain boundaries, characterized by a high m’ value. The statistical results showed that macro stress near the grain boundary significantly influenced the stress state, leading to twinning initiation. The presence of non-Schmid twin variants indicates that strain compatibility in neighboring grains significantly influences variant selection.



The local strain state can also have an impact on the selection of twinning variants. Currently, few studies have examined the impact of the local strain state on twinning variant selection [31,32,33]. Huang et al. [32] analyzed twinning variant selection behavior in different local strain areas and observed the complexity of twinning behaviors. In regions with significant shear strain, the presence of twin variants can be explained by the Schmid factor criterion, which involves assessing the local stress state as a pure shear model. The impact of local strain on the strain compatibility of cross-boundary twin pairs is not yet fully understood.



The primary aim of this study is to investigate how local strain affects {10-12} twinning behavior in Mg-3Al-1Zn alloy under compression. In order to produce inhomogeneous localized strains after compression, an octahedral prism sample was used. The Schmid factor, strain compatibility factor, and twinning strain tensor were calculated using the results of electron backscattered diffraction (EBSD) to study the selection of twinning variants.




2. Materials and Methods


In the present study, the as-received material was a commercial hot-rolled AZ31 (Mg-3%Al-1%Zn) magnesium alloy sheet. Specimens were annealed at 530 °C for 1 h. The observation shows that the material exhibits a strong {0001} basal texture and a twin-free equiaxed grain structure, with an average grain size of ~35 μm, as shown in Figure 1. An eight-sided prism with bottom sides and edge sides measuring 8 mm each was obtained from the as-received material. Specimens were compressed at a strain rate of 0.01 s−1 and a final strain of 3.9%, with the loading direction (LD) aligned parallel to the transverse direction (TD).



The hardness was measured at 0.5 mm intervals along lines a to e. Microstructure and texture observations were made in areas A–D after the compression (see Figure 2b). The specimens were electrolytic polished for 90 s in a Struers ACII electrolyte solution at −5 °C and 20 V. The electron backscatter diffraction (EBSD) observations were conducted using a Zeiss Supra 55 FEG-SEM (Jena, Germany) and twinning behaviors were analyzed using HKL channel 5 software.




3. Results and Discussion


3.1. Distribution of the Hardness Values


The distribution of hardness values along the five lines is shown in Figure 3a. Because of the symmetry of the sample, only a quarter of the octagonal surface was measured. The decrease in hardness values from line a to line e is evident, which can be attributed to the different deformation mechanisms. In addition, the hardness values decrease as the tested position moves away from the center for each line. The equivalent plastic strain Eyy distribution obtained via the finite element simulation is shown in Figure 3b. The relevant parameters of AZ31 magnesium alloy used in the simulation calculation were as follows: the elastic modulus E was 44.8 GPa; the Poisson’s ratio was 0.35; the deformation temperature was room temperature; the deformation rate was 0.001 s−1; and the amount of deformation was 4%. It can be found that the hardness values and the strain are positively correlated on the whole. The variation in hardness at different positions suggests non-uniformity in the local strain state, which could affect twinning activation.




3.2. Microstructure after Uniaxial Compression


To investigate the effect of local strain on the microstructure, the octagonal surface is divided into nine areas labeled as letters a–i. A large number of differences are denoted in the regions a–i, as shown in Figure 4. It can be seen that the twinning volume fraction is higher in the center areas (b, e, and h), followed by the corner areas (a, c, g, and i), and then the side areas (d and f). The grain sizes significantly decreased in the center regions compared to those in other regions. It is worth noting that a more localized strain exists in the central regions, and this result is explained in detail in the next section.




3.3. Microstructure and Texture Differences in Different Regions


Figure 5 shows the orientation image maps, grain boundaries maps, and {0001} pole figures of four regions. Red lines represent {10-12} extension twinning boundaries. It can be seen that twinning is significantly present in regions A, C, and D, while region B shows minimal to no twinning. This may be due to the fact that region A and region D experienced direct compression from the force, resulting in normal strain with minimal local shear strain [34], while region C experienced both normal and shear strain. In addition, region B was located outside the directly compressed area, which hindered twinning activation due to the low normal strain. From the {0001} pole figures, it is evident that the matrix orientations are centrally distributed around the ND, while the variant orientations rotate 86.4° after compression. The distinction is based on the different orientations of variants in region A and region D, which rotate to the TD (y), while variant orientations in region C deviate by approximately 45° between the TD (y) and RD (x), referred to as the xy-direction for ease of reference. From the above analysis, it can be seen that the twinning orientations rotate to different regions due to the non-uniformity of the stresses.




3.4. SF Ratio Distribution


The formula SF = cos(λ)∙cos(φ), where λ(φ) is the angle between the loading direction and the normal to the twinning plane, was used to obtain the Schmid factors for twinning [35]. An improved SFratio has been proposed based on global SF analysis. The SFratio is defined as the SF value of the activated twin variant divided by the maximum SF value. For each grain analyzed, the SFs for all six potential twin variants were calculated.



For a thorough examination of the twin variant selection behavior using the SF criterion, a total of 97 grains with 123 twin variants in region A, 102 grains with 129 twin variants in region C, and 143 grains with 191 twin variants in region D were selected. The distributions of SFratio values for regions A, C, and D are shown in Figure 6. It can be seen that about 45% of the variants in region A (Figure 6a) have the highest SF (SFratio = 1), while roughly 30% of the other variants have the second-highest SF (0.9 < SFratio< 1). In region D (Figure 6b), about 43% of the variants have the highest SF, while approximately 35% have the second-highest SF. From the above analysis, most of the twin variant selection mechanisms obey the Schmid factor law. By contrast, region C experiences both normal and shear stresses and leads to an indeterminate stress state. Huang et al. [32] also reported a similar situation and suggested a pure shear model similar to the rolling model. Therefore, it is possible to create a stress state model that combines tension and compression. The SF values can be recalculated using the equation SF = (cosλ1∙cosφ1 − cosλ2∙cosφ2)/2, where λ1 (φ1) represents the angle between the tensile stress direction and the twinning plane normal (twinning plane), and λ2 (φ2) represents the angle between the compressed stress direction and the twinning plane normal. The distribution of SFratio values for region C under this stress state is shown in Figure 6c. Around 22% of twin variants exhibit the highest SF values, while over 42% of twin variants show the second highest SF values. The data suggest that the SF values for region C do not satisfies the Schmid factor criterion well.




3.5. Strain Compatibility Factor


The lamella connecting two adjacent grains is termed “paired twins”, while the lamella connecting three or more neighboring grains is referred to as twin chains. The accurate prediction of the activated twin variant in deformed Mg alloy using only the SF can be quite challenging [36,37]. Thus, strain compatibility factor m’ is used to study the selection behavior of twin variants in the presence of the inhomogeneous local strain. The m’ ratio is defined as the ratio of the m’ of the activated twin variant to the highest m’ of the twin variant. Figure 7 illustrates the distribution of the rank, value, and ratio of m’ for the three regions. There are 49 twin variants in region A, 62 twin variants in region C, and 55 twin variants in region D. In all three regions, the occurrence of the twin variant with a rank of 1 for paired twins is over 70%, whereas that for twin chains exceeds 80%, as shown in Figure 7a–c. It can be suggested that strain compatibility factor m’ is more appropriate than the Schmid factor for analyzing the twin variant selection. Additionally, about 60% of twin variants in both paired twins and twin chains exhibit high m’ values (>0.8), as shown in Figure 7d–f. It is interesting to note that the results of the m’ ratio distribution closely resemble those of the m’ rank distribution. The percentage of the twin variant with a m’ ratio of 1 for paired twins is over 70%, while those for twin chains is about 80%, as seen in Figure 7g–i. This means that the strain compatibility factor may not be affected by the direction of the force. More importantly, for all specimens, the general rule is that the selection behavior of most of the {10-12} twinning variants is influenced by the strain compatibility factor in scenarios with inhomogeneous local strain.




3.6. Twin Chains in Different Regions


In this research, the twin–twin interactions occur in specimens. It is known that deformation twins are formed in accordance with external stress, aided by the concentrated stress due to dislocation pile-up [33]. Thus, what would happen if twinning variants meet? Figure 8a illustrates a twin chain Th1-Ti-Tj. across three neighboring grains in region A. The specific characteristics of six potential twin variants V1–V6 of the parent grain Mh, Mi, and Mj are depicted in Figure 8b. It can be seen that variants Th1, Ti, and Tj all exhibit the second-highest SFs, which are very close to the highest SFs. The distribution of the strain compatibility factor m’ for the twin chain is displayed in Figure 8c. The strain compatibility factor m’ exhibits its highest value of 0.966 between Ti and Th1 and also records the highest value of 0.937 between Ti and Tj. In order to investigate the relationship between the activated twin variants and the local strain state, the strain tensors of all the activated twin variants were calculated using the method described by Luo et al. [18]. To reveal the role of these twins, the twin strain tensors for Th1, Ti, and Tj are illustrated in Figure 8d. For the region A, the compression direction is y-direction. Thus, the values of εyy are negative. The absolute value of εyy is significantly larger than zero, which suggests that it can coordinate the strain along the compression axis [38]. In addition, the values of εxx are positive when there is an extension strain component along the x-direction. For region A, the activation of the twin chain is essential for facilitating compressed deformation in the force direction, influenced by a combination of the Schmid factor criterion and strain accommodation.



For region C, the stress state is relatively complex. Figure 9a illustrates a twin chain Tk1-Tl-Tn1 spanning three adjacent grains in region C. In this study, the distribution of SF is calculated using the pure shear model for region C. It can be seen that the SF values are significantly lower than 0.5 (Figure 9b). The twinning SF for Tk1 is the second highest, for T1 it is the fifth highest, and for Tn1 it is the third highest, respectively. The results indicate that the activation of twin variants is not influenced by the Schmid factor criterion. Figure 9c illustrates that the strain compatibility factor m’ is highest between Tl and Tk1 (0.801) and also highest between Tl and Tn1 (0.895). This twin chain activation indicates the effect of strain accommodation, which is independent of the force direction. It is reported that the induced internal stresses, when accommodation is easy, are small and even low macroscopic SFs are sufficient to form twins [39,40]. Here, strain accommodation in neighbor grains can clarify this low SF variant activation. Figure 9d illustrates the twin strain tensors of Tk1, Tl, and Tn1. It can be seen that the absolute value of εxy is significantly larger than zero, which suggests that it can coordinate the strain along the xy-direction. Consequently, the twin variant possessing the highest m’ rank is favored for activation in the form of a twin chain to release the local stress concentration.



Figure 10a illustrates another twin chain Tr1-Ts1-Tt across three adjacent grains in region C. The SF values of variants Tr1, Ts1, and Tt are all significantly less than 0.5, as shown in Figure 10b. The twinning SF for Tr1 is the fifth highest, for Ts1 it is the fourth highest, and for Tt it is the third highest, respectively. It can be seen that the activation of twin variants is not influenced by the Schmid factor criterion. Figure 10c illustrates that the strain compatibility factor m’ between Ts1 and Tt is the highest (0.823), whereas the factor between Ts1 and Tr1 is the fifth highest (−0.001). This observation suggests that the activated twin chain does not conform to the law of strain accommodation. The twin strain tensors of Tr1, Ts1, and Tt mainly coordinate the strain along the y-direction, which indicates that the twin chain experiences compressed deformation in the y-direction rather than the xy-direction, as shown in Figure 10d. This indicates that the generation of certain paired twins cannot be explained by the strain compatibility factor or Schmid factor.



The above observation suggests that variants with high strain compatibility may prefer activation and eventually form paired twins or twin chains to reduce stress concentration. The strain compatibility factor is more appropriate than the Schmid factor for analyzing the effect of local strain on the selection behavior of twin variants. In certain regions with non-uniform local strain, there are instances that cannot be explained by the strain compatibility factor law and Schmid factor criterion, which needs to be further investigated.





4. Conclusions


The eight-sided prism specimen was used to investigate {10-12} extension twinning during the compression of AZ31 Mg alloy. The mechanism of twin variants selection was investigated through a comprehensive analysis of the Schmid factor and strain compatibility factor. The main conclusions can be summarized as follows:




	(1)

	
Under inhomogeneous deformation, the strain and microstructure of the compressed AZ31 magnesium alloy sample exhibit significant variations across different regions.




	(2)

	
Basal on SF ratio distribution, the Schmid factor criterion, can predict over 75% of observed twin variants in regions A and D (normal stress samples). In contrast, 64% of twin variant selection behavior in region C (shear stress sample) can be effectively explained using a pure shear model.




	(3)

	
The strain compatibility factor is insensitive to the loading direction. It is more appropriate for analyzing the twin activity of twin–twin interactions in adjacent grains. In certain regions with non-uniform local strain, the twin activity is more complex and requires comprehensive evaluation.
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Figure 1. The as-received AZ31 Mg alloy sheet: (a) Orientation map and (b) {0001} pole figure. 
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Figure 2. (a) Schematic illustration of the sample (RD, TD, and ND represent the rolling, transverse, and normal directions of the rolled sheet, respectively; LD represents the loading directions). The lengths of both the bottom and edge sides are each 8 mm. (b) Schematic illustration of hardness test and texture observation. 
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Figure 3. (a) Hardness values measured along lines of the eight-sided prism sample. (b) The equivalent plastic strain Eyy distribution via finite element simulation following compression. 
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Figure 4. Optical micrographs at different areas of the sample after ε = 3.9% compression at room temperature. (a) region A, (b) region B, (c) region C, (d) region D, (e) region E, (f) region F, (g) region G, (h) region H, (i) region I. 
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Figure 5. Orientation image maps, grain boundaries maps, and {0001} pole figures of four regions: (a) region A; (b) region B; (c) region C; and (d) region D. 
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Figure 6. Frequency of twin variants displayed in terms of SFratio using an assumption of uniaxial loading: (a) 123 twin variants in region A, (b) 191 twin variants in region D, and (c) 129 twin variants in region C. 
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Figure 7. Distribution of m’ rank, m’ value, and m’ ratio of the observed paired twins (a,d,g), twin chains (b,e,h), and all twin variants (c,f,i) for the three regions. 






Figure 7. Distribution of m’ rank, m’ value, and m’ ratio of the observed paired twins (a,d,g), twin chains (b,e,h), and all twin variants (c,f,i) for the three regions.



[image: Metals 14 00502 g007]







[image: Metals 14 00502 g008] 





Figure 8. Analysis of twin chain across three neighboring grains, which follow Schmid factor law and strain compatibility factor law for region A: (a) EBSD map; (b) Schmid factor distribution figure; (c) m’ distribution figure; and (d) strain tensors for twin variants. 
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Figure 9. Analysis of twin chain across three neighboring grains, which follow strain compatibility factor law for region C: (a) EBSD map; (b) Schmid factor distribution figure; (c) m’ distribution figure; (d) and strain tensors for twin variants. 
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Figure 10. Analysis of twin chain across three neighboring grains, which does not follow strain compatibility factor law for region C: (a) EBSD map; (b) Schmid factor distribution figure; (c) m’ distribution figure; and (d) strain tensors for twin variants. 
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