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Abstract

:

The interest in the crystallography of structural transformations is driven by emerging capabilities in texture control and by the resulting anisotropy of the physical-mechanical properties of functional materials and products. The recrystallization texture of cold-drawn Cu and Al samples after recrystallization annealing at different temperatures was studied using EBSD. Equivalent deformation textures of Al and Cu are transformed into different recrystallization textures. The recrystallization nuclei in Al are formed at high-angle boundaries between deformed grains close to Σ3 CSL boundaries. The recrystallization nuclei in Cu are formed inside the deformed grains at twin boundaries (Σ3). The recrystallization nuclei in both Al and Cu are the crystallites whose boundaries approximately correspond to misorientation rotated about the <772> axis at an angle of 52–70° from a deformed matrix. The physical interpretation of the results will allow for the development of new models and the enhancement of existing models of texture inheritance.
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1. Introduction


The majority of technologies for producing components of metal materials include deformation, during which a change in semi-product geometry is accompanied by the formation of a crystallographic texture. Practical interest in textures appears due to the fact that they result in anisotropy of physical properties, strength, and ductility, as well as a material tendency towards failure [1,2,3,4,5,6]. There are certain mechanisms of texture inheritance [7,8] in the course of the manufacturing process during such treatments as recrystallization, annealing, deformation, et al. In a narrow sense, texture inheritance is the reproduction of the prior texture in the final stages of the material treatment. In a wider sense, this is a relationship between the textures in the material at different stages of its treatment. An understanding of the features of the origination and development of texture, along with the resulting mechanical property anisotropy, will make it possible to improve existing technologies or create a basis for developing new ones. Therefore, the problem of obtaining interconnected information about the evolution of structure-texture conditions during the production of materials and objects needs additional comprehension.



Tailoring the orientation-dependent physical, mechanical, and functional properties of materials and products is impossible without understanding the patterns of reorientation of the crystal lattice of metal or alloy during deformation and subsequent recrystallization annealing [9,10]. The establishment of strict rules for grain evolution is important for understanding the crystallographic mechanisms of structural transformations at the interatomic interaction scale [6,11].



The main cause of the appearance of texture during the processing of metals is the deformation under constrained conditions corresponding to a certain stress state [8,12]. The directional action on metallic material leads to the deformation of all its crystallites through the sliding of dislocation systems with maximum activity [13]. With a given stress state in the deformation scheme, a set of discrete grain orientations is formed. These orientations are disoriented with respect to each other and form a complex texture [14,15]. One should note that a certain fraction of texture components formed during deformation in metals with cubic lattices is determined by their symmetrical arrangement relative to the external stress state [8,15]. It is also important to emphasize that theoretically calculated deformation textures usually find experimental confirmation [15,16,17,18,19,20,21]. The emergence of a limited number of preferential crystalline orientations leads to the formation of local-specific misorientations between them. These specific misorientations correspond to boundaries in the lattice system of coincident site lattice (CSL) boundaries [7,22]. The formation of special boundaries must be preceded by the occurrence of special misorientations—mutual arrangements of two crystal lattices described by a common site and rotation about a certain crystallographic axis. These transformations result in the formation of so-called 3D CSL. The ratio of the volumes of the elements of the coinciding site lattice and the original lattice is characterized by the parameter Σn—identified as an inverse spatial density of the coinciding sites; where n takes the value of 3, 5, 7, 9, etc., i.e., matches every third, fifth, etc. coinciding sites.



Unlike deformation processes, for which texture formation is often predictable (given a certain scatter degree), recrystallization processes are much more complicated in terms of the prediction of texture transformation [23]. Deformation texture generally transforms into recrystallization texture during annealing. The main orientations of this texture are associated with the initial rotations around the axes parallel to the applied stresses at certain angles [1,7]. The crystallographic orientations of neighboring grains determine the structure of the boundary between them and, accordingly, whether the boundary is mobile or stationary. Thus, the evolution of the entire system is defined by the process of grain boundary formation. Thus, the possibility and direction of recrystallization processes and phase transformations [24,25,26] depend on the orientation of the neighboring grains.



Modern experimental methods of studying the texture of the material (based on electron back scattered diffraction (EBSD) [27,28,29,30]) allow for tracking the movement of boundaries between elements of the mesostructure during recrystallization. This opens the possibility of describing boundary displacement at the level of sliding and dislocation gliding, which enables the explanation of recrystallization processes using the evolution of special boundaries approach. The local texture determines the structure of the boundary between two neighboring crystallites and governs the direction of recrystallization. In this context, modern research on the crystallographic aspects of recrystallization nuclei as well as the correlation of deformation orientations with orientations of primary recrystallization (PR) and then PR orientations with orientations of either normal or abnormal grain growth has come to the foreground [7].



Works [2,7,30,31,32,33,34], as well as the authors’ works [10,35,36], show the possibility of predicting material texture using special boundaries (CSL boundaries), which play a dominant role in structural transformations. At present, an intense discussion of the role of special boundaries in the formation of nuclei during secondary recrystallization takes place [37,38,39]. It is obvious that the appearance of special boundaries between the neighboring crystallites must be preceded by the formation of special misorientations. The role of special boundaries in the formation of the texture of secondary recrystallization in the material with a body-centered cubic (BCC) lattice (Fe-3%Si alloy) is considered in [37,38]. The orientations of recrystallized grains are connected with the orientations of deformed grains by rotations at certain angles around the <110> crystallographic axes. The formation of recrystallization texture is explained by the movement of such special boundaries as Σ9, Σ11. Their appearance is preceded by the formation of corresponding special misorientations between the components of the deformation texture.



The work [40], which highlights atomic simulation of crystallographic orientations of grains in thermomechanical and isothermal processing of Al, shows that with increasing duration of processes, the evolution of boundaries mainly develops through increasing the fraction of special low-energy orientations Σ3 and Σ11 by reducing the fraction of high-energy boundary Σ25b.



Understanding the processes of texture transformation during recrystallization is an important and unresolved task. However, it remains almost impossible to predict neither the annealing texture nor the degree of its scattering. The reason for this uncertainty is the lack of knowledge about some microstructural details of the deformed state and the recrystallization process in general [7].



It is well known that in BCC metals, the main stable component of texture formed during deformation under tensile stresses is characterized by axis <110> [41]. In face-centered cubic (FCC) metals, the deformation texture is characterized by two components close to <100> and <111> [42,43,44]. The ratios between these components, both in deformation and recrystallization, depend on stacking fault energy (SFE), which also determines the material’s tendency for deformation twinning [27,29,45]. In particular, Al is a metal with high SFE (~135 mJ/m2 [46]) and is characterized by a high stability of ˂111> component in comparison with ˂100> component [8].



This work offers a comparative analysis of crystallographic patterns of primary recrystallization behavior in metals with various SFE in order to determine the possible role of special boundaries in structural transformation processes.




2. Materials and Methods


Wires made from commercially pure copper and aluminum have been used as research materials since these metals have significantly different SFEs.



M001-grade wire, an analogue of electrolytic Tough Pitch copper (ETP), was investigated. Wire of 1.38 mm in diameter was obtained from an 8 mm copper rod at the MSM 85 multipass drawing machine (Maschinenfabrik Niehoff GmbH & Co., Singapore) per 12 passes at the drawing speed of the latter intermediate block of 20 m/s. No intermediate annealing was performed during the drawing. Tandem drawing was carried out through a set of polycrystalline dies. At the cold deformation stage, the total strain accumulated after 12 drawing passes amounted to 33.61, which was equal to the logarithmic strain of 3.51 and the area reduction (RA) of 97.02%. The drawing was followed by recrystallization annealing by means of continuous induction-controlled heating and cooling to temperatures of 300–550 °C with a step of 50 °C and a heating/cooling rate of 100 °C/s.



A wire made of commercially pure aluminum (AD0 grade) with a diameter of 4.00 mm was cold-rolled in calibrated rolls of circular cross-section. The accumulated reduction area was 90%. Sufficiently long samples were exposed to annealing in gradient furnaces at temperature intervals of 0.2–0.5 Tm (melting temperature) to obtain both recrystallized and intermediate states. Aluminum wire samples were annealed from 150 to 550 °C for 30 min after deformation to analyze the textural state of recrystallization. The annealing was carried out in a muffle tube furnace with area heating. Wire samples in an intermediate state (annealed at 200 °C) and at a maximum temperature of 550 °C were also investigated.



Metallographic sections were made for orientation microscopy on all annealed copper and aluminum samples in order to estimate the degree of recrystallization. The following three groups of samples were characterized by the following criteria: (1) No recrystallized grains were found; (2) the process of primary recrystallization has begun (the fraction of recrystallized grains was about 10%); and (3) the process of primary recrystallization is complete, though normal grain growth is not observed.



Samples for metallography were mechanically grinded and polished using diamond paste on Struers LaboPol 5 (Struers ApS, Ballerup, Denmark). Final polishing was carried out on colloidal silica for 45 min. Copper samples were electropolished in a solution consisting of 500 mL distilled water, 250 mL H3PO4, 250 mL ethanol, 50 mL propanol, and 5 g carbamide at a voltage of 5 V and a temperature of 5 °C for 1 min; Aluminum samples were electropolished in a solution consisting of 750 mL methanol and 250 mL HNO3 at a voltage of 20 V and a temperature of 20 °C for 1 min.



The texture analysis was carried out using electron back scattered diffraction (EBSD) on a double beam electron-ion microscope (ZEISS CrossBeam AURIGA) with hardware and software suite for registration and analysis of diffraction patterns in an Inca system with an Oxford Instruments analyzer (Carl Zeiss NTS, Oberkochen, Germany). Kikuchi bands in the EBSD pattern were analyzed using Nordlys HKL Channel 5 software. The scanning step was 0.1 µm, and the error in determining the crystal lattice orientation amounted to ±1°. Areas for EBSD analysis were set in order to include the entire cross-section of the samples. The percentage of recognition was more than 70%; therefore, one map accounted from 600,000 to 1,700,000 data points. The total number of analyzed grains for several maps is: for Al in the deformed state ~104, for Al in the recrystallized state ~103; for Cu in the deformed state ~104, for Cu in the recrystallized state ~2.5 ×·103. Orientation distribution functions (ODFs) and boundary distribution histograms were built for all the received data. Low-angle boundaries (from 2° to 15°) between local volumes were plotted on orientation maps with thin lines. Boundaries with misorientations greater than 15 degrees were marked with thick lines.



In texture analysis, two types of sections of ODF were used (Figure 1a–r) in addition to orientation maps: (1) Projections of pole exits, which show all orientations present in the analyzed area (Figure 1a,b,e,f,k,l,o,p); and (2) Distributions of pole density, which show the most pronounced (“strong”) orientations and their scattering degree (Figure 1c,d,g,h,m,n,q,r).



The Brandon standard criterion ±∆Θ built-in in EBSD software (HKL Channel5 version 5.12.73.0, Oxfordshire, Abingdon, UK) was used to verify the special boundaries between individual grains. For each boundary, it is calculated from ∆Θ = 15°/(Σn)1/2, where Σn is the number of coincident sites in superimposed three-dimensional crystal lattices.




3. Results


According to different studies [44,47], including the authors’ ones, the central regions (≤1/2 Ø) of the samples after deformation are characterized by almost equivalent fiber texture with axes <111> (strong component) and <100> (weak component).



Crystallographic texture is complex fiber within the product as a result of the deformation symmetry [44]. However, taking into account the analyzed sections of the samples (the section plane is parallel to the axis of the wire; the axis belongs to a given plane) and the small area for EBSD analysis, texture at this scale can be considered to consist of a discrete set of components characterized by a specified plane and direction. The latter allows for establishing a crystallographic relationship between them using standard designations of individual components.



In a given coordinate system: rolling direction (RD) (drawing direction (DD)) ‖ X, normal direction (ND) ‖ Y, deformation fiber texture for both Al and Cu can be shown as limited, i.e., consisting of components that smoothly transit into each other in quite specific directions: the stronger (011) [  1   1  ¯  1  ], (110) [  1   1  ¯  1  ], (112) [    1  ¯    1  ¯  1  ], (  1   2  ¯    1  ¯   ) [    1  ¯    1  ¯  1  ], and the weaker (011) [100], {100} <001> (Figure 1a–h).



The spectrum of grain boundaries reveals that after deformation, all types of boundaries are present, yet the majority are low-angle grain boundaries (LAGBs) and high-angle grain boundaries (HAGBs), ranging from 52° to 60° (Figure 2a,b). Among the specific misorientations (Figure 2c,d), CSL Σ3 boundaries are predominant (Table 1). The fraction of CSL boundaries during structural transformation increases. The length of Σ3 boundaries in the total length of grain boundaries of recrystallized Cu is significantly higher (Table 1) compared to Al, which is attributed to the lower SFE and formation of annealing twins. The formation of Σ3 boundaries directly suggests that the primary texture components are orientations in twin misorientations relative to one another. CSL boundaries such as Σ9, Σ11, Σ17b, Σ25b, Σ33c, Σ41c, Σ43c, and Σ45c are also commonly observed. These boundaries are characterized by a rotation axis about <110> or one close to it. It should be noted that the twin boundary Σ3 is most often characterized by a 60° rotation around the <111> axis. However, the same boundary can be obtained through a rotation around the <110> axis by 70.5°. This also explains why the twin Σ3 is such a unique boundary: it lies at the intersection of four different rotation sets around low-index axes. Only the Σ1 zero boundary surpasses Σ3 in terms of symmetry [48].



One can infer that CSL boundaries close to Σ3 (Σ25b (51.68°, <331>), Σ33c (58.98°, <110>), Σ41c (55.88°, <110>), and Σ45c (53.13°, <221>)) are a result of the scattering of primary twin stable deformation orientations during numerous drawing stages [44]. Thus, grains maximally disoriented relative to each other have axes parallel to the deformation direction (DD): <111> and <100>, specifically the Σ3 boundary and those close to it.



CSL boundaries with rotation axes <111> (Σ7, Σ13b, Σ19b, Σ21a, Σ37c, Σ39a) and <100> (Σ5) are formed due to the scattering of primary texture components around the deformation axis.



The deviation from twin misorientation towards misorientations with higher sigma values obviously occurs as a result of the accumulation of dislocation density near grain boundaries during cold-drawing.



Recrystallization texture mostly repeats deformation texture by component composition in both Al and Cu (Figure 1k,l,o,p). At the same time, recrystallization textures of Al and Cu significantly differ from each other in the strongest components (Figure 1m,n,q,r).



The recrystallization texture of Al is characterized by two strong components close to {023}<232> (Figure 1m,i,s) and two close to {113}<121> (Figure 1n,j,t). These components correspond to the edges of the areas of the main deformation components scattering.



Strong components in the recrystallization texture of Cu are {110}<001> and {100}<001>. The <100> axis of {100}<001> orientation deviates from DD at about 13°, which can be clearly seen from the analysis of ODFs in the form of separate poles (Figure 1p). Moreover, weak recrystallization components in Cu have almost precise twinning orientations to {110}<001> and {100}<001> [10,35,49].



Thus, in both Al and Cu, recrystallization caused the growth of grains with orientations that are present in small quantities in the deformation texture and correspond to the edges of areas of the main deformation components scattering (Figure 1). It was often observed that the “carriers” of recrystallization components were near-boundary crystallites located inside the deformed grains of one of the main deformation components [10,35,50].



The analysis of the distribution maps of special misorientations (CSL) has shown that the grains growing during recrystallization (R) most often have special misorientations Σ25b (51.68°, <331>), Σ33c (58.98°, <110>), Σ41c (55.88°, <110>), and Σ45c (53.13°, <221>) with one of the main components of deformation (Figure 2g,h and Figure 3). All these misorientations are observed both individually and can transform one into the other (Figure 3a,c,e,g). These misorientations are observed both between deformed grains and between growing recrystallized and deformed grains [10,35]. At the same time, it was observed [36] that recrystallization nuclei in Al were formed in the deformed grains separated by boundaries close to Σ3.



It is important to note that in both deformed and partially recrystallized states, most of the high-angle grain boundaries are in the range of misorientation angles of 52–60° (Figure 2a,b,e,f).



Vector analysis based on the results of orientation microscopy (EBSD) in the form of Euler angles showed the following: A rotation at an angle of approximately 52–70° around one of the crystallographic axes <772> describes the misorientation between the growing recrystallized grain and the deformed matrix most exactly. This misorientation is intermediate between all of the above CSL misorientations observed experimentally. This misorientation does not have an exact, ideally disoriented CSL boundary. Figure 4 shows the distribution of misorientation axes in a standard inverse pole figure, which also demonstrates the evolution of the main misorientations during recrystallization. For partially recrystallized samples, the misorientations with axes close to <331>-<553> share a significant fraction in the range of rotation angles of 60–70° (Figure 4b,e).



For the deformation texture components, the CSL Σ3 misorientation is observed either between the main paired components: (011) [  1   1  ¯  1  ] and (110) [  1   1  ¯  1  ], (112) [    1  ¯    1  ¯  1  ] and (  1   2  ¯    1  ¯   ) [    1  ¯    1  ¯  1  ], or between components of the following types: {112}<111> and {100}<001>; {110}<111> and {110}<001> (Figure 3b,d,f,h). In the latter two cases, the misorientation is not accurate but only close to Σ3 and deflects from it at 21.8° and 15.8°, respectively.



In the case of Cu, which has a tendency to twinning, almost precise Σ3 orientations form inside the grains during the deformation. The work [32] pointed out that components with axis <111> parallel to DD are more prone to twinning. The twins, which develop during deformation, have an axis parallel to DD and close to <100>.



It has been demonstrated in our previous work [10] that only grains with components {uuw}<100> with all their inherent twins, which result in components {uuw}<111>, grow during primary recrystallization in the central area of the copper wire.



Thus, differences in recrystallization textures of aluminum and copper can be explained by the high mobility of the same special boundary but different sites of nuclei formation (Figure 5). In aluminum, the recrystallization nuclei are formed at the boundary close to CSL Σ3 that separates grains with stable deformation components. A crystallite (block) in one of the neighboring deformed grains can serve as a nucleus if it acquires special misorientation with the neighboring grain, which is characterized by rotation about the <772>-axis at angles in the range of 52–70° (Figure 5a).



In copper, a similar mechanism is also possible (Figure 5b). However, more often in copper, the primary recrystallization nucleus is a block (crystallite) from the deformation twin, in which the special misorientation Ʃ3 has been transformed into the special misorientation mentioned above (Figure 5c). Apparently, the formation of this block is easier in the area of deformation adjacent to the high-angle boundary. It is obvious that nucleation in Cu according to such a mechanism should occur significantly more frequently because of its propensity for deformation twinning. This can explain the relatively smaller size of the primary recrystallized grains in Cu in comparison with Al relative to the size of the initially deformed grains in both metals.



The newly growing grain has a misorientation that is close to twin-like with the deformed matrix region into which it grows. Special HAGBs, close to Σ25b, Σ33c, Σ41c, and Σ45c, likely have enhanced mobility, aiming towards their nearest structural state with minimal energy, i.e., the Σ3 CSL boundary. In this, the rotation axis is parallel to TD; rotations relative to other external coordinates are improbable. Therefore, the possibility of recrystallization orientation within the previously stable deformation orientation is much higher, presumably due to a more energetically favorable turn.



The results of this work raise the question of a relatively small number of possible boundary variants between crystal lattices of grains in metals that are present in the form of high-angle boundaries. These boundaries should have different mobility. The latter is necessary to explain deformations and structural transformations at the atomic scale. There are only two of them according to the obtained results: the almost fixed low-energy CSL Σ3 boundary (twin boundary) and the mobile boundary, approximately corresponding to the orientation: rotation about the <772>-axis at an angle of 52–70°, which cannot be precisely defined among CSL misorientation boundaries). The results of the current work correlate well with the results from [51] obtained using TEM electron diffraction.



The results of this work draw an analogy between the processes that take place during phase transformations and structural transformations (recrystallization) in metals and alloys. For both types of phase transformations, including shear (martensitic) transformations and diffusion-controlled transformations, the orientation relationship is obeyed for the crystal lattices of the original and resulting phases, which is expressed in the parallelism of closed-packed planes and directions. This strict relationship results in the nucleation of the resulting phase on the appropriate grain boundaries serving as a substrate and, therefore, determining the crystallographic texture formed in the process of phase transformation [25,26,52]. Special misorientations serve as orientation relationships in the case of structural transformations, and the special boundaries play the role of substrate.




4. Conclusions


Reorientation of the crystal lattice during deformation leads to the formation of CSL boundaries with a rotation axis close to <110>. Specifically, these misorientations that arise in the early stages of deformation and persist throughout the entire deformation process will be responsible for the nucleation process during recrystallization.



	
Equivalent local deformation textures of Al and Cu are transformed into substantially different recrystallization textures.



	
Recrystallization nuclei in Al are formed in most cases between the deformed grains at high-angle boundaries close to CSL boundaries Σ3. The recrystallization nuclei in Cu are formed at the twin boundaries (CSL Σ3) inside the deformed grains.



	
It is supposed that recrystallization nuclei in both Cu and Al are crystallites having a high-angle special (crystallographically ordered) boundary with a deformed matrix, approximately which can be equally transformed by rotation about the <772>-axis at an angle in the range of 52–70°.
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Figure 1. ODF sections from deformed (a–h) and recrystallized (k–r) Al (k–n) and Cu (o–r): (a,c,e,g,k,m,p,q)—φ2 = 0°; (b,d,f,h,l,n,p,r)—φ2 = 45°. (i,j,s,t)—φ2 = 0° φ2 = 45° ODF sections show some main (i,j) and many possible (s,t) texture components used to identify the texture. 
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Figure 2. Misorientation distribution frequency of intercrystalline boundaries (a,b,e,f) and frequency of CSL boundaries (c,d,g,h) for Al (a,c,e,g) and for Cu (b,d,f,h) in the deformed state (a–d) and in the partially recrystallized state (e–h). The areas of circles in (c,d,g,h) show the frequencies of the rotation axes for the CSL boundaries. 
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Figure 3. CSL boundaries marked in partially recrystallized samples: (a–d)—Al; (e–h)—Cu; (a,c,e,g)—coincidence site lattice (CSL) boundaries maps (Σ3—red; Σ25b—green; Σ33c—yellow; Σ41c—azure; Σ45c—blue); (b,d,f,h)—RD (DD) inverse pole figure colored maps. 
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Figure 4. Standard stereographic triangle in which the misorientation axes are distributed for deformed (a,d), partially recrystallized (b,e), and recrystallized (c,f) Cu (a–c) and Al (d–f). 






Figure 4. Standard stereographic triangle in which the misorientation axes are distributed for deformed (a,d), partially recrystallized (b,e), and recrystallized (c,f) Cu (a–c) and Al (d–f).



[image: Metals 13 01639 g004]







[image: Metals 13 01639 g005] 





Figure 5. Schematic mechanisms for the formation of primary recrystallization nuclei due to the appearance of a mobile crystallographically conditioned high-angle grain boundary: (a) most likely in Al; (b) possible in Cu and Al; (c) most likely in Cu. 
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Table 1. Fraction of CSL boundaries and Σ3 in the total number of intercrystalline boundaries.






Table 1. Fraction of CSL boundaries and Σ3 in the total number of intercrystalline boundaries.














	
	Al Def.
	Al Part. Rec.
	Al Rec.
	Cu Def.
	Cu part. Rec.
	Cu Rec.





	CSL boundaries, %
	3.3
	5.9
	6.2
	9.9
	10.9
	25.1



	Σ3, %
	0.9
	2.4
	2.0
	3.0
	4.7
	20.8
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