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Abstract

:

In this work, the influence of the intermetallic particle fragmentation during hot rolling of the as cast structure on the evolution of textures in aluminum alloys 8011, 5182 and 1565 was investigated. For this purpose, laboratory multi-pass rolling of the cast material was carried out. At various degrees of hot rolling deformation, the process was stopped, and the metal was quenched and sent for optical and electron microscopy to investigate the large intermetallic particles. In addition, the grain structure was studied and an X-ray analysis was carried out in order to determine the main texture components. Some of the samples were held at a temperature above the recrystallization threshold and then cooled in air; the grain structure and texture composition were also studied. In addition, the simulation of the texture evolution was carried out under various modes of rolling of aluminum alloys, taking into account the process of fragmentation of intermetallic particles. The investigation showed that intermetallic compounds with a deformation degree of 1.8, on average, decrease the particle size by 5–7 times. The large eutectic particles remaining after homogenization are drawn out in the direction of deformation and are crushed, increasing their number accordingly. Therefore, the most favorable stage for the formation of recrystallization nuclei on particles is the moment when they are already numerous and their sizes are much larger than subgrains. Simulation of hot rolling of the investigated alloys showed that considering the factor of fragmentation of intermetallic particles during hot deformation of the as-cast structure significantly increases the accuracy of the results.
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1. Introduction


Nowadays, aluminum and its alloys are among the most promising materials [1,2,3,4,5,6,7]. One of the most common problems in the production of aluminum sheets and strips is the texture that develops during thermomechanical processing, which leads to anisotropy of mechanical properties that, in turn, reduces the stability of cold forming operations. In deep drawing of the sheet, anisotropy leads to the occurrence of ears (Figure 1) that affect final geometries and tolerances and require additional processes like trimming at the lowest point of the workpiece, thereby increasing costs and reducing yield [8,9,10]. Reducing anisotropy by controlling the texture evolution is possible by achieving approximately equal amounts of the rolling texture (β-fiber) and recrystallization (cubic) textures components, leading to the balancing of ears occurring at 45° and 0° to the rolling axis, respectively [11,12]. To obtain the specific texture composition, it is necessary to control its evolution throughout the entire process by appropriate thermomechanical treatment. This requires understanding of the process details, since the alloy chemical composition and the process parameters of its thermomechanical treatment will jointly influence its evolution.



One of the factors associated with the chemical composition is the size and amount of primary intermetallic particles of the second (minor) phase generated during the casting/solidification process. During subsequent hot rolling, particles larger than ~1 μm in size become nuclei of new grains during recrystallization along with such microstructure elements as high-angle boundaries, as well as the cubic texture components and shear bands. The reason is that large particles can accumulate a large number of dislocations during the process of hot deformation and form a very favorable place for the generation of new grain nuclei during the recrystallization process. This nucleation mechanism is called particle stimulated nucleation (PSN) [13,14,15,16]. It should be noted that the nuclei of the new grains generated by this mechanism have a certain orientation at the local level, which, however, is independent for each particle. Therefore, recrystallization according to the PSN scheme provides more random orientations and rather weak textures on the macroscale [15,16]. Hence, it is important to control PSN not only from the recrystallization point of view, but also from the point of view of obtaining a specific texture composition. PSN plays a special role in aluminum alloys with high magnesium content [17,18,19,20]. The latter reduces the stacking-fault energy by reducing the size of subgrains that belong to different elements of the microstructure (for example, cube oriented grains) [21] as compared to those that arise in particles of the minor phase. This makes the PSN approach especially competitive in this type of alloys [19]. If the magnesium content is increased to 6%—together with higher manganese, silicon and iron contents—PSN begins to completely prevail over other mechanisms of nucleation under certain thermomechanical processing conditions [19], which is why the size and amount of the intermetallic particles must be controlled to successfully obtain the desired texture composition.



The details of the evolution of primary intermetallic particles during homogenization and their subsequent effect on recrystallization are well studied [22,23,24]. There are also a number of studies showing that intermetallic particles crush during deformation at the stage of processing the as-cast structure after homogenization [25,26]. Most of these studies are devoted to the study of the morphology and mechanical properties of particles using the methods of X-ray 3D-tomography [26,27]. However, they practically do not describe how crushing of intermetallic particles affects the process of recrystallization and texture evolution.



These data obtained for the homogenized state or measured after hot working of the as-cast structure are used in models that describe the evolution of texture in aluminum alloys when calculating the amount of PSN [20,28,29,30,31]. Nonetheless, these models do not take into account the fragmentation stage between homogenization and during hot rolling of the cast structure at the exit from the reversing rougher mill when the number and size of particles can vary greatly. Controlling the texture is especially important at this stage because, in most cases, specific texture effects are already observed at the exit of the reversing stand.



The purpose of this article is to study how fragmentation of the particles during the development of an as-cast structure will affect the PSN mechanism and, thus, the texture evolution during the development of the as-cast structure of aluminum alloys with high magnesium content. Particular attention will be paid to alloys with high magnesium content in which the PSN mechanism is often decisive for recrystallization and texture formation.




2. Experiment Description


To study the effect of intermetallic particle fragmentation on the texture evolution in alloys with high magnesium content, three alloys, namely 5182, 1565 and 8011, the chemical compositions of which are given in Table 1, were selected.



The 5182 alloy contains a moderate number of intermetallic compounds such as Mg2Si and Al6(MnFe). There are many more intermetallic compounds of both types in 1565 alloy due to the increased content of Mg and Mn. This makes it possible to study the effect of the intermetallic compound fragmentation on the texture evolution at the stage of rolling of the as-cast structure in alloys with significantly different amounts. In addition, the 8011 alloy was investigated as it does not contain high amount of magnesium and has subgrains that are, in general, larger than intermetallic particles.



Direct chill molded and homogenized (homogenization mode included annealing for 8 h at the temperature of metal 485–500 °C) alloy ingot samples 1565 and 5182 were next used for hot rolling. The samples for 8011 alloy were direct chill molded with homogenization at a temperature of the metal of 600 °C, which was held for 6 h, after which they were sent for hot rolling. Then, samples from all three alloys were hot rolled on a laboratory mill “DUO 220 mm” (Dima Maschinen-Handelsgesellschaft mbH, Esslingen am Neckar, Germany) in accordance with the modes given in Table 2, Table 3 and Table 4.



The samples with dimensions 30 mm × 100 mm × 250 mm were made for rolling of alloys 5182 and 1565 and 40 mm × 100 mm × 250 mm for 8011 alloy, respectively. For all investigated alloys, the samples were cut from semi-continuous cast ingots. The samples of alloys 5182 and 1565 were rolled from the ingots with 30 mm thickness, and the 8011 alloy ingots had 40 mm thickness. In each pass, it was attempted to keep the rolling steps equal to 5 mm. However, the reductions in the passes were different due to the gripping conditions as well as due to the limited positioning accuracy of the pressure screws and the variation of rolling forces due to contact friction conditions. The samples were rolled until a specific deformation was achieved. Passage numbers in which samples were taken were underlined. For each of the defined deformations, two strips were rolled. One was cooled in water immediately after deformation, and the other one was slowly cooled in air. The samples were studied using the optical and scanning microscopy methods of X-ray structural analysis. In addition, the grain structure was studied by optical microscopy in as-cast samples. In the homogenized state, intermetallic particles were investigated by electron and optical microscopy.



The purpose of this study was not to study the morphology and mechanical properties of the intermetallic particles but rather the effect of their fragmentation on the evolution of texture in the alloys studied here. Note that so far most of the modern models do not take the influence of the particle morphology on the nucleation process into account (although this factor undoubtedly plays an important role). Therefore, not X-ray tomography but light and electron microscopy were used for the study of particles, which made it possible to estimate the size and number of intermetallic compounds depending on the thermomechanical treatment mode. These data are sufficient for most models that deal with the size and number of intermetallic particles [20,29,31,32,33].



The microstructure of the samples was investigated using a Carl Zeiss Axiovert-40 MAT optical microscope. Preparation of the polished micro-specimen included cutting out of samples, mechanical grinding and mechanical polishing.



After mechanical polishing, the samples were polished in fluoroboric electrolyte, having the following composition:




	-

	
H3BO3 11 g




	-

	
HF 30 mL




	-

	
H2O 2200 mL.









Electrolytic polishing was performed at room temperature and 30–35 V voltage. The microsections were held with forceps, and the working area was immersed to 1–10 mm depth in the electrolyte vessel. To eliminate oxidizing, the section was immersed and removed from the electrolyte under voltage. The polishing duration was 15–90 s, normally. After polishing, the section was washed in a vessel with warm water and dried out with filtering paper. The purpose of optical microscopy was to determine the size of the grain structure and study the crushing process of the large intermetallic compounds.



A JEOL 6390A scanning electron microscope (SEM) (JEOL Ltd., Tokyo, Japan) was used to study the size and distribution of dispersoids (to assess the recrystallization retarding force) and large intermetallic particles. The sample preparation technique consisted of mechanical grinding, polishing and electropolishing. Electropolishing of the specimen was carried out at 85–110 °C and a voltage of 10–30 V in electrolyte of the following composition: 500 mL of H3PO4, 300 mL of H2SO4, 50 g of CrO3 and 50 mL of H2O.



An image with a magnification sufficient to calculate the phase fraction was taken using a backscattered electron detector. In order to effectively count phases, the image was made with maximum contrast until the “noise” points appeared. The ImageJ program (1.52u, National Institutes of Health, Wayne Rasband (NIH), WI, USA) was used to process the image to the desired contrast of the aluminum matrix and secondary phases. Ten surveys were carried out for each case to collect statistics, which was necessary for more accurate determination of the size and distribution of the secondary phase particles.



The texture measurements in the form of X-ray pole figures were carried out on the samples, which were cut from the middle planes along the thickness of the workpiece. The survey plane of the pole figures was parallel to the rolling plane. The texture in the form of four incomplete pole figures, namely {111}, {200}, {220} and {311}, was investigated by the “reflection” method using a DRON-7 X-ray diffractometer (Bourevestnik, JSC, Saint-Petersburg, Russia) in CoKα radiation. Ranges of the inclination angles α (0 ÷ 70°) and rotation angle β (0 ÷ 360°) with steps α and β = 5° were used, measured by 1 sample for a given state of the material. The drop in intensity at the peripheral part of the pole figure due to the defocusing effect was corrected using correction coefficients calculated based on the conditions of the X-ray photography of the pole figures. The orientation distribution function (ODF) was calculated from the measured pole figures, representing a superposition of a large number (2000) of standard distributions with the same small scattering. This ODF was also used to calculate the full pole figures and inverse pole figures for three mutually perpendicular directions in the sample: the direction of the normal to the rolling plane (ND), the direction of rolling (RD) and the transverse direction (TD).



In addition, using the data obtained during the experiments on the number of large and fine particles of the second phase, we simulated the evolution of the crystallographic structure for the thermomechanical rolling modes shown in Table 3 using the models previously developed by the authors [29,33,34]. At the same time, the data on the fragmentation of the intermetallic particles were introduced into the model (see Section 3.3). The data for the number of fine particles of the second phase, depending on the thermomechanical modes were taken from [19,35].




3. Results and Discussion


3.1. Optical Microscopy Data


Figure 2, Figure 3 and Figure 4 show the evolution of the grain structure during the processing of the as-cast structure.



The results for 5182 alloy are shown in Figure 2. In the as-cast state, this alloy had a dendritic structure with a grain size of 300 µm, which is typical for aluminum alloys at the given casting speed and without modifying elements such as Sc, Ti, Nb, etc. In the second pass the dendritic structure started to stretch, and the first signs of recrystallization in the form of individual grains appeared. Note that the high magnesium content greatly accelerated recrystallization, which began immediately after the completion of rolling (the time from the end of deformation to the fixation of the structure by quenching is 1 s). The possibility of dynamic recrystallization should also be excluded, since the deformation rate in this case (see Table 2) significantly exceeded the value at which the latter was observed [36,37]. As the deformation increased, the dendritic structure was completely replaced by the recrystallized structure (Figure 2c). In this case, one could observe larger grains with a size of 70 μm, which appeared after 33.23% deformation and a subsequent inter-deformation pause, and after 68.47% deformation of new grains with a size of 30 μm. The structure continued to refine after the next step of deformation, and the grains of the “first generation”, having a size of 70 µm, completely disappeared. There were grains of the “second generation” with a size of 40 μm and grains formed after 83.83% deformation with a size of 25 μm. Thus, recrystallization in this alloy began at the earliest stage of deformation and was very intense. The grain size was constantly refined during recrystallization. Therefore, the dendritic structure was fully destroyed by the second pass.



The results for 1565 alloy are shown in Figure 3. Recrystallization began during the deformation pause after 32.2% deformation (Figure 3b). However, the size and fractions of new grains were not large, which, as is shown below, was associated with the deceleration of the grain boundary motion by Zener-drag due to fine particles. Note that based on the position of the new grains (which are mainly located inside the old dendritic ones), these nuclei were particles of the second phase that began to play the role of recrystallization nuclei, because they accumulated dislocation pile-ups and related imperfections around them more actively. The dendritic structure gradually began to stretch. After increasing the deformation ratio to 67.13%, the dendritic structure continued to stretch in the direction of deformation. In this case, a greater number of underdeveloped grains appeared. This was due to the fact that the number of the structural imperfections increased and the deformation energy increased. However, it was still insufficient to achieve full recrystallization. At 83.53% deformation, the dendritic structure finally disappeared, giving way to the deformed one. However, complete recrystallization was still not observed.



The alloy 8011 behaved differently than the two magnesium containing alloys. Firstly, it also began to gradually stretch in the deformation direction of the dendritic cast structure. The greater the deformation ratio, the more elongated grains were observed. However, recrystallization in 8011 alloy was observed already when reaching 29.82% deformation (Figure 4b). The first newly formed equiaxed grains were observed immediately after the completion of deformation. After reaching 63.16% (Figure 4c) deformation and exposure to air, a significant amount of partial recrystallization was also observed. After 80.70% deformation (Figure 4d) and exposure to air, recrystallization was almost complete with only a few large grains remaining in a deformed state.



Note that 8011 alloy was much less prone to recrystallization than 5182, which happened in 5182 AA because the large content of magnesium dissolved in the aluminum matrix inhibited the movement of dislocations. Thereby the rate of the recovery process in this alloy was decreased [38], and its competition with the recrystallization process was also reduced. Therefore, the recovery did not counteract recrystallization and did not slow it down in the 8011 alloy. At the same time, there were significantly fewer fine particles of the second phase in 8011 alloy than in 1565 alloy. Therefore, recrystallisation was not completely inhibited in this alloy.




3.2. Electron Microscopy Data


Figure 5, Figure 6 and Figure 7 show micrographs of samples etched for 2nd phase detection.



After homogenization, 5182 alloy exhibited a characteristic structure of intermetallic compounds of acicular and more complex morphology with rather large dimensions, which is characteristic and repeatedly observed [22,23] for such conditions. At the next step, after 33.2% deformation (Figure 5a), the intermetallic compounds of complex shape were stretched in the rolling direction and crushed. The acicular particles became thinner and separated into parts, forming chains. After the next step and 68.47% (Figure 5c) deformation, the intermetallic compounds continued to fragment, but the overall picture did not change radically. The intermetallic compounds decreased by 3–5 times at the final stage of working the as-cast structure with 83.83% (Figure 5d) deformation, while the chains of the intermetallic compounds remained after the destruction of particles with acicular morphology.



The 1565 alloy contained much more intermetallic compounds, and, in general, they had similar dimensions and morphology to those observed in the 5182 alloy. At 32.2% (Figure 6b) deformation, they began to stretch in the direction of the aluminum matrix, and the fragments began to separate. However, the reduction ratio was much less than in the 5182 alloy. At 67.13% (Figure 6c) deformation, they continued to elongate and form chains of intermetallic compounds. At the final stage with 83.53% (Figure 6d) deformation, their sizes could be compared with those observed in the 5182 alloy.



The microstructural features observed in alloy 8011 differed significantly from those observed in the 5182 and 1565 Al–Mg alloys. The 8011 alloy initially contained larger intermetallic compounds, which were located very clearly along the boundaries of dendrites (Figure 7a). However, in contrast to the two abovementioned alloys, these intermetallic compounds were crushed much faster, and the resulting particles immediately had sizes that were observed for the other two alloys only at the last stages of rolling (Figure 7c,d).



The chemical analysis of the intermetallic particles showed that after homogenization in alloys 1565 (Figure 8) and 5182 (Figure 9), two main types of intermetallic particles remained, namely Al6(FeMn) (light) and Mg2Si (dark). Both types of particles were represented by an elongated, acicular and a more complex morphology. Large intermetallic particles of the beta phase Al3Mg2 were absent in both alloys, since according to most studies, they decompose during homogenization annealing and reappear only at the next stages of thermomechanical treatment in the form of fine particles.



In general, the results of electron and optical microscopy for the 5182 alloy were in good agreement with each other. For example, large intermetallic compounds up to 100 μm in size with various shapes and morphologies were observed in the homogenized state of the 5182 alloy (Figure 10a). Their average radius was 3.85 μm, and the total volume was 3.35%. The results of electron microscopy also showed that during further rolling, the particles were pulled in the deformation direction and fragmented into chains. The average size of the intermetallic compounds decreased with each deformation step. At 32.2% deformation, their average radius was 2.5 μm (Figure 10b), and after reaching 83.53%, it decreased to 2 μm (Figure 10c).



Two types of large intermetallic compounds, namely Al6(FeMn) and Mg2Si, were also observed in the homogenized 1565 alloy (Figure 11a). The intermetallic compounds themselves were larger; their average size was 4.4 μm and they occupied up to 4.8% of the total volume. It should be noted that there were significantly more Mg2Si particles than in 5182. The patterns obtained using optical and electron microscopy coincided for the deformation scenario of the 1565 alloy. As in the case of the 5182 alloy, the large intermetallic compounds were stretched towards the deformation direction, and their gradual fragmentation occurred with a decrease in size. In this case, after 67.13% deformation (Figure 11b), their average radius was 3 μm and after 83.53% deformation, it was already 1.7 μm (Figure 11c).



Electron microscopy data of alloy 8011 showed that the large intermetallic particles were much larger than those observed in 1565 and 5182. They were also observed along the edges of the dendritic structure in the as-cast state of 8011 alloy (Figure 12a), and they occupied a slightly smaller volume of 2%. However, unlike the two aforementioned alloys, the primary intermetallic compounds began to deteriorate much faster and earlier. Their chains, with an average particle diameter of 2.47 μm, were observed even at 63.16% deformation (Figure 12b). Their average diameter became 2.07 μm upon reaching 80.70% (Figure 12c) deformation. In all considered cases, the volume of the second phase particles did not exceed 2%.



It should also be noted that the most particles observed in the 8011 alloy were the particles of the Al12Fe3Si type (Figure 13), which are characteristic for this group of alloys.




3.3. Calculation of Changes in the Amount and Size Distribution of Intermetallic Compounds Depending on the Deformation Ratio


In order to use the results of electron and optical microscopy for simulation of the texture evolution, it was necessary to calculate the density distribution by size and total number of particles depending on deformation ratio. Due to the distinction in the chemical composition of the investigated alloys, it was practically impossible to hot roll them both with exactly the same degrees of deformation. As result, when all alloys were compared, it was not the relative deformation that was given, but rather the approximate values of its logarithmic degree.



Figure 13 shows the particle size distribution for all three alloys under investigation after homogenization and logarithmic deformations 0.4 and 1.8. Analyzing Figure 14, it can be concluded that the distribution of the intermetallic compounds in all three materials could be described by an exponential law, which is typical for aluminum alloys [20,29,34]. The distribution of the intermetallic particles, which followed the exponential law, was also observed in all studied alloys at any deformation ratio. For example, at the final stage of deformation (Figure 14c), the largest number of particles in 8011 alloy had a size of 1.4 μm; however in a homogenized state, it reached 13 μm. In this case, for example, at 1.8 logarithmic deformation rate, the number of intermetallic particles in the range from 1 to 5.5 μm was less in the 8011 alloy than in the other alloys. In terms of the number of intermetallic compounds with dimensions larger than 5.5 μm, the 8011 alloy occupied the middle position between 5182 and 1565. In the 5182 alloy, the largest number of the intermetallic compounds was between 1.5 and 6 μm. In the 1565 alloy, the number of intermetallic compounds exceeded their content in the other two alloys if their sizes were greater than 2.5 μm. In general, the intermetallic compounds of the 1565 alloy were larger than in the other two.



For each alloy, there is a certain minimum size of the intermetallic particles, designated as δint0. Then, the distribution density in all cases shown in Figure 14 is expressed by the well-known Equation (1) [29,32,39].


  P    δ  i n t     =  N  i n t   e x p   − L    δ  i n t   −  δ  i n t 0        



(1)







The total number of the intermetallic compounds is equal to the integral of the distribution density P(δint), i.e., the areas under the distribution curves. The number of PSN particles by size distribution is as follows (2):


   N  P S N   =  C  P S N    N 0  e x p   − L    η *  −  δ  i n t        



(2)




where



   N 0  =    N  i n t    L    is a total number of particles,



The critical size is calculated as follows (3):


   η *  =   2  γ B       P D  −  P Z       



(3)







The intermetallic compounds change their size distribution parameters Nint, L and δint0, depending on the alloy and the deformation ratio, which is listed in Table 5. Note that linear interpolation of the data given in Table 5 was used in the simulation when calculating the intermediate values.



The size of intermetallic particles spread over their domain according to gamma distribution. The probability distribution function is represented in Figure 15 for as cast and variably deformed samples for 1565 alloy. Figure 14 clearly shows how the size and amount of intermetallic compounds change depending on the deformation ratio obtained by the 1565 alloy when it is hot worked from the as-cast state. It can be seen that the largest number of particles had a size of 15 µm in the as-cast state, and at a deformation ratio of 1.8 it was reduced to 2.5 µm. It should be noted that such fragmentation will cut both ways. On the one hand, the more particles of the second phase, the higher the chance of nucleation. On the other hand, the number of particles increases during fragmentation.




3.4. Modeling the Texture Formation Process


To study the effect of intermetallic fragmentation on the evolution of the texture in more detail, mathematical modeling was carried out for the modes listed in Table 2, Table 3 and Table 4.



Before proceeding to the evolution of the texture components in specific alloys, it is necessary to note a general pattern, that the volume recrystallized according to PSN has a pronounced maximum. This is explained by the fact that the average particle size is higher at smaller deformations, but the number of particles is smaller. Therefore, there are not so many centers for activating the PSN mechanism. As the deformation ratio increases, the diameter of particles decreases. On the one hand, it decreases their ability to nucleate and, on the other hand, increases the total number of their nuclei. The largest volume of textures formed on PSN particles corresponds to the stage of intermetallic compound fragmentation at which they are still large enough for effective nucleation, but their number is already significant.



It should be noted that Figure 16 describes the scenario at which the entire volume is recrystallized, which, however, does not occur in the 8011 alloy. In addition, it should be noted that Figure 15 does not show the volume of random orientations formed from subgrains at crystallite boundaries and after recrystallization, which also appear in the form of textureless components. The largest amount of the recrystallization volume formed on PSN particles, as expected, was observed in the 1565 alloy (Figure 16a). At the peak values, their volume occupied almost 70%, gradually decreasing to 15%.



The 5182 alloy took an intermediate position, occupying up to 33% of the volume recrystallized according to the PSN method at its peak values (Figure 16b). However, it decreased to 12% upon reaching the logarithmic deformation degree of 1.5. In the 8011 alloy, the volume recrystallized by the PSN mechanism at the peak values was 25%, and it decreased to 9% at 1.5 logarithmic deformation (Figure 16c).



Comparing the data for all three alloys, it can concluded that for alloys with high magnesium content, the volume of recrystallization according to PSN was greater if we took the fragmentation process into account. This is due to the increased number of nuclei at the onset of deformation. Despite the increased number of the new PSN nuclei, their size decreased, and so the calculation showed smaller volumes of the recrystallized material by this mechanism when it took fragmentation into account. At the same time, as follows from the microscopic data, the 8011 alloy exhibited the strongest particle fragmentation. Therefore, a much larger number of recrystallization centers appeared than there was initially. Therefore, the calculations which take fragmentation of the intermetallic compounds into account always result in a large volume recrystallized by the PSN mechanism.



As for the comparison of the calculation with and without taking the fragmentation of intermetallic particles into account, modeling without this factor predicts a constant decrease in the volume of grains recrystallized by the PSN mechanism. This is due to the fact that the number of other nuclei is constantly increasing as the recrystallization structure is developed. In addition, the mechanism of the oriented growth is activated. At the same time, there is no compensation in the form of fragmentation and new nucleation centers.



It is important to consider deformation of the as-cast structure at the early stages and low values of the Zener–Hollomon parameter. The subgrains at such values of the Zener–Hollomon parameter are rather large and have the same size in all alloys, which can be clearly seen from Figure 17 using the data obtained in [19,35]. For plotting the well spread [40,41] in Figure 17, Equation (4) was used. It expresses subgrain size dependence on the Zener parameter for aluminum alloys.


   δ  s s   − m   = A + B ln Z  



(4)












	
   δ  s s   − m     is subgrain size,



	
Z is Zener–Hollomon parameter,



	
m, A, B are evidence-based coefficients.








For 1565 and 5182 the following values of coefficients, namely m = 1, A = 0.0077, B = 0.0059, were taken from [19]. Coefficients m = 1, A = 0.0077, B = 0.0059 were taken for 8011 from [35].



Therefore, in order to see the effect of the subgrain size on the volume of recrystallized volume by the PSN mechanism, rolling with subsequent recrystallization at higher Zener parameters was simulated, taking fragmentation of the intermetallic compounds into account. It should be noted that, according to Figure 18, the subgrain size decreases in all alloys as the Zener–Hollomon parameter increases, thereby giving an additional advantage to the PSN mechanism. In alloys containing high amounts of magnesium, the increased Zener–Hollomon parameter leads to an acute decrease in subgrain size and, consequently, to an increase in the volume for which intermetallic second phase particles serve as nuclei (Figure 18a,b). In the 8011 alloy, the subgrains do not decrease so drastically with an increase in the Zener parameter (Figure 18c). Therefore, the growth of the recrystallized volume for which the particles of the second phase serve as nuclei is not noticeable. We also note that at low deformation ratios, the volume of the recrystallisation cubic and rolling (β-fiber) textures does not depend on the Zener–Hollomon parameter as strongly as at high deformation ratios. This is due to the fact that an insufficient number of nuclei of the cubic and β-fiber texture components is formed during hot rolling of the as-cast structure, even at high values of the Zener–Hollomon parameter. This is caused by the small length of grain boundaries on which they are formed. Another factor is the small volume of the β-fiber textures, which does not enable the oriented growth mechanism.





4. Texture Analysis Data


In order to study how textures develop during partial recrystallization and how texture affects the fragmentation of the intermetallic compounds, we need to consider the data of X-ray texture analysis and the results of modeling both with and without intermetallic particle fragmentation. Table 6 shows the main ideal textural components characteristic of aluminum alloys, and Figure 19 shows location of some of them on the Euler space [42].



Pronounced texture components were not observed in the as-cast state of the 5182 alloy (Figure 20a). This picture is typical for most aluminum alloys in the as-cast state [43,44] if no special casting methods are used. With the increased strain ratio to 32.2%, deformation textures, represented mainly by the rolling (β-fiber) texture components, i.e., “Cu” (copper), “Bs” (brass), as well as transitional texture B/S, appeared [45] (Figure 20b). Thus, the β-fiber texture began to form at this stage in the 5182 alloy. Note, however, that the Bs- and B/S-components did not favor oriented growth as much as did the pure S-component. As can be seen from the optical microscopy data, the recrystallization process already intensively progressed in this pass. The β-fiber texture significantly decreased its intensity, and only a weak Bs texture remained. Recrystallization textures did not appear (Figure 20f). It can be assumed that in this case, recrystallization proceeded mainly according to the PSN mechanism, which was actually predicted by the simulation data. The β-texture became more pronounced, and all its characteristic components, namely Bs, S and Cu, could be observed at an increased deformation ratio up to 83.83%.



According to the optical microscopy data in Figure 20d, some recrystallization also took place in this pass. At this stage, there was already enough β-fiber texture formed to ensure the oriented growth of the cubic and near-cubic recrystallization textures. The results of the texture analysis show that the β-fiber completely disappeared, and near-cubic textures appeared in its place, which, however, were not as pronounced as in the 1XXX and 3XXX alloy series at the similar stage of processing. This also indicates that there was competition between the textures formed on intermetallic particles and from other nuclei during recrystallization. The β-fiber texture was formed as a result of each deformation step. However, it could not accumulate due to the intense recrystallization process in between steps. In general, the calculations of texture development during deformation of the as-cast structure corresponded to the experimentally observed pattern. However, some inaccuracies occurred in the calculation of the β-texture, namely an underestimation of the Bs component and an overestimation of the Cu component. Without taking the intermetallic compound fragmentation into account during recrystallization after 30% deformation the calculation led to a somewhat overestimated value of the β-fiber textures in comparison with the experiment. Instead of a random texture, a certain amount of Cu and S texture components was observed. This was not the case when fragmentation of the intermetallic compounds was taken into account. The calculation which considered the intermetallic compound fragmentation during recrystallization after 83.53% deformation showed a picture closer to experiments, namely a weak texture of Bs and predominantly textureless (i.e., random) components. The calculations were not so accurate with mostly random texture components if the intermetallic compound fragmentation was taken into account. The experimental picture correlated well with Figure 16a. If the first stage of deformation increases the proportion of the textureless (random) components when taking fragmentation into account, then at a later stage, on the contrary, it decreases the textureless (random) components by reducing the number of particles which have a radius critical for nucleation of a new grain.



In in the as-cast state of the 1565 alloy (Figure 21a), as well as in the 5182 alloy, pronounced texture components were not observed. Upon reaching 32% deformation in the 1565 alloy, the β-fiber texture, which was mainly represented by components close to Cu and S, was formed. It should be noted that, in contrast to the 5182 alloy, the texture of Cu (copper) and components close to it were much more pronounced in 1565 alloy at this stage of thermomechanical treatment. This may be due to two factors. First, an increase in magnesium content and, consequently, a change in the stacking fault and planes available for slip. Secondly, this effect can be caused by nano-dispersed particles of the second phase [46], which could be observed more in the 1565 alloy than in 5182 [19]. Moreover, there was some Goss texture in 1565, which distinguished this alloy from 5182. The main components of the β-fiber texture were preserved after holding at temperature, although their intensity decreased due to partial recrystallization. The Goss texture was also preserved. No recrystallization texture components appeared, which means that recrystallization proceeded mainly according to the PSN mechanism. The β-fiber texture was represented by all three components, which were very pronounced, except for the Cu-texture. The intensity of the β-fiber components decreased after partial recrystallization, but all of its main components remained. Thus, the β-fiber texture accumulated in this alloy. They decreased their intensity during partial static recrystallization between passes but not as much as in 5182.



PSN is the main nucleation mechanism for this alloy. In general, the calculations of the texture evolution during the development of the as-cast structure in the 1565 alloy were close to the experimental data, except that the calculation slightly overestimated the β-fiber intensity at 83.53% deformation. However, the simulation results and the experimental texture compositions were still very close. When modeling (partial) recrystallization after 32% deformation and taking fragmentation of intermetallic compounds into account, a less pronounced texture distribution was observed, which, in general, corresponds to the real picture. Without taking fragmentation of intermetallic compounds into account, the intensity of the β-fiber texture increased significantly at this step. After 83.53% deformation, taking or not taking fragmentation of the intermetallic compounds into account did not greatly affect the texture composition. If this factor was not considered, a slightly less pronounced texture of the β-fiber was observed. In both cases, the calculated and experimental texture distributions were very similar. This is in good agreement with the data shown in Figure 21b. They indicate that taking or not taking fragmentation of the intermetallic compounds into account does not significantly affect the overall texture composition at the last stages of hot rolling.



A mostly random texture was also observed in the as-cast state of the 8011 alloy (Figure 22a). After 29.82% deformation, the β-fiber texture elements developed in this alloy, which consisted mainly of S and texture components close to it. Since there was practically no recrystallization (Figure 5b) in the pause between deformation steps at this stage of hot rolling of the as-cast structure, the pattern of texture distribution was preserved. As the deformation ratio was raised to 80.70%, the intensity of the β-fiber textures increased, and the cubic component as well as the subtle Bs (brass) one could be observed. Partial recrystallization during which the cubic and Goss textures were formed took place after 80.70% deformation.



Thus, the gradual accumulation of the β-fiber texture occurs due to the absence of recrystallization at small deformation ratios in the alloy 8011. However, the cubic texture grows rapidly with partial recrystallization after 80.70% deformation. There are two reasons for this. Firstly, enough β-fiber texture, which is necessary to trigger the mechanism of oriented growth, is accumulated. Secondly, as shown in [47], the size of the second phase particles and subgrains which belong to the β-fiber orientations is smaller than that of cubic ones. Therefore, finely dispersed Al6Fe particles more effectively block nuclei arising on the intermetallic particles and subgrains with β-fiber orientations than the cubic component gain advantage by oriented nucleation.



When simulating the evolution of the deformation texture, the calculated texture composition, in general, coincided with the experimental data. If fragmentation of the intermetallic compounds is not considered, calculation of partial recrystallization after 29.82% deformation will lead to an overestimation of the β-fiber texture volume. However, if we take this factor into account, such an error can be avoided (Figure 22j). Taking fragmentation of the intermetallic compounds into account when modeling recrystallization after 80.70% deformation insignificantly reduces the intensity of the cubic texture in comparison to calculations, where this factor is not taken into account.



The study has shown that fragmentation of the intermetallic compounds is observed in all aluminum alloys. The most intense fragmentation can be seen at the first stages of working of the as-cast structure when the primary intermetallic compounds are sufficiently large. Fragmentation is finished and practically disappears in the later stages of deformation. It should be noted that the chemical composition of the alloy affects the volume recrystallized according to the PSN scheme due to the number of intermetallic compounds. The difference in the size of subgrains practically has no effect. This is explained by the fact that the Zener–Hollomon parameter has low values at the stage of working out from the as-cast structure, and the subgrain size is the same for all alloys studied in this work. At the same time, simulation shows that the subgrain size will also begin to play a role with an increased Zener–Hollomon parameter. The results indicated that fragmentation of the intermetallic compounds must be taken into account when simulating the texture evolution during working of the as-cast structure. This factor can be ignored at latter stages to facilitate the model. However, in this case, the data for the amount and size of intermetallic compounds must be taken after the reversing mill when the fragmentation of intermetallic compounds has already passed.




5. Conclusions







	(1)

	
The microstructural data obtained with the help of light and electron microscopy showed that the primary intermetallic compounds (“constituent particles”) which have “survived” homogenization are fragmented when the as-cast structure is worked out. In different alloys such effects of particle crushing occur in different ways, which is due to the influence of the chemical composition on the brittleness and the number and size of primary particles. On average they decrease by more than 10 times. At later stages the intensity of fragmentation decreases.




	(2)

	
Simulation of the texture evolution showed that fragmentation of the intermetallic compounds must be taken into account, otherwise the volume of metal recrystallized according to PSN can either be overestimated or underestimated in the calculation, depending on the stage of thermomechanical treatment. If fragmentation of the intermetallic compounds is not considered at the early stages, the volume recrystallized according to the PSN mechanism is underestimated. This is due to the fact that, on the one hand, the particles themselves are still very large, but at the same time their number has already begun to grow. At later stages, the particles are crushed more. Therefore, they lose their potential as nuclei, despite the fact that their number is increased. The exception is the 8011 alloy in which an extremely large number of particles arise due to very intense fragmentation, and the effect of their increase in number overrides their reduction in size. Underestimation of the crushing of intermetallic compounds can lead to the overestimation of the cubic and β-fiber texture proportions at this stage of thermomechanical processing. At later stages, taking the fragmentation of intermetallic particles into account also increases the accuracy of calculations (less than in the first stages).




	(3)

	
Stacking fault energy, which primarily affects the subgrain size, does not have a strong effect on the volume recrystallized and on intermetallic particles during the evolution of the as-cast structure during hot working. The main reason is that the Zener–Hollomon parameter has low values at the initial stage of the as-cast structure evolution. Because of this, the subgrain size does not vary much in different alloys at this stage. In addition, the nuclei of the recrystallization (cubic) and rolling (β-fiber) textures have sufficiently large sizes and could effectively compete with the particles of the first phase. However, they are not so numerous at this stage of thermomechanical processing. At the same time, simulation has shown that the differences in the sizes of subgrains for the 8011 and high-magnesium alloys and, consequently, differences in their texture composition will be amplified with an increased Zener–Hollomon parameter. Thus, the low amount of cubic and β-fiber texture during the development of the as-cast structure is explained not by their competition with PSN but by the small extent of grain boundaries on which the nuclei of these components are mainly generated. In addition, the subtle β-fiber texture does not allow the mechanism of oriented growth of the cubic texture to be activated.
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Figure 1. Earing effect after drawing a cylindrical billet from an anisotropic aluminum tape. 
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Figure 2. Microstructure of 5182 alloy specimen: (a) cast specimen, (b) 33.23% deformation, (c) 68.47% deformation, (d) 83.83% deformation. 
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Figure 3. Microstructure of 1565 alloy specimen: (a) cast specimen, (b) 32.2% deformation, (c) 67.13% deformation, (d) 83.53% deformation. 
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Figure 4. Microstructure of 8011 alloy specimen: (a) cast specimen, (b) 29.82% deformation, (c) 63.16% deformation, (d) 80.70% deformation. 
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Figure 5. Micrographs of samples etched to reveal the phases of 5182 alloy: (a) homogenization, (b) 33.2% deformation, (c) 68.47% deformation, (d) 83.83% deformation. 
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Figure 6. Micrographs of samples etched to reveal the phases of 1565 alloy: (a) homogenization, (b) 32.2% deformation, (c) 67.13% deformation, (d) 83.53% deformation. 
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Figure 7. Micrographs of samples etched to reveal the phases of 8011 alloy: (a) homogenization, (b) 29.82% deformation, (c) 63.16% deformation, (d) 80.70% deformation. 
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Figure 8. Chemical composition of the large intermetallic particles in 1565 alloy. 
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Figure 9. Chemical composition of the large intermetallic particles of the minor phase in 5182 alloys. 
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Figure 10. Micrographs of samples etched to reveal 5182 alloy phases: (a) 32.2% deformation, (b) 67.13% deformation, (c) 83.53% deformation. 
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Figure 11. Micrographs of samples etched to reveal 1565 alloy phases: (a) 32.2% deformation, (b) 67.13% deformation, (c) 83.53% deformation. 
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Figure 12. Micrographs of samples etched to reveal 8011 alloy phases: (a) 32.2% deformation, (b) 63.16% deformation, (c) 80.70% deformation μ. 
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Figure 13. Chemical composition of the large intermetallic particles of the second phase in 8011 alloy. 
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Figure 14. Distribution density of the sizes of intermetallic compounds in homogenized (a), after deformation ~0.4 logarithmic strain (b) and ~1.8 (c) logarithmic strain. 
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Figure 15. Evolution of size distribution of the intermetallic compounds during rolling from the as-cast state. The curves are plotted using the coefficients Nint, L and δint0 for the 1565 alloy. 
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Figure 16. Calculated dependence of the recrystallized material textures on deformation values: taking fragmentation of intermetallic compounds into account = solid curves; disregarding fragmentation = dashed curves; (a) 1565 alloy, (b) 5182 alloy, (c) 8011 alloy. 
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Figure 17. Dependence of the subgrain size on the Zener–Hollomon parameter for different alloys. 
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Figure 18. Calculated dependence of the recrystallization textures on the Zener–Hollomon parameter, taking fragmentation of the intermetallic compounds into account: (a) 1565 alloy, (b) 5182 alloy, (c) 8011 alloy. 
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Figure 19. Ideal texture orientations on orientation distribution function (ODF). 
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Figure 20. Calculation results for 5182 alloy: (a) homogenization, (b) 33.2% deformation, (c) 33.2% deformation (modeling); (d) 83.53% deformation; (e) 83.53% deformation (modeling); holding at 32.2% deformation and elevated temperature: (f) experimental data. Calculation results for 5182 alloy: (g) taking fragmentation into account, (h) without regard to fragmentation of intermetallic compounds; holding at 83.53% deformation and elevated temperature: (i) experimental data, (j) taking fragmentation into account, (k) without regard to fragmentation of intermetallic compounds. 
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Figure 21. Calculation results for 1565 alloy: (a) homogenization, (b) 33.2% deformation, (c) 33.2% deformation (modeling), (d) 83.53% deformation, (e) 83.53% deformation (modeling); holding at 32.2% deformation and elevated temperature: (f) experimental data, (g) taking fragmentation into account, (h) without regard to fragmentation of intermetallic compounds; holding at 83.53% deformation and elevated temperature: (i) experimental data, (j) taking fragmentation into account, (k) without regard to fragmentation of intermetallic compounds. 






Figure 21. Calculation results for 1565 alloy: (a) homogenization, (b) 33.2% deformation, (c) 33.2% deformation (modeling), (d) 83.53% deformation, (e) 83.53% deformation (modeling); holding at 32.2% deformation and elevated temperature: (f) experimental data, (g) taking fragmentation into account, (h) without regard to fragmentation of intermetallic compounds; holding at 83.53% deformation and elevated temperature: (i) experimental data, (j) taking fragmentation into account, (k) without regard to fragmentation of intermetallic compounds.



[image: Metals 11 00507 g021a][image: Metals 11 00507 g021b]







[image: Metals 11 00507 g022a 550][image: Metals 11 00507 g022b 550][image: Metals 11 00507 g022c 550] 





Figure 22. Calculation results for 1565ch alloy: (a) homogenization, (b) 29.82% deformation, (c) 29.82% deformation (modeling); holding at 29.82% deformation and elevated temperature: (f) experimental data. Calculation results for 8011 alloy: (g) taking fragmentation into account, (h) without regard to fragmentation of intermetallic compounds; (d) 80.70% deformation; (e) 80.70% deformation (modeling), (i)-experimental data, (j) taking fragmentation into account, (k) without regard to fragmentation of intermetallic compounds. 
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Table 1. Chemical compositions of the alloys studied.






Table 1. Chemical compositions of the alloys studied.





	
Alloy

	
Alloy Composition (wt %)




	
Mg

	
Mn

	
Zr

	
Sc

	
Si

	
Fe

	
Zn

	
Cr

	
Ti

	
Cu






	
5182

	
4.8

	
0.5

	
-

	
-

	
0.14

	
0.2

	
0.2

	
-

	
<0.1

	
<0.1




	
1565

	
5.6

	
0.8

	
0.1

	
-

	
0.12

	
0.22

	
0.5

	
0.07

	
<0.1

	
<0.1




	
8011

	
0.2

	
0.2

	
-

	
-

	
0.3

	
0.9

	
0.1

	
0.1

	
<0.1

	
<0.1
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Table 2. Actual rolling parameters of 5182 alloy.






Table 2. Actual rolling parameters of 5182 alloy.















	No. Roll Pass
	Speed,

m/min
	Thickness, mm
	Δh
	T in, °C
	Deform., %
	Total Deform., %
	T out, °C





	
	
	30.00
	
	
	
	
	



	1
	10
	25.72
	5.28
	520
	17.60
	17.60
	474



	2
	10
	20.03
	4.69
	520
	18.97
	33.23
	484



	3
	10
	14.40
	5.63
	520
	28.11
	52.00
	460



	4
	10
	12.00
	2.4
	520
	16.67
	60.00
	469



	5
	10
	9.46
	2.54
	520
	21.17
	68.47
	498



	6
	10
	6.84
	5.16
	520
	43.00
	77.20
	484



	7
	10
	4.85
	1.99
	520
	29.09
	83.83
	363
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Table 3. Actual rolling parameters of 1565 alloy.






Table 3. Actual rolling parameters of 1565 alloy.















	No. Roll Pass
	Speed,

m/min
	Thickness, mm
	Δh
	T in, °C
	Deform., %
	Total Deform., %
	T out, °C





	
	
	30.00
	
	
	
	
	



	1
	10
	25.43
	4.57
	454
	15.23
	15.23
	474



	2
	10
	20.34
	5.09
	430
	20.02
	32.20
	484



	3
	10
	15.50
	4.84
	463
	23.80
	48.33
	460



	4
	10
	9.86
	5.64
	461
	36.39
	67.13
	469



	5
	10
	6.92
	2.94
	465
	29.82
	76.93
	498



	6
	10
	4.94
	4.92
	464
	49.90
	83.53
	484
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Table 4. Actual rolling parameters of 8011 alloy.






Table 4. Actual rolling parameters of 8011 alloy.















	No. Roll Pass
	Speed,

m/min
	Thickness, mm
	Δh
	T in, °C
	Deform., %
	Total Deform., %
	T out, °C





	
	
	40.00
	
	
	
	
	



	1
	7.70
	38.60
	1.40
	500
	3.51
	3.51
	450



	2
	11.60
	35.79
	2.81
	500
	7.27
	10.53
	440



	3
	11.60
	33.68
	2.11
	500
	5.88
	15.79
	468



	4
	12.20
	30.88
	2.81
	490
	8.33
	22.81
	447



	5
	12.80
	28.07
	2.81
	490
	9.09
	29.82
	444



	6
	13.40
	25.26
	2.81
	490
	10.00
	36.84
	440



	7
	14.10
	21.75
	3.51
	480
	13.89
	45.61
	413



	8
	14.70
	18.25
	3.51
	480
	16.13
	54.39
	425



	9
	15.40
	14.74
	3.51
	475
	19.23
	63.16
	395



	10
	15.40
	11.23
	3.51
	475
	23.81
	71.93
	424



	11
	15.40
	7.719298
	3.51
	470
	31.25
	80.70
	380
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Table 5. Parameters of size distribution of intermetallic particles.






Table 5. Parameters of size distribution of intermetallic particles.





	
Alloys

	
Deformation




	
Cast

	
~0.18

	
~0.4

	
~0.7

	
~1.1

	
~1.8




	
    N  i n t     

	
L

	
   δ  i n t 0    

µm

	
    N  i n t     

	
L

	
   δ  i n t 0    

µm

	
    N  i n t     

	
L

	
   δ  i n t 0    

µm

	
    N  i n t     

	
L

	
   δ  i n t 0    

µm

	
    N  i n t     

	
L

	
   δ  i n t 0    

µm

	
    N  i n t     

	
L

	
   δ  i n t 0    

µm






	
1565

	
7 × 1011

	
0.17

	
13

	
3.6 × 1012

	
0.36

	
11.6

	
1 × 1013

	
0.53

	
9.6

	
3.0 × 1013

	
0.68

	
7.1

	
9.9 × 1013

	
0.79

	
4.6

	
5.3 × 1014

	
0.86

	
1.9




	
8011

	
2 × 1011

	
0.11

	
10

	
1.6 × 1012

	
0.25

	
8.7

	
4.8 × 1012

	
0.37

	
7.2

	
1.1 × 1013

	
0.47

	
5.8

	
4.6 × 1013

	
0.54

	
2.89

	
1.1 × 1014

	
0.59

	
1.4




	
5182

	
7.4 × 1011

	
0.25

	
9.65

	
3.7 × 1012

	
0.52

	
8.28

	
1 × 1013

	
0.77

	
6.89

	
3 × 1013

	
0.99

	
5.1

	
1 × 1014

	
1.14

	
3.31

	
5.7 × 1014

	
1.24

	
1.4
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Table 6. Euler angles of ideal texture components [42].






Table 6. Euler angles of ideal texture components [42].





	
Component

	
Miller Indices

{hkl}〈uvw〉

	
Euler Angles




	
φ1

	
Φ

	
φ2






	
Cube

	
{001}〈100〉

	
0°

	
0°

	
0°/90°




	
Cube RD

	
{013}〈100〉

	
0°

	
22°

	
0°/90




	
Cube ND

	
001}〈310〉

	
22°

	
0°

	
0°/90°




	
Goss

	
{011}〈100〉

	
0°

	
45°

	
0°/90°




	
Bs

	
011}〈211〉

	
35°

	
45°

	
0°/90°




	
Cu

	
{112}〈111〉

	
90°

	
30°

	
45°




	
S

	
{123}〈634〉

	
60°

	
35°

	
65°
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