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Abstract

:

In this investigation, the focus is on improving the quality of the Al 5083 alloy by equal-channel angular pressing (ECAP) innovation. Equal-channel angular pressing (ECAP) is one of the best technologies for converting macro grain into ultra-fine-grained structure. Grain structure which is finer increases the strength of the material. In this work, a severe plastic deformation using equal-channel angular pressing (ECAP) up to 3 passes was given on Al5083 alloy using path BC at room temperature. The evolution of the microstructure was studied using an optical microscope. Tensile studies were also done. Both hardness (Vickers) and tensile strength rises as the number of passes increases; however, the ductility or the percentage of elongation increases. It can be said that the final product of this aforementioned alloy after ECAPed processing is considered to be suitable for various applications in which higher strength is required.
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1. Introduction


In different design applications, aluminum and its alloys are generally used as the most frequent or common material. The interest in ultra-fine-grained aluminum 5083 alloy has expanded greatly as it has high strength, great weldability, and corrosion resistance. These properties are required in the field of vehicle bodies, shipbuilding, pressure vessels, and armor plates, and therefore the use of this alloy in these fields has increased. Researchers are trying to develop high-strength materials that possess ultra-fine grain (UFG) using various severe plastic deformation (SPD) methods.



Equal-channel angular pressing (ECAP) is one of the most important SPD methods. In this technique, the subjects are cast out with no adjustment to the cross-segment by exposing them to enormous shear strain. The preparation technique for ECAP incorporates the squeezing of a billet using a die comprising 2 channels of equivalent cross-segment converging at a definite angle (Φ). A high shear strain is forced on the material while it goes through the shear zone of the die [1,2,3]. As the billet material has almost a similar cross-area during ECAP, it can be squeezed using the die repeatedly for additional passes. The route through which the deformation is given to the billet can be varied by changing the rotation of billet in the direction of 0° known as route A. The BA route is the alternate direction at an angle of 90°, BC is the same direction at an angle of 90°, and finally route C is at an angle of 180° [4]. By choosing the correct or suitable channel angle (Φ), the route by which deformation is given, i.e., route A or route BA, route BC, or route C, and the how many times the passes are given determines or controls the properties of microstructures as well as the strain exerted on the material [4,5,6]. Figure 1 demonstrate the four routes of ECAP passes schematically. These routes create different slip systems during the pressing operation so that various microstructural and mechanical properties can be achieved [6].



Broad examination has been done on ECAP for as long as 20 years for the preparation of materials such as aluminum alloys [7,8,9,10,11,12,13,14,15,16,17,18], titanium [10,12], silver [13,15,17], magnesium [14], steel [10,11,12,13,14,15], chromium [18], and copper [7,10,14]. For the prepared material, mechanical and wear properties were discovered to be high, making ECAP a significant method for processing mass materials [10,11,12,13,14].



In this study, commercially available aluminum alloy (Al 5083) has been exposed to ECAP through route C at room temperature, improving the quality. The chemical composition of Al 5083 alloy is (Si-0.4, Fe-0.4, Cu-0.1, Mn-0.4-1.0, Mg-4.0-4.9, Zn-0.25, Ti-0.15, Cr-0.05-0.25, Al-Balance) percentage, and it is tested practically using mass spectroscopy method. Further examinations have been done on the microstructural and mechanical properties of the as-received and ECAPed compound.




2. Experimental Procedure


2.1. ECAP Process of Al 5083 Alloy


The specimens were pressed up to 3 passes (one, two, three) with the help of a hydraulic press (200 tons). This process was done at ambient temperature. In the present study, route C was employed for pressing (Figure 2 shown below) and a 0.6 mm/s pressing speed was maintained during this process. Several studies demonstrate that greater uniformity in the plastic strain induced in the ECAP cycle will be acquired using route C [19].




2.2. Tensile Testing of ECAPed Samples


Here, the tensile samples are taken in the form of cylinder. Proper surface polishing was done. The gauge length of the specimen was 20 mm, whereas the diameter was 6.5 mm. These specimens were fabricated in this shape after the ECAP processing, as shown in Figure 3. Tensile tests were done at room temperature (~28 °C) until complete breakdown occurred. The testing equipment consisted of servo hydraulic power, which is controlled by a PC. Instron 8500 (R) of ±100 kN load limit, using machine-dedicated tensile testing software, and Intron Bluehill tests were done under strain-control mode at a strain rate of 10−3 s−1 using an extensometer of 25 mm gauge length.




2.3. Optical Microstructure


Different grades of emery paper were used to polish the specimens properly. Furthermore, the samples were polished in a cloth polisher with the help of abrasives such as alumina. Ultrasonic cleaner was used to obtain a clear surface. Keller’s (190 mL H2O + 5 mL HNO3 (65%) + 3 mL HCl (32%) + 2 mL HF (40%)) reagent was used as etchant [20]. Microstructural analysis of these samples was examined under a Leica optical microscope.




2.4. Hardness


Microhardness of the samples during ECAP processing was estimated along the transverse plane using a Vickers microhardness analyzer. In this process, a 100 gm load for 20 s was applied.





3. Results and Discussions


3.1. Microstructure


Optical micrographs of untreated and ECAPed specimens are given in Figure 4a–d. The alloy without the ECAP, i.e., as-received alloy, shows coarse grain structure. At the point when the size of the grain decreases to one or a few microns, intragranular distortion will prevail and intergranular distortion, which includes slipping, dislocation and twinning, will be stifled somewhat. The microstructures demonstrate the fact that with high deformation degree, microscopically homogeneous fine-grained structures are formed. The as-received sample shows the size of grain to be 145 µm. From there, it decreases to 37 µm after the 3rd pass, and grain size is measured by ImageJ software. After doing ECAP, there was a remarkable increase in the tensile property, which was reported by several studies [21,22]. The refinement of grain actually occurs due to the ECAP process, which causes deformation in the material.



In terms of cross-section, the size of the grain decreases and the same is increased in terms of the longitudinal section. The refinement of grain, as well as the elongation of the specimens, are given in Figure 4. After the first pass, the actual grains divided into sub-grain bands and thus the primary size of the grain is reduced.



Another thing that should be emphasized is that the stress–strain curve of the three-pass specimen exhibits a steady-state flow behavior without strain-solidifying subsequent to yielding. The characteristics are primarily connected to the microstructure that is treated with the ECAP process. On account of the multi-pass ECAP, for the first pass of ECAP, the speed of dislocation increase is a lot bigger than that of the dislocation obliteration, because of the low dislocation density. Along these lines, the grains of the material can be fundamentally refined. During further pass-pressing treatment, grain refinement proceeds in light of the fact that the dislocation density and the inner energy are expanded. However, the expansion of the internal energy causes crystalline recovery and recrystallization measures, so the refinement process of the grain slowly diminishes after a few passes of pressing. However, the grain refinement advancement cycle of the sample is changed for different pressing paths. The accumulation and equilibrium of the dislocations are likewise different for route C. Through examination of the deformation and dislocation advancement, it tends to be seen that the nanostructured materials can be obtained by ECAP method. The cycle of grain refinement can be shown as a constant dynamic recovery and recrystallization. From the perspective of microstructure investigation, the grain refinement method controls the dynamic equilibrium of the generation and annihilation of the dislocations [22].




3.2. Microhardness


Vickers (HV) microhardness was measured at room temperature before and after ECAP and the data are given in Table 1 and in Figure 5. From the data, it is quite clear that the value of hardness increases after ECAP processing, compared to the as-received sample, and it increases gradually as the pass increases.



From Figure 4, the percentage increment of microhardness from no pass to 3rd pass is approximately equal. This is due to the grain refinement and homogeneity of the structure of the alloy.




3.3. Tensile Properties


In Table 2, the details of the tensile properties of Al5083 alloy before and after ECAP are given. The no-pass sample, i.e., as-received alloy, exhibits the yield strength (YS), and the ultimate tensile strength (UTS) was 221 MPa and 303 MPa, with an elongation of 12.71%. As the passes increase, the YS and UTS value also increases gradually. In addition, after the 3rd pass, the UTS value of this sample increases to 336 MPa and the YS also increases to 294 MPa with an elongation of 3.92%. Though the value of strength of the alloy increases as the passes increase, the percentage of elongation decreases from 12.71% to 3.92%. The reason for this may be due to the processing of ECAP, and strain-hardening of materials occurred. It is inferred that the expansions in strength of the alloy preparation treatment using ECAP is chiefly because of grain refinement [23]. The grain size is phenomenally diminished and refined after one-pass ECAP. Furthermore, partition shows up in specific grains and grain boundary, and is improved accordingly. Additionally, twins likewise play a huge role in modifying the YS, which may act as a limit to disengagement slip and add to the improved properties. Therefore, it is the grain refinement and mix of twinning and separation that force to the extension of YS. It is obvious that prolongation is decreased after the essential pass. When in doubt, the malleability of materials for the most part diminishes after having been dealt with by twisting. The drop of expansion may be credited to the extraordinary plastic turning in metals, and the improvement of partitions cannot expect a section in refined microstructures, which can similarly be clarified as committed.



In Table 3 and Figure 6, the details of tensile properties of Al5083 alloy before and after ECAP at high temperature, i.e., 250 °C, are given.



The no-pass sample, i.e., the as-received alloy, exhibited the yield strength (YS), and ultimate tensile strength (UTS) was 243 MPa and 257 MPa with an elongation of 5.72%. As the passes increase, the YS and UTS value also increases gradually. In addition, after the 3rd pass, the UTS value of this sample increases to 265 MPa, and the YS also increases to 251 MPa with an elongation of 4.39%. Though the value of strength of the alloy increases as the passes increases, the percentage of elongation decreases from 5.72% to 4.39%. The reason behind this may be due to the processing of ECAP, and strain-hardening of materials occurred. In both the ambient temperature and high temperature, the YS and UTS of the alloy increases gradually, but in the case of high temperature, the rate of increment is a little slow. On the other hand, the percentage of elongation in both cases decreases gradually, while the rate is slow in the case of the high-temperature ECAPed sample.



Figure 6 and Figure 7 exhibit the stress–strain curve and varieties of YS, UTS, and percentage of elongation of the treated samples of Al5083 alloy versus passes of the procedure at room temperature and at 250 °C.



From the given figure (Figure 6 and Figure 7), it is clear that with expanding the quantity of passes of the ECAP cycle, tensile strength expanded while elongation diminished. However, the steady-state stream conduct can be additionally ascribed to the homogeneous spreading of the microstructure after the 3rd pass of ECAP. Thus, evident solidifying work vanished from the curve during the uniaxial compressive tests. The curve of the as-cast one shows a conspicuous yield point, and shows extremely low yield strength of about 243 MPa. With one-pass ECAP notwithstanding, it is not hard to find that the curve presents a particular strain solidification, and YS is fundamentally improved with an estimation of 246 MPa. Concerning the expansion of YS, it is steady with the exemplary Hall–Petch relationship, which explains that with grain size reduction, the improvement in YS of a polycrystalline material takes place. Varieties of strength of tensile properties of metals exposed to SPD could result from both underlying causes: work hardening by dislocations and refinement of grain [24], on account of the expanded density of dislocations, strain-hardening, use of enormous strains, and cold working. Towards the end of the 1st pass of the cycle, YS and UTS expanded unexpectedly, while the rate of elongation dropped rapidly. The expansion of the strength in the resulting passes of the process was preliminarily a direct result of the structure of grain development (microstructural adjustment) as opposed to the arrangement of fine grains. In this way, the rates at which yield strength expanded and at which elongation was reduced were fundamentally lower, as contrasted with that of the 1st pass. Further expansion in strain solidification after the post-ECAP maturation is thought to have been dictated by three elements in rivalry: separation thickness decrease, and exhaustion of solutes in strong arrangement. The first and second factors should expand the strain-solidifying capacity, while the third factor diminishes it. Strain-solidifying will be improved during the maturation cycle as separation thickness is diminished because of the recuperation impact during maturing. Production of non-sharable acceleration during the maturation cycle will likewise build the strain solidification by permitting extra separation stockpiling by instigating disengagement circles around the particles. Exhaustion of solutes in strong arrangement during maturation, however, will decrease the capacity of the material to store a high thickness of disengagements by expanding the dynamic recuperation rate.




3.4. Fractrography


The fractured surface morphology of the Al5083 alloy in an annealed state after ECAP is given in Figure 8. The fracture surface of the sample in as-received state after ECAP at high temperature is shown in Figure 9. The insufficiency of plasticity is denoted by several dimples present in the surface area of the untreated sample. The increment of stress concentration occurs due to the variation between the modulus of elasticity of the matters and the matrix [8]. When the size of the particles becomes large and their consistency at the boundary phase is lesser, then the formation of micro-cracks takes place with low plastic deformation. The morphology of the surface comprises a various arrangement of holes (dimples) of varying sizes and shapes, framed in the region of the particles of the scattered stage. The fractography of the break surface demonstrates that the breaks will in general go through eutectic mixes. Obviously, this is a weak crack. In a weak break, breaks may spread quickly, with little plastic deformation.



Fracture cross-segments of the annealed samples, similar to those that went through the die in ECAP for an alternate number of passes, were researched using Scanning electroc microscopy (SEM) following tensile testing. Predominant failure components in the metals with the side-captured cubic crystal structure are cavity arrangement followed by soft failure. Generally, ductile cracking happens as coaxial or hemispherical dimples. This sort of failure occurred with the arrangement of microcavities, integration, crack propagation, and afterwards shear failure along a direction near that of tension (Figure 8). This is because in the Al−Si combination, porosity, particles/lattice interface, and sharp edges of particles are the expected locales for break inception because these are the pressure risers. It should be noticed that the method of break is identified with the system of crack propagation.



Considering Figure 8a–d, with a growing number of passes of the ECAP interaction, the microcavities become more modest and shallower diverged from the strengthened example. The presence of these miniature cavities in the break surfaces of the ECAPed tests proposes the occurrences of the typical shear pliable crack system as in the underlying example, as miniature holes become more modest and shallower, causing extended elasticity and lessened lengthening in contrast with the underlying example [9]. The presence of shallower and more modest holes implies shear malleable breaking, which resembles the disappointment in the underlying example, with the primary differentiation being the shallower profundity of the breaks for the present circumstance. This could be interpreted as higher rigidity, and consequently, a lower extension rate in the examples went through the pass-on, as demonstrated differently in relation to the underlying (strengthened) example. The disappointment surfaces of the underlying and ECAPed materials (Figure 8) show some hemispheroidal and miniature depressions, and some miniature holes are flowing in one or alternate routes because of the application of inconsistent triaxial stresses. These dimples are the features of a commonplace malleable break [4]. Each miniature hole is attributed to a break nucleation site, which is associated with the plastic misshaping cycle [25].



Expanding the quantity of leave-behinds to 2, the number of broken small cell and, furthermore, dimples (as shown by white circle) expanded. Unmistakably, a few locales of the break surface do not have any dimples. As per the stress−strain bend and the presence of both weak highlights and dimples, it very well may be inferred that the crack mode is blended (for example a blend of both fragile and pliable break). The crack surface of the three ECAP passes show an enormous number of miniature dimples. The break surface of the three ECAP passes is filled by dimples with various sizes. Unmistakably, the component of the break is changed to a flexible crack. The flexible break is determined by wide plastic twisting in the region of a propelling break. A significant quality of this crack sort is the presence of dimples or miniature voids on the break surface. The presence of countless dimples and, furthermore, the fine circle prompted the achievement of the best pliable properties after the 3rd ECAP pass. The 3rd ECAP pass prompts extraordinary harm with a few slip follows and breaks. It can likewise be seen that, with expanding number of passes and diminishing size, the uniform round dimples are framed. Indeed, countless little dimples demonstrate a total pliable crack in the aluminum matrix. A cautious and exhaustive assessment of the tensile fractured surfaces gives helpful data on the particular function of characteristic microstructural impacts on strength and ductility properties. A cautious perception of the fracture surfaces revealed minute contrasts in general fracture morphology at the macroscopic level and characteristic fracture features. Figure 9a–c exhibit the fractography of the specimens that are treated with tensile. At the normally noticeable level, a malleable break of the examples was fundamentally ordinary to the pressure pivot. The overall morphology of the crack was unforgiving, uncovering areas of locally moldable and weak disappointment of the constituent particles. Higher amplification perceptions of the pliable break surfaces uncovered tiny breaking along the recrystallized grain limits. An assortment of particularly fine small breaks was clear along the recrystallized grain limits, reminiscent of locally fragile disappointment instruments. Trans-granular break districts saw are a direct result of the presence of the little second-stage particles, which causes the development of pockets of shallow dimples and infinitesimal voids of changing size [12]. Coarse constituent particles apparently had break/de-union from the grid beginning at the miniature voids. Discretionary breaks were similarly observed. The staggering component of disappointment has been viewed as miniature void nucleation, improvement, and mixture.



In both the directions, similar highlights have been noticed. Regular features of bendable break, delivered by the nucleation of dimples overwhelmingly from the coarse intermetallic particles, broke in a fragile way as shown in Figure 8. The fractured surfaces that are nucleated from the 2nd-phase particles of CuAl2 show dimples [26].



At higher amplification, there are two sizes of dimples observed. The size range of 10–30 Pm of the dimples is the main population, and that is related to the cracks present in the 2nd-phase coarse particles [27]. Other sizes of dimples have been discovered to be finer in size (0.6–3 Pm) and shape because of the arrangement of ligament breaking between primary voids, causing shear voiding between the primary voids [28]. Similar features were found in all ageing conditions.



The Al framework surrounding the molecule was intensely twisted, and another miniature void populace was seen in the grid. It is imperative that such a quality of crack mode is correspondingly noticed, paying little mind to twisting temperature from room temperature to 250 °C or 523 K. In any case, it was additionally critical that the dimples of high disfigurement temperature were more profound and bigger than those shaped at ambient temperature.





4. Conclusions


ECAP has been done on the Al5083 alloy to improve the quality of the sample. The exceptionally fine and uniform microstructure is obtained a coarse grain structure of untreated alloy after ECAP processing using route BC. As the pass number increases, the microhardness of the sample increases rapidly, and the reach in value of 91 HV after processing trough ECAP of up to 3 passes is due to the formation of fine grains. The YS and UTS, i.e., overall strength, increases with the increases of pass number and at the same time the ductility decreases due to the hardening of the specimen. It is concluded that the mechanical properties of aluminum 5083 alloy are upgraded using ECAP treatment. The improvement of the mechanical properties of the alloy made it feasible to use the specimen in different design applications where higher strength is required. The consequences of this examination are as follows:




	(1)

	
Complete elimination of the dendritic structure of the untreated Al5083 alloy, reduction in the size of grain, i.e., grain refinement, and uniform spreading of particles in the Al matrix is caused by processing through ECAP.




	(2)

	
The maximum YS and UTS values were obtained after a third pass of the ECAP process. This improvement of strength is due to the refinement of the grain, uniform distribution of particles, and intermetallic compounds.




	(3)

	
The mechanism of fracture is changed from brittle to ductile with an increasing number of passes of ECAP processing.




	(4)

	
The nature of Al5083 alloy after the 3rd ECAP pass turned to a ductile fracture. Compared to the untreated sample, the sample after the 3rd pass of ECAP demonstrates much fewer stress concentration sites.
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Figure 1. Four routes in the ECAP process. 
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Figure 2. A schematic diagram of equal-channel angular pressing (ECAP) die: (A) route C path, (B) three-dimensional (3D) presentation of ECAP die. 
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Figure 3. Dimensions of the sample prepared for the tensile test. 
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Figure 4. Microstructure of Al5083 alloy of (a) annealed and ECAP after (b) 1st pass, (c) 2nd pass, and (d) 3rd pass. 
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Figure 5. Vickers hardness of Al 5083 alloy before and after ECAP. 
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Figure 6. The tensile curve of Al 5083 alloy in 10−3/s strain rates in ambient temperature. 
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Figure 7. The tensile curve of Al 5083 alloy in 10−3/s strain rates in 250 °C temperature. 
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Figure 8. The ambient temperature tensile fracture surfaces of the sample after surface of the 5083 alloy of (a) annealed and ECAP after (b) 1st pass (c) 2nd pass and (d) 3rd pass. 
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Figure 9. The 250 °C temperature tensile fracture surfaces of the sample after surface of the 5083 alloy of (a) annealed and ECAP after (b) 1st pass (c) 2nd pass, and (d) 3rd pass. 
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Table 1. Microhardness value of Al5083 alloy before and after ECAP.
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	Sample
	Vickers Microhardness (HV)
	Errors





	As received
	70
	±0.5



	1st Pass
	75
	±0.47



	2nd Pass
	82
	±0.31



	3rd Pass
	91
	±0.21
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Table 2. Tensile properties of Al 5083 alloy before and after ECAP.






Table 2. Tensile properties of Al 5083 alloy before and after ECAP.





	Specimen Condition
	Yield Strength

(MPa)
	Errors
	UTS (MPa)
	Errors
	Total Strain (%)
	Errors





	As received
	221
	±0.25
	303
	±0.20
	12.71
	±0.35



	1st Pass
	255
	±0.23
	305
	±0.29
	8.94
	±0.32



	2nd Pass
	288
	±0.31
	327
	±0.19
	7.71
	±0.21



	3rd Pass
	294
	±0.20
	336
	±0.22
	3.92
	±0.12
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Table 3. High-Temperature Mechanical Properties of Al 5083 at 250 °C.






Table 3. High-Temperature Mechanical Properties of Al 5083 at 250 °C.





	Specimen Condition
	Yield Strength (MPa)
	Errors
	UTS (MPa)
	Errors
	Total Strain (%)
	Errors





	As Received
	243
	±0.125
	257
	±0.23
	5.72
	±0.17



	First Pass
	246
	±0.25
	261
	±0.18
	5.20
	±0.19



	Second Pass
	249
	±0.21
	263
	±0.156
	4.89
	±0.22



	Third Pass
	251
	±0.15
	265
	±0.31
	4.39
	±0.12
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