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An examination of microstructural evolution and homogeneity in a magnesium AZ80 alloy processed by high-pressure torsion

Nian Xian Zhanga,b, Megumi Kawasakic, Hua Dinga*, Terence G. Langdond,e*

a School of Materials Science and Engineering,
Northeastern University, Shenyang, Liaoning 110819, P.R. China
bMaterials Department, Crown Technology, Downsview Road, Wantage OX12 9BP, U.K.
c School of Mechanical, Industrial and Manufacturing Engineering,
Oregon State University, Corvallis, OR 97331, U.S.A.
dMaterials Research Group, Department of Mechanical Engineering,
University of Southampton, Southampton SO17 1BJ, U.K.
eDepartments of Aerospace & Mechanical Engineering and Materials Science,
University of Southern California, Los Angeles, CA 90089-1453, U.S.A.


Abstract
	A magnesium AZ80 alloy with an initial grain size of ~250 m was processed by high-pressure torsion for up to 12 turns at room temperature.  The processing produced increased hardness and significant grain refinement with average grain sizes of ~320 and ~200 nm at the edges of the discs after 1 and 12 turns, respectively.  Microstructural examinations on different planes along the thickness direction of the discs revealed the presence of shear bands and twin boundaries and there were significant inhomogeneities even after 12 turns.  The results show the presence of well-defined vortices having similarities to the well-established Kelvin-Helmholtz shear instabilities in fluid flow.
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1. 
Introduction
The processing of bulk solids through the application of severe plastic deformation (SPD) has received much attention over the last decade because of the potential for achieving grain refinement to the submicrometer or even the nanometer range [1].  In SPD processing, a solid is subjected to a high strain without incurring any significant change in the overall dimensions of the sample.  Several different SPD techniques are now available but most attention has focused on the two procedures of equal-channel angular pressing (ECAP) and high-pressure torsion (HPT) [2].  In ECAP a bar or rod is pressed through a die constrained within a channel that is bent through a sharp angle [3] and in HPT the sample, generally in the form of a thin disc, is held between massive anvils, subjected to a high applied pressure and then concurrent torsional straining [4].  In practice, processing by HPT is especially attractive because it leads to grain sizes that are generally smaller than those produced by ECAP [5,6] and also it produces samples having higher fractions of high-angle grain boundaries [7].  
Calculations show that the strain introduced in HPT processing is not constant and instead it varies from zero at the centre of the disc to a maximum value at the periphery [8].  This suggests, therefore, that the microstructures developed in HPT will be inhomogeneous and there have been several investigations directed specifically to evaluating the level of homogeneity in materials processed by HPT.  In an early study using an austenitic steel it was shown that at low numbers of HPT turns the deformation, as determined from microhardness measurements, was high at the edge of the disc but low and close to zero at the centre [9],  However, the deformation became more equilibrated across the sample with increasing numbers of turns although there remained a small central region that was essentially undeformed even after 16 turns [9].  In a later investigation using high-purity aluminum the hardness was measured on different planes of sectioning through the HPT discs and the results showed that the hardness was almost constant across the disc after 5 turns and after 20 turns the hardness was fully homogeneous throughout the sample [10].  This gradual evolution towards a reasonable level of homogeneity is consistent with the theoretical predictions based on strain gradient plasticity modeling [11].  
Nevertheless, later studies using an AZ31 magnesium alloy showed persistent evidence for heterogeneity in HPT samples after 5 turns [12] and, by taking observations on through-thickness planes by sectioning vertically, there were consistent higher hardness values near the bottoms of the discs [13].  There are also other reports showing high levels of microstructural inhomogeneity in AZ31 and AZ91 magnesium alloys [14,15] and texture heterogeneities in a ZK60 magnesium alloy [16] after processing up to 5 revolutions.  These results suggest, therefore, that there may be a difference between the developments of hardness homogeneity in face-centred cubic (f.c.c.) and hexagonal close-packed (h.c.p.) metals when processing by HPT.  A comprehensive review of the hardness variations in different materials when testing by HPT is available elsewhere [17].
The present research was initiated in order to investigate the evolution of homogeneity on the cross-sectional planes of a magnesium AZ80 alloy.  This material was selected as a representative magnesium alloy for use in this investigation because information is already available describing the mechanical properties of the alloy [18,19] and there are also a large number of reports describing the SPD processing of this alloy using either ECAP [20-29] or HPT [30-32].         
2.  Experimental material and procedures
The experimental material used in this investigation was a magnesium AZ80 alloy containing, in wt.%, 8.50 Al, 0.50 Zn, 0.10 Mn, 0.10 Si, 0.05 Cu, 0.005 Fe and 0.005 Ni.  The as-cast material was solution annealed at 673 K for 24 h and then forged with a deformation ratio of ~50%.  A description of the microstructure of the alloy under forged conditions was given in an earlier study [21]. The forged ingot was cut into rods with diameters of 10.0 mm and discs were cut from the rods with thicknesses of ~1.0 mm and then polished to final thicknesses of ~0.83 mm.  In the forged condition, the average grain size was ~250 μm and the average Vickers microhardness, Hv, was about 60.  The processing by HPT was conducted under an applied pressure, P, of 6.0 GPa at room temperature using a facility operating under quasi-constrained conditions [33,34] at a rotational speed of 1 rpm.  The discs were processed by HPT for total numbers, N, of 1/2, 1 and 12 turns.  
After processing, the discs were mounted in resin, ground with abrasive papers, polished with diamond paste and then polished using a colloidal silica solution.  The polished surfaces were etched with an acetic-picral solution to reveal the grain boundaries and the microstructures were recorded using an optical microscope.  Following microstructural examination, all discs were mounted and polished to a mirror-like surface and these surfaces were used to record the values of the Vickers microhardness.  The hardness measurements were taken using a Vickers indenter operating under a load of 200 gf with a dwell time of 15 s.  The average values of Hv were recorded on each disc by taking measurements at selected positions along disc diameters with the individual points separated by incremental distances of 0.75 mm.  The microhardness values were measured along a central line on a cross-section of each disc and for each point the average value was determined from four separate measurements taken at points arranged uniformly around the selected position and separated from this position by distances of 0.375 mm.  
The microstructures were examined by transmission electron microscopy (TEM) using a Cs-corrected JEOL JEM-2100F with an accelerating voltage of 20 kV.  Samples were prepared by punching discs of 3.0 mm in diameter from the centre and edge of each HPT sample and all TEM discs were taken from the middle sectional planes in the thickness directions of each HPT disc.  The TEM discs were thinned using mechanical polishing and a Gatan Precision Ion Polishing System (PIPS) operating at 4 kV with an angle of 2-8°.  Selected area electron diffraction (SAED) patterns were recorded using an aperture having a diameter of 12.3 µm. 
3.  Experimental results 
3.1  Grain size and hardness after processing by HPT
	In Figure 1, representative TEM images are shown on the left and the corresponding dark field images on the right for the edge regions of the discs after (a,b) 1 turn and (c,d) 12 turns together with the corresponding SAED patterns.  The grain size was measured using dark field images because the individual grains are then more visible than in the bright field images. More than 100 grains were measured for each sample condition. The average grain sizes were determined at the disc edges as ~320 and ~200 nm after 1 and 12 turns, respectively.  It is readily evident from the SAED patterns that a large fraction of these ultrafine grains are separated by boundaries having high angles of misorientation.  
The variation in the Vickers microhardness across the diameter of each disc is shown in Fig. 2 where the lower dashed line denotes the initial solution annealed and forged condition with Hv ≈ 60 and the scatter on the individual measurements around each point was used to determine the 95% error bars.  The results show that the hardness is low in the central region over a diameter of ~3 mm after 1/2 turn but the hardness values in the central region increase with further straining and all hardness values across the diameter are reasonably similar after 12 turns.  This behaviour is similar to that reported in several other metals when processing by HPT [35-38]. 
3.2  The nature of inhomogeneity after HPT processing
    Figure 3 shows cross-sectional planes obtained by cutting the discs vertically after 1/2, 1 and 12 turns with the lower arrow denoting a half radius on the disc.  Inspection shows there are deformed areas with visible well-defined flow patterns and also areas in each disc without any clear flow pattern although in practice the separation between these areas is not easily discernible in Fig. 3.  To provide a better representation, more detailed images at higher magnifications are shown in Fig. 4 where the extent of deformation is equal to (a,b,c) 1/2, (d,e,f) 1 and (g,h,i) 12 turns, respectively, and the three columns were taken at radial positions on the discs corresponding to distances of 0.5, 2.5 and 4.5 mm from the centres of the discs, respectively.  Close inspection shows the presence of shear bands in some of these samples and this matches earlier observations on an AZ91 magnesium alloy [15].  
All of these images were recorded at the same high magnification and the areas with different flow patterns are denoted by the broken lines where well-defined flow occurs in the central cross-sectional region of each disc between the broken lines.  Thus, in Fig. 3(a) near the centre of the disc there is a relatively narrow area with a distinct flow pattern in the middle plane whereas the remainder of the disc has limited flow after HPT.  The areas with well-delineated flow are defined in Fig. 4 using the broken lines and it is apparent that these areas tend to widen with increasing numbers of turns and they tend to be widest at the mid-radius positions rather than at either the centre or the outer edge of each disc.  Thus, well-defined flow occurs in the vicinity of radial positions of at least 2.5 mm rather than at the outer edge of each disc.  This effect is demonstrated by considering the areas within the dashed lines in Fig. 4 (b,e and h). 
3.3  The nature of deformation in the central region of the disc after processing by HPT
	The strain introduced in HPT processing is given by the expression 2Nr/h3, where r is the radial distance from the centre of the disc and h is the initial height (or thickness) of the disc [8].  It follows from this expression that the strain is zero in the centre of the disc where r = 0 but nevertheless many results show an evolution towards a general homogeneity in hardness across the discs with increasing numbers of HPT turns [39,40].  In some materials, a homogeneity in hardness may be achieved only after the imposition of a very high strain through processing by a large number of HPT turns.  For example, in a sandwich-like structure in which three discs were processed by HPT at 6.0 GPa by stacking the discs in the sequence of Al/Mg/Al, a hardness homogeneity was not visible across the disc diameter after 60 turns but it was attained after processing through 100 turns [41,42].  
In order to more fully investigate the deformation occurring in the central region of the HPT discs, Fig. 5(a) shows an example of the disc centre after processing through 1 turn.  Close inspection shows there are separate regions having different shear patterns with a central core region which is reasonably well-defined and an outer region where there is a flow pattern.  
Thus, around the central core there is a whirlpool-like flow showing only limited deformation where the substructure maintains a reasonably equiaxed shape.  This central region is consistent with, and generally matches, the lower values of hardness recorded at the centre of the disc as shown in Fig. 2 and the overall appearance of this central region is similar to reports for other materials as, for example, a Cu-5% Al alloy where the measured hardness at the centre after 1 turn was exceptionally low [43].  In addition, the presence of local swirls and vortices is similar to several reports on the HPT processing of stainless steel [44-47] and a Cu-Ag alloy [48].  Outside of this central region, close inspection reveals the presence of many twin boundaries (TB) and examples are shown in Fig. 5(b) which is a higher magnification image of the small square indicated on the right side of Fig. 5(a).  This microstructure involves deformation twinning [49,50] and is clearly evident in the TEM image shown in Fig. 6 which was taken from the same disc after 1 turn within an area similar in position to the region presented in Fig. 5(b). 
3.4  The measured hardness values at through-thickness positions after HPT processing
Hardness values were measured at positions of ~0.5, ~2.5 and ~4.5 mm from the centre of each disc on vertically cut sections along the through-thickness directions at every 0.1 mm from the top to the bottom surface.  These results are presented in Fig. 7 after (a) 1/2, (b) 1 and (c) 12 turns, respectively.  It should be noted that the measurement points located between the two bars on each curve represent results recorded within areas where there were clear flow patterns as designated in Fig. 4 and in these areas the recorded microhardness values tend to be slightly higher than those recorded from areas without clear flow patterns. 
In order to evaluate the extent of homogeneity within the HPT disc processed through the maximum of 12 turns, careful thinning was conducted to examine the disc at different positions corresponding to cross-sectional planes lying parallel to the upper and lower surfaces of the disc and displaced from the lower surface by distances of 0.40, 0.55 and 0.65 mm, respectively.  This procedure is illustrated schematically on the left in Fig. 8 and relevant micrographs were recorded over broad areas, having widths of ~0.7 mm, from the centre to the edge of the disc.  These individual micrographs were then assembled to provide a broad montage of each area from the centre to the edge as illustrated on the right in Fig. 8 corresponding to heights from the lower surface of (a) 0.65, (b) 0.55 and (c) 0.40 mm, respectively.  Inspection of these images again reveals the occurrence of different shear morphologies with areas of high deformation involving intense and complex flow patterns contained within the rectangular boxes marked in Fig. 8(a-c).  Although these areas of high deformation are generally not well-defined at this magnification, it is reasonable to conclude that deformation is highly concentrated over areas corresponding to sectional lengths that are approximately equivalent to the lengths of the rectangular boxes of ~1.2 mm in Fig. 8(a), ~3.7 mm in Fig. 8(b) and ~4.6 mm in Fig. 8(c).  Therefore, the extent of these areas of high deformation gradually increases with increasing displacement towards the mid-plane in the HPT disc.  
In addition, it is important to note that Fig. 3(c) and Fig. 4(g, h and i) are in excellent agreement with Fig. 8 where the heavily deformed area is located at the middle plane on the cross-section and it is narrow at the centre and edge of the disc but wide at the mid-radius position.  From the perspective of Fig. 8, it is apparent for the disk after 12 HPT turns that if the disc is thinned from the upper surface towards the middle plane then the heavily deformed area is gradually revealed starting from the mid-radius position in Fig. 8(a) and gradually extending to cover almost the whole disc when thinned to the middle plane within the disc in Fig.8 (c). Moreover, this widely extended microstructure with severe straining at the mid-plane position leads to a reasonably homogenous hardness distribution across the disk radius at the distance from the disk top surface of ~0.4 mm as shown in Fig. 7(c).   
4.  Discussion
This investigation provides detailed results on the microstructure and the microhardness values in the magnesium AZ80 alloy after processing by HPT for up to 12 turns.  There are two major conclusions from this research.
First, the behaviour of the AZ80 alloy does not match earlier data for pure aluminium where excellent homogeneity was achieved throughout a series of HPT discs both on sectional planes cut parallel to the upper and lower surfaces [10] and on through-thickness cross-sectional planes derived by vertical sectioning [13].  Instead, the present results confirm earlier reports of heterogeneities on the through-thickness planes of various magnesium alloys after processing by HPT [12,14,15].  This difference in behaviour arises because of the limited slip systems in h.c.p. metals and the presence of long shear bands which are a common feature of magnesium alloys processed by HPT [14,15].  Thus, these shear bands tend to concentrate the deformation in highly localized areas and thereby effectively reduce the overall amounts of deformation occurring in other areas of the material.  An additional microstructural feature of the AZ80 alloy is the presence of deformation twins, as shown in Fig. 5(b).  The formation of deformation twins is a direct conformation of stress localization away from the disk center after HPT.  In practice, twin boundary formation is critical for grain refinement of Mg where the interaction between twinning and dislocation glide leads to the subdivision of grains as reported earlier for a ZK60 magnesium alloy after HPT for 1/4 turn [51] and a WE43 magnesium alloy processed by HPT for 5 turns [52].  It is worth noting that the initial microstructure before HPT may influence the formation of deformation twinning.  For example, ageing prior to HPT increases the fraction of low-angle grain boundaries and decreases the total fraction of deformation twin boundaries in a Mg–Dy–Al–Zn–Zr alloy where the <> twin boundaries have a twinning rotation angle of 86.2° [53].
Second, as reported with some other materials processed by HPT, there is clear evidence for the development of unique flow patterns after HPT processing showing well-defined swirls and vortices.  This behaviour is similar in appearance to the Kelvin-Helmholtz (KH) shear instabilities which are an established and well-known effect in fluid flow.  The similarities between the flow patterns in HPT processing and fluid flow was first expressed in early experiments on a duplex stainless steel [45] which specifically drew attention to the KH phenomenon [54,55].  These KH instabilities arise from the local blocking of shear deformation and they are widely known not only in fluid flow [56] but also in many other areas of physics such as plasma physics [57], atmospheric physics [58] and oceanography [59].  Generally, it was recognized that the microstructural features in the plastic deformation of metals were directly analogous to the features observed in fluid flow [60] and it was suggested that the local blocking of shear produced a rotation of obstacles leading to the formation of vortices when the imposed shear strains were sufficiently large [61].  In the present investigation, shear blocking in the AZ80 alloy may occur relatively easily through the development of representative obstacles such as twin boundaries and shear bands.  There are now numerous reports providing a comprehensive summary of the formations of vortices and ordered patterns in shear deformation [62-68] and the present results are consistent with these studies on other materials when shearing is blocked during the flow process.  Finally, it is important to note also that there is evidence that the shearing patterns may be influenced, and specifically shear vortices may be introduced in HPT processing, when the two HPT anvils are not in perfect alignment [69,70].            
5.  Summary and conclusions
	1.  A magnesium AZ80 alloy was processed by HPT at room temperature under a pressure of 6.0 GPa for 1/2, 1 and 12 turns.  This processing led to an increased hardness from Hv  60 to Hv  140 and to significant grain refinement from ~250 µm to ~200 nm at the disc edge after 12 turns.  
[bookmark: _Hlk50490226]	2.  The variations in the microstructure were examined on planes parallel to the upper and lower surfaces after processing through 12 turns and on cross-sectional planes after 1/2, 1 and 12 turns.  The results demonstrate the presence of significant structural heterogeneities on these planes including the presence of shear bands and twin boundaries.
3.  Because of the limited slip systems in h.c.p. metals and the presence of long shear bands and twin boundaries, there is a local blocking of shear which produces well-defined vortices at high imposed strains and these vortices have similarities to the conventional Kelvin-Helmholtz shear instabilities in fluid flow.
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Figure captions

Fig. 1 TEM micrographs and SAED patterns on left and the corresponding dark field images on right at the edge regions of discs after HPT under 6.0 GPa through (a,b) 1 turn and (c,d) 12 turns. 

Fig. 2 Vickers microhardness versus distance from the centre of AZ80 discs tested under an applied pressure of 6.0 GPa through 1/2, 1 and 12 turns: the lower dashed line denotes the initial hardness without HPT.

Fig. 3 Flow patterns in the cross-sectional planes of HPT samples after processing through (a) 1/2, (b) 1 and 12 turns: the lower arrow denotes a half radius. 

Fig. 4 Optical images at different radial positions from the centres of the discs after HPT through (a-c) 1/2, (d-f) 1 and (g-i) 12 turns.

Fig. 5 Optical montage showing (a) a wide area around the central region of a disc and (b) a magnified image of the rectangular area marked in (a) after processing by HPT at 6.0 GPa for 1 turn: TB denotes twin boundaries.

Fig. 6 A TEM image in the central region after processing by HPT at 6.0 GPa for 1 turn:  the disc centre is located at the upper left corner of the image.

Fig. 7 The measured microhardness values at various radial positions as a function of distance from the top surfaces of the discs for HPT samples processed through (a) 1/2, (b) 1 and (c) 12 turns.  

Fig. 8 Optical montages of a disc processed by HPT for 12 turns under 6.0 GPa taken at different positions of (a) 0.65, (b) 0.55 and (c) 0.40 mm from the lower surface cut parallel to the upper and lower surfaces: the severely deformed regions are contained within the rectangles denoted by solid lines on the right; the geometric centre of the disc on each image is marked with a red dot.
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