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 Microstructure and tensile behavior of a friction stirprocessed magnesium alloy
 Bilal Mansoor a,b,⇑, A.K. Ghosh a
 a Department of Materials Science and Engineering, University of Michigan, Ann Arbor, MI 48109-2136, USAb Materials Science and Engineering, Masdar Institute of Technology, Abu Dhabi, United Arab Emirates
 Received 23 April 2012; received in revised form 13 June 2012; accepted 13 June 2012
 Abstract
 In this work the effect of multi-pass friction stir processing (FSP) followed by warm pressing on an as-extruded ZK60 Mg plate wasinvestigated. The microstructure, texture and resulting mechanical properties are reported here. Multi-pass FSP to partial depths on thetop and bottom plate surfaces produced a novel, layered structure with three distinct microstructural zones associated with stirred, tran-sition and core regions. In the stirred zone, FSP, followed by pressing at 200 �C, created a 0.8 lm ultrafine grain size which accounts for�55 vol.% of the material. The transition region (�10 vol.%), showed extensively sheared coarse grains distributed in a matrix of finergrains. However, the core region (�35 vol.%) showed extensive twinning inside coarse grains in an overall bimodal microstructure rem-iniscent of extrusion. The processed Mg with a strong basal texture exhibited high yield strength (>300 MPa) and retention of adequatetensile ductility (>10%). The enhancement in mechanical properties of processed Mg is found to be highly influenced by the layeredmicrostructure: UFG grained stirred zone, finer precipitates and strong basal texture.� 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
 Keywords: Friction stir processing; UFG; Mg; Texture; ZK60
 1. Introduction
 In lightweight structural applications, specific strength isthe most important material selection criterion. Mg is anatural candidate because it is 33% lighter than aluminumand 75% lighter than steel [1]. Mg and its alloys generallyexhibit high specific stiffness and strength at room temper-ature [2,3]. However, due to their hexagonal close packed(hcp) crystal structure, Mg alloys exhibit low room temper-ature ductility and formability [4]. To date, most of Mgproducts are fabricated by casting and there are very fewMg products formed by forging, rolling, or extrusion,etc., in the fabrication of Mg products. The development
 1359-6454/$36.00 � 2012 Acta Materialia Inc. Published by Elsevier Ltd. All
 http://dx.doi.org/10.1016/j.actamat.2012.06.029
 ⇑ Corresponding author at: Materials Science and Engineering, MasdarInstitute of Technology, Abu Dhabi, United Arab Emirates. Tel.: +971 2810 9180; fax: +971 2 810 9901.
 E-mail address: [email protected] (B. Mansoor).
 of high strength Mg alloys with enhanced ductility is there-fore imperative if a variety of lightweight Mg products is tobe fabricated in different industries [5].
 Several earlier studies on the metallic alloys have dem-onstrated that grain refinement and control of precipitationby thermo-mechanical processing can significantly enhancestrength and ductility [6–8]. Some established thermo-mechanical processing techniques for severe plastic defor-mation of Mg alloys include: equal channel angular extru-sion/pressing (ECAE) [9], high pressure torsion (HPT) [10],accumulated roll bonding (ARB) [11], friction stir process-ing (FSP) [12,13] and alternate biaxial reverse corrugatedpressing (ABRC) [14]. Mg alloys with an hcp structurehave a limited number of independent slip systems, so inaddition to grain size and precipitates, texture can alsostrongly influence mechanical behavior [15]. An effectivemethod of improving ductility of Mg alloys is by the for-mation of textures with high Schmid factors for basal slip
 rights reserved.
 http://dx.doi.org/10.1016/j.actamat.2012.06.029
 mailto:[email protected]
 http://dx.doi.org/10.1016/j.actamat.2012.06.029
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Table 1Nominal composition range of as-extruded ZK60A Mg (in wt.%).
 Mg Zn Zr Other impurities (total)
 Balance 4.8-6.2% 0.45% 0.30
 5080 B. Mansoor, A.K. Ghosh / Acta Materialia 60 (2012) 5079–5088
 [15]. It was shown in ECAP studies conducted on AZ31and AZ61 that an extraordinary improvement in tensileelongations of 40–55% can be achieved [15,16]. In contrast,ECAP studies on cubic structured metallic alloys withabundant slip systems showed substantial loss in ductilitythat was mainly attributed to significantly reduced workhardening capability [17]. However, when it comes tostrengthening in Mg alloys, due to a large Taylor factor,the grain-size strengthening effect is found to be dominantover other strengthening mechanisms. This is also truewhen Mg is compared with body centered cubic (bcc) orface centered cubic (fcc) crystal structure metals. However,the ECAP process is effective in producing ultrafine-grained Mg alloys and other cubic metals, but strength istypically compromised [7,17,18]. This is typically attributedto the texture-softening being dominant over otherstrengthening processes in the typical range of grain sizes(1–3 lm) obtained by thermo-mechanical processing[6,15]. Therefore, it is technologically challenging to simul-taneously obtain high strength and high ductility in Mgalloys by applying ECAP, ARB or equal channel angularrolling processes etc. [15,19–21].
 In this work we have applied overlapping multi-passfriction stir processing to partial sheet depths followed bywarm flattening to an as-extruded ZK60 Mg alloy to refineits grain structure and achieve superior mechanical proper-ties. Friction stir processing (FSP) is an emerging severeplastic deformation technology. It is based on the principleof friction stir welding (FSW), which was invented at TheWelding Institute (TWI) in 1991 [22]. However, insteadof joining, FSP is exclusively used for microstructure mod-ification. Several studies on cast alloys including Mg haveshown that FSP refines grains and eliminates castingdefects, thereby improving strength and ductility. Someother unique features of friction stirring include a lowamount of local heat generation, intense plastic flow ofthe material at high strain rates and the creation of finegrains with random misorientation of grain boundaries inthe stirred region [23–25]. Successful grain refinement ofMg-based alloys by FSP down to 1–5 lm has been widelyreported recently [12,26–34]. The aim of the present studyis to investigate the effect of overlapping multi-pass FSPto partial depth on the microstructure and texture of as-extruded ZK60 magnesium alloy. Room temperaturemechanical properties of FSP-processed and warm-pressedalloy are also presented. A brief comparison is made withultrafine-grained ZK60 Mg alloy prepared by ABRC pro-cessing taken from Ref. [35].
 2. Experimental
 2.1. Materials
 The ZK60A Mg alloy in the T5 condition was receivedin the form of a 19 mm thick extruded flat bar from Timm-inco Ltd, USA. The nominal alloy composition range isgiven in Table 1.
 2.2. Friction stir processing
 Severe deformation was imparted to the extrudedZK60 Mg plate by friction stir processing followed bywarm pressing. Prior to friction stir processing, a 100 mmlong, 80 mm wide and 9.5 mm thick workpiece wasmachined from extruded ZK60 plate by wire electrical dis-charge machining (EDM). Friction stir processing to par-tial depth was performed by inserting a rotating threadedpin into the top and bottom surfaces of the workpiece. Aschematic illustration of friction stir processing is shownin Fig. 1. Fig. 1b shows the stirred zone, heat-affected zone(HAZ) and weld nugget, typically observed in FSW. Fig. 1cshows how the retreating side of an FSP pass was over-lapped by the advancing side of the following pass in thepresent processing. In this manner, a total of 20 overlap-ping FSP passes were carried out on the workpiece. There-fore, the processed region was essentially a collection ofadvancing sides (Fig. 1d). In the present study, FSP wasperformed by a Fadal milling machine using a friction stirtool machined from H13 tool steel, heat-treated to a hard-ness of 52–55 Rc. The FSP tool consisted of a 13.8 mmdiameter shoulder and a 3 mm long threaded pin. A toolrotation speed of 3000 rpm and a linear speed of127 mm min�1 were maintained throughout FSP. TheFSP tool was tilted by 3� from the workpiece normal. Inthis work, the FSP direction on the top and bottom sur-faces was parallel to the extrusion direction of theworkpiece.
 Flattening of the FSP processed workpiece with a roughsurface was carried out by pressing at 200 �C in 10-15%thickness reduction steps until a sheet of �1 mm uniformthickness was obtained.
 2.3. Aging treatments
 In order to determine the optimal aging conditions ofdeformation processed material, low temperature agingtreatments were performed at 110 �C, 150 �C and 200 �Cfor 5, 10 and 24 h. The aging treatments were carried outin air inside a Lindberg box electric furnace.
 2.4. Microstructure characterization
 The microstructural examination was done on the as-extruded, FSP processed, and warm-pressed ZK60 Mgalloys. The as-extruded samples were sectioned in a planecontaining the normal direction and extrusion direction.FSP processed samples were sectioned in a plane parallelto the plate normal direction The metallographic specimenswere prepared by standard methods and were etched with
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Fig. 1. Schematic illustration shows that several stages of overlapping passes for partial depth FSP, stirred region (processed material) and heat-affectedcore region (base material) have been identified [35].
 B. Mansoor, A.K. Ghosh / Acta Materialia 60 (2012) 5079–5088 5081
 acetic-picral solution. The acetic-picral solution consistedof 4.2 g of picric acid, 70 ml of ethanol, 10 ml of acetic acidand 10 ml of distilled water. Cross-sectional microstruc-tures of the specimens were examined using optical andscanning electron microscopy (SEM). A Philips XL30-FEG SEM operating at 20-30 keV was used to observethe very fine microstructure at higher magnifications. Thegrain and particle size were measured from micrographsby image processing and analysis software ImageJ usinga volume-based approximation [14]. For most of the sam-ples, at least five photos from different locations were takenand analyzed to obtain statistical reliability.
 2.5. Texture measurement
 Crystallographic texture measurements were made onthe plate/sheet plane using a Rigaku D/MAX-B rotatinganode X-ray diffractometer using Cu Ka radiation at40 kV and 100 mA. Pole figure measurements were madeon the extrusion direction (ED) and transverse direction(TD) plane for as-extruded and friction stir processed pluswarm-pressed samples to investigate textural evolution.The XRD sample for the core region was prepared by acidthinning FSP plus the pressed sample to the middle of thecore region. Standard h–2h scans were run to obtain theexact positions of the Bragg peaks for the planes of interestprior to pole figures measurement. The Schulz reflectionmethod was employed with sample tilt from 15� up to90� and azimuthal steps of 5� over the entire 360�. In addi-tion, peak defocusing and background intensity correctionswere applied by measuring pole figures of a fine powdersample to ensure random orientation. Complete experi-mental pole figure data were analyzed using the software“preferred orientation package, Los Alamos” (popLA) tocreate full pole figures for {0002}, {10 10} and {1011}planes.
 2.6. Mechanical tests
 To determine the mechanical behavior of the as-receivedand processed materials, tension tests were performed atroom temperature. In the as-extruded condition 4 mmthick samples were directly machined from the mid-surfaceof the ZK60 Mg bar. Tensile samples had a gauge section15 mm long � 3 mm wide. The surface of tensile specimenswas polished prior to testing. Tests were conducted using acomputer-controlled 5505 Instron machine. A12.7 mmgauge length extensometer attached to the gauge lengthwas used to measure the tensile strain. Specimens weretested at a constant cross-head speed of 0.5 mm min�1.
 3. Results
 3.1. Microstructure evolution
 The typical microstructural features of as-extrudedZK60 Mg alloy in the T5 condition are shown in Fig. 2[35]. They include bimodal grain structure with distributedbands of 13 lm fine recrystallized grains and 300 lm coarsegrains. It can be seen that there is considerable variation inmicrostructure from one region to another and despite thehigher magnification in Fig. 2b, the structure appears sim-ilar to that in Fig. 2a. The coarse island-shaped grains areelongated in the extrusion direction and make up almost 34vol.% of the microstructure. They are believed to be solid-solution deficient in zinc and zirconium and have a specificorientation which makes them more resistant to hot work-ing [28]. It should be noted that precipitates formed duringaging are irresolvable by optical microscopy, even in theartificially aged T5 condition.
 A low magnification image comprising a collage ofmany micrographs for partial depth FSP processedZK60 Mg is shown in Fig. 3. As the FSP tool pin partially
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Fig. 2. Microstructure of as-extruded ZK60 Mg artificially aged to T5temper. In (a) longitudinal view shows bimodal microstructure with bandsof small 13 lm recrystallized grains and dark, island-shaped 300 lm coarsegrains elongated along the extrusion direction. Coarse grains occupy 35vol.% of the microstructure. In (b) despite the higher magnification, thestructure appears similar to that shown in in (a). Precipitates formed duringaging are irresolvable by optical microscopy [35].
 Fig. 3. Collage of micrographs shows microstructure of friction stirprocessed ZK60 Mg. Multiple overlapped FSP passes to partial depthsfrom top and bottom surfaces creates a novel layered microstructure.Stirred region, transition region and heat-affected core region have beenidentified [35].
 5082 B. Mansoor, A.K. Ghosh / Acta Materialia 60 (2012) 5079–5088
 penetrates the depth of the workpiece from both surfaces ofthe sheet, the sheet thickness can be divided into three dis-tinct regions. The stirred region, transition region and theheat-affected core region have been identified and markedin Fig. 3 [35]. The resulting microstructural evolution iscomplicated; therefore we focused only on the microstruc-tural evolution in the above-mentioned regions of interest.FSP results in complete dispersion and fragmentation ofgrains in the stirred zones. The depth of the stirred zonecorresponds to FSP pin length. Intense plastic deformationand frictional heating in stirred and transition region resultin the breaking-up and dispersing of precipitate particlesand most of them are dissolved into the magnesium matrix.A bimodal grain structure similar to the extrudedZK60 Mg is retained in the core region. In the core region,friction heating causes solutionizing. The general featuresof FSP microstructure are consistent with earlier reportedfindings for Mg alloys [12,13,27,36].
 The microstructures for different regions of the FSP pro-cessed and warm-pressed �1 mm thick ZK60 Mg sheet
 with strain e = 2.2 at 200 �C are shown in Figs. 4–7. Themicrostructure of the stirred region is shown in Fig. 4. Itconsists of partially recrystallized grains with �0.85 lmultrafine grain (UFG) size. A higher magnification viewin Fig. 4b shows some precipitates inside ultrafine grainswith jagged grain boundaries. The microstructure of thetransition region between the root of the tool pin and the
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Fig. 5. Microstructure of transition region between stirred region and coreregion after warm compression at 200 �C with strain e = 2.2.
 Fig. 4. Microstructure of stirred region after warm compression at 200 �Cwith true strain e = 2.2.
 B. Mansoor, A.K. Ghosh / Acta Materialia 60 (2012) 5079–5088 5083
 base material after warm compression is shown in Fig. 5. Itconsists of 5-10 lm fragmented coarse grains in a matrix of�1 lm fine grains. The microstructure of the core regionafter warm compression is shown in Fig. 6. In Fig. 6a thelongitudinal view shows bimodal microstructure with 2-5 lm fine grains and 100 lm coarse grains. In Fig. 6b,the microstructure shows a large number of parallel twinsin coarse grains. This novel layered structure with a UFGmicrostructure stirred zone and a bimodal microstructurecore region may provide a suitable combination of strengthand ductility. The microstructure of the stirred zone beforeand after aging at 110 �C for 10 h is shown in Fig. 7. Thestirred zone after warm pressing does not indicate the pres-ence of precipitates; however, nano-scale precipitates offine and uniformly distributed b01 precipitates are observedin the aged condition. A comprehensive transmission elec-tron microscopy (TEM) analysis to study the morphologyand orientation of precipitates in the UFG stirred zone willbe presented in future papers.
 3.2. Texture
 Crystallographic textures of ZK60 Mg in the T5 temperare shown in Fig. 8a by complete pole figures for {0002},
 {1010} and {1011} planes. The basal poles have the high-est intensity of �6 multiples of a random distribution(MRD) and distant peaks are observed in the TD. Thebasal and prism pole figures reveal that in as-extruded con-dition grains with basal {000 2} and prismatic {101 0}planes lie parallel to the sheet plane with their c-axis per-pendicular to the ED. However, the intensity of prismpoles is less and the basal poles with high intensity domi-nate. Therefore, the texture of as-extruded ZK60 Mg alloyin the T5 condition can be characterized as basal textureparallel to the sheet plane with some tilting of the basalpoles in the TD. The distribution of basal poles orthogonalto the extrusion direction after warm extrusion has alsobeen extensively documented in other magnesium alloys[18,37].
 The pole figures for the middle of stirred regions afterwarm pressing with strain e = 2.2 at 200 �C are shown inFig. 8b. The {0002} pole figure shows that the density ofbasal poles is distributed around the ND with the maxi-mum located at the ND. The highest intensity of basalpoles is �18 MRD. There is some apparent spread of thebasal poles along the FSP direction, i.e. previous ED.The pole figures for core region after warm pressing withstrain e = 2.2 at 200 �C are shown in Fig. 8c. The maxi-
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Fig. 6. Microstructure of core region after warm compression with straine = 2.2. In (a) the longitudinal view shows bimodal microstructure with 2–5 lm fine grains and 100 lm coarse grains. In (b) a large number ofparallel twins are observed in coarse grains.
 Fig. 7. Low magnification SEM image of stirred region in warm-pressedMg before and after being aged at 110 �C for 10 h. In (a) not manyprecipitates are observed. In (b) precipitation of fine and uniformlydistributed b10 particles is visible.
 5084 B. Mansoor, A.K. Ghosh / Acta Materialia 60 (2012) 5079–5088
 mum intensity of basal poles is � 10 MRD. The {0002}pole figure shows that the density of basal poles is evenlydistributed and the maximum intensity is located at theND. There is an apparent spread in the TD, which is typ-ical of warm-pressed samples. Overall, FSP processing fol-lowed by warm pressing leads to the formation of a strongbasal texture with spreads along different directions in thestirred and core regions. Pole figures measured for FSPprocessed and warm-pressed ZK60 Mg samples after agingtreatments show very little texture changes and are there-fore not presented here.
 3.3. Room temperature tensile tests
 Room temperature engineering stress–strain curves foras-extruded and FSP + warm-pressed are presented inFig. 9. Data for UFG ZK60 Mg prepared by ABRC pro-cessing are also included for comparison. Values of yieldstress (YS), ultimate tensile strength (UTS) and strain-to-failure are summarized in Table 2 The as-extruded T5 agedsamples exhibit moderate strength and ductility. As shownin Fig. 8, in as-extruded condition, extrusion direction
 (ED) tension specimens exhibit 237 MPa yield strength inthe ED with a tensile elongation of �18%. In the case ofFSP processed material, the following observations canbe made from the stress–strain plot and the mechanicalproperties table. First, the FSP + warm-pressed materialwith layered microstructure exhibits high yield strength.Second, tensile elongation was less than the extruded con-dition, which may be related to a strain-softening effect.Third, the aging treatment at 110 �C for 10 h significantlyimproved the strength of the processed material andrestored some ductility. However, aging treatment carriedout at the conventional T5 temperature led to a decreasein yield strength but elongation to failure increased.
 Overall, processed Mg with the layered microstructureexhibited the highest strength (YS = 345 MPa,UTS = 390 MPa) and superior tensile elongation of 12%after aging. These results are comparable to UFGZK60 Mg (with UFG grains �1 lm occupying >90 vol.%of material) prepared by ABRC processing. However,some amount of strain hardening was observed in ABRCsamples, which is not the case in FSP material. It is never-
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Fig. 8. Pole figure for {0002}, {1010}, {1011}, crystallographic planes. Samples were taken for (a) as-extruded condition, after FSP and warm pressingwith e = 2.2 at 200 �C, (b) stirred region and (c) core region.
 Fig. 9. Room temperature tensile stress–strain curves for processed Mgafter different aging treatments.
 B. Mansoor, A.K. Ghosh / Acta Materialia 60 (2012) 5079–5088 5085
 theless interesting that tensile ductility improvement afteraging was attained simultaneously with the strengthimprovement.
 4. Discussion
 4.1. Microstructural and texture evolution
 It is very well known that during friction stir processing,rotational and translation speeds of the tool have signifi-cant effects on the grain size evolution in the stirred zone.Several studies have shown that during FSP, shear happensparallel to the surface of the tool pin and basal poles alignthemselves around the surface of the pin. Therefore, defor-mation happens mainly by basal slip. In multi-step process-ing, accumulation of frictional heat may relax the criticalresolved shear stress (CRSS) of non-basal slip systems.
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Table 2Mechanical properties of as-extruded and ABRC processed ZK60 Mg.
 Materials Thickness (mm) G.S (lm) Yield stress (MPa) Tensile stress (MPa) Elongation to failure (%)
 ZK60-T5 (ED) 4 13 230 296 17FSP + warm-pressed (ED) 1 13 320 373 11FSP + warm-pressed (ED) 1 2.5 345 390 12.5Aged 110 �C/10 hFSP + warm-pressed (ED) 1 2.5 272 361 17Aged 200 �C/10 hZK60-ABRC + Aged (D1) 0.75 0.9 353 402 14e = 8.0 at 150 �C
 5086 B. Mansoor, A.K. Ghosh / Acta Materialia 60 (2012) 5079–5088
 Therefore, some prism slip may be expected while, at thesame time, very little twinning deformation is expected.Dynamic recrystallization due to frictional heating andplastic strain in stir zones of the friction stir processed Alalloys is widely reported [25,38,39]. As compared to Alalloys, dynamic recrystallization occurs more readily inMg alloys due to low stacking fault energy (60-78 kJ mol�1) and high grain boundary diffusion rate. Sincethe peak temperature of the stir zone is higher than therecrystallization temperature, dynamic recrystallizationshould occur in the stir zone during FSP stirring, alongwith breakup/dissolution of precipitate particles. A muchfiner microstructure evolved after FSP in the stirred regionof ZK60 Mg as compared to a semi-solid moldedAM60 Mg (2–5 lm) [13]. This may be explained on thebasis of a higher dynamic recrystallization temperaturefor ZK60 Mg and the presence of precipitate particles. AUFG structure was much easily achieved in precipitate-hardened ZK60 Mg alloys due to the effective grain bound-ary pinning effect [29–31,40]. The deformation impartedbelow the recrystallization temperature of ZK60 duringthe flattening step further refines the grain size in the stirredregion.
 Significant microstructural changes take place in thecore region during the flattening steps. Earlier investiga-tions have shown that compression parallel to the c-axisresults in {10�11} banding, consisting of {10�11} twinningfollowed by {10�12} retwinning and basal slip within thedoubly twinned band. At the first stage of deformation,twinning takes place within those grains unfavorably ori-ented for basal slip. Stress concentration at the grainboundary resulting from incompatible plastic strain canbe relieved by twinning [14]. A higher strain level of >2 truestrain may require the activation of non-basal slip systems.The twin angle was found to increase with strain, whichindicates the rotation of twins with further compression.This characteristic has also been observed in other studies[41,42]. It is believed that slip occurring between thetwinned areas is responsible for this effect. The large coarsegrains with a number of parallel twins inside them are even-tually sub-divided into many units. The evolution of bimo-dal structure with sheared coarse grains and ultrafinegrains in the transition region between the stirred and coreregion is also of significance. Its development, however, isnot clear at this point as the material flow between the root
 of the rotating tool pin and base material is much morecomplicated. Since the volume fraction contribution fromthe transition region is small, its effect on overall mechan-ical properties may not be that significant.
 Several researches have shown by micro-texture mea-surements that during a single pass of FSP various changestake place in the texture of the base material. The regionnear the surface develops a strong basal texture due tothe forging effect of the tool shoulder. Our discussion, how-ever, will focus on the stirred region macro-texture aftermultiple passes conducted in an overlapping manner. It iswell documented that shear plastic flow in FSP leads to tex-ture modification in the stir zone due to dynamic recrystal-lization. In FSP modified texture the basal plane normalcan be described as surrounding the profile of the rotatingpin/probe [34]. However, in multi-pass overlapping FSP, astrong basal texture developed throughout the stirred zone.A sharp texture gradient develops between the stirredregion and the core which may influence the tensile behav-ior. Both regions have a strong basal texture but basalpoles were mainly distributed towards the extrusion direc-tion in stirred region and towards the transverse directionin the core region.
 4.2. Improvement of mechanical properties
 As mentioned earlier, it is difficult to improve bothstrength and ductility simultaneously. Improvement inthe yield strength of fine-grained alloys is often accompa-nied by a loss in ductility and vice versa. hcp metals areeven more difficult due to their inherent low symmetryand limited number of independent slip systems [43,44]which leads to strong tension/compression as well as in-plane plastic anisotropy. It is often argued that due tothe anisotropy, the soft slip system, i.e. the basal plane,contributes the bulk of the plastic strain. However, theoverall strength of polycrystalline aggregates is controlledby the CRSS of the hard systems [43,44]. Furthermore,twinning stress in coarse grain conditions is low, thereforetwinning can be activated to accommodate plastic strainand may enhance the ductility [14,45], and affect the flowbehavior [16,42,45]. The increase in yield strength in thefriction stir processed and warm-pressed ZK60 Mg withlayered microstructure may be related to a combinationof Hall–Petch strengthening and precipitation strengthen-
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 ing [46,47]. Plastic deformation of Mg alloys at room tem-perature is dominated by basal slip and since b01 precipi-tates are located along the [0001] direction they caneffectively pin dislocation movements on basal planes andthereby restrict plane glide. The contribution from precip-itation strengthening may be estimated by the Orowanequation for basal precipitates [48]. Therefore size and dis-tribution density of b01 precipitates are dominant factors inthe age-hardening of Mg–Zn alloys. Yield strength declinein samples aged at 200 �C may be due to some grain growthand transformation of b01 precipitates into b02, leading to adecrease in the density of b01 precipitates.
 Strain softening was observed in the FSP condition ascompared to the ABRC condition where some strain hard-ening was observed. Strain softening was also observed inthe as-extruded condition with strong basal texture. This“apparent” strain softening in the layered microstructuremay mean that the softening effect of bimodal coarse grainsin the core region (that have a similar structure to the as-extruded condition) overwhelms the strain hardening pro-vided by ultrafine grains in the stirred region, despite thefact that the stirred region occupies much larger volumeof the material. Samples aged at 200 �C exhibit strain hard-ening, which leads to an improvement in ductility. How-ever, this ductility improvement comes at the expense ofyield strength.
 4.3. Efficacy of multi-step friction stir processing
 The main purpose of severe plastic deformation pro-cesses is to produce material with homogeneous, fine grainsize and distribute precipitates to improve mechanicalproperties. In conventional wrought processes i.e. rollingand extrusion, a suitable heat treatment at a high temper-ature conducted for a long time to cause dissolution of sec-ond-phase particles into the matrix is typically followed byan aging process conducted at a low temperature to gener-ate fine precipitates. Such heat treatments are not onlyenergy intensive and increase material processing cost butthey can lead to oxidation problems and grain growth[49]. In comparison, multi-pass FSP combined with flatten-ing or rolling produces significant grain refinement as wellas dissolution and sub-division of precipitate particlessimultaneously.
 In our previous work on the processing of ZK60 andAZ31 Mg alloys we showed that alternate biaxial reversecorrugated pressing produces significant grain refinement,and a homogeneous microstructure with ultrafine grain sizeis produced in the material [14,35]. ABRC processing com-bined with low temperature aging for 10 h provides a goodcombination of strength and ductility. However, deforma-tion processes such as ABRC require multiple deformationcycles conducted at slow strain rates ranging between 1 and10�4 s�1 to achieve ultrafine microstructures with improvedmechanical properties. As compared to thermo-mechanicalprocesses such as ABRC, FSP has the advantage that itimparts local, severe plastic deformation in the stirred
 region at extremely high strain rates. The strain ratesoccurring during FSP of Al and Mg alloys have beenexperimentally estimated in several studies by using theZener–Hollomon parameter and measured temperaturesranging between 10 s�1 and 1000 s�1 [12,50,51]. Thus,FSP is effective in grain refinement, precipitate breakupand solutionizing simultaneously and this can be attributedto accelerated diffusion kinetics [36,49]. Thus, large num-bers of microstructural defects can be introduced in thematerial to cause strain incompatibility in adjoining grains,which is beneficial for grain refinement by dynamic recrys-tallization. Another important aspect of FSP is that it pro-duces microstructures with an extremely high fraction ofhigh-angle grain boundaries. An estimated high-angleboundary fraction of 80 up to 95% has been reported[23,24,36]. This is significantly higher as compared tosevere plastic deformation based thermo-mechanical pro-cesses, where in the case of Mg alloys typically a high-anglegrain boundary ratio of 50 to 65% is obtained. In sum-mary, microstructure modification can be controlled bychanging the FSP tool design, process parameters, forgingpressure, depth, active cooling/heating etc., to improvemechanical properties of a metallic material.
 5. Conclusions
 (1) The ability of friction stir processing to produce ahigh strength Mg alloy with multiple overlappingpasses to partial depth was demonstrated in thisstudy.
 (2) Overall, a layered structure comprising three distinctmicrostructural regions was identified in the pro-cessed alloy.
 (3) Microstructure in the stirred region nearly equiaxedand recrystallized 0.8 lm grains. Aging resulted inthe precipitation of fine and uniformly distributedparticles. The core region in the middle showed exten-sive twinning in coarse grains in a largely bimodalmicrostructure after warm pressing.
 (4) Textural evolution indicated that material flow hap-pened mainly by basal slip during FSP while itinvolved extensive {10�12} twinning in the coreregion during warm flattening.
 (5) Tensile testing showed that high yield strength(>350 MPa) with adequate ductility (elongation tofailure 10%) can be achieved in extruded ZK60 Mgby FSP processing and low temperature aging. It isfound that in addition to Hall–Petch strengtheningproduced by �1 lm grain size in the stirred region,the enhanced strength levels and ductility werestrongly influenced by intermetallic precipitatesfound in this alloy.
 (6) The major difference between tensile behavior ofFSP-processed and ABRC-processed Mg wasstrain-softening, which may be related to the bimodalcoarse grain structure in the core region.
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