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Abstract

:

An AZ80 alloy with ultra-high strength and good ductility has been successfully prepared by a novel processing route of combining extrusion and caliber rolling. The caliber rolled (CRed) AZ80 alloy has a necklace grain structure with ultrafine dynamic recrystallized (DRXed) grains formed around the micro-scale deformed grains, which is remarkably different from the uniform microstructure of as-extruded sample free from caliber rolling. In addition, both the deformed region and the DRXed part in CRed AZ80 alloy exhibit more random basal texture than that of the as-extruded sample. Furthermore, the CRed AZ80 alloy demonstrates an excellent comprehensive mechanical property with the ultimate tensile strength of 446MPa and elongation of 13%, respectively. These good mechanical properties of CRed AZ80 alloy can be attributed to the synthetic effects of necklace bimodal microstructure containing ultra-fine grains, profuse Mg17Al12 precipitates, and the modified texture.
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1. Introduction


Owing to the low density and relatively abundant resources of magnesium (Mg), Mg alloys have great potential in lightweight structural applications to meet the increasing lightweight requirement for less pollution emission as well as better fuel efficiency [1,2]. However, their poor mechanical performance inhibits their wider commercial application. A lot of researchers have devoted themselves into developing Mg alloys with good mechanical properties via alloying with rare-earth (RE) elements [3,4,5,6], processing by severe plastic deformation (SPD) [7,8] and some other modified processing technologies [9,10,11]. For example, it was reported that Mg-Gd-Y-Zn-Zr alloy having a tensile yield strength (TYS), an ultimate tensile strength (UTS), and an elongation (EL) of 473 MPa, 542 MPa, and 8.0%, respectively was successfully fabricated [6]. However, this method involving large amount of RE element will remarkably increases the cost. Some studies have focused on fabricating high-strength RE-free Mg-Al based alloys (TYS > 300 MPa, UTS > 400 MPa UTS) by grain refinement via SPD processing technologies such as equal channel angular pressing (ECAP) [8], accumulative roll bonding (ARB) [12], multi-directional forging (MDF) [13], and high ratio differential speed rolling (HRDSR) [14]. In addition, some newly modified processing technologies such as low temperature slow speed extrusion (LTSS-E) [10] and double extrusion (DE) [11,15], were also explored as choices for producing high performance Mg alloys. However, these processing technologies are inapplicable to commercialize because of limited dimensions, low production efficiency or the complex equipment required [2]. Until now, there is still a great demand for processing technologies that are suitable for manufacturing large-sized high-performance Mg alloys with relatively high efficiency at low cost.



In this respect, caliber rolling was recently introduced as one of the modified rolling processes that can be used for mass production of metal materials with high precision and high strength. Lee et al. [16] fabricated a Ti-Al-V alloy with an ultra-fine grains (<1 μm) by caliber rolling. There is only a small number of researches on caliber rolled (CRed) Mg alloys till now despite its great potential. Mukai et al. [17] found the basal texture weakening effect and the enhancement of TYS when 18 pass caliber rolling was applied to AZ31 alloy. Somekawa et al. [18] revealed that the TYS of as-extruded Mg-Zn alloy was improved to 330 MPa with an EL of 16% after 14 pass caliber rolling. Lee et al. [19] reported that seven pass CRed AZ31 alloy demonstrated TYS, UTS, and EL of 298 MPa, 378 MPa, and 20.9%, respectively. Later, they further [20] fabricated a ZK60 alloy with an ultra-fine-grain structure yielding a UTS of 389 MPa and an EL of 18% by six pass caliber rolling with an area reduction of 84%. All these works demonstrate the great potential of caliber rolling in enhancing the mechanical performance of Mg alloy, but the number of caliber rolling pass applied is too many, leading to the decrease of production efficiency and increase of cost.



In this study, therefore, we present our work in enhancing the mechanical properties of AZ80 by combining extrusion and three pass caliber rolling. In addition, the microstructure was characterized to reveal the strengthen mechanism compared with the as-extruded sample.




2. Materials and Methods


2.1. Materials and Processing


AZ80 Magnesium alloy with composition of Mg-8Al-0.5Zn-0.2Mn (all compositions quoted in present work are in wt. % unless otherwise stated) alloys was prepared using pure Mg, Al, and Zn, as well as Al-5Mn master alloy in an electronic resistance melting furnace. The schematic diagram of sample processing is illustrated in Figure 1. After casting, the billet with a diameter of 60 mm and height of 150 mm was homogenized for 4800 min at 400 °C. Then the billet was extruded at 300 °C at an exit speed of 6 m/min with an extrusion ratio of 25:1. The as-extruded rods with the dimension of Ø12 mm × 50 mm were preheated at 300 °C for 30 min, followed by 3 pass caliber rolling with the diameter of the grooves from 10.6 to 8.7 mm. The accumulated strains of the 3 pass caliber rolling processing is ~40.2%. Then the sample was air-cooled to ambient temperature.




2.2. Characterization


Microstructural characterization of the as-cast, homogenized and as-extruded AZ80 sample was conducted by Olympus (Tokyo, Japan) BX51M optical microscope (OM) and the micro-scale second phases in AZ80 were checked by JEOL (Tokyo, Japan) JSM-7000F scanning electron microscopy (SEM) equipped with energy dispersive spectrometer (EDS). X-ray diffraction (XRD) analysis was conducted using Bruker (Billerica, MA, USA) D8 Focus to figure out the phase in the specimen. For the CRed specimen, OM, SEM, EDS and transmission electron microscope (TEM) installed with energy-dispersive X-ray spectroscopy (EDX) were introduced for the microstructure characterization. Besides, the micro-texture of the CRed sample was characterized by electron back-scatter diffraction (EBSD) compared with as-extruded sample. Metallographic specimens were cut from the as-extruded and CRed AZ80 alloy along the extrusion direction (ED) and rolling direction (RD), respectively. For OM and SEM observation, the samples were mechanically ground and polished, then the prepared samples were etched using a solution made of 4.2 g picric acid, 70 mL ethanol, 10 mL acetic acid and 10 mL distilled water. For TEM analysis, disc samples with a diameter of 3 mm were mechanically polished to a thickness less than 200 μm, and then were ion milled in a Precision Ion Polishing System (GATAN 691). In terms of EBSD specimen, the surface was first ground in the same way as the SEM sample preparation, then polished by colloidal silica for 30 min. HKL Chanel 5 analysis software (OXFORD INSTRUMENTS, Shenyang, China) was used to analysis the EBSD data. The fracture morphologies of both the as-extruded and CRed sample were characterized by SEM after tensile test.




2.3. Mechanical Performance Test


The dog-bone-shaped specimens with the gage dimension of Φ5 mm × 20 mm were adopted for room temperature tensile tests along the ED and RD for the extruded and CRed sample, respectively. The tensile tests were conducted using an electro-universal mechanical testing machine (SUNS-UTM5105X, SHENZHEN SUNS TECHNOLOGY STOCK CO., LTD., Tianjin, China) with an initial strain rate of 1 × 10−3 s−1. All samples were tested at least three times to confirm the repeatability of the mechanical properties.





3. Results and Discussion


3.1. Microstructure of AZ80 Before Calibre Rolling


Figure 2 demonstrates the XRD analysis results of as-cast AZ80 alloy, which is mainly consisted of α-Mg and Mg17Al12 phases. Figure 3a,b presents the OM microstructure of the as-cast and homogenized AZ80 alloy, respectively. The as-cast AZ80 microstructure predominantly consists of typically dendritic α-Mg grains and compound networks mostly along the grain boundaries. After homogenization treatment, most of these intermetallic compounds disappear and only a small amount of second particles left in the matrix. The average grain size (AGS) of the homogenized AZ80 sample is ~170 μm. After extrusion, as shown in Figure 3c,d, the AZ80 alloy exhibits a uniform microstructure with an AGS of about 16 μm. Compared with the course microstructure of the homogenized sample, the significantly grain refinement in as-extruded sample indicating the occurrence of fully dynamic recrystallization (DRX) during extrusion.



Figure 4 reveals the SEM and EDS analysis result of the as-extruded AZ80 alloy. Both coarse micro-scale compound particles on the matrix and fine precipitates along the grain boundaries and in grain interior were observed. According to the EDS results and our former researches [10,21], the coarse particles containing Al and Mn were Al8Mn5 phase particles and those rich of Mg and Al is the undissolved Mg17Al12 in AZ80 alloy after homogenization. It should be noted that the Al8Mn5 phase in the as-cast AZ80 alloy was not indexed in the above XRD analysis result because of the dilute Mn content (0.2%). The fully DRXed microstructure of the as-extruded AZ80 is most likely because of the relatively high extrusion temperature (300 °C) and high extrusion speed (6 m/min) adopted in this study, which are known to increase the DRX fraction [21]. In addition, the present of micro-scale Mg17Al12 and Al8Mn5 phase particles with the size of ~10 μm can also contribute to the DRX via generating local inhomogeneity of the strain energy during hot deformation, which is known as particle-simulated nucleation [22,23].




3.2. Microstructure of CRed AZ80


Figure 5 indicates OM, SEM and EDS results of the caliber rolled AZ80 alloy. Different from the homogeneous microstructure of the as-extruded sample, the CRed sample exhibits a typical bimodal microstructure consisting of deformed grains original from as-extruded state and much finer grains formed around the deformed grains. This necklace bimodal microstructure of CRed AZ80 alloy indicates that DRX occurred during the 3 pass caliber rolling at 300 °C, which is commonly observed during multiple pass caliber rolling of AZ31 [24]. The second phases are more clearly observed in the SEM images, as shown in Figure 5c,d, both micro-scale and nano-scale second phase particles were detected. Furthermore, EDS results (Figure 5e,f) confirm that the micro-scale second phases include both Mg-Al and Al-Mn phases, which can be identified as Mg17Al12 and Al8Mn5, respectively. The Mg element was also detected in particle B, which is from the matrix where the Al8Mn5 phase particles distributed on.



In order to further characterize the bimodal structure and micro-texture of CRed AZ80 alloy, an EBSD experiment was conducted on both as-extruded and CRed AZ80 alloy, as demonstrated in Figure 6. The as-extruded AZ80 alloy exhibits a homogeneous microstructure with an AGS of ~15 μm, which is well agreed with OM observation results (Figure 3c,d). After three pass caliber rolling, both the deformed coarse grains and ultra-fine DRXed grains with diameter ~1 μm with the volume fraction of ~25% can be observed clearly along the boundaries of the deformed grains in the inverse pole figure (IPF) maps (Figure 6b–d). Besides, the necklace bimodal characteristics of the sample after three pass caliber rolling indicates the occurrence of discontinuous DRX (DDRX) during rolling process at 300 °C. In addition, both the as-extruded and the CRed AZ80 alloy exhibit basal fiber texture (Figure 6e,f) with the {0001} plane and the <01  1 ¯  0> direction of the grains in as-extruded and CRed samples mainly oriented parallel to the ED and RD, respectively. However, the maximum texture intensity of the AZ80 alloy decreases from 4.17 multiples uniform density (mud.) to 2.65 mud after three pass caliber rolling, indicating that the texture weakening benefit of caliber rolling. It should be noted that more randomized texture is generated with the ultra-fine DRXed grains than that of the deformed grains in the CRed sample, as indicated in Figure 6g,h. The result is consistent with previous research on the texture components transition during DRX [23]. And the basal texture weakening effect of caliber rolling processing on extruded Mg alloy is also revealed in the research on AZ31 by Mukai et al. [17], which is mainly caused by the shear deformation. As a result, a bulk Mg alloy having necklace-like structure and modified basal texture was successfully fabricated by combining two simple thermomechanical processing in present study.



A TEM experiment were also carried out to further reveal the bimodal microstructure and the precipitation behavior of the CRed sample. Bright field TEM images of the CRed AZ80 alloy are displayed in Figure 7. As exhibited in Figure 7a,b, lots of sub-grains can be detected in the deformed matrix, indicated by the green arrows. It is thus hypothetical that these sub-grain boundaries can also play a role in generating the potential nuclei of recrystallization. Besides, as indicated by the red arrows in Figure 7b, nano precipitates are found to be distributed near these sub-grain boundaries. In addition, the typical TEM image of the ultra-fine microstructure in CRed AZ80 is presented in Figure 7c,d. The DRXed grains that formed during caliber rolling have the grain size of ~0.85 μm. Nano precipitates were also detected in the matrix of ultra-fine grains area (Figure 7d). Based on the indexed result of the selected area electron diffraction pattern, these nano-scale precipitation particles are confirmed as Mg17Al12 (bcc, a = b = c = 1.056 nm). These spherical Mg17Al12 particles are mainly formed during extrusion as a result of dynamic precipitation [23]. During caliber rolling at 300 °C, these pre-existing phases are believed to restrict the grain growth of the DRXed grains after nucleation by pinning effect, which will contribute to the formation of ultra-fine DRXed grain structure [25,26,27]. Surprisingly, the ultra-fine grain size of AZ80 alloy (~0.85 μm), which is effectively pined by nano-precipitates during caliber rolling, is even finer than that of 18 pass caliber rolled AZ31 (1.5 μm) [17]. Furthermore, the ultra-fine grain structure is even comparable with that obtained by double extruded Mg-Ca alloy (~0.7 μm) [11], and the ultra-high strength Mg-2Sn-2Ca (TX22) alloy (~0.65 μm) extruded at low temperature (200–240 °C) [28]. Accordingly, the submicron grain size, nano precipitates in present CRed AZ80 alloy can necessarily contribute to good mechanical performance. Based on the above EBSD and TEM results, it can be concluded that the bimodal microstructure of CRed AZ80 sample can be mainly owing to the DDRX that mainly occurred along the grain boundaries of the as-extruded sample during rolling process. Furthermore, the abundant precipitation of nano Mg17Al12 particles greatly contributes to the formation of the ultra-fine grains in the necklace structure by pinning effect.




3.3. Mechanical Properties


The representative tensile stress-strain curves of the CRed AZ80 sample is shown in Figure 8 compared with that of the as-extruded sample and their related tensile properties are listed in Table 1. As-extruded AZ80 alloy demonstrates the TYS, UTS, and EL of 227 MPa, 327 MPa, and 20%, respectively. After three pass caliber rolling, the strength of the CRed AZ80 alloy was greatly enhanced with TYS and UTS being 370 MPa and 446 MPa, respectively, both much higher than those of the corresponding as-extruded sample. The comparison of CRed AZ80 in this study with the other recently developed high strength Mg alloys [4,6,8,9,10,11,12,13,14,17,19,21,28,29,30,31] is shown in Figure 9. The UTS of the CRed AZ80 sample are much higher than those previously reported high strength Mg-8Al-4Sn-2Zn [21], Mg-10Sn-1Al-1Zn [29], Mg-3.5Al-3.3Ca-0.4Mn [30], and Mg-2Sn-2Ca [28] alloys. Besides, The ultra-high UTS of the CRed AZ80 fabricated here is even higher than that of LTSS-extruded AZ80 [10], 18 pass CRed AZ31 [17], HPRed AZ91 [9], HRDSRed AZ91 [12], ARBed AZ91 [13], 20 pass MDFed AZ61 [14], as well as the ECAPed Mg-8Gd-3Y-1Zn containing long-period stacking ordered phases [31].



On the other hand, the CRed AZ80 sample demonstrates a lower EL (13%) than that of the as-extruded sample (20%). This can be explained by the evidence observed on the fracture surface after tensile test, as shown in Figure 10. Both the as-extruded and CRed AZ80 samples demonstrate ductile characteristic with plenty of dimples on the surface. In addition, micro-scale second phase particles can be observed in fracture surface of the two sample (Figure 10a,c), which is constant with the above microstructure characterization results. However, the surface morphology of the as-extruded sample is more uniform than that of the CRed one, owing to the homogenized and bimodal microstructure of as-extruded and CRed samples, respectively. Besides, the dimples in the CRed sample there are much smaller and shallower than those of the as-extruded sample, as compared in Figure 10b,d. As the strain hardening ability of ultra-fine grain area is lower than that of the micro-scale grain area [23], the inhomogeneous deformation between ultra-fine grains and microscale deformed grains in CRed sample will cause the initiation of fracture, thus decrease the ductility of the CRed AZ80 alloy.



Furthermore, the CRed AZ80 alloy still demonstrates a good ductility with the EL of 13%. Though the EL of CRed AZ80 is lower than that of as-extruded AZ80 sample (20%), the ductility of the CRed AZ80 fabricated here is much higher compared with those of other ultra-high strength Mg alloys [4,6,8,10,12,13,14,19,21,28,29,30,31].



Based on the above microstructure characterization results, the good comprehensive mechanical performance of the CRed AZ80 alloy can be mainly attribute to the necklace bimodal structure containing ultra-fine grains. A good combination of both high strength and high ductility was also observed in a necklace bimodal structured Mg-9Al-1Zn alloy fabricated by hard plate rolling (HPR) recently [9]. It has been proposed as a good way to produce metal materials having both high strength and good ductility by introducing a bimodal microstructure [32,33]. It was reported that the ultra-fine grains provide the high strength, while the coarser grains enable strain hardening by providing more space to accommodate dislocations in the bimodal microstructure alloys containing ultra-fine grains [10,34]. Besides, the ultra-high strength of the CRed AZ80 will be further contributed by precipitation strengthening from fine Mg17Al12 precipitates, solid-solution strengthening from dissolved Al and Zn, as well as the dispersion strengthening from relatively large Al8Mn5 and Mg17Al12 phases. On the other hand, the necklace bimodal microstructure with more random basal texture will also benefit the dislocation glide on basal planes, which enhanced the ductility of CRed AZ80 alloy [35,36].





4. Conclusions


In summary, a commercially available RE-free AZ80 alloy with excellent comprehensive mechanical property was successfully produced by a novel processing route of combining extrusion and three pass caliber rolling. The CRed AZ80 sample exhibits an ultra-high strength with UTS of ~446 MPa and at the same time a good ductility with EL of ~13%, respectively. The attractive mechanical performance is mainly originated from the combined effects of necklace bimodal microstructure containing ultra-fine grains, profuse Mg17Al12 precipitates, and the modified texture. Overall, the simple combination of two commercially adopted extrusion and caliber rolling processing is expected to inspire a new processing method for fabricating high performance Mg based materials products for large-scale industrial applications.
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Figure 1. Schematic illustration of cast, homogenization, extrusion and caliber rolling process. 
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Figure 2. X-ray diffraction (XRD) pattern of the as-cast AZ80 alloy. 
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Figure 3. Optical microscope (OM) images of (a) the as-cast, (b) as-homogenized, and (c,d) as-extruded AZ80 alloy. 
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Figure 4. (a) Scanning electron microscopy (SEM) microstructure of as-extruded AZ80 alloy; (b–e) energy dispersive spectrometer (EDS) mapping images of (b) Mg, (c) Al, (d) Mn, and (e) Zn, respectively; (f) EDS data of the particle A in (a) indicating that the marked phase is Mg17Al12. 
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Figure 5. (a,b) Ooptical microscope (OM) and (c,d) SEM micrographs of CRed AZ80 alloy; (e,f) EDS data of (e) particle A and (f) particle B in (c). 
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Figure 6. (a–d) Inverse pole figure (IPF) maps and (e–h) IPFs of (a,e) as-extruded and (b–d,f–h) CRed AZ80 alloy, respectively; (b,f) overall; (c,g) DRXed; (d,h) unDRXed regions of CRed AZ80 alloy. 
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Figure 7. Transmission electron microscope (TEM) images of (a,b) unDRXed and (c) DRXed microstructure of CRed AZ80 alloy; (d) image of precipitate in CRed AZ80 alloy (inset in (d): Mg17Al12 diffraction pattern). 
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Figure 8. Typical tensile stress-strain curves of CRed AZ80 alloy compared with as-extruded AZ80 sample. 
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Figure 9. Comparison of UTS vs. EL of CRed AZ80 with previously reported wrought Mg Alloys [4,6,8,9,10,11,12,13,14,17,19,21,28,29,30,31] (E: Extrusion; CR: Calibre rolling; ECAP: Equal channel angular pressing; HPR: Hard plate rolling; LTSS-E: low temperature slow speed extrusion; DE: Double extrusion; HRDSR: High-ratio differential speed rolling; ARB: Accumulative roll bonding; R: Rolling; MDF: Multi-directional forging). 
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Figure 10. SEM fracture morphology of (a,b) as-extruded and (c,d) CRed AZ80 alloy after tensile test to failure. 
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Table 1. Tensile properties of CRed AZ80 compared with as-extruded sample.
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	Alloys
	Process Parameters
	TYS (MPa)
	UTS (MPa)
	EL (%)





	AZ80
	E 1 + 3 pass CR 2, 300 °C
	370 ± 3
	446 ± 5
	13 ± 1



	AZ80
	E, 300 °C, 6 m/min
	227 ± 4
	327 ± 3
	20 ± 2







1 E: extrusion; 2 CR: caliber rolling.
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