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Abstract

:

The current work systematically investigated the microstructure, texture evolution, and mechanical properties of MDFed Mg-13Gd-4Y-2Zn-0.5Zr (wt%) alloy (GWZ) on the condition of high and low temperature cycle deformation. The high and low temperature cycle deformation was proposed on the basis of the conventional multi-directional forging (MDF) at decreasing temperature and annealing treatment. As a new method, it was aimed to timely uniform the microstructure and strengthen magnesium (Mg) matrix during the deformation process. A low accumulative strain of 3 after 1 pass resulted in a bimodal microstructure with undynamic recrystallized (unDRXed) regions and dynamic recrystallized (DRXed) grains, while a high accumulative strain of 12 after 4 passes lead to a homogeneous microstructure with fine DRXed grains. According to the experimental results, it indicated that the average grain size of 63 μm after homogenization treatment at 520 was refined remarkably to 5.20 μm after 4 passes at 420 °C through high and low temperature cycle deformation. The area fraction of DRXed grains was increased to 98.4%, which can be regarded as achieving complete DRX after 4 passes. The grain refinement was mainly caused by particle stimulation nucleation (PSN) and mechanism. As the MDF passes and accumulative strain increased, the basal texture was weakened and transformed from a strong basal texture to a random distribution gradually. Compared with conventional MDF at decreasing temperature, the mechanical properties were enhanced effectively. After 4 passes, the ultimate tensile strength (UTS), tensile yield strength (TYS), and failure elongation (FE) were 405 MPa, 305 MPa, and 13.1%, respectively.
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1. Introduction


As the lightest metallic constructional material, Mg and Mg alloys possess the low density that is approximately 2/3 of that of aluminum and 1/4 that of steel, have attracted the attention of many scholars, and is widely used in industrial applications [1]. Due to their low densities and high specific strengths, Mg and Mg alloys have attracted considerable recent attention [2,3,4]. However, the application of Mg alloys in the industry is still limited because of their moderate properties, such as the low yield stress and poor workability at room temperature (RT) [5]. Adding rare earth (RE) elements to pure Mg and heat treatment are effective ways to improve the strength of Mg alloys [6,7,8]. Nowadays, many researches have been focused on wrought Mg-Gd/Y based alloys due to their superior mechanical properties [9,10,11,12,13]. Homma et al. [11] reported a high-strength Mg-10Gd-5.7Y-1.6Zn-0.5Zr alloy exhibiting a TYS of 473 Mpa and elongation (EL) of 8.0% after hot extrusion and aging treatment. It could be concluded that the refined grains and long period stack ordered (LPSO) phases play important roles in improving mechanical properties. Yu et al. [14] showed Mg-11.5Gd-4.5Y-1.5Zn-0.4Zr alloy exhibiting excellent mechanical performance that TYS of 377 ± 1.2 MPa and EL of 10.8% ± 2.0% by pre-annealing for 1 h of an extruded alloy, which attributed to the Mg5RE phases, LPSO phases, solute segregated Schmidt factors (SFs), and the texture. Peng et al. [15] found that the outstanding mechanical properties can be observed about the UTS, YS, and FE of 310 MPa, 280 MPa, and 2.8% at RT after the T6 heat treatment of the Mg-Gd based alloys. The finer microstructure and precipitated phases significantly increased the mechanical properties.



The high mechanical performance can be obtained through refining grains effectively by severe plastic deformation (SPD) methods. As one of the SPD methods, MDF has especially attracted more and more scholars’ attention due to its simple operation and low-cost [16,17]. As we all know, the microstructure after multi-passes deformation and large strain is relatively homogeneous, and the heat treatment process can also uniform the deformed alloy to some extent. Meanwhile, Saboori et al. [18] found that stacking fault energy, as one of the influencing factors, determines the softening mechanism of metal materials, so that the DRX mechanism can be occurred at a specific temperature and strain rate. So, the homogeneous microstructure has a great relationship with deformation passes and heat treatment. Yu et al. [14,19,20] investigated that the high extrusion ratio of 30:1 lead to a uniform microstructure with fine DRXed grains, while the low extrusion ratio of 6:1 resulted in a bimodal microstructure with undeformed regions and DRXed grains. The bimodal microstructure can be removed by subsequent annealing treatment. To further get the homogeneous microstructure and improve the mechanical properties of the deformed alloy, the subsequent heat treatment is proposed and applied to each pass of the MDFed alloy. The conventional MDF process is shown in Figure 1a. As we all know that annealing treatment is an efficient method to modify the mechanical behaviors of wrought Mg alloys. The conventional MDF method is only to use the increased deformation passes and the subsequent heat treatment method to uniform the microstructure of the deformed alloy and improve the mechanical properties of the material. To overcome this challenge, on the basis of not increasing the passes of MDF deformation, a new deformation process is proposed shown in Figure 1b and the new processing method is defined as high and low temperature cycle deformation.



In this work, we utilized a homogenzied Mg-13Gd-4Y-2Zn-0.5Zr alloy (denoted as GWZ) containing LPSO phases as the experimental material. The purpose of the investigation is understanding the effects of the high and low temperature cycle deformation on the microstructure, texture, and mechanical properties. In addition, the paper is aimed to provide a new method to timely uniform the MDFed microstructure and improve the mechanical properties of the MDFed alloy.




2. Materials and Methods


Cylindrical billet of the Mg-13Gd-4Y-2Zn-0.5Zr alloy was produced by semi-continuous casting with 1000 mm in height and 330 mm in diameter provided by Shanxi Wenxi Yinguang Mg Industry Group. Its chemical constituents were listed in Table 1. The Mg-13Gd-4Y-2Zn-0.5Zr cast ingot was homogenized at 520 °C for 16 h followed by air quench. The position of the experimental samples was shown in Figure 2a.



In the actual production process, a hydraulic press with a 1250 tons limit and the forging speed of 5 mm/s was carried on the MDF process. The four rectangular experimental samples with dimensions of 130 mm × 130 mm × 160 mm were used, and the position of the experimental samples were shown in Figure 2a. The MDF dies and experimental samples were heated to the given temperature. Once the MDF dies and experimental samples attained the desired temperature, a period of 0.5 and 2.5 h were allowed to elapse before subsequent deformation. The schematic representation of the MDF was shown in Figure 2b. In the present work, MDF procedure under constant temperature conditions was composed of the following steps: (1) To study the microstructure and texture evolution, the MDFed alloys after different passes (1,2,3,4) followed by air cooling were denoted as 1MDF, 2MDF, 3MDF, 4MDF, (2) when the 1, 2, 3 passes finished, annealing treatment of 480 °C for 8 h was subjected to the MDFed alloy, then cooled in air, (3) in order to reduce the friction between billets and dies, graphite lubrication was adopted. During the MDF process, for each MDF direction, such as X, Y, Z, the strain is 1. The total true strain of per pass is calculated by the equation:


   ∑  ε =   ln  H 1    ln  H X    +   ln  H 2    ln  H Y    +   ln  H 3    ln  H Z     



(1)




where H1, H2, H3 and HX, HY, HZ represent the initial and final heights of X, Y, Z direction, respectively.



The forging direction was rotated by 90° step by step (i.e., A to C to B to A to…), the three forging steps mentioned above are called a forging pass, as shown in Figure 2b, leading to a cumulative strain of around ∑△ = 3. Then, the samples were forged by MDF experiments with the cumulative strain of △ = 3 per pass, under the decreasing temperature from 480 to 420 °C by a drop of 20 °C every pass. The experimental parameters are shown in Table 2.



The microstructures were observed with optical microscopy (OM) of Zeiss Axio Imager A2m, scanning electron microscopy (SEM) using Hitachi SU5000 (Hitachi, Tokyo, Japan) at 30 kV. As shown in Figure 2c, samples for analysis with the size of 10 mm × 10 mm × 10 mm were carried out in the central part of specimens parallel to the last forging direction. The samples were initially polished by various grades of polishing papers, then mechanically polished with 1.0 μm diamond paste and finally etched in a solution of 1 g picric acid, 2 mL acetic acid, 2 mL distilled water, and 14 mL alcohol for microstructure observation. The initial average grain size of as-homogenized Mg-13Gd-4Y-2Zn-0.5Zr alloy and samples after annealing treatment were measured by using the mean linear intercept method. The grain size distribution in the alloy was analyzed from the microstructure image using Image-Pro Plus Software.



Moreover, the texture evolution was observed by SEM mentioned above equipped with an EDAX/TSL (EDAX Inc., Mahwah, NJ, USA) electron back scattered diffraction (EBSD) operating. To better characterize the results of EBSD, the specimens were polished by using multi-function ion milling with the operating voltage of 6.5 kV and gun angle of 3°. Orientation imaging microscopy (OIM) software (EDAX Inc., Mahwah, NJ, USA) was used to extract EBSD data. Meanwhile, the composition analysis for phases was executed by X-ray diffraction (XRD, Smart Lab SE, Tokyo, Japan) with Cu Kα radiation operated at 40 kV and 40 mA, and transmission electron microscopy (TEM) using JEOL JEM-F200 TEM (JEOL, Tokyo, Japan) operating at 200 kV. The average grain size of MDFed alloys were determined by EBSD data and the grains less than 10 μm in diameter were considered to be DRXed grains.



To determine the tensile properties, the samples were machined perpendicular to the last forging direction and dimension of tensile samples was shown in Figure 2d. The tensile tests were carried out by INSTRON 3382 (INSTRON, Norwood, MA, USA) tensile machine at RT and the tensile rate was 1 mm/min.




3. Results and Discussion


3.1. Microstructural Characterizations


3.1.1. Microstructure after Homogenization Treatment


Figure 3 shows OM and SEM images of the Mg-13Gd-4Y-2Zn-0.5Zr alloy after homogenization treatment of 520 °C for 16 h. The microstructure after homogenization treatment contains block-shaped LPSO phases at grain boundaries (black arrows) and lamellar-shaped LPSO phases inside grains (yellow arrows). The eutectic phases are Mg5RE (green arrows) by EDS analysis. In addition, a small number of cubiod phases of rare-earth-rich phases (red arrow) also exist. The average grain size is about 63 μm by a mean linear intercept method.




3.1.2. Microstructure after High and Low Temperature Cycle Deformation


Figure 4 shows the microstructures of MDFed alloys at 480, 460, 440, 420 °C, respectively. It is clear from Figure 4a,b that DRX occurred after 1 pass at 480 °C, but the grains are nonuniform because of the exist of the undeformed grains. The obtained microstructure can be regarded as a bimodal microstructure that consists of coarse grains and fine grains. The reason for the formation of the bimodal microstructure is that the existence of LPSO phases hinder the movement of dislocations, and by applying more strain, the dislocation density near LPSO phases increases providing the required energy for the nucleation of new grains. As a result, the new grains are evolved along previous coarse-undeformed grains, leading to a bimodal microstructure [21,22,23,24]. This deformation mechanism can be seen as PSN. The average grain size is 15.72 μm as shown in Figure 5a. When continued annealing treatment is subjected at 480 °C for 8 h to the 1MDFed sample, followed by air cooling at 25 °C. It can be observed from Figure 6a,d that the microstructure of 1MDFed alloy becomes uniform and can be regarded as equiaxed crystal. This is because there are a large number of sub-boundaries in the 1MDFed alloy. The subgrains reach a stable state by absorbing energy in the annealing process. In addition, a large amount of precipitated phases dissolve into the Mg matrix, and only a small portion of the precipitations exist at the grain boundaries and inside the grains. Figure 4c,d show the microstructure of 2MDFed alloy at 460 °C, it can be found that not only fine particles precipitate at the boundaries, but also plate-like precipitations occur interior of the grains. According to the XRD results shown in Figure 7 and the compositions of Mg81.59Gd12.74Y4.38Zn0.73Zr0.56 and Mg84.43Gd10.66Y3.68Zn0.67Zr0.55 by EDS analysis (red arrows in Figure 4d), the precipitates in different shape all may be Mg5(Gd,Y,Zn). In order to further determine the structure of the precipitated phases, we also perform a TEM experiment, as shown in Figure 8, which demonstrates that the fine particles and the plate-like precipitated phases are Mg5(Gd,Y,Zn). Moreover, the plate-like precipitates are also demonstrated as Mg5RE phase in [14]. However, the average grain size of the 2MDFed sample is 25.83 μm due to the abnormal grain growth, it may be that because of the small volume fraction and weak pinning effect of fine Mg5(Gd,Y,Zn) phases precipitated from the grain boundaries, the grains grow abnormally. At this time, a large amount of plate-like Mg5(Gd,Y,Zn) phases existing in the grain is in an unstable state, because it does not appear in the subsequent process. When annealing treatment of 480 °C and 8 h is conducted to the 2MDFed sample, most of plate-like Mg5(Gd,Y,Zn) precipitations are dissolved into the matrix after annealing treatment, the uniform microstructure can be obtained as shown in Figure 6b,e. When the samples are forged at 440 and 420 °C, the average grain size gradually decreases with the increase of the forging passes. The average grain size of the 3MDFed and 4MDFed sample are 6.52 and 5.20 μm, respectively. In addition, the microstructure of samples become more and more uniform with the increase of forging passes and the decrease of forging temperature, obviously. It can be concluded that the static recrystallization (SRX) mechanism by annealing treatment can be used to obtain a distinct uniform microstructure between the deformation passes.



Figure 9 exhibits the trend about volume fraction of DRXed grains, deformed grains, and average grain size after different MDF passes. Combined with the microstructures of the MDFed Mg-13Gd-4Y-2Zn-0.5Zr experimental alloy up to different passes shown in Figure 4, applying the MDF technique has resulted in arrays of fine new grains embedded in the initial grains [25]. The as-homogenized alloy with the mean grain size of 63 μm has been replaced by fine grains of 5.20 μm after 4 passes. It indicates the occurrence of recrystallization mechanism during the high and low temperature cycle deformation. The DRX and SRX mechanism happened in the condition of the MDF process and annealing treatment, respectively. The grain refinement is mainly attributed to the combination of PSN and DRX mechanism [26]. The volume fraction of DRXed grains up to different MDF passes are 59.0%, 12.7%, 87.1%, and 98.4%. Thereby, the average grain size of Mg-13Gd-4Y-2Zn-0.5Zr alloy after different passes is reduced in addition to the 2MDFed alloy. It can be interpreted as the DRXed grains of the 1MDFed alloy have grown abnormally after annealing treatment of 480 °C for 8 h. In addition, the uniform microstructure is mainly caused by SRX mechanism.




3.1.3. Texture Evolution during High and Low Temperature Cycle Deformation


The EBSD inverse pole figure (IPF) maps of the high and low temperature cycle deformed samples are shown in Figure 10. The high angle grain boundaries (HAGBs, > 15°) and low angle grain boundaries (LAGBs, < 15°) are noted by black and white lines, respectively. No twins are observed because the deformation temperature is high enough to suppress the formation of the twins [23]. It is apparent that the 1MDFed sample exhibits a bimodal microstructure consisting of the fine DRXed grains with the grain size ranging from 0.53 to 9.95 μm and coarse unDRXed grains with the maximum grain size of 40.42 μm. Ref. [26] reports that that the average grain size of new grains formed by the PSN mechanism is smaller than the size of particles formed by other recrystallization mechanisms, which is consistent with the findings of this paper. The degree of DRX is improved with increasing the deformation passes except the 2nd pass and the fraction of DRXed grains increases from 59.0% of the 1MDFed sample to 98.4% of the 4MDFed sample, which can be considered to achieve complete DRX. Obviously, the deformation passes have a significant effect on the DRX behaviour.



Figure 11 illustrates the pole figure (PFs) of {0001} basal plane, including all grains, DRXed grains, and unDRXed grains. The maximum texture intensity of the 1MDFed sample is 35.279, as shown in Figure 11a–c, and it can be concluded that the texture orientation of the 1MDFed sample is mainly dependent on the unDRXed grains from Figure 10a–c. In addition, the unDRXed grains result in a typical basal texture. When the deformation pass reaches 2, the maximum texture intensity of the sample is 16.960, as shown in Figure 11d–f and the texture orientation is also attributed to the unDRXed grains from Figure 10d–f. The texture of 3MDFed and 4MDFed samples are attributed to the DRXed grains, and the maximum texture intensity of 3MDFed and 4MDFed samples are 14.269 and 8.184, respectively. It can be found that the basal texture becomes weaker with the increase of the deformation passes, and the DRXed grains play an important role on the texture orientation.





3.2. Mechanical Performance and Fracture Behaviour


Figure 12 depicts the mechanical performance of the studied samples after different passes of high and low temperature cycle deformation by tensile tests at RT. The UTS, TYS, and FE of all the samples are exhibited. The UTS, TYS, and FE of the as-homogenized alloy after 520 °C (denoted as 0 pass) are 213 MPa, 182 MPa, and 3.2%, respectively. After 1 pass through the high and low temperature cycle deformation, the values of the UTS, TYS, and FE increase to 293 MPa, 257 MPa, and 8.4%, respectively, which are enhanced more than 37.6%. When the forging temperature is 46 °C, the UTS, TYS, and FE of the experimental sample dramatically decrease to 246 MPa, 227 MPa, and 7.60% due to the abnormal growth of the grains. When the deformation pass is up to 3 with the accumulative strain of 9, it is obvious to find that the UTS, TYS, and FE increase to 356 MPa, 264 MPa, and 11.5% rapidly. Further decreasing the temperature up to 420 °C, the sample exhibits the highest strength with the UTS of 405 MPa and TYS of 305 MPa, with a good elongation of 13.1%. It can be concluded that the increase of TYS is attributed to the fine grains during the tensile tests at RT. The refined grains lead to the increase of grain boundaries, which can be considered as grain boundary strengthening to improve the performance of GWZ alloy containing LPSO phases. At the same time, it is in line with the Hall-Petch equation:


   σ y  =  σ 0  + K  d  − 1 / 2   ,  



(2)




where σy is the TYS, σ0 and K are material constants, and d is the average grain size.



Figure 13 displays the tensile fracture morphologies of Mg-13Gd-4Y-2Zn-0.5Zr alloy after different passes. Mg alloys usually tend to fail brittle by cleavage fracture or quasi-cleavage fracture due to their restricted dislocation slip systems [27,28]. It can be found that massive cleavage planes and dimples are detected from the tensile fracture morphology, as shown in Figure 13, which can be demonstrated as brittle and ductile hybrid fracture mechanism. When the deformation pass is up to 2, it is obvious that there are amount cleavage planes and tear ridges that occur as shown in Figure 13b, which can be regarded as brittle fracture mechanism, causing the lowest UTS and TYS. Figure 13c,d show the amount of dimples in the fracture position after 3 and 4 passes on the condition of high and low cycle temperature, and they belong to the ductile fracture. However, the dimples that occur in the 4MDFed sample are more tiny compared with the 3MDFed sample, which lead to the highest YTS and TYS. In addition, the results indicate that the mechanical properties of the specimens after 4 passes through high and low temperature cycle deformation are also enhanced compared with the specimens after 4 passes on the condition of traditional decreasing temperature deformation (UTS:357 MPa, TYS:294 MPa). Thus, the high and low temperature cycle deformation is an effective method to improve the tensile properties of the studied alloy.





4. Conclusions


The microstructure, texture evolution, and mechanical properties of the MDFed GWZ alloy containing LPSO phases on the condition of high and low temperature cycle deformation are experimentally investigated.




	
The MDF method can lead to a refined microstructure with the average grain size of 5.20 μm, and a fully DRX (~98.4%) also can be achieved after 4 passes through high and low temperature cycle deformation.



	
With the increase of deformation passes, the microstructure gradually changed from a bimodal microstructure to a uniform fine-grained microstructure. Deformation texture is transformed from a basal texture to random texture, and the maximum texture intensity gradually decreases.



	
It is shown that the MDF method significantly improved mechanical properties of the experimental alloy, the excellent tensile properties are UTS of 405 MPa, TYS of 305 MPa, and FE of 13.14% after 4 passes.



	
The grain refining mechanism is attributed to the increase of grain boundaries by PSN and DRX mechanism. The uniform microstructure is obtained mainly due to the SRX mechanism caused by the annealing treatment between deformation passes.



	
The high and low temperature cycle deformation, as a new deformation method, can guide us to obtain a uniform and fine microstructure. Meanwhile, it also can be applied in industrial production.
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Figure 1. The chart of MDF process: (a) Conventional method, (b) high and low temperature cycle deformation process. 
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Figure 2. (a) The position of the experimental samples out of the homogenized rod, (b) the schematic representation of geometry changes during each pass of the MDF process, (c) microstructure analysis zone for samples after MDF, (d) dimensions of tensile samples (in mm). 
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Figure 3. Microstructure of the Mg-13Gd-4Y-2Zn-0.5Zr alloy after homogenization treatment: (a) OM, (b) SEM. 
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Figure 4. The OM images of MDFed alloy after different passes: (a,b) 1 pass, (c,d) 2 passes, (e,f) 3 passes, (g,h) 4 passes. 
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Figure 5. The average grain size of MDFed alloy after different passes: (a) 1 pass, (b) 2 passes, (c) 3 passes, (d) 4 passes. 
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Figure 6. The OM images after annealing treatment of 480 °C for 8 h of (a,d) 1MDFed sample; (b,e) 2MDFed simple; (c,f) 3MDFed simple. 
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Figure 7. X-ray diffraction patterns of MDFed alloy after different passes. 
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Figure 8. The TEM images of fine particles and plate-like precipitation: (a) Fine particles, (b) plate-like precipitation. 
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Figure 9. The trend about volume fraction of DRXed grains, deformed grains, and average grain size after different MDF passes. 
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Figure 10. Inverse pole figure (IPF) maps for the experimental alloy after MDF to different passes, (a,d,g,j) the IPF images of all grains after different passes, (b,e,h,k) the IPF images of unDRXed grains after different passes, (c,f,i,l) the IPF images of DRXed grains after different passes, and the orientation triangle is also showed. 
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Figure 11. The {0001} pole figure (PF) of the specimens after MDF to different passes, (a,d,g,j) the {0001} pole figure (PF) of all area after different passes, (b,e,h,k) the {0001} pole figure (PF) of unDRX area after different passes, (c,f,i,l) ) the {0001} pole figure (PF) of all area after different passes, (b,e,h,k) the {0001} pole figure (PF) of DRX area after different passes. 
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Figure 12. Tensile properties of the studied alloy after different deformation passes. 
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Figure 13. Tensile fracture morphologies of Mg-13Gd-4Y-2Zn-0.5Zr alloy after different passes: (a) 1 pass, (b) 2 passes, (c) 3 passes, (d) 4 passes. 
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Table 1. The chemical constituents of the Mg-13Gd-4Y-2Zn-0.5Zr alloy.
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	Element
	Gd
	Y
	Zn
	Zr
	Si
	Cu
	Mg





	Wt%
	12.88
	4.00
	2.00
	0.50
	<0.01
	<0.01
	Bal.
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Table 2. Designation and history of the studied samples.
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Designation History






	
Sample 1

	
1st pass MDF at 480 °C (∑△ε = 3)




	
Sample 2

	
1st pass MDF at 480 °C + annealing treatment at 480 °C + 2nd pass MDF at 460 °C (∑△ε = 6)




	
Sample 3

	
1st pass MDF at 480 °C + annealing treatment at 480 °C + 2nd pass MDF at 460 °C + annealing treatment at 480 °C + 3rd pass MDF at 440 °C (∑△ε = 9)




	
Sample 4

	
1st pass MDF at 480 °C +annealing treatment at 480 °C + 2nd pass MDF at 460 °C + annealing treatment at 480 °C + 3rd pass MDF at 440 °C + annealing treatment at 480 °C + 4th pass MDF at 420 °C (∑△ε = 12)












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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