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Magnesium alloys have many distinguished advantages; therefore, they are more and more popularly used in lightweight design of automotive and aviation manufacturing industries. However, its poor plasticity at room temperature has prevented its further application, especially in magnesium alloy sheet forming process. To expand the application of magnesium alloy sheets, single-point incremental forming process for rapid prototype manufacturing and small-scale productions of sheet metal was investigated. By combining finite element numerical simulations with physical experiments, the relationships between the maximum thickness differences and different process parameters are explored, and the optimal process parameters for forming a certain straight wall cylindrical part of AZ31 magnesium alloy were determined. Based on the analysis of the results, the formability of AZ31 magnesium alloy sheet using warm single-point incremental forming (SPIF) is improved with the increases of number of forming stage, forming temperature, and tool diameter but reduced with the increase of feed rate and interlayer spacing. The suitable forming temperature for AZ31 magnesium alloy sheet is about 250°C. For forming the deeper straight wall cylindrical parts, at least four forming stages are needed.
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INTRODUCTION

Magnesium alloys are very light in weight and has only 2/3 of the density of aluminum alloys. They have the advantages of high specific strength, good shock absorption performance, good thermal conductivity, and good electromagnetic shielding performance. Therefore, they are used more and more in lightweight design of products. Recently, magnesium alloy sheets are particularly prominent in automotive and aviation manufacturing industries (Dziubinska et al., 2015; Joost and Krajewski, 2017; Masood et al., 2019), but their wide applications are limited by their poor plasticity at room temperature. In recent years, to improve the formability of magnesium alloy sheets, many works have been carried out based on two different aspects. On the one hand, metallurgical strategies (Yu et al., 2015; Pan et al., 2016, 2018, 2020; You et al., 2017) have been actively applied to increase plasticity by refining grain size and strengthening basal slip. Some elements can reduce the difference of critical resolved shear stress (CRSS) between the basal and non-basal slip systems, which contributes to the activation of non-basal slip systems and can improve plasticity of Mg alloys (Huang et al., 2018; Ahmad et al., 2019; Liu et al., 2019; Zhao et al., 2019). On the other hand, some novel plastic forming processes for magnesium alloy sheet have been developed to improve the formability, such as hard-plate rolling (Zha et al., 2018; Zhang et al., 2019), laser shock peening (Mao et al., 2019), forming by underwater shock wave (Ruan et al., 2016), warm stamping process (Wang et al., 2015), and incremental sheet forming (Hino et al., 2014).

Single-point incremental forming (SPIF) is one kind of the flexible forming process and well-suited for rapid prototype manufacturing of sheet and small-scale production. For SPIF process, the pioneering work in Japan has been done by Iseki and co-workers, and they manufactured non-symmetrical parts by SPIF in 1989 (Emmens et al., 2010). Then, SPIF was firstly considered as an alternative to hot stamping of lightweight alloys in 1994 (Ambrogio et al., 2012). Multistage SPIF process applied to manufacture parts with wall angles of 90° started in 2008 (Duflou et al., 2008; Skjoedt et al., 2008). Subsequently, the research works in this field have expanded to many aspects including better understanding of the deformation mechanism (Silva et al., 2008; Jackson and Allwood, 2009; Mirnia et al., 2018), deformation tool path design (Skjoedt et al., 2009; Manco et al., 2011; Liu et al., 2013), forming process optimization (Hussain et al., 2011; Liu et al., 2014), accuracy of formed component (Xu et al., 2012), and heating techniques (Fan et al., 2008; Göttmann et al., 2012). In the last decade, the use of materials in this process has expanded from steel and aluminum to magnesium alloys.

For forming complex parts of magnesium alloy sheets, the forming temperature is often higher than room temperature and usually in “warm conditions” between 200 and 300°C (Iwanaga et al., 2004). In fact, these temperatures are able to activate new sliding planes to increase material formability greatly (Masood et al., 2019). In the last years, different works have been published to investigate the formability and enhance the potential of the process using warm SPIF process. With the use of a hot air heating system in SPIF process, the critical wall angle of an AZ31 magnesium alloy conical workpiece was determined for temperature up to 320°C, and the analysis of sheet thickness distribution was conducted (Leonhardt et al., 2018). The AZ31 magnesium alloy sheets were formed by supplying a continuous current to generate a local heating (Ambrogio et al., 2012). In the process, the workability windows of the materials were drawn, and the microstructural changes and surface roughness were studied. A circular cup with an inclination angle exceeding the forming limit was successfully formed by introducing the concept of the progressive forming to the incremental forming (Ji and Park, 2008). With particular reference to formability limits, the SPIF of AZ31 magnesium alloy was taken into account, and the role of the main process parameters on material formability was investigated through a wide experiment and a rigorous statistical analysis. Some important conclusions were drawn: the influence of temperature and tool depth step on formability is quite relevant, the role of tool diameter is negligible in the investigated range, and maximum formability occurs at 250°C (Ambrogio et al., 2008).

Although the SPIF process of magnesium alloy has attracted more and more researchers and engineers, the research focuses on the forming parts by single-stage process. The researches on the multistage warm forming SPIF process for magnesium sheets are still insufficient. To investigate the effects of process parameters on the formability of AZ31B magnesium alloy sheet during multistage SIPF at elevated temperature, the numerical simulation was combined with physical experiment to determine the optimal process parameters for forming certain straight wall cylindrical parts.



MATERIALS AND METHODS

Material

The commercial AZ31B magnesium alloy sheet produced through hot rolling and annealing is used for mechanical property testing and part forming, and its main chemical compositions is Mg−3Al−0.95Zn−0.28Mn (in wt.%).

Here, to obtain the basic mechanical properties of the material and provide the basic parameters for numerical simulation, uniaxial tensile tests at room temperature and elevated temperature were carried out based on ISO 6892-1:2011 and ISO6892-2:2011, respectively. Figures 1A,B indicate the dimensions and the cutting directions of tensile specimens. The force–displacement data of the tensile specimens were obtained by a microcomputer-controlled electronic universal testing machine named CMT5205, which is illustrated in Figure 1C. The high-temperature electric furnace of experimental machine is vertical split type, whose heating element is the resistance heating wire, and the core refractory material is alumina. The maximum temperature is 900°C, and the deviation of temperature was ±1°C, using the program temperature controller to measure temperature. The tensile mode is constant strain rate of 0.001 s−1. A computer using force and displacement sensors recorded the force–displacement curves at the stretching temperature of 150, 200, 250, and 300°C.


[image: Figure 1]
FIGURE 1. Diagrams and photos of tensile test: (A) dimensions of tensile specimen; (B) cutting directions of specimen; (C) the photo of tensile testing machine; (D) the photo of fractured specimen at room temperature; (E) the photo of fractured specimen in 0° direction at different temperatures.


The specimens before and after tensile testing in rolling direction are shown at room temperature and elevated temperatures in Figures 1D,E, respectively. It can be observed from Figure 1D that when the tensile temperature is below 150°C, the fracture of AZ31B magnesium alloy is brittle fracture, and when the tensile temperature is over 200°C, obvious neck shrinkage occurs at fracture points of the tensile specimens, and the fracture mode belongs to the ductile fracture. The elongation of tensile specimens in different directions at different temperatures is listed in Table 1. The elongation rates of tensile specimens in different directions increase with the rise of tensile temperatures. When the temperature increases from 150 to 300°C, the specimens in 45° direction provide the greatest elongation rate that varied from 64 to 213%.


Table 1. Tensile elongation in all directions at different temperatures.

[image: Table 1]

Figures 2A–C indicate true stress–strain curves of specimen at 0, 45, and 90° from rolling direction at different temperatures. When the temperatures are higher than 200°C, the stress–strain curves contain three stages. In the first stage, the stress–strain curves rise obviously, because the material mainly appears work hardening without dynamic recrystallization (DRX) at this stage. In the second stage, after the strain amount increases to critical limitation, the work hardening rate of the deformed material starts to decrease and the increase trend of stress obviously slows down. This trend will continue until reaching maximum stress, and the material internal dislocation density during this period will reach the maximum. In the third stage, the stress begins to decrease with the increase of strain because the softening effect of the material produced by DRX is stronger than work hardening.


[image: Figure 2]
FIGURE 2. True stress and strain diagram in different directions at different temperatures: (A) 0° direction; (B) 90° direction; (C) 45° direction.


In Figure 2, with the increase of deformation temperature, the peak stress of the material gradually decreases. When the tensile temperatures are 250 and 300°C, the specimens are almost the same peak stress, and the obvious extensions of the specimens appear after the stress peak. The main reason for this phenomenon is that before the peak stress, work hardening leads to the increase of dislocation density, and the energy stored in the dislocation increases. After the peak stress, the energy stored in the dislocation releases gradually completely by the softening effect of the sheet caused by DRX, so the stress shows a trend of gradual stabilization.



Finite Element Modeling

The schematic of the setup for multistage SPIF is shown in Figure 3A, and the geometry model of numerical simulation and experiment is shown in Figure 3B. In the numerical simulation and physical experiments, the AZ31B blank with the length and width of 250 and 250 mm, respectively, was selected, and its thickness is 1.5 mm. The blank can be regarded as a shell in the finite element modeling. Commercial code ANSYS LS-DYNA 15.0 was used to carry out the numerical simulation of SPIF, and explicit solver was chosen. Because the numerical simulation of SPIF involves a large amount of calculation, to ensure the convergence of calculation and to improve the calculation efficiency, the friction generation heat, deformation generation heat, and temperature fluctuations of blank and tool are ignored, and the temperature in the forming process was considered constant. It is assumed that the forming tool will not produce any deformation during the forming process, so the material model of the forming tool is set as rigid body. The rotation degrees of freedom of the forming tool were restrained, and the tool trajectory data were loaded in the X, Y, and Z directions. Figures 3C,D show the displacement in X, Y, and Z directions for the four-stage SPIF, and the forming tool trajectory in the final stage is shown in Figure 3E. The mesh sizes of the forming sheet were set as 2 by 2 mm. SHELL 163 shell element was used, and the integral point number was taken 5 in the thickness direction. The mesh models of blank and tool are shown in Figure 3F.


[image: Figure 3]
FIGURE 3. Models and measuring position diagram: (A) setup of multistage SPIF; (B) dimensions of the part and illustration of measuring point positions; (C) displacements in X and Y direction with time; (D) displacement in Z direction with time; (E) the tool trajectory at final stage of the part; (F) mesh model of the blank and tool.


Because to the AZ31B magnesium alloy material belongs to anisotropic material with large deformation in multistage SPIF process, the material model selected the thickness anisotropic constitutive model here. In the case of plane stress, the model adopts Hill yield criterion, and the simplified model (Hill, 1948) is shown in Equation (1):
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where R is anisotropy index in thickness direction, which is equal to ε22P/ε33P (where ε22P is the plastic strain rate in the width direction and ε33P is the plastic strain rate in the thickness direction).

A detailed study on the plastic strain ratio of AZ31B magnesium alloy sheet was carried out (Agnew and Duygulu, 2004), and the test conditions meet the requirements of this experiment of the study. Therefore, the plastic strain ratio of 2.0, 1.21, 1.1, and 1.25 at 25, 150, 200, and 250°C, respectively were cited in the simulation. The elastic modulus of AZ31B magnesium alloy at different temperatures with different transverse and longitudinal elastic modulus were investigated by Zhang et al. (2009), and these data were cited in the numerical simulation. During the whole forming process, in addition to the pressure applied by the tool on the sheet metal, the friction force is another load, and the friction coefficient is calculated by the Equation (2):

[image: image]

where uc is the coefficient of friction; Fd is the coefficient of dynamic friction; Fs is the coefficient of static friction; Dc is the exponential decay factor; and Vr is the relative speed.

The static friction coefficient was set as 0.2, and the dynamic friction coefficient was set as 0.1. The virtual speed was 200 times of the actual forming speed, so the exponential attenuation factor was set as 0.02.



Design of Experiment

In the process of multistage SPIF, the most important thing is to determine the number of forming stages and design the tool trajectory. Because the forming properties of different sheet metal are obviously different, the number of forming stages used in forming straight wall parts will also be different. For the straight wall parts, the number of forming stages directly determines the formability. If the number of forming stages is too small, the sheet metal will break owing to excessive thinning of the material. If the number of forming stages is too large, the forming time will increase, which is not conducive to mass production.

The numbers of forming stage from 2 to 5 are designed to investigate the influence on formability of AZ31B. Figures 4A–D indicate the forming trajectories of the part by SPIF.


[image: Figure 4]
FIGURE 4. Schematic diagram of forming trajectory for different multistage forming and experiment equipment: (A) two-stage forming; (B) three-stage forming; (C) four-stage forming; (D) five-stage forming; (E) the experiment equipment of SPIF.


There are many factors that have influences on the formability of the parts in multistage SPIF at warm temperature, among which the most important factors are selected in the investigation, including forming temperature, feed speed, forming tool diameter, and interlayer spacing. The orthogonal test method was used to generate an L9 (34) orthonormal test table, and the combination of indexes in each test group is shown in Table 2. The thickness uniformity of formed parts serves as criteria for formability. By measuring the wall thickness at five points of the formed parts, the maximum difference value of wall thickness under different forming conditions was obtained, and the greater the value, the poorer the formability. Figure 3B indicates the positions of the measuring points. The photo of CNC milling machine and the device for the multistage SPIF experiments is in Figure 4E. To heat the blank, resistance wire was used as the heating element to make a heating device whose maximum heating power is 5 kW. A digital thermostat is used to control the on–off of the heater, to ensure a constant temperature in SPIF. The thicknesses of the test points were measured by ultrasonic thickness meter with a measuring precision of 0.01 mm and range of measure of 0.75–80 mm.


Table 2. Test factors and levels.

[image: Table 2]




RESULTS

The Effect of the Number of Forming Stages

The finite element model is used in the simulation experiment, and the simulation results are obtained. Figures 5A–D indicate the wall thickness contours of formed parts by two-stage to five-stage SPIF at the forming temperature of 250°C under the conditions of the forming tool of 10-mm diameter, interlayer spacing of 0.5 mm, feeding rate of 300 mm/min. In Figure 5A, the thinnest zone appears around point A at the bottom round corner, and the thickness is only 0.22 mm, where the distortion of meshes is obvious. The thickness distribution of the whole part is extremely uneven. The maximum wall thickness difference by the two-stage forming is 0.93 mm. As can be seen from Figure 5B, the thinnest zone of the formed part appears also at the bottom round corner, and the mesh distortion was obvious. However, the distortion significantly reduces, and the wall thickness distribution is relatively uniform compared with the two-stage forming. The average thickness of the formed part is about 0.46 mm. In Figure 5D, the minimum wall thickness of the formed part is 0.53 mm and appears at the bottom near the round corner of the part. The thickness at the bottom round corner is almost the same as that of the adjacent straight wall and the bottom zone. The average thickness is about 0.85 mm, and the maximum thickness difference is 0.57 mm.


[image: Figure 5]
FIGURE 5. Wall thickness contour of formed parts by different number of forming stages: (A) two-stage SPIF; (B) three-stage SPTF; (C) four-stage SPIF; (D) five-stage SPIF.


Figures 6A–D are the wall thickness contours of the part through the first, second, third, and final stages in the four-stage SPIF, respectively. In Figure 6A, the formed workpiece with hemi-spherical shape after the first-stage forming has minimum wall thickness of 0.769 mm and maximum wall thickness of 1.501 mm. The wall thickness thinning mainly appears in the middle zone along the height direction. In Figures 6B–D, the minimum wall thickness is 0.534, 0.531, and 0.529 mm, respectively. The wall thickness at the round corner and its adjacent straight wall is almost the same, and the wall thickness of the final part has a perfect uniformity.


[image: Figure 6]
FIGURE 6. Wall thickness contour of part in each of the four stages: (A) the first stage; (B) the second stage; (C) the third stage; (D) the fourth stage.




Effect of Forming Temperature

Based on the numerical simulation result, Figures 7A–D indicate the thickness contours of formed parts by four stages at the forming temperature of 25, 150, 200, and 250°C under the conditions of the forming tool diameter of 10 mm, interlayer spacing of 0.5 mm, feeding rate of 300 mm/min, and forming trajectory as shown in Figure 4C. In Figure 7A, the minimum wall thickness of 0.15 mm occurred at bottom round corner of the formed part. The obvious mesh distortion occurs in the region around point A, which is the tool feed point. The thickness differences among the straight wall, bottom, and the round corner are large, and the material thickness distribution is uneven. The maximum thickness difference of formed parts is 1.35 mm. In Figure 7B, the thinnest wall thickness of 0.42 mm of formed part occurs at the bottom near round corner of the part, which is almost same as that at the bottom round corner zone, whereas the thickness of central zone at the bottom obviously increases, and wrinkling is obvious because of the material accumulation. The considerably light distortion occurs at the bottom near the round corner at 150°C, and the maximum thickness difference of the formed part is 0.85 mm. In Figure 7C, the majority wall thickness is 0.86 mm and occurs at the bottom near the round corner with the partial wall thickness of 0.69 mm. Compared with that in Figure 7B, the mesh quality at bottom near the round corner is good without any distortion. The thickness at the bottom near the round corner is almost the same as that of its adjacent straight wall, and the maximum thickness difference is 0.61 mm. In Figure 7D, wall thickness is more uniform compared with that in Figure 7C, and the maximum thickness difference is 0.53 mm without any mesh distortion.


[image: Figure 7]
FIGURE 7. Wall thickness contours at different temperatures: (A) 25°C; (B) 150°C; (C) 200°C; (D) 250°C.




The Effect of Forming Tool Diameter

According to the simulation results, Figures 8A,B indicate the wall thickness contours of formed parts using forming tools with different diameters of 6 and 10 mm under the conditions of forming temperature of 250°C, interlayer spacing of 0.5 mm, feed rate of 350 mm/min, and forming trajectory as shown in Figure 4B. In Figure 8A, when the diameter of the forming tool is 6 mm, the thinnest wall thickness of the formed part appears at the bottom round corner, and its value is 0.28 mm. The thickness of the central zone at the bottom of the part is less than the initial thickness of the blank. In Figure 8B, when the diameter of the forming tool is 10 mm, the minimum thickness of 0.37 mm of the formed part still appears at the bottom round corner, and the maximum wall thickness difference is 0.76 mm.


[image: Figure 8]
FIGURE 8. Wall thickness contour of formed part with different process parameters: (A) tool diameter of 6 mm; (B) tool diameter of 10 mm; (C) interlayer spacing of 0.3 mm; (D) interlayer spacing of 1.0 mm; (E) feed rate of 250 mm/min mm; (F) feed rate of 450 mm/min.




The Effect of Interlayer Spacing

Based on the simulation results, Figures 8C,D indicate the wall thickness contours of formed parts with interlayer spacing sets of 0.3 and 1.0, under the conditions of forming temperature of 250°C, forming tool diameter of 10 mm, feed rate of 350 mm/min, and forming trajectory as shown in Figure 4B. In Figure 8C, at interlayer spacing of 0.3 mm, the minimum wall thickness is 0.32 mm, and the local thickness at bottom round corner is obviously smaller than that of its adjacent zone because of the reduction of material flow performance at the bottom round corner in each forming stage. The maximum wall thickness difference is 0.67 mm. In Figure 8D, at interlayer spacing of 1.0 mm, the thickness value at the bottom near the round corner of the part is inconsistent, and the minimum wall thickness value was 0.25 mm at the down-pressing point, and the maximum thickness difference of formed part is 0.94 mm.



The Effect of Feed Rate

According to the simulation results, Figures 8E,F indicate the wall thickness contours of formed parts with tool feed rate sets of 250 and 450 mm/min, under the conditions of forming temperature of 250°C, forming tool diameter of 10 mm, interlayer spacing of 0.5 mm, and forming trajectory as shown in Figure 4B. In Figure 8E, the minimum wall thickness of the formed part is 0.39 mm, and the zone appears at the bottom near the round corner. The thickness of the bottom round corner, its adjacent straight wall, and the bottom zone of the formed part are almost the same, and its value is about 0.8 mm. The maximum thickness difference of the formed part is 0.67 mm. In Figure 8F, the minimum wall thickness of formed part is 0.22 mm, which is smaller than that at 250 mm/min. The thicknesses of most zones at the bottom near the round corner are about 0.49 mm, and the maximum thickness difference of the formed part is 0.88 mm.



The Effect of Process Parameter Combination

Based on the experiment design data in Table 2, the numerical simulations were carried out, and the wall thickness difference value Dw3 in three-stage SPIF and Dw4 in four-stage SPIF is listed in Table 3.


Table 3. Table of orthogonal experimental.

[image: Table 3]

In three-stage SPIF process, the numerical simulated and experimental final parts using the optimal process parameters are shown in Figures 9A,B, respectively. In Figure 9A, the thinnest wall thickness appears at the bottom round corner, and the thickness is 0.38 mm. The thickness distribution of the whole part is even, and the thickness of the part reduces only at the bottom round corner. The surface of the formed part in Figure 9B is relatively smooth, but there are some small cracks in the zones at the bottom round corner, which is similar with the thinnest wall thickness zone in the simulation results. The result indicates that the straight wall cylindrical part in Figure 3A cannot be formed perfectly using AZ31B magnesium alloy sheet by three-stage SPIF. The optimal experimental parts by three-stage SPIF (on the right) and four-stage SPIF (on the left) are shown in Figure 9C.


[image: Figure 9]
FIGURE 9. The numerical simulated and experimental formed parts: (A) formed part by three-stage and four-stage SPIF; (B) the simulation result of the formed part by three-stage SPIF; (C) the experiment result of the formed part by three-stage and four-stage SPIF; (D) the simulated result by four-stages SPIF before optimization; (E) the optimal simulated result by four-stages SPIF; (F) the major principle strain distribution of the formed part in neutral layer.


The influence degree of each process parameters on the inspection target value was obtained through the analysis of range (ANOR) method, and it is found that the biggest influence factor on the thickness uniformity was the forming temperature, followed by the feed rate and the diameter of the forming tool, and finally the interlayer spacing. Table 4 lists the influence degree of each factor on the inspection target.


Table 4. ANOR table of process parameter in four-stages SPIF.

[image: Table 4]

According to the ANOR result in Table 4, minimizing the maximum thickness difference as the optimization goal, the optimal process combination A3B2C1D2 is obtained, namely, the forming temperature of 250°C, the interlay spacing of 0.8 mm, the feed speed of 250 mm/min, and forming tool diameter of 10 mm.

The optimal parameter combination was used in the numerical simulation and experiment, and the optimal simulation results in Figure 9D prove the satisfactory thickness uniformity of the formed part with its thickness values close to 1.10 mm. At the same time, in Figure 9F, the maximum of the major principal strain of neutral layer in the formation zone is 0.4657, and major principal strains of most elements in the range at 0.25 to 0.4, which results in relative uniform wall thickness of the part. Figure 9E indicates the wall thickness contour of formed parts by test 1 in Table 2 using four-stage SPIF; the thickness uniformity is significantly worse than the optimal result, but it is better than the result using three-stage SPIF process. Figure 9D shows the high quality of formed parts with smooth surface and without obvious cracks. The deepest subsidence zone is 25.6 mm in numerical simulation, whereas the deepest subsidence zone of actual forming parts measured by venire caliper is 25.8 mm. The wall thicknesses of five points at the bottom of the part as shown in Figure 3B were measured. Table 5 lists the wall thickness deviation between the actual and simulated final parts. In Table 5, the thickness deviation between the actual formed part and simulation result is relatively small, and the maximum deviation value of the wall thickness is 8.38%, which verified the correctness of the optimal process parameters using numerical simulation method.


Table 5. The wall thickness error table.
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DISCUSSION

Based on the maximum thickness differences of the formed parts at different process parameters, the relationship curves are plotted by polynomial fit method in Figure 10. The relationships between maximum thickness difference and different process parameters including number of stages, forming temperature, tool diameter, feed rate, and interlayer spacing are also expressed in formula (3).

[image: image]

where Tmax is the maximum thickness difference; n is the number of forming stages; t is the forming temperature; s is the interlayer spacing; and r is the feed rate.


[image: Figure 10]
FIGURE 10. Relationship curves between maximum thickness difference and process parameters: (A) the influence of forming stage number on wall thickness uniformity of formed parts; (B) the influence of temperature on wall thickness uniformity of formed part; (C) the influence of forming tool head diameter on wall thickness uniformity of formed part; (D) the influence of interlayer spacing on wall thickness uniformity of formed parts: (E) the influence of feed rate on wall thickness uniformity of formed part.


It is can be seen from Figure 10A that the maximum wall thickness difference decreases obviously with the increase of the number of the stages. The reason for this largely is that the total deformation amount needs to be allocated to every forming stage, so that the more the forming stages, the smaller the deformation of each stage and the better the uniformity of the thickness of the part. However, the decrease tendency becomes very slow when the number of stages reaches 4; thus, the four-stage SPIF process is most suitable for this straight wall cylindrical part.

In Figure 10B, with the increase of forming temperature, material flow performance is significantly improved in the range of 25 to 250°C; and at the temperature of 250°C, the thickness distribution of the formed parts is the most uniform, which indicates that temperature of 250°C is suitable for forming parts of AZ31B magnesium alloy by SPIF process.

The CRSS of non-basal slip system is about a hundred times higher than that of basal slip, and {0001} [image: image] dominates the slip behavior in coarse grains and a high plastic anisotropy (Barnett et al., 2004; Karewar et al., 2017). It is the reason that, although AZ31B magnesium alloy has more slip systems than FCC structures, it has poor ductility still when forming temperature is in the range of 20–150°C. According to Von Mises, to achieve a uniform deformation in the material, at least five independent slip systems should be activated. When forming temperature reaches up to the range of 200–250°C, prismatic planes [image: image], pyramidal planes {1011}, and [image: image] slip systems become more activated owing to the decreasing CRSS, and the formability of AZ31B is improved obviously.

DRX is one of the vital microstructural evolution mechanisms to improve the ductility of magnesium alloy during high forming temperature (Xu et al., 2018), and fine recrystallized grains began to be found at the forming temperature of 150°C. With the increase in forming temperature, the softening effect becomes more intense gradually. Only a large number of smaller DRX grains existed between 250 and 300°C, especially along grain boundaries, in the compressive tests (Chen et al., 2018), whereas in elongated grains, twinning and nuclei formed at the beginning of DRX at 200°C, in the uniaxial tensile test (Bruni et al., 2010). Because the recrystallized tiny grains released the stress concentration during deformation, the formability of AZ31B magnesium alloy is improved obviously. When the temperature exceeds 250°C, the grain size grows rapidly with the increase of temperature. At 450°C, the grain size grows nearly three times that at 250°C, thus reaching 14.4 μm (Chen et al., 2018). The increase of the grain size causes the increase of stress concentration and the decrease of softening effect. This is the reason that the suitable forming temperature for AZ31B magnesium alloy sheet by warm SPIF is about 250°C.

According to Figure 10C, with the increase of the diameter of the forming tool, the maximum wall thickness difference of the formed parts decreases and the thickness uniformity of the formed parts is improved successively. This is because, under the premise of a certain deformation amount, the larger the diameter of the forming tools, the more the area participating in the deformation, the less the amount of deformation allocated on the unit area, and the more uniform the wall thickness of the part.

In Figure 10D, with the increase of the interlayer spacing, the maximum wall thickness difference of formed part increases. In the range of interlayer spacing from 0.3 to 0.7 mm, the maximum thickness difference of formed part rises slowly, but the whole intendancy is flat and slow. The maximum thickness difference of the formed part increases obviously when the interlayer spacing is in range from 0.7 to 1.0 mm. This is mainly because when the interlayer spacing increases, the possibility of distortion of formed sheet material will increase.

Figure 10E indicates, with the increase of feed rate, that the maximum thickness difference of formed parts increases gradually. In the range of 350 to 550 mm/min, the maximum thickness difference of formed part increases obviously, because the strain rate of sheet metal increases with the increase of feed rate.

Based on the result of numerical simulation of SPIF, the process parameters including number of forming stages, feed rate, the forming tool diameter, and the interlayer spacing affect the maximum wall thickness difference, all of which are related to the strain effect, which has an important impact on DRX. The higher the feed rate of forming tool, the shorter the forming time in SPIF and the more incomplete the DRX. In the compression experiment at 300°C, when the strain rate increased from 0.001 to 1 s−1, the volume fraction of DRX would be reduced sharply from 62 to 49.5% (Chen et al., 2018). The highly concentrated stress due to the difference in CRSS and inadequate development in DRX results in poor ductility of AZ31 alloy (Jin et al., 2017). According to numerical test result of four-stage SPIF, for AZ31B magnesium alloy sheet, the suitable feed rate is 250–350 mm/min, interlayer spacing is less than or equal to 0.8 mm, and tool diameter is bigger than 8 mm. It is suggested that in forming the deeper straight wall cylindrical part, more forming stages should be increased and at least four stages are required.



CONCLUSIONS

The straight wall cylindrical parts of AZ31B magnesium alloy formed with different process parameters of SPIF were investigated by numerical simulation, and the relationships between the maximum thickness differences and these process parameters were obtained. Based on the analysis of the result, the conclusions can be drawn as follows:

(1) The formability of AZ31 magnesium alloy sheet using warm SPIF increases with the increase of number of forming stages, forming temperature, and tool diameter while it decreases with the increase of feed rate and interlayer spacing. The favorable forming temperature is about 250°C.

(2) The process parameters that have the greatest influence on the thickness uniformity of formed parts by four-stage SPIF consist of forming temperature, interlayer spacing, feed rate, and diameter of forming tool. The forming temperature of 250°C, the interlayer spacing of 0.8 mm, the feed speed of 250 mm/min, and the forming tool of 10 mm in diameter is the optimal combination for forming the part.

(3) For forming the deeper straight wall cylindrical part, more forming stages need to designed and at least four stages are required.
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