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Abstract

:

The Finite-element method (FEM) and experiments were used to investigate the geometric factors and material parameter on the strain distribution during tube high-pressure shearing (t-HPS). The results show that t-HPS could be realized successfully either by pressurizing on both ends of the tube, or by pressurizing using the wedge effect; and in both cases, the “dead metal zone” could be found at both ends of the tube. The grain size distribution from the experiment confirmed this strain distribution feature. In the case of t-HPS pressurized using the wedge effect, the half cone angle has little effect on the strain distribution. Decreasing the strain-hardening exponent leads to increased deformation inhomogeneity in both the ideal t-HPS described by theoretical equations and the close to practical t-HPS described by FEM. This feature of t-HPS stands out from other SPD processes like HPT, and makes practical t-HPS behavior more predictable using the analytical formation than any other SPD processes, and places it an advantageous position in understanding the basics of deformation physics through the coupling between practical experiments and theoretical approaches.
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1. Introduction


High Pressure Torsion (HPT) [1] is recognized as an effective way to produce ultra-fine grained (UFG) materials [2]. In recent years, tube high-pressure shearing (t-HPS) [3] and similar processes [4] were introduced as new methods for severe plastic deformation (SPD). These processes are same as HPT in the sense that a simple shearing process is driven by the stick friction between the dies and sample under high hydrostatic pressure. They are different to HPT in that the normal location of the shearing plane is parallel to radius of the tubular sample during t-HPS [3,5], whereas the normal location of the shearing plane is parallel to the axial of the disk sample for HPT.



The principle [3] of t-HPS (pressurized on both ends of the tube, as shown in Figure 1c) is that the tubular sample is confined between the mandrel and the cylinder, and a sufficiently high hydrostatic pressure is introduced in the tube wall so that the frictional forces at the interfaces between the sample-mandrel or cylinder are high enough to prevent any localized slip. By fixing the mandrel and rotating the cylinder, or vice versa, a simple shear is then produced in the sample. An alternation was later introduced [6] in which t-HPS is realized through pressurizing with the principle of the wedge effect, as shown in Figure 1a). The mandrel is subjected to an axial load, which is transformed into the normal force on the contact surfaces between the sample-mandrel or cylinder and magnified by the principle of the wedge effect, so that a high hydrostatic pressure is introduced in the sample.



For the example of the power-law constitutional relationship of the form σ    = A  ε n     of the processing materials, an analytical solution of equivalent strain distribution in the tube wall was given as follows [3]:


    ε  e q   =   B α    3       (     R i   r   )     2 n      



(1)




where    B =  2  n  (  1 −  β  2 / n    )       is a dimensionless parameter, n is the strain-hardening exponent of the deforming material, β is the ratio of the inner radius over the outer radius of the tube, α is the rotation angle during t-HPS, Ri is the inner radius of the tube, and r is the radius variable in the tube wall.



For HPT, the equivalent strain was given by the following Equation [7]:


    ε  e q   =   2 π r N    3  t     



(2)




where r is the radius variable of the disk sample, N is the number of rotations in HPT, and t is the thickness of the sample. It is worth mentioning that compared to Equation (2), Equation (1) contains not only geometric parameters of the process, which is similar to the case of HPT in Equation (2), but also material parameter n, which is absent in the strain equation Equation (2) for HPT. Therefore, the material model is one of the most important factors for t-HPS, which influences the strain distribution. Equation (2) shows that there is a linear strain gradient along the radial direction for HPT, while along the axial direction, the strain distribution is homogeneous. However, several researchers [8,9,10,11,12] reported that along the axis direction inhomogeneity of strain, hardness and microstructure also appeared, and the “dead metal zone” (DMZ) [13] at the corner of the sample was found for HPT. The strain inhomogeneity during the HPT is closely related to the die and sample geometries [9,14]. This axial strain inhomogeneity and the “dead metal zone” is disadvantageous to the HPT processing. Equation (1) and several studies [3,5,15] also indicated that there is a strain gradient along the radial direction after t-HPS, and Equation (1) also show a homogeneous strain distribution in the axial direction as for HPT. Whether the die geometries will also affect the strain distribution of t-HPS, as is observed with HPT, is critical to the development of t-HPS. In order to understand the strain distribution features during t-HPS that are used to optimize this deformation process, it is necessary to quantitatively analyze the influence of the aforementioned geometric and material factors on the strain distribution.



In the present study, the distribution of strain in t-HPS, under the influence of the die design geometries (the pressurizing method, the half cone angle and the concave depth of t-HPS pressurized using the wedge effect, etc.) and the material parameter (strain-hardening exponent of the material), are investigated through FEM simulation, with the confirmation of experimental observation.




2. Materials and Methods


The isothermal FEM simulations were employed in this work using commercial software DEFORM-2D. And t-HPS is clearly a rotationally symmetric problem, so the calculations were simplified using a 2D axisymmetric model. Figure 1b,c shows the illustrations of the geometries for the two alternations of t-HPS: pressurized by wedge effect, or pressurized on both ends of the tube, respectively. As shown in Figure 1, the inner radius of the middle cross-section, the wall thickness, and the height of the tube sample in both cases are fixed in the present investigation as 22.5 mm, 2 mm, and 11 mm, respectively. A pressure of 100 kN (used in both the simulation and the experiment) was applied to the mandrel or the pressure ring. The cylinder was set to rotate at 0.2 rpm, and this parameter remained constant in the simulation. The material model used in this work was a fitting equation of the power law hardening model based on the quasi-static tensile test of 5-Nine (5N) Aluminum (99.999%), as is plotted in Figure 2. Considering the high strain level that could be reached in the process of t-HPS, no existing materials model or constitutional equation could cover the whole strain rang of t-HPS, regardless of whether it was experimental [16,17,18,19,20] or theoretical [19,20]. This is same as in the simulation of HPT. The power law hardening model [14,21] as is used in the present work, or the rigid-plastic model [22,23] were used for HPT. Although this can introduce errors to some extent, the simulation could still reflect metal flow during the process.



In order to avoid slipping between the sample and the dies, the friction was set to satisfy the sticking condition in simulation [9,13]. D1 and θ are the depth of the concave on the cylinder and the half cone angle of the die in t-HPS pressurized by wedge effect, and D2 is the wall thickness of the pressurizing ring in t-HPS pressurized on both ends of the tube, these parameters are variables, as shown in Figure 1b,c. Meshes were generated with ~3000 elements in the sample. The rotation angle is set to α = 45° in comparison of strain distribution between the two pressurizing alternations of t-HPS, and set to α = 360° for other simulations. The themes and variables investigated in this paper and the corresponding simulation parameters are listed in Table 1.



According to previous works [24,25,26] on microstructure changes during the deformation of aluminum, the grains were refined monotonously with the increase of strain for high purity aluminum processed by SPD. Therefore, the grain structure after deformation processing could be used as a qualitative indication of the plastic strain that it underwent. In this investigation, 5N aluminum (99.999%) was used to verify some of the simulation results qualitatively, and EBSD (Electron Backscattered Diffraction) was used to characterize the grain structure.




3. Results


3.1. Comparison between the Two Pressurizing Alternations for t-HPS


The distribution of equivalent strain across the vertical section of samples for t-HPS of the two different pressurizing alternations are shown in Figure 3. There is a significant gradient in the strain distribution along the radius direction in both alternations at the middle cross-section, which coincides well with Equation (1), as shown in Figure 4. However, unlike the ideal case described by Equation (1), as is also apparent from Figure 3, the strain distribution is inhomogeneous along the axial direction. For the t-HPS pressurized on both ends of the tube, the equivalent strain on the inner surface decreased gradually along the axial direction from the middle to zero at the tube ends; while the distribution of the strain on the outer surface showed the opposite trend. A high and a low strain region can be observed around the edge corner of the tube sample, as shown in Figure 3a. The variation of the strain at the inner and outer surface of t-HPS pressurized using the wedge effect is opposite to that pressurized on both ends of the tube, as shown in Figure 3b. During t-HPS, hydrostatic pressure is high enough to prevent any localized slip, which makes it difficult for the material to flow around the corner region, making this region a “dead metal zone”. A similar case has been reported for HPT [13].




3.2. Effect of the Half Cone Angle for t-HPS Pressurizing Using Wedge Effect


Figure 5 shows the equivalent strain distributions across the vertical section of samples after one rotation of t-HPS at various half cone angles (5°, 7.5°, 10°, and 20°); the equivalent strain distribution is relatively similar for the four cases of different half cone angles. When the half cone angle increases, the “dead metal zone” decreases slightly, but the strain asymmetry between the upper and lower ends is aggravated. In addition, the strain at the outer surface is more sensitive to the half cone angle, and a larger half cone angle causes relatively larger strain at the outer surface. Overall, the half cone angle has little effect on the equivalent strain for t-HPS. This gives a convenient condition to optimize the hydrostatic pressure by alternating the half cone angle.




3.3. Effect of the Concave Depth in t-HPS Pressurizing Using Wedge Effect


Figure 6 shows the equivalent strain distributions across the vertical section of samples after one rotation of t-HPS at various concave depth D1 (1.75, 1.5, 1, and 0 mm). Due to the existence of die clearance, flash was formed in all four cases of different concave depths. The flash length increases with the decrease of concave depth, and the sample thinning during t-HPS increases gradually. Especially at D1 = 0 mm, there were no restrictions on the upper and lower ends of the tube sample, and the thinning of sample reached about 1.1 mm, on the other hand the strain distribution along the axis direction was more homogeneous. When D1 > 0, the radial and axial strain of the sample are very inhomogeneous, due to the end edge constraint under high pressure, “dead metal zone” and “strain concentration zone” were formed at the surface corner to a different extent. As can be seen from Figure 6, with the increase of D1, the equivalent strain decreases on the outer surface and increases on the inner surface, and the “dead metal zone” at the both ends of the tube sample extends. This means that the strain inhomogeneity intensifies upon increasing the concave depth of the cylinder.




3.4. Effect of the Strain-Hardening Exponent in t-HPS Pressurizing Using Wedge Effect


The strain-hardening exponent of material affects strain distribution according to the analytical solution Equation (1). This work investigates the deviation from theoretical solution in strain, which is defined as:     R D  =  (   ε  F E M   −  ε 0   )  /  ε 0    , Where     ε  F E M      is the equivalent strain obtained by FEM and     ε 0     is calculated by Equation (1). Its significance lies in indicating the degree of strain deviating from the ideal, and the closer to zero this value is, the closer the deformation is to the ideal.



It can be seen in Figure 7 that, for work-hardening material, the radial strain gradient increases with the decrease of the hardening exponent, which can also be reflected in the Equation (1), and a larger “dead metal zone” is formed. Figure 8 shows the strain deviation at the inner and outer surface along the axial direction of the tubular sample with different strain-hardening exponents after one rotation of t-HPS. There is no significant difference of     R D     on the inner surface of the three n values, except for the tube ends. However,     R D     on the outer surface is very different, and the lower the strain-hardening exponent of the material is, the greater the deviation from the theoretical becomes, that is, the axial strain inhomogeneity increases with the decrease of n. Especially when n = 0.1, the whole height range of the sample is affected by tube ends friction.




3.5. Grain Structure after t-HPS Pressurizing Using Wedge Effect


Figure 9 shows the microstructure of the lower half of vertical section of 5N Aluminum after 1/8 rotation (α = 45°) of t-HPS pressurizing using wedge effect. The upper half of the same vertical section is almost exactly symmetric to this lower half and is thus omitted here to save space. The grain size distribution in Figure 9, well matches with the strain distribution in Figure 3b. There is a significant gradient grain size distribution along the radius direction in the mid-plane, the grain size at the inner surface was refined to about 10 µm, and at the outer surface was larger than 100 µm (the initial grain size is larger than 500 µm). There are coarse grains equivalent to the initial grain size at the corner edge of the bottom of the sample, and a large number of low angle grain boundaries (indistinct at this magnification) within these grains, this region belongs to the “dead metal zone”. Therefore, it can be considered that the simulation results can objectively and accurately reflect the deformation of 5 N aluminum during t-HPS.





4. Discussion


4.1. The Effect of the Concave Depth


Figure 10 replots the equivalent strain distribution along the radius at mid-plane from Figure 6, at different concave depths. In all cases, the figure shows that the equivalent strain along the radial obtain by FEM is higher than the analytical solution, the equivalent strain general increases with decreasing the concave depth, and reaches extreme at D1 = 0, where no any concave exists at all. An earlier report [21] showed that the FEM prediction for HPT falls between the two theoretical predictions for the starting and final sample thicknesses because the thickness varies during processing. It is also reported [27] that the compressive strain during HPT needs to be considered for the analytical solution of the equivalent strain of HPT. Analogous to the case of HPT, there are two possible reasons why the t-HPS strain calculated by FEM is higher than the analytical solution. First, with the flash forms gradually as the t-HPS progress, the t-HPS process is no longer just a simple shear, but a combination of extrusion and shear deformation. Second, the tube wall is gradually thinned during the t-HPS, that is, the inner radius Ri increases gradually; and according to Equation (1), the increase of Ri leads to the general increase of the equivalent strain.



When the concave depth in the HPT anvil increases, the effect of the friction force on the lateral surface of the sample is intensified and then the strain inhomogeneity increases during the HPT process [8,9]. Therefore, the concave depth has great influence on HPT, which is also the case for t-HPS, as mentioned above. Thus, the increases of concave depth will aggravate strain inhomogeneity and a larger “dead metal zone” will be formed. On the contrary, if the D1 is reduced, the strain along the axial direction is more homogeneous, but the thinning of the sample is more serious, resulting in a large quantity of material loss, which will at least limit the maximum rotations and the maximum strain that could be achieved in t-HPS. In the geometric condition used in this paper, the suitable concave depth is 1–1.5 mm.




4.2. The Effect of Strain-Hardening Exponent: t-HPS Vs HPT


Both t-HPS and HPT are simple shearing process driven by friction, in ideal case as mentioned above, the only difference between them is geometrical and lies in the different normals of the shearing plane, respectively. However, their analytical solutions for strain distribution, even in the ideal case, are fundamentally different. Like Equal Channel Angular Pressure (ECAP) [28,29], Accumulative Roll-Bonding (ARB) [30], etc., the analytical strain equation in HPT is related only to the geometric parameters of the die and the sample. While for t-HPS, in addition to the geometric parameters of the die and the sample, the strain equation is also strongly related to the constitutive relationship of the sample material, e.g., the strain-hardening exponent as shown above in Equation (1). This means, for an ideal HPT, if the geometry of the die and the sample are the same, after HPT processing with the same rotations, the strain distribution in the sample is completely identical, with no any relation to the materials property. Thus, the strain-hardening exponent has no effect on the strain distribution (e.g., radial strain gradient) in the ideal case. However, for the ideal t-HPS, the strain field obtained in the materials with different hardening exponents are completely different after the same rotations. In a word, the radial strain gradient is strongly related to the strain-hardening exponent in the ideal t-HPS.



However, for the actual quasi-constrained HPT and t-HPS, due to inevitable flash, the strain-hardening exponent has an effect on the strain distribution for both of them. For t-HPS, the lower the strain-hardening exponent of the material, the greater the deviation between the simulation and analytical results of strain distribution, and the larger the “dead metal zone” formed. This is also observed in HPT, where the lower the strain-hardening exponent is, the greater the “dead metal zone“ formed. The deformation inhomogeneity also increased at the edge of the disk, which corresponds well with the report of literature [8,31]. In a word, for the two processing methods, the decrease of the hardening exponent will increase the deviation of simulated strain distribution from that of theoretical results, form a larger “dead metal zone”, and aggravate the strain inhomogeneity.



Figure 11 gives a comparison of the average radial strain gradient as a function of the strain-hardening exponent between simulation close to practical situations and theoretical results in the processed sample without including the edge part, for both t-HPS and HPT. For t-HPS, the strain-hardening exponent unveils its effect on strain distribution in both an ideal analytical equation and simulation close to practical situations; the average radius strain gradient increases (note the negative sign of this gradient) with the decrease of strain-hardening exponent in analytical formulation, the simulation with close to practical situations has the same tendency, but just intensifies this effect of strain-hardening exponent, as shown in Figure 11a. For HPT, however, the strain-hardening exponent unveils its effect only in the simulation close to practical situation, but not in the analytical equation, as shown in Figure 11b.



This feature of t-HPS stands out from other SPD processes like HPT. This makes practical t-HPS behavior more predictable, as indicated by Figure 11a, in its analytical formation than any other SPD processes, and places it in an advantageous position in understanding the basics of deformation physics through the coupling between practical experiments and theoretical approaches.





5. Summary and Conclusions


In this study, the effects of die geometries (the concave depth and the half cone angle), the pressurizing method, and the material model (e.g., strain-hardening exponent) on the strain distribution during the t-HPS were investigated using FEM with a close to practical situation and experiments, in comparison with HPT. Following conclusion could be reached,




	(1)

	
Both alternations of pressurizing method for t-HPS: pressurizing on both ends of the tube and pressurizing using the wedge effect could be successfully used to realize the t-HPS process. Due to the friction effect on the ends of the tube samples, the axial strain distribution is inhomogeneous, and a “dead metal zone” forms at the end edge corner of the tube samples. This was confirmed by the experimental EBSD observations of the grain distributions on the vertical sections of the 5N aluminum after t-HPS processing.




	(2)

	
For t-HPS pressurizing using wedge effect, the half cone angle has little effect on the strain inhomogeneity of the t-HPS, therefore, there is no strong limitation on the selection of the half cone angle from the view point of strain distribution.




	(3)

	
Although the axial strain inhomogeneity of the sample can be reduced by decreasing the concave depth of the cylinder, this may cause excessive thinning of the sample in the meantime when the concave depth is too low. Therefore, this strategy should be used with care to avoid such negative effects.




	(4)

	
The radial strain gradient is related to strain-hardening exponent in both ideal t-HPS described by theoretical equation and practical t-HPS described by FEM. This feature of t-HPS stands out from other SPD processes like HPT, where although materials parameters like the strain hardening exponent have an obvious effect of strain distribution, although it does not have any influence on ideal corresponding processes. This makes practical t-HPS behavior more predictable in its analytical formation than any other SPD processes, and places it in an advantageous position in understanding the basics of deformation physics through the coupling between practical experiments and theoretical approaches.
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Figure 1. The principles and the geometry of tube high-pressure shearing (t-HPS): (a) schematic illustration of t-HPS pressurizing by the wedge effect (adapted from [6], with permission from the patent holder, Nanjing University of Science and Technology); (b) the geometry of the t-HPS pressurizing by the wedge effect, with half cone angle θ and the depth of the concave on the cylinder D1; (c) the geometry of the t-HPS pressurizing on both ends of the tube, with the wall thickness of the pressurizing ring D2. The parameters with a numerical value given in the figures remain constant in the investigation of the present work, and the other symbolized parameters are variables. 
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Figure 2. The true stress-true strain curve of 5N Aluminum obtained by quasi-static tension test and fitting by the power law hardening model:    σ = A  ε n    . 
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Figure 3. Distribution of equivalent strain across the vertical section of samples during t-HPS: (a) pressurized on both ends of the tube, (b) pressurized using the wedge effect. 
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Figure 4. Equivalent strain plotted as a function of the radius position on the mid-plane for the two pressurizing alternations of t-HPS, in comparison with analytical solution Equation (1). 
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Figure 5. Distribution of equivalent strain across the vertical section of samples with various half cone angles during t-HPS: (a) θ = 5°, (b) θ = 7.5°, (c) θ = 10°, (d) θ = 20°. 
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Figure 6. Distribution of equivalent strain across the vertical section of samples at various concave depth during t-HPS: (a) D1 = 1.75 mm, (b) D1 = 1.5 mm, (c) D1 = 1 mm, (d) D1 = 0 mm. 
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Figure 7. Distribution of equivalent strain across the vertical section of samples with various strain-hardening exponents during t-HPS: (a) n = 0.1; (b) n = 0.3; (c) n = 0.5. 
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Figure 8. Deviation from theoretical solution in strain (    R D    ) at the inner and the outer surfaces with different strain-hardening exponents after one rotation of t-HPS. 
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Figure 9. Orientation maps obtained by Electron Backscattered Diffraction (EBSD) after 1/8 rotation (45°) t-HPS (half cone angel 10°) across the lower half of vertical section of the 5N aluminum sample (AD: the axial direction, CD: the circumferential direction, RD: the radial direction). 
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Figure 10. Equivalent plastic strain distributions along the radial direction in the mid-plane at the concave depth of 1.75, 1.5, 1 and 0 mm, in comparison with theoretical results. 
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Figure 11. Comparison of the average radial strain gradient as a function of the strain-hardening exponent between simulation close to practical situations and theoretical results in the processed sample without including the edge part, for both t-HPS: (a) and HPT (b) where the die dimension similar to the reference [8]. 
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Table 1. Simulation variables and parameters; each line in the table indicates the simulation conditions to investigate the effect of one variable on strain distribution (with underlined alternations of the variable values), with the other variables are set to constant for the simulation.
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	Investigation Theme
	θ, °
	D1 or D2, mm
	Strain-Hardening Exponent, n
	α, °





	Comparison between pressurizing on both ends and by wedge effect
	10
	1.5
	0.22
	45



	The effect of half cone angle in t-HPS by wedge effect
	5, 10, 20
	1.5
	0.22
	360



	The effect of concave depth in t-HPS by wedge effect
	10
	0, 1, 1.5, 1.75
	0.22
	360



	The effect of strain-hardening exponent in t-HPS by wedge effect
	10
	1.5
	0.1, 0.3, 0.5
	360
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