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Abstract

:

This paper introduces a new formability test based on double-action radial extrusion to characterize material formability in the three-dimensional to plane-stress material flow transitions that are found in bulk metal-formed parts. The presentation draws from a multidirectional tool, which was designed to convert the vertical press stroke into horizontal movement of the compression punches towards each other, aspects of experimental strain determination, fractography, and finite element analysis. Results show that three-dimensional to plane-stress material flow transitions at the radially extruded flanges lead to different modes of fracture (by tension and by shear) that may or may not be preceded by necking, such as in sheet metal forming. The new formability test also reveals adequate characteristics to characterize the failure limits of very ductile wrought and additively manufactured metallic materials, which cannot be easily determined by conventional upset compression tests, and to facilitate the identification of the instant of cracking and of the corresponding fracture strains by combination of the force vs. time evolutions with the in-plane strains obtained from digital image correlation.
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1. Introduction


The fracture locus in bulk metal forming is commonly determined by means of upset compression tests performed on cylindrical and tapered specimens and is usually plotted in principal strain space     ( ε   1   ,   ε   2   )   as a straight line with slope ‘−1/2′ falling from left to right [1] (Figure 1). This line is the graphical representation of the positive and negative strain values that a material withstands at the onset of cracking by out-of-plane shearing, as recently proved by Martins et al. [2] and earlier proposed by Kobayashi [3] after observing that vertical and inclined cracks found on the outer surface of these specimens do not run radially.



The proposal of a bilinear fracture locus in principal strain space [4] resulting from the combination of the fracture limit line of slope ‘−1/2′ with a second fracture limit line of slope ‘−1′, is essential to match the strains at failure of the cylindrical and tapered specimens with those of the tensile and upset compression tests performed on rod and cylindrical flanged specimens. This second fracture limit line of slope ‘−1′ corresponds to failure by tension [5] and, in the case of cylindrical flanged specimens, the morphology of the cracks is consistent with the experimental observation of vertical cracks running radially at the outer surfaces [6].



Although the bilinear fracture locus is consistent with the experimental results obtained with the different formability test specimens, it gives rise to an ‘uncertainty region’ (Figure 1) within which failure occurs by mixed modes resulting from competition between cracking by tension (mode I) and by out-of-plane shearing (mode III). This was recently confirmed by Sampaio et al. [7], who designed a new test specimen to investigate the morphology of the cracks in the ‘uncertainty region’ of the principal strain space and concluded that fracture was triggered by out-of-plane shearing (mode III) and propagated radially by tension (mode I).



Transitions from crack opening by mode I to propagation by mode III at the leftmost corner of the ‘uncertainty region’ were previously observed by the authors during upset compression of cylindrical flanged test specimens made from aluminum AA2030-T4 [8].



In view of the above, Sampaio et al. [7] proposed a new ductile damage criterion based on a combination of the Cockcroft and Latham [9] criterion corresponding to crack opening by mode III with a modified version of the McClintock [10] criterion commonly used in crack opening by mode I to model ductile damage over the entire range of stress-triaxiality values, including the ‘uncertainty region’ of crack opening by mixed modes.



Although research on formability and crack opening modes has been directly or indirectly associated with stress triaxiality and, sometimes, also with the Lode parameter [11], there are aspects related to material flow transitions that are not commonly taken into consideration. Accountability of these aspects means, in practical terms, including the three-dimensional to plane stress material flow transitions (i.e., bulk-to-sheet evolutions) in the list of parameters that are responsible for the competition between the different crack opening modes.



Figure 2 shows examples of bulk-formed parts where plane stress is likely to occur in regions subjected to extensive plastic material flow (refer to the pink-colored regions of the solid rod flange, connecting rod, and tube flange, where the final thickness is much smaller than that of the preforms). The connecting rod is a good example of a well-known occurrence of three-dimensional to plane-stress transitions when excess material flows into the flash gutter during impression-die forging.



Upcoming trends in hybrid additive manufacturing (HAM) show a growing interest in the combination of wire-arc additive manufacturing (WAAM) with metal forming. WAAM is a type of direct-metal deposition that can use gas metal arc, gas tungsten arc, or plasma arc (Figure 3) as heat sources [12] and share working principles with well-known arc welding processes [13]. The attractiveness of WAAM in both industry and academia comes from the low capital investment and the option to use already available equipment from various well-established suppliers of welding machines [14,15]. However, this hybridization between WAAM and metal forming comes with the need to study the forming limits of additively manufactured metals.



Under these circumstances, the main objective of this paper is to investigate formability in three-dimensional to plane-stress material flow transitions by means of a new formability test based on the working principle of double-action radial extrusion [16] on both wrought and additively manufactured aluminum alloys. The paper is an extension of previous work of the authors in wrought aluminum alloys [17,18] and, as will be shown, depending on the aspect ratio and overall ductility of the specimens, the diameter-to-thickness ratio of the radially extruded flange may reach typical plane stress values. This allows analyzing strain path evolutions and failures in three-dimensional to plane-stress material flow transitions by means of digital image correlation (DIC), scanning electron microscopy (SEM), and finite element modeling.



However, the relevance of the new proposed formability test goes beyond the above-mentioned material flow transitions because it provides two significant advantages over the existing bulk formability tests. Firstly, it allows carrying out tests with very slender cylindrical specimens, which would inevitably collapse by buckling during upset compression tests between flat parallel platens. This overcomes the difficulty of obtaining the experimental strains at fracture in very ductile materials, a topic that was also addressed by Bulzak et al. [19] when studying damage evolution in hot forming with rotary compression tests. However, the experimental evaluation of surface strains becomes very difficult for this test, due to the continuous movement of the specimen.



Secondly, the fact that triggering and subsequent propagation of cracks in the double-action radial extrusion test will always lead to force drops in the force vs. time evolutions. This allows determining the instant of cracking and the corresponding fracture strains by combining the experimental force vs. time evolutions with the results obtained from digital image correlation. In fact, the force vs. time evolution of the double-action radial extrusion test is different from those found in conventional upset compression tests, in which the combination of surface expansion with strain hardening commonly prevents the force from dropping at the onset of cracking.




2. Materials and Methods


2.1. Material Flow Curves


The investigation was carried out in wrought and additively manufactured materials. The wrought materials consisted of a soft aluminum AA1050-O and a medium-strength aluminum-magnesium-silicon alloy AA6082 in the annealed (O) and solution heat-treated (T6) states. They were supplied in the form of solid rods, and their flow curves were determined by means of compression tests carried out on cylindrical test specimens with a 20 mm diameter and a 20 mm height (Figure 4a).



The additively manufactured material was an AA5356 aluminum alloy deposited with a Fronius TPS 4000 cold metal transfer (CMT) power source coupled to a six-axis Kuka robot. The deposition strategy made use of zigzag (bidirectional) scanning, and the main parameters consisted of an electric current of 94 A, a wire feed speed of 8 m/min, a travel speed of 0.8 m/min, and argon as shielding gas. The cylindrical test specimens with a 10 mm diameter and 10 mm height were machined out of the deposited material in a CNC lathe along the longitudinal direction, as schematically shown in Figure 4b. This material will be hereafter referred to as ‘AA5356-AM’, and its flow curve is also included in Figure 4a.



Similar tests performed with specimens machined out of the deposited material along the vertical and transversal directions provide flow curves with a minor deviation of 7% in the stress response for strain values of 0.7. This result, in conjunction with the preservation of the axial symmetry of the specimens after compression, justifies the reason why anisotropic effects will not be taken into consideration in the numerical modeling.



The compression tests were performed at ambient temperature on an Instron SATEC 1200 kN hydraulic testing machine with a constant crosshead velocity of 5 mm/min. The specimens were lubricated with molybdenum disulfide (MoS2) to ensure near-frictionless conditions.




2.2. Double-Action Radial Extrusion Formability Test


The double-action radial extrusion formability tests were carried out with a multidirectional tool set that was designed and constructed by the authors. The tool set allows extruding specimens with different aspect ratios     h  /    d   0       of the free gap height   h   to the initial diameter     d   0     into the volume left between the two dies by compressing the material from two horizontally opposite sides in a single vertical press stroke.



Figure 5a shows a detail of the tool set in which the movement of the extrusion punches (P) towards each other inside the dies (D) is obtained by means of two cam slide units consisting of a punch holder (H) and a die wedge actuator (A) with a working angle   α = 30 °  . Two guided pillars (G) ensure the alignment between the upper and lower tool halves.



Force equilibrium along the vertical (  v  ) and horizontal (  h  ) directions of the cam slide units (refer to the free body diagram in Figure 5b) provides the following relations,


   Vertical   direction :      1   2     F v  =   F   n   (   sin  ⁡  α + μ   cos  ⁡  α )        Horizontal   direction :     F   h   =   F   n       cos  ⁡  α − μ   sin  ⁡  α         



(1)




where     F   t   =   μ F   n     is the friction force,   μ   is the friction coefficient along the contact surfaces of the cam slide units, and     F   n     is the normal force on these surfaces. The combination of the two parts of the above Equation (1) allows writing the horizontal force (    F   h    ) as a function of the vertical (    F   v    ) tool force as follows:


    F   h   =   F   v         cos  ⁡  α − μ   sin  ⁡  α       2 (   sin  ⁡  α + μ   cos  ⁡  α )        ⁡  =      0.866     F   v   ,    μ = 0     0.517     F   v   ,   μ = 0.25         



(2)







The tool set was installed on the hydraulic testing machine that had been previously used to determine the material flow curves, and compression of cylindrical test specimens between straight parallel platens with the double-acting cam slide units and using a single-acting system in which the platens were fixed to the upper and lower bolsters of the tool set allowed comparing Equation (2) against experimental data (refer to the pink solid markers in Figure 5c).



The theoretical relation in Figure 5c was calculated for   μ = 0.25   and the differences against experimental values at the upper right end are attributed to tool stiffness, elastic deformation, and friction variation along the surfaces of cam slide units. For this reason, a linear trend line (refer to the black dashed line in Figure 5c) with a slope of 0.506 was fitted to the experimental data. This linear fitting is consistent with the theoretical estimate resulting from the free body equilibrium (2) to convert the vertical force     F   v     measured by the load cell into the horizontal applied force     F   h    .



Table 1 provides a summary of the testing conditions that were utilized in the double-action radial extrusion testing. The difference in the dimensions of the wrought and AM test specimens was due to size limitations resulting from the thickness of the deposited material, while the size of the test specimens made from the wrought material was kept larger for a more precise determination of strains by the DIC. All tests were carried out with the extrusion dies lubricated with a molybdenum disulfide-based lubricant.




2.3. Methods and Procedures in Formability Analysis and Fractography


The evolution of the in-plane strains with time    (   ε 1  ,  ε 2  ) = f ( t )   on the outer surface of the radially extruded flanges was obtained with a commercial digital image correlation (DIC) system, model Q-400 3D, from Dantec Dynamics. For this purpose, the initial free gap height   h   of the specimens located in between the two dies was painted white and subsequently sprayed with a black speckle pattern (Figure 5a and Figure 6c).



The double-action working principle of the proposed radial extrusion formability test facilitates image acquisition because the measuring window of the DIC system (equipped with two six-megapixel resolution cameras with 50.2 focal lenses and an f/8 aperture) is fixed and always centered with the vertical symmetry line of the tool set during the entire duration of the test. An acquisition frequency of 10 Hz, corresponding to 10 images per second, was used. The double-action working principle also allows obtaining symmetric test specimens with a flange diameter   d   after forming.



The transformation of the major and minor in-plane strain evolutions with time    (   ε 1  ,  ε 2  ) = f ( t )   obtained from DIC into the strain loading paths     ε   1   = f (   ε   2   )   of principal strain space was carried out by combining and removing the time dependency from the individual evolutions of the major     ε   1     and minor     ε   2     in-plane strains. The procedure is schematically illustrated in Figure 6a.



The instant of time     t   f     at which cracks were triggered was obtained through identification of the sudden force drop in the experimental evolution of the radial extrusion force with time (Figure 6b), as earlier proposed by Magrinho et al. [6]. Once     t   f     is determined, the strains at fracture    (   ε  1 f   ,   ε   2 f   )   are easily retrieved from the individual in-plane strain evolutions with time obtained from DIC (Figure 6a).



After testing, the fractured surfaces were cut out of the specimens for subsequent observation and analysis in a scanning electron microscope (SEM) S2400 from Hitachi. Results are presented in the last section of the paper and provide a correlation between the morphology of the cracks, their opening mechanisms, and the corresponding strain loading paths obtained from DIC.





3. Numerical Simulation


The finite element computer program i-form was utilized to carry out the numerical simulation of the double-action radial extrusion formability test under the different operating conditions given in Table 1. The computer program is built upon the finite element flow formulation [20], and the numerical simulation strategy utilized by the authors took advantage of the facility that i-form offers to exchange data between two- and three-dimensional models. This was possible because experimental observations revealed that specimens undergo rotationally symmetric plastic deformation conditions up to approximately 30% of the total stroke. Only subsequently, with the occurrence of diffuse necking at the outer flange surface, there is evidence of asymmetric plastic deformation.



Figure 7 illustrates the overall numerical simulation strategy for a test specimen made from the wrought AA1050-O aluminum alloy, with the different stages carried out by the computer program being illustrated by means of three distinct images:




	
Figure 7a refers to the initial two-dimensional simulation under rotationally symmetric conditions in which the test specimen is modeled as a deformable object and discretized by means of quadrilateral elements. The dies and punches are modeled as rigid objects and discretized by means of linear contact elements with friction.



	
Once rotationally symmetric conditions can no longer be utilized, the quadrilateral mesh of the test specimen is automatically rotated counterclockwise about the z-axis to produce a temporary hexahedral mesh similar to that shown in Figure 7b. Scalar field variables are rotated accordingly, but second-order tensors, such as, for example, the strain tensor     ε   i j    , must be properly transformed as follows:


    ε   i j   x y z   =   R   T     ε   i j   r θ z   R  



(3)












In the above equation, the superscripts   x y z   and   r θ z   refer to the cartesian and rotationally symmetric coordinate frames, respectively. The symbol   R   is the rotation matrix and   θ   is the angle of rotation shown in Figure 7,


  R =        cos  ⁡  θ       sin  ⁡  θ     0     −   sin  ⁡  θ       cos  ⁡  θ     0     0   0   1       



(4)








	3.

	
The temporary hexahedral mesh contains a significant number of wedge-shaped elements [21] along the z-axis. These irregular elements are automatically eliminated and replaced by regular hexahedral elements, with field variables properly transferred between the two meshes (Figure 7c). The resulting mesh is symmetric along the zx-plane because the material was assumed to be isotropic. The dies and punches resulting from the rotation of the axisymmetric finite element model continued to be assumed as rigid objects, but their contours were discretized by a mesh of spatial triangles with friction.









The main advantage of the interaction between two- and three-dimensional finite element models is the CPU time savings during the first part of the numerical simulation, in which specimens undergo rotationally symmetric plastic deformation. In fact, the CPU time between the two- and three-dimensional models differs by an order of magnitude of approximately 40 times.




4. Results and Discussion


4.1. Strain Loading Paths in Principal Strain Space


Figure 8 shows the experimental evolutions of the major and minor in-plane strains with time determined by DIC and of the radial extrusion force with time after conversion of the vertical force measured by the load cell (refer to Section 2.2) for the wrought aluminum alloys.



The in-plane strain evolutions were taken from the outer flange surface for the three different materials that were included in the testing conditions of Table 1. As seen, the instant of fracture     t   f     (refer to point ‘F’ in Figure 8a–c) is clearly recognized by a sudden drop in force and allows determining the major     ε   1     and minor     ε   2     in-plane strains at fracture from their evolutions with time    (   ε 1  ,  ε 2  ) = f ( t )   obtained from DIC. Point ‘I’ is the location on the outer flange surfaces where the strain evolutions were obtained. This point is located at the onset of failure by fracture and is representative of plastic deformation along the equatorial line of the radially extruded flanges.



In the case of the specimens made from wrought AA1050 and AA6082 aluminum alloys in the annealed (O) state, the instant of fracture is preceded by a change in the rate of force growth with time leading to the development of a neck on the outer flange surface (refer to point ’N’ in the force peaks of Figure 8a,b).



In contrast, the specimens made from wrought aluminum AA6082-T6 only experience a sudden drop in force because cracking is not preceded by necking, as experimentally observed and will be shown in the last section of the paper.



The results for the specimens made from the AA5356-AM aluminum alloy are disclosed in Figure 9. As seen from the force vs. time evolution, and similarly to the wrought AA6082-T6 aluminum specimens, the peak in force coincides with a sudden drop in force, meaning that fracture is not preceded by necking.



Application of the methodology that was previously described in Section 2.3 for the wrought and AM aluminum specimens allows plotting the corresponding strain loading paths     ε   1   = f (   ε   2   )   in principal strain space. The results are shown in Figure 10 and provide two main trends:




	
Monotonic evolutions up to fracture due to the absence of necking, which mostly maintains a slope close to   − 1 / 2  , compatible with states of uniaxial tension, such as in the case of the AA6082-T6 and AA5356-AM aluminum specimens,



	
Sharp bends of the strain loading paths (immediately before point ‘F’) towards plane strain (AA1050-O aluminum) and pure shear (AA6072-O aluminum) deformation conditions are observed in the specimens where fracture is preceded by necking.








Finite element computed evolutions of the strain loading paths (refer to the dashed lines in Figure 10) show good agreement with the results obtained from DIC. However, the numerical estimates for the soft aluminum AA1050 and the medium strength aluminum-magnesium-silicon alloy AA6082 in the annealed (O) state are only provided up to the onset of localized necking, which corresponds to approximately 80% of the total stroke. Beyond this point, the growth rate of the in-plane strains is very fast, and the uncoupled finite element damage models utilized by the authors experience difficulties in handling the non-homogeneous plastic deformation and the elastic unloading caused by damage-induced softening.



However, because the onset of localized necking and point ‘F’ occur almost instantly, finite elements will continue to be used in the following sections of the paper to analyze the deformation mechanics and the different modes of failure that were observed in the double-action radial extrusion formability test.




4.2. Deformation Mechanics


Figure 11 shows the initial and intermediate rotationally symmetric meshes at 30% of the total stroke for specimens with an aspect ratio     h  /    d   0     = 0.75   made from the different materials and supplied conditions. As seen in the predicted distribution of vertical stresses, the radially extruded flanges start showing signs of three-dimensional to plane-stress material flow transitions at the outer flange surfaces, which will become more pronounced as radial extrusion continues and the flange diameter increases.



The aspect ratio     h  /    d   0       of the specimens plays a key role in the utilization of radial extrusion as a formability test capable of monitoring the three-dimensional to plane-stress material flow transitions. In fact, larger aspect ratios than those shown in Figure 11 do not give rise to plane stress conditions (Figure 12a) and may result in material flaws (Figure 12b) or buckling, as reported in earlier investigations of the radial extrusion process [22]. In such situations, not only the diameter-to-thickness ratio of the radially extruded flanges deviates from typical sheet forming values, but also the plane stress conditions no longer prevail on the outer flange surfaces.



The asymmetric deformation of the specimens with an aspect ratio     h  /    d   0     = 0.75   that progressively develops during the final stage of the double-action radial extrusion test was simulated with the three-dimensional finite element model built upon the interaction between two- and three-dimensional models that was earlier described in Section 3. For this purpose, the authors artificially imposed small gauge imperfections of approximately 0.2 mm on the outer flange diameter located in the vicinity of the xz-plane. These imperfections account for less than 1% of the flange diameter and correspond to localized material weaknesses that resemble those utilized by Marciniak and Kuczyński [23] in their theory of plastic instability in sheet metal forming.



The result of the above-mentioned strategy combined with intermediate remeshing operations aimed at replacing elements with excessive distortion at the center of the specimens made from AA1050-O and AA6082-O is disclosed in Figure 13. As seen, finite element computed geometries obtained shortly after the onset of cracking agree well with the experimental test specimens (refer to the enclosed photographs).



Incipient crack propagation was numerically modeled by means of an element deletion (removal) technique based on the critical value of a damage function   D  ,


  D =   ∫  0     ε  −     g   d   ε  −   



(5)




where   g   is a weight function [5] and     ε  −    is the effective strain.



Two different fracture criteria were used: (i) the McClintock [10], which makes use of stress triaxiality as a weight function     g   M c   =     σ   m    /    σ  −     , where     σ   m     is the hydrostatic stress and     σ  −    is the effective stress; and (ii) the normalized Cockcroft–Latham [9], which uses the normalized major principal stress     σ   1     as a weight function     g   C L   =     σ   1    /    σ  −     .



The choice between the proper weight function   g   to be used for each test case was based on the strain loading path evolutions disclosed in Figure 10, which clearly indicate failure by tension preceded by necking in AA1050-O, by out-of-plane shear preceded by necking in AA6082-O, and failure without previous necking in AA6082-T6 and AA5356-AM.



Since failure occurs for stress states of through-thickness plane strain in the case of the AA1050-O specimens, the McClintock criterion, corresponding to failure by tension (mode I), is the best suited for the modeling of the accumulation of damage and fracture initiation (Figure 13a). As for the other specimens, failure occurs for stress states compatible with pure shear (AA6082-O) and uniaxial tension (AA6082-T6 and AA5356-AM), meaning that the normalized Cockcroft–Latham criterion, corresponding to failure by out-of-plane shear (mode III), is the most appropriate (Figure 13b–d). The uppermost scale limits in Figure 13a are the critical values of damage     D   c r i t     for each test case and were obtained by means of inverse analysis after comparing the computed and experimentally measured strains at the onset of cracking.



Further observation of the two different types of necks combined with fractography analysis by means of scanning electron microscopy (SEM) to be presented in the next section provides a better identification and understanding of the different types of failure and modes of deformation that are likely to occur in three-dimensional to plane-stress material flow transitions.




4.3. Necking and Fracture


Combination of the finite element computed meshes with the images obtained from DIC and SEM (Figure 14) allows concluding that fracture in the outer surface flange of the AA1050-O test specimens is by tension (mode I). Results also show evidence of plastic instability in the form of diffuse (Figure 14a) and localized necking (Figure 14c), in good agreement with the deformation mechanics of sheet forming. In fact, the localization of the neck along a direction inclined at an angle of approximately 53.2° (Figure 14c) to the circumferential direction value is very close to the theoretical estimate of 54.7° (Figure 14b) obtained for a sheet (plane stress) specimen made from an isotropic material subjected to uniaxial tension [24].



The morphology of the cracks consists of circular dimple-based structures (Figure 14d), which further corroborates the experimental observation of cracks opening by tension (mode I) and running radially along the flange.



Application of the same methodology for the specimens made from AA6082-O (Figure 15a) confirms that vertical cracks were opened by shear stresses due to the occurrence of smooth parabolic dimple-based structures (Figure 15e). Moreover, these cracks do not run radially along the flange (refer to Figure 13b), as is commonly observed in the upset compression of cylindrical and tapered test specimens, due to significant distortion of the outer flange surface placed within the neighborhood of the localized neck. All this is consistent with the strain path’s bend towards pure shear in principal strain space (refer to Figure 10) before failing by through-thickness shearing (mode III).



The pure shear stress state acting at the outer flange surface (with     ε   θ   = −   ε   z   > 0  ) gives rise to plane-strain deformation along the radial direction (    ε   r   = 0  ) due to material incompressibility. Thus, assuming these conditions hold in between the top and bottom flange surfaces due to the combination of small thickness and plane-stress material flow conditions (refer to Section 4.2), an analogy with the uniaxial tension of a sheet test specimen can also be made.



The analogy requires a similar approach to that taken for the specimen made from AA1050-O, but now with diffuse necking taking place in the radial direction (Figure 15b,c) and crack opening in the   r  -  θ   plane after the occurrence of localized necking with angles of approximately 54°~55° (refer to the top flange view in Figure 15d).



Concerning the results obtained for the specimens made from AA6082-T6 (Figure 16a), it is possible to conclude that vertical cracks open without previous necking (Figure 16c). Crack propagation does not run radially, as schematically disclosed in Figure 16b, due to the development of a mixed mode characterized by the simultaneous occurrence of circle and smooth parabolic dimple-based structures (Figure 16d). This can also be observed in the photograph in Figure 13c.



The AA5356-AM specimens (Figure 17a) failed by means of inclined cracks (Figure 17c) running radially (Figure 17b), as is commonly observed in crack opening by out-of-plane shear (mode III). This observation is further corroborated by the occurrence of smooth parabolic dimple-based structures in the SEM images (Figure 17d). However, fractography also shows the existence of some patches of globular dimple structures in the middle of the smoother ones, suggesting some influence of tension (mode I) in the crack opening mechanism. Similarly, to the AA6082-T6, the existence of a mixed mode in the AA5356-AM specimens is in perfect agreement with the concept of uncertainty region that was previously addressed by the authors since fracture occurs under a stress state of uniaxial tension (refer also to Figure 1).





5. Conclusions


The work on the utilization of double-action radial extrusion as a new formability test to characterize failure in bulk sheet material evolutions led to the following main conclusions:




	
The test can be successfully used to characterize the formability of wrought and additively manufactured metallic materials in the three-dimensional to plane-stress material flow transitions that are commonly found in bulk metal-formed parts.



	
Material flow transitions give rise to uniaxial tension states of stress that eventually lead to crack opening with or without previous localized necking.



	
Cracks preceded by localized necking develop under plane strain or pure shear material flow conditions on the outer flange surface.



	
The morphology of the cracks reveals crack opening by tension (mode I), out-of-plane shear (mode III), and a mixed mode resulting from the combination of modes I and III.



	
Triggering and subsequent propagation of cracks in the new proposed test always leads to force drops in the force vs. time evolutions, thereby allowing an easy identification of the instant of cracking and of the corresponding fracture strains by combination of the force vs. time evolutions with the in-plane strains obtained from digital image correlation.



	
The new test facilitates image acquisition because the measuring window of the DIC system is fixed and always centered on the vertical symmetry line of the tool set during the entire duration of the test.



	
The new test is also adequate to characterize the formability limits of highly ductile materials with large fracture strains, such as aluminum AA1050-O and AA6082-O, which cannot be easily determined by conventional upset compression tests.
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Figure 1. Bulk formability tests and fracture limit lines in principal strain space. 
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Figure 2. Schematic representation of bulk forming parts exhibiting regions (refer to the pink color) where material flow takes place under plane stress conditions (solid rod flange, connecting rod, and tube flange). 
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Figure 3. Working principle of WAAM (using plasma arc) with main terminology. 
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Figure 4. (a) Flow curves for the AA1050-O, AA6082-O, AA6082-T6, and AA5356-AM aluminum alloys; (b) schematic representation of a cylindrical AA5356-AM aluminum test specimen machined out of the deposited material along the longitudinal direction. 
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Figure 5. Double-action radial extrusion formability test. (a) Schematic representation of the tool set with details of the dies and punches, and showing the cameras used by the digital image correlation (DIC) system; (b) Free body diagram of the cam slide units; and (c) theoretical and experimental relation between the vertical     F   v     and horizontal     F   h     forces. 
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Figure 6. (a) In-plane strain vs. time evolutions determined by digital image correlation (left) and the result of their combination to obtain the strain loading path in principal strain space (right). (b) Identification of the instant of time at the onset of fracture from force vs. time evolution. (c) Photographs of a specimen made from the AA5356-AM aluminum alloy before and after testing. 
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Figure 7. (a) Initial and intermediate rotationally symmetric (2D) meshes; (b) Counterclockwise rotation of the intermediate rotationally symmetric mesh (a) into a temporary three-dimensional hexahedral mesh; (c) Automatic repairment of the temporary three-dimensional hexahedral mesh to obtain a hexahedral mesh without wedge-shaped elements along the z-axis. 
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Figure 8. Evolutions of the force and in-plane strains vs. time for specimens with an aspect ratio     h  /    d   0     = 0.75   made from wrought aluminum (a) AA1050-O, (b) AA6082-O, and (c) AA6082-T6. The images were taken from DIC immediately before fracture at the location identified as point ‘I’. 
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Figure 9. Evolutions of the force and in-plane strains vs. time for specimens with an aspect ratio     h  /    d   0     = 0.75   made from AA5356-AM aluminum. The images were taken from DIC immediately before fracture at the location identified as point ‘I’. 
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Figure 10. Experimental and finite element predictions predicted strain loading paths in principal strain space for the specimens made from wrought and additively manufactured aluminum alloys. 
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Figure 11. Initial mesh and intermediate rotationally symmetric finite element prediction of vertical stress for the (a) AA1050-O, (b) AA6082-O, (c) AA6082-T6, and (d) AA5356-AM specimens having an aspect ratio     h  /    d   0     = 0.75  . 
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Figure 12. Initial mesh and intermediate rotationally symmetric finite element prediction of vertical stress for specimens with aspect ratios (a)     h  /    d   0     = 1   and (b)     h  /    d   0     = 2   made from AA1050-O aluminum. 
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Figure 13. Finite element prediction of ductile damage with three-dimensional mesh details showing cracks on the outer flange surfaces for the test specimens with an aspect ratio     h  /    d   0     = 0.75   made from (a) AA1050-O, (b) AA6082-O, (c) AA6082-T6, and (d) AA5336-AM aluminum. Ductile damage was calculated according to (a) McClintock [10] and (b–d) Cockcroft–Latham [9] criteria, and photographs of the specimens are enclosed for comparison purposes. 
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Figure 14. Failure mode of the aluminum AA1050-O test specimen with an aspect ratio     h  /    d   0     = 0.75   showing (a) the computed finite element mesh, (b) the analogy with localized necking in uniaxial tension of a sheet test specimen, (c) a DIC image showing localized necking at the outer flange surface, and (d) a SEM picture showing the morphology of the cracks. 
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Figure 15. Failure mode of the aluminum AA6082-O test specimen with an aspect ratio     h  /    d   0     = 0.75   showing (a) the computed finite element mesh, (b) the analogy with pure shear within the neighborhood of the localized neck, (c) a DIC image showing localized necking along the longitudinal direction at the outer flange surface, (d) top view detail of the flange near the neck showing crack opening on the   r  -  θ   plane with angles, and (e) a SEM picture showing the morphology of the cracks. 
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Figure 16. Failure mode of the aluminum AA6082-T6 test specimen with an aspect ratio     h  /    d   0     = 0.75   showing (a) the computed finite element mesh, (b) a scheme showing vertical cracks that do not propagate radially, (c) a DIC image showing the absence of necking at the onset of cracking, and (d) a SEM picture showing the morphology of the cracks. 
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Figure 17. Failure mode of the aluminum AA5356-AM test specimen with an aspect ratio     h  /    d   0     = 0.75   showing (a) the computed finite element mesh, (b) a scheme showing inclined cracks that propagate radially, (c) a DIC image showing the absence of necking at the onset of cracking, and (d) a SEM picture showing the morphology of the cracks. 
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Table 1. Testing conditions utilized in double-action radial extrusion testing (nomenclature after Figure 4a).
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Dies

	




	
Gap height   h  

	
7.5 mm, 12 mm, 16 mm, 32 mm




	
Fillet radius   r  

	
0.5 mm




	
Punches

	




	
Diameter

	
10 mm, 16 mm




	
Velocity

	
5 mm/min




	
Specimens

	




	
AA1050-O, AA6082-O, AA6082-T6

	
Initial diameter     d   0    

	
16 mm




	
Initial length     l   0    

	
50 mm, 90 mm




	
Aspect ratio   h /   d   0    

	
0.75, 1, 2




	
AA5356-AM

	
Initial diameter     d   0    

	
10 mm




	
Initial length     l   0    

	
25 mm




	
Aspect ratio   h /   d   0    

	
0.75, 1, 2




	
Lubrication

	
Molybdenum disulfide (MoS2)
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