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Abstract

:

Incremental forming (IF) is an advanced manufacturing process in which a forming tool locally deforms sheet material into a desired geometry through successive passes at incremental depths. An inherent benefit to the IF process is its formability improvement over conventional stamping; however, further enhancements will enable the forming of increasingly complex geometries. To progress the IF process towards heavy industrial use, the modeling of such processes must be further developed. Single point incremental forming (SPIF) of AA2024-T3 was modeled herein utilizing explicit formulations. The model geometry featured a nominally rectangular-shaped clamping region. A friction factor was experimentally determined and utilized within the model, which is a novel addition to this work. Formability was determined and forming limit diagrams were composed. It was found that the present model shows greater formability and underestimates plastic strain compared to experimental testing. The generation of forming limit diagrams for this material processed by IF is also a novel addition to this field.
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1. Introduction


Incremental forming is a sheet material forming process capable of forming complex geometries without dedicated dies. Forming is typically achieved using a hemispherical tool that traces along the contours of the final geometry while incrementally increasing in depth. The elimination of forming dies makes this process ideal for low- to medium-volume industries. The use of incremental forming in the industry is currently stifled by several limitations, including spring back and degraded surface finishes.



1.1. Formability


The formability of an incremental forming process is typically characterized as the maximum wall angle and depth which can be formed prior to the failure of the material. The effects of toolpath parameters on formability are summarized in Table 1.



Many modifications to the incremental forming process have been investigated for their effectiveness in increasing formability. One such method is to incorporate the addition of heat or energy to the workpiece throughout forming. This induces thermal softening which enables greater elongation. An additional benefit is observed as a reduction in forming force. While incremental forming inherently requires significantly lower forming forces relative to stamping, this additional force reduction further improves the process. Heat assistance can be achieved by traditional heating methods, by passing an electric current through the forming tool to the workpiece, which is known as electrically-assisted incremental forming [7,8,9,10,11,12,13,14,15,16,17,18], laser-assisted IF [19,20,21,22], induction-assisted IF [23], and high tool rotation [24].



Other methods used tool modifications to improve formability, which includes the use of a free-spinning roller ball as a forming tool [1,25,26], vibration-assisted IF [27,28,29,30,31,32,33,34], flat-end tooling [35], and axially offset rotating tooling [36,37]. These methods are not as effective as heat-assisted forming. However, they offer some efficiency improvement since they do not require additional energy input during the forming process. Additionally, toolpath modifications have also shown an increase in formability, which includes the use of a multi-pass toolpath [38,39,40,41,42,43]. This method forms a complete geometry by initially forming several shapes by increasing the wall angle. This method can be used to form the inner dimensions of the geometry, which typically remain untouched with traditional toolpaths. This process allows material thinning to be more evenly dispersed. Other toolpath modifications which resulted in formability improvements include a wavy toolpath design [44] and a radially travelling toolpath [45].



While a significant amount of research has gone into formability improvements in IF, it is important to note that an increase in formability is experienced using IF compared to conventional stamping. This has been attributed to the local deformation mode inherent to the IF process, which causes stretching, rather than conventional forming, at the tool-workpiece interface [3]. Additionally, hydrostatic pressure from elastic deformation surrounding the local plastic deformation enables even greater formability [46].



Forming limit diagrams (FLDs) for several materials formed using the IF process has been experimentally developed [47,48,49,50,51,52,53,54]. Generally, testing is conducted on pyramid or cone shapes with various wall angles; however, other studies included several geometries. From this, the effect of geometry on formability was discovered [47]. This study investigated complex geometries which resulted in negative strains; however, the trend of this type of strain is not explicitly reported. General IF forming limit curves are distinctly different from conventional forming limit curves as they display a negative slope, whereas conventional curves form a V-shape [55].



The step size, tool size, and feed rate effect on the formability of incrementally formed annealed and pre-aged AA-2024 was previously reported by Hussain et al. [56]. This effect was determined experimentally through the Design of Experiments adapted from previous works [57]. The following equation was produced based on their experimental findings:


   θ  m a x   = 73.44 − 1.01 r + 0.003 f − 8.04 p − 0.00008 r f + 1.2 r p + 0.0003 f p  



(1)




where   θ  m a x    is the maximum angle which can be formed without producing fracture, r is the tool radius (mm), f is the feed rate (mm/min), and p is the step size (mm). Adapting this equation to the experimental parameters discussed herein produces the results shown in Table 2. This equation predicts that an increase in step size will decrease formability when using the feed rate and tool radius utilized herein. It should be noted that the 0.9° increase calculated with this equation is relatively small. In fact, it is likely to be within the standard deviation of test results.




1.2. IF Modeling


The development of forming limit diagrams is essential for the industrialization of a forming process. Such a diagram enables engineers to design processes/geometries which do not result in fracture without the need for extensive experimental testing. However, there are challenges to developing forming limit diagrams with an incremental forming process. Many of the experimentally developed forming limit diagrams found in the literature are coupled with numerical analyses. Nguyen et al. used a modified maximum force criterion to predict failure in incrementally formed cold-rolled steel [53]. Huang et al. performed analyses on straight-line tests experimentally and numerically. This simplified test method produced similar forming limit curves to others determined with more complex methods [52]. Eyckens et al. confirmed their numerical analysis results with digital image correlation (DIC) measurements. It was discovered that increasing through-thickness nodes does not improve accuracy and that accurate friction modeling will most likely contribute to a more accurate model [51]. Bambach used a generalized sine law in the IF modeling of truncated pyramid shapes with various wall angles. Several limitations of this type of model are listed in this research; however, its accuracy is greater than the traditional sine law results. Kurra et al. formed various funnel shapes, analyzing the thickness of the formed material at several depths of forming [58]. This study, conducted on steel, was moderately successful in predicting the thickness variation of this material, with a maximum percent error of 15.84%. Experimental formability was presented in the work; however, the formability predicted through simulation is absent. Ghazanfari et al. [59] were able to improve the accuracy of their simulation by including through-thickness shear.



Altair® Radioss®, a powerful FEA tool for highly nonlinear dynamic problems was used for the models presented in this work. The models utilized herein investigate the ability of numerical simulations to predict failure and strain for moderately scaled parts (>200 mm) and thin material (≈0.5 mm). This presents a distinction from previous modeling attempts found throughout literature which generally formed small geometries with thicker material [60,61,62,63,64]. The geometry will also be formed in a nominally shaped clamping fixture. Much of the previous work on incremental forming utilized clamping fixtures that closely match the periphery of the desired geometry. This helps to eliminate some elastic deformations during the initial stages of forming. However, the use of dedicated fixturing limits the freeform nature of this process and should be avoided. Furthermore, this study is unique in its numerical characterization of the step size effect on formability.





2. Methodology


The formability of a single-point incremental forming (SPIF) process was investigated experimentally and numerically. The goal of this work was to capture the effect of step size on sheet formability and to develop a method for numerically generating forming limit diagrams in IF, which results in a significant reduction in experimental time and cost The SPIF process uses a single hemispherical forming tool to locally deform sheet material. The tool travels along the contours of the desired geometry at incremental depths. A HAAS TM3 CNC milling machine was used for the experiments and is shown in Figure 1. This process does not require any dedicated fixturing.



The material utilized in this study was 2024-T3 aluminum of 0.50 mm thickness. The blank was 279.4 mm × 279.4 mm and the clamping fixture had inner dimensions of 254 mm × 254 mm. The forming tool was a 9.5 mm diameter hemispherical rod constructed from H13 tool steel. PTFE lubricant was used during forming. A helical toolpath was used for simulation and experiments. The feed rate for the experimental tests was set to 3810 mm/min and 50,000 mm/min for modeling. Feed rate scaling was used in order to reduce computational time. It was ensured that this scaling did not significantly alter the kinetic energy applied to the system, as it is much smaller than the total internal energy. This controlled relation between energies guarantees the quasi-static condition of the simulation, which is not influenced by dynamic effects. Therefore, in the case of low strain rates as in SPIF procedures, the scaling is acceptable without any change of behavior.



The formability of the IF process was determined by forming a funnel-shaped geometry that features a wall angle that increases with depth. This method, first proposed by Hussain et al. [65], is widely used throughout literature as a comparative method of determining formability. When utilizing this method, the geometry is formed until the fracture is detected. The depth at which fracture occurs is recorded. The wall angle at which the part failed can then be calculated using this value. The geometry used throughout testing can be seen in Figure 2. This metric was used in both simulation and experiment to quantify formability.



2.1. Modeling


One of the challenges in finding the proper material formulation for the current model was the extremely long computational time of each parameter tryout. Usually, in the scope of numerical analysis, a series of iterations are required in order to refine the model and increase accuracy. This scenario is exaggerated in the case of SPIF, where the physical phenomena involved are too complex to be modeled using implicit methods (i.e., complex frictional contacts, high strains, material non-linearities, etc.) and the process cycle is too long for an explicit approach. After weighing both methods, it was decided to utilize explicit numerical simulations since they are able to better capture the physical effects of the SPIF process [66,67,68].



The FEA model was created to mimic the experimental setup, clamping, tool distance, and dimensions are identical. The mesh used for simulation is shown in Figure 3, as well as additional dimensions of the clamping fixture. The fixture had a 254 mm square forming area with 6.35 mm-radius corners. The shape of the clamping fixture is important in the SPIF process and can have a significant influence on the final results of forming [69]. The sheet was modeled with a total of 8053, 3.5 mm × 3.5 mm elements.



In order to simulate the clamping fixture, a simplified mesh was created for the fixture. Contact between the fixture and sheet was established. The nodes from the bottom mesh are constrained in all degrees of freedom, while for the top mesh, a displacement is imposed on the fixture until the aluminum sheet is pressed between the supports and fixed by friction.



2.1.1. Material Formulation


The material within the model was defined using Hill’s Criteria with Tabulated Yield Curve. This material formulation considers anisotropic properties, which are apparent in the tested material. Typical mechanical properties for this alloy are summarized in Table 3. The values related to the yield curve and anisotropic properties were obtained from the literature [70]. The strain rate influence was neglected considering the relatively slow speeds employed on the experimental IF procedure. This material formulation was assigned to shell orthotropic elements with 5 integration points through the thickness. 2D shell elements offer a computational advantage over 3D brick elements and reduce the computation time. An improved under-integrated formulation with hourglass stabilization was also used.




2.1.2. Toolpath Generation


The toolpath was translated to the FE model using an imposed displacement function. When using this feature, it is possible to dictate the displacement of an exact node over a period of time. The toolpath generated is in the form of a database with X, Y and Z coordinate points. These data are then used to translate the center node of the tool tip along the path, which will result in generating the desired shape, as shown in Figure 4.




2.1.3. Friction Analysis


Accurate friction determination in numerical IF simulations is critical to its overall success. Due to the type of deformation inherent to this process, friction affects several factors of forming, such as formability and spring back. This is apparent in tests that significantly reduce tool friction, such as the utilization of a roller ball as a forming tool [1,25,26]. While the importance of this factor is well known, other works fail to provide justification for the friction coefficient used in simulations. Therefore, supplemental testing which mimicked the conditions experienced during formability testing was conducted. When making comparisons between SPIF simulation and experiment, the experimental friction factor should always be determined for use in the simulation on a case-by-case basis. This value will obviously change depending on the individual test conditions. Studies that made such comparisons but failed to use the experimentally determined friction factor cannot provide any definitive conclusions.



Truncated pyramid shapes were formed experimentally using similar conditions to the study (tool, lubricant, feed rate, material, etc.). Force measurements were used to determine a friction coefficient using the following equation:


  μ =     F x 2  +  F y 2     F z    



(2)







A plot of the friction coefficient throughout an example test can be seen in Figure 5. The early stages of forming produce an unsteady friction coefficient. This is due to purely elastic forming. Once the tool reaches a certain depth, the friction coefficient remains cyclical but is stable. The average friction coefficient from this stable region was 0.37. This value was used in the simulation.





2.2. Strain Measurement


When observing numerical results, a difference in strain was found depending on the location in relation to the shape of the clamping fixture. Therefore, the strain was measured along the XZ plane and through a plane that passes through the Z axis and is 45° from the XZ plane. These planes can be seen in Figure 6 and the approximate locations of these measurements can be seen as (a) and (b), respectively. These measurements were taken at opposite edges to where the failure occurred and parallel to the roll direction of the material.



Prior to conducting the forming experiments, the blank surface which was not contacted by the forming tool (opposite/bottom surface) was etched with a circular pattern. Existing literature has shown this method of marking to be appropriate, as it does not significantly compromise the strength of the material, as is seen in other works which utilized deep etches that created stress concentrations across the material [48,55]. The diameter of these circles was measured after forming to determine the major and minor strain.



A numerical simulation of the funnel geometry was completed until the depth at which experimental failure occurred. Once this depth was reached, the forming tool and clamping fixture was removed and a simulation of spring back took place. The maximum strain was then located along the planes shown in Figure 6. Similarly, the maximum strain was found in experimental tests by measuring the displacement of the circles along these planes. Deformation was measured using a microscope fitted with a digital readout. In areas where the maximum strain was located across a bend (i.e., the circle did not lie in one plane), the deformation was approximated by acquiring a measurement in the center of the circle. The length between these three points was then calculated and designated as the total deformation.



Major and minor strains were measured as axial and hoop strains, respectively. Examples of the orientations of strains can be seen in Figure 7. Due to the type of geometry utilized in this analysis, this was determined to provide a more effective measurement system than Cartesian coordinates. Other works have used this form of designation as well [48,51].



In the numerical simulation, thinning of the material is calculated using the strains on each element and applying the basic formulas of tension and compression. The thinning data from the simulation was taken as a percentage of thickness reduction. The data was selected at the exact location as in the experiments, providing a baseline for comparison.



With a known strain state of each element, it is possible to determine when the rupture takes place. Hence, it is possible to state that at a specific strain condition, the material in reality would have failed. Since the depth of failure is not known before the simulation is run, the model was set to follow the toolpath regardless of the strain limits of the material. Once the simulation run time ends, the built-in FLD tool was utilized to find the depth at which the first element ruptured. This point is analogous to the rupture location on the experiment and will be called the “Depth of failure” as shown in Figure 8.




2.3. Thickness Measurement


Since spring back distortions take place after the sheet is unclamped, it is impractical to set the test sample at a standard bench and measure its thickness. Therefore, an alternative method is proposed and the measurements are performed on five specifically defined positions across the wall profile, points 1 to 5, as shown in Figure 9.



In order to compare the thickness for both experiments and finite element simulation, these measurement points were selected to coincide with the element centroid. In the current case, where an element of 3.5 × 3.5 mm is used, it is not possible to measure thickness values within 1 mm of distance, as the values would be similar. For this reason, the points selected to perform the measurements are spaced at a distance of 3.5 mm.



Points 1 to 5 are referenced by their height from the undeformed horizontal plane. For each of these five locations, five additional points, across the circumference, for each location were selected at the same depth of the sheet. To reduce the deviation of the measurement, two values were taken for the same point. For example, for the test of 0.381 mm step size, 50 different measurements, on five different points across the height, taken twice on five different locations around the curved part, shown as points (a), (b), etc. in Figure 9.



Once all the data were collected, the standard deviation was calculated and a confidence interval with α = 5% on a normal distribution was created. These values were compared to their corresponding locations obtained from the model as shown in Figure 10.





3. Results


3.1. Formability


The maximum forming angles determined both experimentally and numerically can be found in Figure 11. No significant trend could be established from the obtained data. At the smallest simulated step size of 0.127 mm, a formability of 50.06° was realized. The formability at the largest step size of 1.143 mm was found to be 52.73°. The maximum formability was realized at a step size of 0.864 mm. This indicates a possible parabolic trend. However, the difference between results is minimal.



These formability results can also be presented as a function of the failure depth, as shown in Figure 12, the results constitute a possible parabolic trend. It is apparent with the increase in the step size, may correlate to an increase in formability; however, only up to a certain threshold, a step size of 0.8636 mm in the present study, and then correlates to a general decrease.



These results are contradictory to other published works, which cite a decrease in formability as the step size is increased [4,5,6]. This is also contradictory to the works of Hussain et al., who experimentally determined the relationship between formability and step size for a similar material [56]. Interestingly, the formability values predicted from the empirical formula derived in [56] are much greater than what is observed herein. As shown in Table 2, study [56] predicts formability of about 60°. However, the material investigated in the aforementioned work and the present research were not identical. Furthermore, testing parameters such as the clamping area and lubricant used were not fully disclosed within other works. This provides good evidence that these are critical factors in the incremental forming process. Therefore, these works cannot be directly compared. It is necessary that future works in this field fully disclose all critical test conditions.



There is a clear difference between experimental and simulation results. Experiments resulted in approximately 12∼16% lower formability relative to simulation. This effect is further discussed in the following sections.




3.2. Maximum Strain


The resulting strain located at the points of interest previously described, (a) and (b) in Figure 6 and Figure 7, can be seen in Figure 13. Simulation results formed a slight trend that showed an increase in step size may correlate to a decrease in major strain and an increase in minor strain. However, it should be noted that the intermediate step size experienced a slight increase in major strain, forming a slightly parabolic trend. Though not definitive, this data shows that step size variation can be used to alter the type of deformation that occurs during forming (e.g., biaxial or uniaxial).



Further analysis of the experiment and simulation reveals that overall, strain predictions within the system were underestimated in simulation results (i.e., the simulation predicts greater formability over experiments). This correlates with the error observed in formability. It can be seen in Figure 11 that formability was predicted to be greater than was experienced in experimental testing. These two factors are correlated in that failure is predicted based on strain. Therefore, the slight error seen in formability testing is most likely the result of an error in strain simulation. In order to further assess the manner of the strain in these tests, the strain was measured along the XZ plane in the experimental and numerical tests for the 0.381 mm step size. This comparison can be seen in Figure 14. These results show that the strained region in experimental tests experienced higher strain closer to the edge of the sheet than is observed in the simulations. Additionally, the strained region appears to be elongated in the simulations, causing the strain to reach deeper into the center of the workpiece than in the experimental test.




3.3. Thickness Reduction


The thickness reduction of experimental and simulation results was measured at various depths. The results of this testing can be seen in Figure 15. A trend is formed across all tests which reveals an increase in thickness reduction as depth is increased until the central portion of the workpiece is reached. This region is not formed by the forming tool and is therefore similar to the initial material thickness. A distinguishable trend between step sizes can be seen, especially at position 4. At this location, larger step sizes resulted in less thinning. This trend is similar in both experimental and simulation results. It is worth mentioning that the simulations are underestimating the thinning of the sheet. The percentage of thickness reduction results shows that the larger step size results in less material thinning; therefore, failure takes place at a later stage, producing greater formability.




3.4. Forming Limit Diagram


The forming limit diagram (FLD) derived from IF simulations is shown in Figure 16. Since only one geometry was used in simulations, one forming limit curve (FLC) was produced for all runs. Similar to formability results, the FLDs displayed a general trend of enhanced formability with the increase of step size up until a threshold value, 0.8636 mm in the case presented herein, then a gradual decrease is observed. It is worth noting that the gap in the FLD between the “safe” and “failure” locations represents a 10% marginal zone.





4. Conclusions


A model was developed for simulating a SPIF process of 2024-T3 aluminum using Hill’s Criteria with Tabulated (nonlinear) Yield Curve material definition with properties derived from [70]. Friction values utilized in the simulation were experimentally determined. Funnel shapes were formed to assess various factors of this process at varying step sizes. The numerical model presented in this work, regardless of the limited number of experiments and simulation runs, allows for evaluating formability and failure in the SPIF process and providing fair predictions. It was found that the simulation overestimated formability. Generally, the models are in agreement with the experimental results within 12% to 16%. Additionally, no significant trend was observed over the range of step sizes investigated. However, it seems that there is a threshold of step size; when exceeded, formability starts to decrease slightly. Finally, comparisons between this study and similar literature provide further evidence that the clamping fixture geometry can significantly affect results. This comparison, as well as the discussions of step size effect and simulation methodology, are novel additions to this work.
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Figure 1. HAAS TM3 milling machine used for incremental forming. 
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Figure 2. Geometry used to analyze formability; dimensions in mm. 
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Figure 3. Mesh and dimensions (mm) of the frame and sheet used throughout testing. 
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Figure 4. Toolpath and formed shape illustrations. 
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Figure 5. Experimental friction coefficient for an example test. 
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Figure 6. Approximate locations of strain measurement: (a) point on XZ plane and point (b) 45° from XZ plane. 
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Figure 7. Strain designations—(a) Major (axial) strain and (b) Minor (hoop) strain. 
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Figure 8. Defining the depth of failure in simulation. 
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Figure 9. Thickness measurement over section cut of the sheet. 
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Figure 10. Elemental and experiment thickness measurement positions. 
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Figure 11. Resulting formability of experimental testing and simulations. 
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Figure 12. Resulting failure depth of experimental testing and simulation. 






Figure 12. Resulting failure depth of experimental testing and simulation.



[image: Jmmp 07 00070 g012]







[image: Jmmp 07 00070 g013 550] 





Figure 13. (a) Major true strain located along the XZ, (b) minor true strain located along the XZ plane, (c) Major true strain located along the 45° plane, and (d) minor true strain located along the 45° plane. 
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Figure 14. Strain measured along the XZ plane. 
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Figure 15. Thickness measured along the XZ plane. 
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Figure 16. Forming limit diagram of numerical simulations. 
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Table 1. A summary of the effects of process parameters on formability.
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Feed rate ↓ [1]

	
Formability ↑




	
Tool size ↑ [1]




	
Friction ↓ [1,2]




	
Tool rotation ↑ [3]




	
Step size ↓ [4,5,6]
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Table 2. Derived results from [56].
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Step Size (mm)

	
Feed Rate (mm/min)

	
Tool Radius (mm)

	
Formability






	
0.381

	
3810

	
4.7625

	
67.9°




	
0.635

	
67.6°




	
0.8636

	
67.3°




	
1.143

	
67.0°
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Table 3. Material properties used in the simulation.
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	Ultimate tensile strength
	483 MPa [71]



	Tensile yield strength
	345 MPa [71]



	Percent elongation
	18% [72]



	Modulus of elasticity
	73.1 GPa [73]



	Lankford parameters,   r 00  ,   r 45  ,   r 90  
	0.75, 1.05, 0.682
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