

  lubricants-11-00388




lubricants-11-00388







Lubricants 2023, 11(9), 388; doi:10.3390/lubricants11090388




Article



A Finite Element Analysis of Cold Deep Drawing of Al Alloy Considering Friction Condition and Corner Design of Plunger



Warda Bahanan 1,†, Siti Fatimah 1,†, Jae Hoon Go 1, Jeong Moo Oh 1, Min Jun Kim 2, Myung Jae Kim 3, Jee-Hyun Kang 1, Dong-Ju Kim 2,*, I Putu Widiantara 1,* and Young Gun Ko 1,*





1



School of Materials Science and Engineering, Yeungnam University, Gyeongsan 38541, Republic of Korea






2



SeA Mechanics Co., Ltd., Gumi 39379, Republic of Korea






3



Jaeyoung Tech., Gimcheon 39536, Republic of Korea









*



Correspondence: jks4721@seamechanics.com (D.-J.K.); iputuwidiantara89@yu.ac.kr (I.P.W.); younggun@ynu.ac.kr (Y.G.K.)






†



These authors contributed equally to this work.









Citation: Bahanan, W.; Fatimah, S.; Go, J.H.; Oh, J.M.; Kim, M.J.; Kim, M.J.; Kang, J.-H.; Kim, D.-J.; Widiantara, I.P.; Ko, Y.G. A Finite Element Analysis of Cold Deep Drawing of Al Alloy Considering Friction Condition and Corner Design of Plunger. Lubricants 2023, 11, 388. https://doi.org/10.3390/lubricants11090388



Received: 28 August 2023 / Revised: 5 September 2023 / Accepted: 8 September 2023 / Published: 10 September 2023



Abstract

:

This study presents an innovative methodology that integrates experimental investigations with finite element simulations to ascertain the validity and reliability of Al 3104 sheet metals during cold deep drawing. Focusing on the nose plunger radius and coefficient of friction at a fixed speed and temperature (25 °C), five different scenarios are utilized to simulate the optimum parameters. Through a detailed strain history analysis from simulations, the initiation of bending in the corner is precisely identified, with a validation achieved through a strain analysis obtained via digital image correlation. The study delves into the influence of strain and strain rate on the microstructures and mechanical properties near the corner region. It highlights the superior efficacy of strain-based criteria in characterizing deformation behavior. Notably, the strain distributions during the onset of bending and severe bending align remarkably well with the established simulation data. In brief, this work introduces an integrated approach that harmoniously combines computational simulations with empirical observations, resulting in significant ramifications for precisely comprehending and forecasting the strain distribution in metal forming operations.
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1. Introduction


The increasing demands for lightweight design in the transport industry have led to an extensive use of lightweight materials such as aluminum (Al) and its alloys [1]. The forming of Al sheets, however, presents significant challenges due to the low formability and the increased susceptibility to friction [1]. A particularly noteworthy subset of Al alloys is the 3xxx series, characterized by a fundamental Al-manganese composition [2]. With manganese as the primary alloying element, this series embodies a delicate balance of attributes: a good formability, a moderate strength, and an inherent resistance to corrosion [2]. As a result, the 3xxx series alloys would be particularly favored for applications that demand complex geometries featuring gentle curves and nuanced bends. Moreover, the series 3xxx, when subjected to H32 tempering, exhibit a balance between strength and formability, which is favorable in the realm of deep drawing applications [3,4]. The H32 heat treatment is a controlled cooling process designed to offer several benefits in terms of improving formability and reducing the anisotropy, the directional variation in mechanical properties. The reduced anisotropy ensures that the material flows more evenly during the forming process, resulting in smoother and more uniform surfaces on the finished parts [5].



The process of deep drawing stands as a cornerstone of contemporary manufacturing, enabling the transformation of flat sheet metal into three-dimensional structures that underpin a diverse application of products across industries [6]. In the realm of current manufacturing, the deep drawing process holds a substantial importance due to its significant contributions to production capacity, energy efficiency, and the potential for enhancing processes [7,8]. During the deep drawing process, a variety of factors might contribute to product failure [7,8]. This failure typically manifests as wrinkling, tearing, earing, and rupture [7,8]. These studies contained descriptions of material properties, die design, and operating factors such as blank holder load, friction coefficients, deep drawing ratio, and maximum drawing force; a careful control of these parameters helps lower the likelihood of failure for drawing parts [9]. Singh et al. [10] discovered the effectiveness of deep drawing variables, including die shoulder radii, plunger nose radii, friction coefficients, and deep drawing ratios for cylinder-shaped parts.



The die radius is the largest contributing factor when compared to other processing parameters, including friction coefficient. In a similar study, Colgan and Monaghan [11] concluded that the geometry parameters were generally the most important influential factors in a deep drawing process, especially the die radius. They observed that smaller die radii restricted material draw in and increased the required plunger force, therefore promoting stretching rather than drawing, which may result in excess thinning. Another study conducted by Yusop and Abdullah [12] evaluated cup drawing simulations and concluded that optimum radii were necessary to reduce component thinning. Large corner radii can reduce sample thinning and thickening defects when they are compared to the smaller ones [13]. However, a lack of structure was identified when observing these trends and sensitivities in the literature. On the other hand, the friction coefficient was found to be the best parameter among die radii and blank holder force (BHF) to achieve a decent quality of the formed component [14].



The relationship between anisotropy and deep drawing lies in how the anisotropic properties of the sheet metal material can influence the deep drawing process. When deep drawing a sheet of anisotropic material, the orientation of the material relative to the direction of deformation can significantly affect the success of the process. When performing deep drawing on a sheet of metal with anisotropic properties, it is crucial to align the sheet’s orientation in a way that optimizes its ductility and minimizes the likelihood of material failure, such as tearing or wrinkling [15]. A number of research works that correlate the effect of anisotropy on deep drawing can be found in Refs. [15,16,17]. However, when the orientation of materials is set to be random through H32 tempering [5], the effect coming from anisotropy might be omitted. Therefore, we focus more on the strain distribution as a result of deformation during the deep drawing process.



To date, most deep drawing processes have been performed at warm and elevated temperatures to avoid failures, whilst those operated in cold conditions (25 °C) are limited. In fact, improving the process temperature would increase the overall cost production [18,19]. Takuda et al. [18] documented that the ductility/formability of a 5182 Al alloy sheet improved notably with an increase in the working temperature to 250 °C utilizing a preheated die and blank sample at such a temperature, whilst the plunger was kept at a 25 °C temperature. Through this temperature gradient between the plunger, blank sample, and die, the optimized condition could be achieved. Unfortunately, the overall process utilizing the thermal gradient was time consuming and costly.



On the other hand, previous studies documented that warm (200–350 °C) deep drawing could increase the elongation and cup height of Al alloys series 5xxx and 6xxx up to 300% [19]. Kim et al. [19] suggested that the impact of forming temperatures on limiting drawing ratio (LDR) values was relatively insignificant under isothermal conditions. However, a noteworthy enhancement in formability was witnessed by maintaining the plunger at room temperature. Therefore, it can be deduced that by implementing a suitable temperature gradient on the workpiece, the formability of aluminum alloys can be improved. Comprehensive deformation traits were contrasted between constant temperature (isothermal) and varying temperature conditions (non-isothermal). Under isothermal condition, the plunger’s corner area emerged as the critical failure site, where the limiting strain was observed to develop. In isothermal conditions, the critical failure location, where the limit strain developed, was the plunger corner region. However, under conditions involving temperature gradients (non-isothermal), a comparatively uniform distribution of the strain and thinning was observed at the same depth within that particular section. This phenomenon indicated that the elevated temperature in the flange region delayed the onset of localized thinning and consequently shifted the point of failure towards the corner region of the die. This transition could be attributed to the improved ductility of the flange material and the increased flow stress within the plunger’s corner region. A lower blank holder pressure (BHP) and friction coefficient were preferred to achieve an increased formability due to the decreased restrain force of the material.



Recently, Hou et al. [20] reported that deep drawing on the 7005 Al alloy at elevated temperature of 400~450 °C (in-die heating) improved the deep drawing performance of the alloy, which was manifested by the revolutionary change in sheet metal behavior—from the failure of deformation at lower temperatures (RT~200 °C) to achieving a limiting drawing ratio of 2.19 at 450 °C. In addition, the same study documented that the effect of temperature was recorded to contribute as high as ~63%, higher than the effect coming from the blank holder force (~26%) and drawing speed (~11%).



Therefore, we investigated the validity and reliability of the drawing process of Al alloy series 3xxx at room temperature. However, the efficiency and success of deep drawing can be further enhanced by harnessing the power of advanced analytical tools. A finite element (FE) analysis emerges as a critical tool in this context [21]. An FE analysis enables a proactive exploration of the deep drawing process before the metal even meets the press. By simulating the behavior of the material under different conditions and configurations, the FE method empowers manufacturers to predict optimal conditions, avert potential failures, and tailor the process for optimal outcomes [22]. Incorporating an FE analysis into the prelude of the deep drawing process offers a unique advantage: the ability to ascertain the most conducive conditions to the alloy’s behavior. Key variables, such as the plunger radius and coefficient of friction, can be dissected and fine-tuned through virtual simulations, even before the first sheet is drawn. This predictive capacity does not only streamline the process but also reduces wastage, as unfavorable conditions can be spotted and rectified prior to production, improving cost-effectiveness, and increasing the production efficiency.



This paper focuses on a comprehensive exploration of the synergistic relationship between the Al alloy 3104-H32 and the preemptive potential of an FE analysis. By harnessing the predictive capabilities of the FE analysis, manufacturers can preemptively optimize conditions and prevent failure, ultimately contributing to the overall efficiency, cost-effectiveness, and success of the deep drawing process. Through a synthesis of theoretical insight, computational prowess, and practical implications, this study aims to shed light on the transformative impact of the FE analysis by considering the paramount importance of postdeformation strain distribution in the context of deep drawing practices.




2. Materials and Methods


The present study focused on three aspects: (i) a simulation by the FE method, (ii) the deep drawing process to obtain a U-shaped Al container for a stack cell application, and (iii) a characterization. The FE analysis was carried out prior to the deep drawing process by utilizing five different scenarios involving the plunger radius and coefficient of friction parameters at a cold temperature (25 °C) and a fixed speed of 20 mm/s as listed in Table 1. MoS2 was applied to the blank surface as the lubricant by a coating treatment and natural air drying that was applied at a rate of 27.0–33.0 gr/m2. Two subsequent coatings were applied to increase the thickness of the lubricant. The material investigated in this study was a deep-drawn Al alloy series 3104-H32 with a chemical composition of 1.4 Mn, 1.3 Mg, 0.6 Si, 0.25 Cu, 0.25 Zn, and the balance of Al (in wt.%). The material was characterized by surface observation (Surfiew 3D profiler), optical observation (OM, Olympus BX-51), and mechanical observation (Vickers microhardness, Wilson Instrument).



For the surface observation, the deep-drawn sample was cut from three different regions (as shown in Figure 1) with dimension of 30 × 20 × 2 mm for each. The material surface interacting with the die (near-to-die) during the deep drawing process was the main surface to observe. In order to investigate the microstructure, the samples were ground, polished, and etched. Surfaces were mechanically ground using a #2400 grit SiC paper, followed by a mirror polishing until a 0.25 diamond suspension. Prior to immersion in the etching solution, polished surfaces were cleaned in an ultrasonic bath for 10 min. Poulants’s reagent was used as the etching solution by mixing the 1st solution (1.25 mL of distilled water, 15 mL of HCl, 7.5 mL of HNO3, and 1.25 mL of HF) and the 2nd solution (20 mL of chromic acid and 12.5 mL of HNO3) together. The samples were analyzed along the z-axis (shown in the schematic illustration) and divided into three parts, near the plunger, the center, and near the die part. A microhardness test was conducted for further investigations.




3. Results


3.1. FEM Analysis


Equivalent Strain Distribution


Figure 2 shows an overview of the equivalent plastic strain (PEEQ) map generated from the Abaqus/Standard module for five different conditions, namely C1, C2, C3, C4, and C5. For C1 (Figure 2a) with a very small plunger radius (≈0), a severe strain (represented with the red color) was clearly detected at the outer surface near the die. At that particular position, two neighboring elements exhibited a severe local distortion with a PEEQ value larger than ~0.7. Meanwhile, for parameter C2 (Figure 2b) with a plunger radius of 1.5, the distortion was alleviated (PEEQ in the range of 0.3~0.43) and distributed to a larger number of elements (in this case, nine neighboring elements). For condition C3, C4, and C5 (Figure 2c–e) with plunger radius of three at different friction coefficients, the distortion was further decreased to as low as 0.2. Up to there, the aforementioned condition seemed to exhibit similar characteristics.



Figure 3 shows the distribution of the PEEQ value near the plunger, center, and die of the set elements highlighted with a red line in Figure 2. For C1 (Figure 3a), the PEEQ values severely fluctuated, and no uniform tendency was found near the plunger, center, and die. In Figure 3b, condition C2 with a plunger radius of 1.5 showed less fluctuations than C1, which suggested that the increase in plunger radius effectively decreased the amount of strain. However, the difference in term of effective strain near the plunger, center, and die were apparent. It is important to note that part near the plunger dominantly had the highest PEEQ values followed by the area near the die and then the center. When a plunger radius of three was used, the PEEQ values near the plunger and die were quite similar to each other. However, the PEEQ value at the center remained very low suggesting that the effective strain distribution was not uniformly distributed through the thickness of the workpiece. For condition C5 with a plunger radius of three and a friction of 0.1, despite the difference between the PEEQ values near the die and the plunger, the value at the center became closer, suggesting that additional straining occurred in the central part. A strain distributed throughout the thickness of the sample during deep drawing is important to avoid the formation of wrinkles [23]. Moreover, in C5, the PEEQ values of the region near the die was higher than that near the plunger, suggesting that C5 allowed the material near to the die to flow more than that near the plunger. This is preferable since material positioned near the die should have more flow in order to avoid failure in the form of tears or a split [24].



Table 2 shows the strain of a specific element (highlighted with a black color in Figure 2) at two different times (2.1 and 2.4 s), the calculated strain rate, as well as the representative element geometry near the plunger and the die. Sample C1 and C2 showed a high strain rate (2.20 and 0.90     s   − 1    ) but as shown previously in Figure 2, both effective strain distributions were nonuniform. Additionally, Table 2 displays how the representative elements were severely distorted, especially for C1 with the highest strain rate. For C2, with the improved stability in terms of strain distribution, the representative elements were not distorted as much as those of C1, C3, and C4, and C5 showed an even better strain distribution than that of C1 and C2. Here, the depth comparison was conducted between the three by considering the plastic strain components of PE11 and PE22 for normal strains, measuring the changes in length along x and y, respectively, together with PE12 for shear strains. It is noteworthy that these three conditions exhibited values of PE12 that were comparable to those of C2, suggesting that among the strain components, the shear strain was dominant. Shear strain, despite its complexity, is preferred to activate the slip system more in order to accommodate more deformation [25,26]. Among the three conditions with a radius of three, C5 showed an anomaly where all the strain components for the part near the plunger were smaller than in the other conditions, whereas most of the strain components for the part near the die were larger than those in the other conditions (the PE11 value for C5 was close to that for C3 and C4). This suggested that C5 allowed more accommodation of the deformation near the die of the corner which is known to be sensitive to developing defect [27,28,29]. Interestingly, among the conditions with a radius of three, C5 exhibited the highest strain rate (0.77 s−1). This might explain the additional straining that occurred in the central part since an increase in strain rate resulted in increased strain [30].



Figure 4 shows the d-drawn Al alloy for condition C5. It is clear that the result aligned well with the result predicted by the FE simulation. No failures were observed throughout the surface of the sample including the corning region, which indicated a successful deep drawing process.





3.2. Surface Morphologies


3.2.1. Surface Roughness


Figure 5 shows the surface roughness of the sample with the most optimized parameters (C5). The area of the sample was subdivided into regions A, B, and C. As shown in Figure 5a–c, the surface roughness was increased from the vertical region (A) to the corner (B), which suggested that the strain would be localized in the corner section. The results were parallel with the simulation data showing that the corner region B with the higher strain density (Figure 2e) would receive a larger deformation and induce a higher surface roughness. On the other hand, the roughness of region A and C near the corner showed almost the same value of ~0.3 μm, indicating that those regions received less strain compared to B. These results were in line with the simulation data shown in Figure 2e. Previous findings documented that a higher level of plastic deformation was received by the corner region, and as a consequence, such region would likely show a higher degree of surface roughness [31,32,33,34]. This plastic deformation generated a localized strain concentration which further produced microscale irregularities and a roughness on the surface. These irregularities contributed to an increase in surface roughness.




3.2.2. Microstructures


Figure 6 shows the evolution of grain size of the FEM-optimized sample, C5, during the deep drawing process in three different regions of A, B, and C. Each region was divided into three different sections near the plunger, center, and die portions. In general, the region near the die showed a higher deformation effect, as can be seen from the elongated grain characteristics compared to the center and the region near the plunger. For B, the grains in the portion near the die exhibited an elongated grain as the lowest width among the other portions. This was in accordance with the result in Figure 2e where the elements located near the die portion exhibited the highest strain as shown by green and light blue colors. It is known that the grain width decreases with an increasing amount of strain [35]. Moreover, based on the results in Table 2, the shear strain component (PE12) near the die with PE12 = 0.369 was almost four times higher than that near the plunger with PE12 = −0.094. This finding supported the fine width of the elongated grains in the portion near the die [26]. The neighboring regions, A and C, exhibited a microstructure having a coarser width of elongated grains compared to B. Between the two regions, the elongated grains in C seemed to have a lower width than those in A. This was likely due to the different magnitude of the equivalent plastic strain where the amount of strain recorded near the C region was higher than that near the A region. This point is elaboratively discussed in the discussion section together with a figure with the recorded strain. It is believed that, although both A and C were located near B, the strain characteristics were likely to differ between the two regions.





3.3. Mechanical Properties


Figure 7 shows the microhardness map obtained via a Vickers indentation of the optimized sample. The optimized sample exhibited a decent flow of material specifically at the part near the die, which resulted in an elongated grain as shown in Figure 6. The sample exhibited the highest hardness value at the part near the die and gradually decreased as it moved to the part near the plunger, which suggested the strengthening originated from the elongated grains near the die [36]. No significant discontinuity was seen in term of hardness value along the die part, which supported the result that the optimized condition was desirable for achieving a homogenous deformation at the corner of the sample. Although the resulting hardness analysis revealed an apparent difference in term of hardness between the parts near the plunger (~77 HV) and near the die (~84 HV), the hardness distribution near the plunger also exhibited a decent uniformity close to that near the die. It is important to mention that with the increase in hardness, the indentation mark showed a ductile behavior of the sample, suggesting that the strengthening was sufficiently good and prevented the materials from undergoing a fracture or surface failure.



The microhardness distribution of the optimized condition was likely in conjunction with the characteristics of the strain distribution where two localized strain distributions were located at the portions near the plunger and near the die, as shown in the simulation. In the case of C5, the strain experienced at its central region differed from that observed under other conditions. This likely triggered the formation of elongated but wider grains than those near the die portion. This might be associated with the existence of a strain with a dominant component of shear, which played a complex role in the microstructure as well as mechanical properties.





4. Discussion


The successful deep drawing process by utilizing five different scenarios (C1~C5) implied the efficacy of the simulation method in predicting the materials’ behavior and properties. Through the utilization of a finite element analysis, optimum parameters, namely, the plunger radius as well as the friction coefficient, were suggested. No cracks or failures were observed during the fabrication and test of the materials. Among the performed scenarios, C5 was found to be the optimum condition. An analysis considering both equivalent plastic strain at integration points (PEEQ) and plastic strain components at integration points (PE) were potentially useful to assess the flow tendency of material at different parts, together with the information about the active strain component.



Concerning the optimized condition, Figure 8 shows that C1, with a very low radius, had a localized strain distribution, which was in contrast with C5, with a radius of three, which had a uniform strain distribution. A distribution of PEEQ values for the highlighted element was shown. Starting from C, the PEEQ value was the highest and then decreased as it moved toward B and A. To explain the details, a series of meshes (six layers, 3432 elements) with an increasing step time was provided with the color representing the value of PEEQ (dark blue, blue, light blue, and green). The specific step times were chosen to show how the strain during deep drawing developed at the corner. A schematic illustration of the mechanism was proposed. At 0.100 s, the strain developed at two different spots located at the surfaces near the plunger and near the die surfaces (the two strains are termed as paired strains and represented by a blue color). As the plunger moved further downward (after 0.150 s), the paired strains expanded and tried to reach one another. Based on the simulation of several conditions, the rate for the expansion depends on the radius of the plunger, such that with a smaller radius, the rate of expansion would be higher, and the two strains would likely be unified. At 0.30 s, the two spots stopped expanding (in the case of C5, the paired strains did not unify) and started to propagate along the wall and variation values of the strain (represented by blue, light blue, and green) depending on the radius, such that a higher radius gave a stable value. The strain extended until it lined up in parallel with the radius. In other words, with a higher radius, the propagation takes longer.



Regarding the strain value near the plunger and the die, C5 exhibited a characteristic that was considered the best, such that the strain was larger near the die than near the plunger. This was believed to originate from the fraction coefficient, as such a phenomenon occurred when the friction coefficient was increased from 0.05 to 0.1. It has been reported that a friction coefficient as small as possible is preferred, since it induces a homogeneous strain distribution [37]. It is also possible to increase the friction coefficient as long as no wrinkles are visible [38].



In the present study, although the strain was not uniformly distributed throughout the thickness during the first strain expansion, the straining characteristic in the C5 sample was such that the strain at the portion near the die was higher than that near the plunger, as shown by elongated green color. This is believed to be advantageous for the formability of metals under a deep drawing process. Lastly, based on the simulation, it can be seen that the strain pair finally unified after 4.0 s (this was not shown in the schematic). Such behavior is believed to originate from the relatively larger strain rate in C5 compared to C3 and C4. It has been reported that the strain increases with the increase in strain rate [30].



In this study, we suggested an optimum condition where during deep drawing, not only the deformation was imposed throughout the thickness, but such condition prioritized the accommodation of the deformation at the outer surface touching the die edge. This resulted in a smooth cornering as well as a uniform hardness distribution. It is likely that the friction coefficient played a significant role in triggering the aforementioned phenomenon. This was in line with a previous report suggesting that friction imposed an indirect effect compared to a homogeneous deformation [19,39].



One of the main strain components that played a role here was shear strain, which not only helped to accommodate the deformation but also to generate an equiaxed substructure. In general, the accommodation via shear deformation occur in any interfacial area, without any preferences [40]. The optimized condition in this study allowed the shear deformation to occur at the outer surface touching the die edge, which was beneficial to minimize the chance of the formation of a surface defect.



The current result can be further improved if the orientation of each grain is taken into account, since a change in orientation will affect the flow behavior during plastic deformation [41]. In order to do that, a finite element analysis utilizing UMAT (User Materials) subroutine should be carried out to incorporate the orientation into the simulation so that even better prediction can be obtained.




5. Conclusions


We investigated the deformation of Al 3104-H32 sheet metals during a cold deep drawing process (25 °C) through the integration of experimental and finite element methods, which showed a good agreement between the two approaches. Among five different conditions, a nose plunger radius of 3 mm and a friction coefficient of 0.1 were considered as the optimum condition based on the bending characteristic. Such a condition was capable of inducing a lattice distortion and activate the slip system that was desired to accommodate more deformation. A strain history analysis revealed that the scenario allowed the elements located near the die surface to easily flow compared to those near the plunger, which was crucial to avoid failure in the form of tears or splits. The results on the mechanical properties revealed that the distribution of microhardness values was considerably improved, as shown by the value of the portions near the plunger (~77 HV) and near the die (~84 HV). A mechanism of strain development during bending was proposed, which could be used to precisely comprehend and forecast the strain distribution in a deep drawing process. Overall, our study contributes to the advancement of knowledge in this field and provides practical insights for optimizing sheet metal forming processes.
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Figure 1. Schematic to illustrate the simulation, deep drawing, and mechanical assessment of the current work. 
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Figure 2. FEM results showing the strain distribution along the z-axis in five different combinations of two parameters: the plunger radius and the friction coefficient, (a) C1, (b) C2, (c) C3, (d) C4, and (e) C5 The highest level of homogeneity is shown by C5 in terms of stress distribution. 
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Figure 3. Curve showing the strain distribution of a local element taken from the corner of sample (a) C1, (b) C2, (c) C3, (d) C4, and (e) C5. These regions were subdivided in three different sections: near the plunger, center, and die portions. 
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Figure 4. Simulation and experimental results of the optimized condition (C5) showing a good agreement. 
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Figure 5. AFM images showing the surface roughness taken from the corner areas (a) A, (b) B, and (c) C. Area B (corner) showed the highest surface roughness, whilst areas A and C showed a lower surface roughness due to the low level of deformation. 






Figure 5. AFM images showing the surface roughness taken from the corner areas (a) A, (b) B, and (c) C. Area B (corner) showed the highest surface roughness, whilst areas A and C showed a lower surface roughness due to the low level of deformation.



[image: Lubricants 11 00388 g005]







[image: Lubricants 11 00388 g006] 





Figure 6. OM micrographs of the deep-drawn C5 sample taken from areas (a) A, (b) B, and (c) C. These regions were subdivided in three different sections: near the plunger, center, and die. 
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Figure 7. Microhardness maps of the sample taken from the corner of the optimized C5 sample. Three subdividing areas of microhardness were recorded in (i) near the plunger, (ii) center, and (iii) near the die. 
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Figure 8. Schematic to illustrate the nucleation and propagation of strain for the optimized condition (C5). 
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Table 1. Parameters of the finite element analysis.
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	Parameters
	C1
	C2
	C3
	C4
	C5





	Speed (mm/s)
	20
	20
	20
	20
	20



	Radius (mm)
	0
	1.5
	3.0
	3.0
	3.0



	Friction
	0.05
	0.05
	0.05
	0
	0.1










 





Table 2. Strain, strain rate, and characteristic of an element near the plunger and near the die from the simulated conditions.
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Time (s)

	
Strain ε

	
Strain Rate

     ε  ˙         (   s   − 1   )   

	
Near the Plunger Element

	
Near the Die Element






	
C1

	
2.1

	
0.096

	
2.20
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2.4

	
0.78
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PE11 = −0.411

PE22 = −0.066

PE12 = −0.05
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PE11 = 0.358

PE22 = 0.076

PE12 = 1.187




	
C2

	
2.1

	
0.041

	
0.90
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2.4

	
0.32
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PE11 = −0.269

PE22 = −0.042

PE12 = −0.125
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PE11 = 0.093

PE22 = 0.057

PE12 = 0.482






	
C3

	
2.2

	
0.001

	
0.70
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2.5

	
0.22
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PE11 = −0.154

PE22 = −0.05

PE12 = −0.132
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PE11 = 0.041

PE22 = 0.06

PE12 = 0.329




	
C4

	
2.2

	
0.003

	
0.70
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2.5

	
0.22
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PE11 = −0.142

PE22 = −0.08

PE12 = −0.132
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PE11 = 0.041

PE22 = 0.065

PE12 = 0.333






	
C5

	
2.2

	
0.0042

	
0.77
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2.5

	
0.245
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PE11 = −0.139

PE22 = −0.032

PE12 = −0.094
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PE11 = 0.039

PE22 = 0.079

PE12 = 0.369
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