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Abstract

:

This paper presents a new method for forming flanges in hollow parts. The process consists of an extrusion with two dies that move in an opposite direction to that of the punches. This particular kinematics of the tools makes it possible to form two flanges simultaneously in a single tool pass. The proposed method was investigated using a tube made of steel 42CrMo4. It was assumed that the extrusion would be conducted as a cold forming process at ambient temperature. Different diameters and heights of the impression made in the top and bottom dies were used. It was demonstrated that the main failure mode of the proposed technique was an unintended increase in the inside the diameter of the workpiece in the flange zone. The results showed that the above parameters had a key impact on the achievable maximum flange diameters and heights.
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1. Introduction


Forming processes enable the efficient production of a wide range of hollow products that are used in almost all industries, including engineering, aerospace, food processing, and mining. This wide range of products makes it necessary to develop and design new processes that would make it possible to produce parts with increasingly better properties, while at the same time reduce production costs.



Hollow parts can be produced by cold forging. Ku et al. [1,2] conducted a study on forming inner races used in the automotive industry. Due to high unit loads, the split tool geometry had to be specially designed to provide the tools with the required mechanical strength. An equally important factor was heat treatment, the aim of which was to reduce the yield strength and hardness of the material in order to ensure lower forming forces. Similar studies were conducted on the forming of outer races [3,4]. The results confirmed that the hot forging technique could be replaced by cold forging. In addition, it was shown that the change resulted in an 81% reduction in machining time.



Chen et al. [5] proposed a new screw forging method aimed at reducing the number of steps in the forming process for automotive fasteners. These researchers replaced multi-step forging with the new injection forging method, thus reducing production time. Despite higher forming forces, the energy requirement of the new process was lower than that in the multi-step forging technique. In turn, Ku [6,7] investigated the cold forging process for producing a drive shaft. It was found that the use of two forming operations made it possible to obtain a product with the desired quality and geometry. Schiemann [8] et al. studied the phenomenon of fold formation in the flange upsetting of tubular cold forged parts. It was shown that, in addition to geometric parameters, the formation of the defect also depended on the local strengthening of material and hole surface quality.



Upsetting is another widely used method for forming hollow products. Pang et al. [9,10,11] proposed a novel method for forming a hollow flanged part from a tube. The process involved heating a tube section first and then deforming it into a rod by upsetting the workpiece wall. The obtained rod was then subjected to further upsetting operations until a flange with the assumed dimensions was obtained. The study showed that an increase in the inside diameter of the workpiece leading to reduced product weight resulted in an increase in the accumulated effective strain in the product. A completely different upsetting method for hollow products was presented in [12]. In this method, flanges were formed by the axial upsetting of the workpiece wall, which was made possible by the movement of either one or two tools that formed a closed or open impression. The failure modes in the process were buckling and the loss of material cohesion. The behaviour pattern of the forming force was similar to that observed in standard closed-impression upsetting operations, i.e., the force value significantly increased toward the end of the process.



Incremental forming is another method for forming hollow parts. This method was used for sheet metal forming [13] and flanging tube flanks [14] and ends [15], as well as sheets [16]. The tool has the form of a mandrel that moves along the selected trajectory, causing an increment in the local strain of the material. Studies investigating this process were primarily concerned with the effects of tool geometry and kinematics on the stability of the process. The failure modes of this technique included wall thinning, local buckling, and crack formation.



Alves et al. [17,18] proposed a new technique for joining tubes to sheets. The process was conducted in two stages. After reducing the thickness of the tube wall, a sheet flange was applied to the tube. After that, the two elements were fixed by the axial compression of the tube end protruding above the surface of the sheet. An advantage of the process was that it allowed the joining of parts made of different materials. One of the key parameters affecting the stability of the process was the corner radius of the working edge of the die. If the radius value was too low, this would induce local buckling of the tube wall; on the other hand, too large values of the radius would cause bending in the sheet to be joined to the tube.



A novel method for flanging hollow parts was proposed by Zhu et al. In this method, upsetting with a controllable deformation zone was conducted in a closed die impression, the volume of which was variable during the process as a result of the movement of the punch, mandrel, and counter punch relative to the die. The above-mentioned volume change resulted from different speeds of the punch and counter punch, which was made possible by the load from the counter punch. The main advantage of this method was that it made it possible to form relatively high flanges because of a reduced risk of workpiece wall buckling. The technique could be employed to forming flanges both on product end and in its centre [19]. It could also be used as a finishing operation in upsetting cups with increased wall thickness [20] or components with external gearing [21]. A study [22] showed that the forming force was nearly constant during the process. One of the failure modes was lap formation on the external surface of a flange. In this respect, the key parameters affecting this defect formation were the counter punch load as well as the die and counter punch geometry [23]. The die impression volume change could also be implemented by synchronizing the motion of the punch and sleeve, as was the case in an extrusion process conducted with the use of a moving sleeve in closed or semi-closed die impressions. For both cases, the sleeve moved in an opposite direction to that of the punch. The speed of the sleeve depended on the dimensions of the workpiece, extruded flange, and punch speed. On the one hand, the use of the sleeve prevented local buckling of the workpiece wall, and on the other, its movement helped increase the flange height. In closed-die extrusion, the flange height could be several times greater than the workpiece wall thickness, which allowed for multi-step flange forming [24,25]. In semi-open die extrusion, the achievable flange height was constrained by a potential loss of workpiece/mandrel contact in the zone outside the die impression as well as flank inclination [26,27].



A review of the literature has shown that new methods for forming hollow parts are constantly being developed by either modifying the existing processes or designing completely new techniques. Current research directions focus on ensuring the highest possible product quality in combination with the maximum efficiency and cost-effectiveness of production. In light of the above, this study investigates a new technique for forming hollow products with two flanges. The process involves extrusion using two dies that move in an opposite direction to that of the punches. The dies and the punches together with a split die form an impression which is closed at the beginning of the extrusion process but opens once the tools begin to move. The proposed technique makes it possible to produce complex parts in a single tool pass. As a result, the production time is reduced compared to that in other forming methods, e.g., multi-stage forging. This paper presents the results of a study investigating the relationship between the impression diameter and height in a moving die and the geometric parameters of a product. Numerical analyses have shown that tool geometry has the key impact on the achievable flange diameters and heights.




2. Materials and Methods


A schematic diagram of the process in which two flanges are simultaneously formed in hollow parts is shown in Figure 1. The billet in the form of a tube (tubes used for this process must be seamless) is put in the top and bottom dies that are separated by a split die. This tool does not move during the process and is removed from the forging when the process is complete. At the beginning of the process, the dies are in contact with the split die, thereby forming a closed impression with the split die, mandrel punch and hollow punch. As a result of the load exerted by the punches, the space between the tools is filled with the material being deformed. When the workpiece is in contact with the cylindrical zone of the top die impression described by a diameter Dit, the top die begins to move counter-clockwise in the direction of movement of the mandrel punch. The speed of the top die depends on the dimensions of its impression, the speed of the mandrel punch and the dimensions of the workpiece. The bottom die begins to move at the same point and in the same direction as the top die. Thanks to the kinematics of the process, the initially closed impression opens, making it possible for the flange height to increase. The impressions made in the top and bottom dies can be identical. As a result of using the same kinematics of the dies and the appropriate positioning of the billet, a part with two identical flanges is produced. It is also possible to use dies with different impressions, which will make it possible to form flanges of different geometries and dimensions.



This study investigates a case of the flanging process in which the top and bottom dies have the same impressions and both ends of the workpiece are equally distanced from the split die. The dimensions of the tools and the billet are given in Table 1. Two parameters were made variable: the cylindrical zone of the top and bottom die impression diameters Dit and Dib and the die impression heights Ht and Hb (see Table 2). An analysis of the effect of the above-mentioned parameters on the flanging process was based on numerical calculations. The analysis was performed using the finite element method-based Deform-2D/3D v11 software, assuming the axisymmetric state of strain and considering thermal effects. Axisymmetric geometries assume that the geometry of every plane radiating out from the centerline is identical.



The billet was made of 42CrMo4-grade steel, the material model of which was taken from the material database library of the software. The flow curve is presented in Figure 2, Figure 3 and Figure 4. It was assumed that the process would be carried out under cold forming conditions, hence the initial temperature of the billet and tools was set at 20 °C. The geometric model of the process is the same as the scheme shown in Figure 1. The workpiece was defined as a rigid-plastic object, while the tools were defined as rigid objects. The workpiece was discretized using four-node quadrilateral elements. The numerical model of the process took into account the heat flow between objects and the increase in the temperature of the workpiece due to plastic deformation. The contact conditions between the rigid objects and the rigid-plastic object were described using a heat transfer coefficient of 10 kW/m2K and friction factor of 0.1 [3,6,7,28,29].



The velocities of the mandrel punch and the hollow punch were maintained at 10 mm/s. The velocities of the top and bottom dies applied in the different cases of the extrusion process were maintained the same, and their values were determined from Equations (1) and (2).


  υ c t = υ p t ·   4 · g ·   D − g       D i t   2   −   D   2      



(1)






  υ c b = υ p b ·   4 · g ·   D − g       D i b   2   −   D   2      



(2)








3. Results and Discussion


Figure 5 shows changes in the shape of a workpiece at different stages of the process. During extrusion with two moving dies, two flanges are simultaneously formed on both sides of the split die. Once the mandrel and hollow punch are set in motion, the impressions of the top and bottom dies are gradually filled with the material being deformed. This is possible due to the radial–axial flow of the material, leading to an increase in the thickness of the workpiece wall. Once the workpiece comes into contact with the surface of the top and bottom die impressions with the diameters Dit and Dib, the dies are set in motion. This causes the closed die to open, which makes it possible for the flange height to increase. The punches continue to move until the end of the workpiece remains in the top and bottom die impression zones described by heights Ht and Hb.



An analysis of the results shows that the maximum flange height is limited by the phenomenon of loss of contact between the workpiece and the mandrel. As a result, the inside diameter of the workpiece is increased in the flange zone but remains unchanged at the height of the split die. The lack of contact between the workpiece and the mandrel can occur during two stages of the process. Depending on the die impression dimensions, this phenomenon can occur either at the initial stage of the process before the dies are set in motion or as the flange height is being increased and the dies are moving. In the former case, when the flanges reach the assumed diameters Dit and Dib (which is equivalent to the occurrence of contact between the workpiece and the corresponding surfaces of the die impressions), there is no contact between the mandrel and the workpiece over its entire length. The no-contact zones are marked by A in Figure 6 and can be observed for Cases 4, 8, 12, and 15 in Table 2. These cases of the extrusion process were conducted using the dies with the maximum impression heights Ht and Hb. This therefore means that the above defect is caused by the excessive height of the die impression. This results in the local buckling of the workpiece wall, which is not compensated for as the process progresses. Given the presence of the defect, these cases will not be further investigated.



In other cases in this analysis, the workpiece did not lose contact with the mandrel before the dies start to move. However, the loss of contact occurs when the dies begin to move and the flange height is increased. Depending on the process parameters, this defect is formed at different flange heights. In light of the above, this value was measured at the moment when the material lost contact with the mandrel (detail A in Figure 7). The flange heights Hft and Hfb were measured in compliance with the scheme shown in Figure 7. They were measured from the split die surface to the place where the flanges would lose contact with the impression zones described by the diameters Dit and Dib. Obtained results are plotted in Figure 8. The highest flange heights were obtained for the cases where the die impression diameters Dit and Dib were higher than the outside diameter of the workpiece by 0.5 and 0.75 of its wall thickness (g), with the impression heights Ht and Hb equal to 1.75 g (Cases 3 and 7 in Table 2). It can be observed that for the die impression diameters Dit and Dib, an increase in the impression heights Ht and Hb leads to an increase in the maximum flange height. The increased impression height considerably constrains the radial flow of the material, thereby preventing the loss of contact between the workpiece and the mandrel. For the given impression heights Ht and Hb, an increase in the diameters Dit and Dib causes a decrease in the achievable flange height. The higher flange diameter results in a greater share of radial flow of the material, leading to the formation of the above defect.



At the stage of the process when the flange height is increased (when both dies are moving), there occurs an unintended increase in the outside diameter of the flange. This phenomenon occurs in the flange zones located between the top die and the split die and between the bottom die and the split die. These zones lie outside the impression, where the flow of material is not constrained by the tool surface. Similarly to flange height, the maximum outside diameters Dft and Dfb were measured at the moment of the loss of contact between the material and the mandrel (according to the schematic shown in Figure 7). The measured values were related to the die impression diameter according to Equations (3) and (4), and the obtained results are given in Figure 9.


  ∆ D f t =   D f t − D i t   D i t   · 100 %  



(3)






  ∆ D f b =   D f b − D i b   D i b   · 100 %  



(4)







The largest increase in the outside diameter of the flange does not exceed 3%. It can be observed that the use of larger die impression diameters Dit and Dib results in smaller increments in the maximum flange diameter, which may be related to the lower flange height obtained with these parameters. On the other hand, as the die impression heights Ht and Hb are increased, a smaller increase in the outside diameter of the flanges can be observed. For all analysed cases, the maximum flange diameter value is definitely closer to that of the split die rather than to that of the die, as the die impression prevents this phenomenon from occurring. This means that the outside surface of the flange resembles a conical surface. This flange shape may prove advantageous in the further forming of the flange, e.g., by upsetting conducted using dies with conical impressions.



The loss of contact between the workpiece and the mandrel is due to the state of stress, which, in turn, depends on the technological parameters of the extrusion process.



Stress in the DEFORM programme (in which the calculations were made) is defined as the force acting on a unit area of material. Assuming a unit cube of material, forces (or stresses) acting on the faces of the cube can be resolved into normal (perpendicular to the face) and shear (along the face) stresses. Shear stresses can further be resolved into two components along arbitrary orthogonal axes. Thus, the complete stress state can be defined by three normal stress components, and six shear components.



Therefore, the distribution of radial, axial, and circumferential stresses was also analysed in this study. The stresses were analysed at the beginning of the process (before the dies were set in motion), before the material would come into contact with the cylindrical zone of the die impressions described by the diameters Dit and Dib. Figure 10 shows the stress state for Case 3 in Table 2, for which the highest flange heights were obtained. In the die impression zones where the material does not undergo deformation, there are insignificant changes in the values of the stresses. This is related to the fact that the material is located in the closed die where the compressive stresses prevail. On the other hand, in the flange-forming zones (described by the die impression heights Ht and Hb), the stress values vary to a greater extent. The radial stresses inside the workpiece that is in contact with the mandrel are compressive in nature and equal to about −200 MPa. In contrast, the stresses induced on the external surface of the flange are about 0 MPa. The axial stress on the internal and external surface of the flange is −1100 and −150 MPa, respectively. On the other hand, the circumferential stress on the surface adjacent to the mandrel is compressive in nature and equal to −600 MPa, while the circumferential stress on the external surface of the flange is tensile in nature and equal to 610 MPa.



To determine the effect of die impression dimensions on the state of stress in a given flange zone, the values of radial, axial, and circumferential stresses induced on the inside surface of the workpiece (having contact with the mandrel), in the zone of the die impression heights Ht and Hb, were examined. In Figure 10, the dimensions mark the measuring range, with the dot indicating the beginning of measurement (zero value) and the arrow indicating the direction and sense of measurement of the distance from the split die. The stresses induced at the above-mentioned moment (just before the material comes into contact with the cylindrical zone of the die impressions with the diameters Dit and Dib) are shown in Figure 11, Figure 12 and Figure 13. They are all compressive stresses. Their values vary depending on the distance from the split die. Nevertheless, a relationship can be established between stress values and die impression dimensions. The absolute values of radial stress decrease with increasing the die impression heights Ht and Hb. On the other hand, as the die impression diameters Dit and Dib are increased, the absolute values of radial stress increase. The differences in individual values obtained for the analysed cases are noticeable and amount up to several tens of percent. In turn, the following trend can be observed with respect to axial stresses: an increase in the die impression height leads to a decrease in the absolute values of the axial stress. On the other hand, an increase in the die impression diameter causes the absolute axial stress values to increase. The same trend can also be observed for circumferential stresses. An increase in the die impression height causes the absolute values of circumferential stress to decrease, while an increase in the die impression diameter makes the absolute values of circumferential stress increase. These observed trends mean that the smaller the die impression height is, the lower is the risk of workpiece/mandrel contact loss at the beginning of extrusion. For a given impression height, an increase in the impression diameter induces increasing loads on the mandrel in the flange zone, which is desired as it helps prevent the aforementioned loss of contact between the material and the mandrel.



A detailed analysis of the variations in the values of the three stress components during the extrusion process was carried out for a case in which the maximum height flanges were obtained (Case 3 in Table 2). Two points were examined on the top and bottom flanges located inside the workpiece, where the workpiece/mandrel contact loss would initiate (Detail A in Figure 7). Based on the plots shown in Figure 14, it can be concluded that the stress values reflect individual stages of the process. Up to about 0.6 s of the process duration, the values of radial, axial, and circumferential stress do not change significantly, oscillating around −200, −900, and −500 MPa, respectively. In this stage, the outside diameter of the flange is increased and only the punches are moving. A sudden increase in the absolute values of stress at 0.6 s of the process is related to the occurrence of contact between the workpiece and the impressions with the diameters Dit and Dib of the moving dies. From this moment until about 1.2 s of the process duration, the absolute stress values decrease, which is related to an increase in the flange height. After that, the stress values remain almost constant, close to those observed at the beginning of the process. Also, from this moment on, the radial stress takes a value of zero. This is equivalent to the moment when the material loses contact with the mandrel. Thus, further implementation of the process—despite the fact that it is associated with an increase in the flange height—leads to an unintended increase in the inside diameter of the workpiece in the flange zone.




4. Conclusions


The results of this study investigating the new process of forming two flanges simultaneously lead to the following conclusions:




	
The extrusion process conducted with two moving dies makes it possible to form two flanges simultaneously in one tool pass.



	
The maximum achievable flange height is constrained by the possibility of contact loss between the workpiece and the mandrel; this can occur at the beginning of extrusion when only the punches are moving or when the dies are moving and flange height is increased.



	
An analysis of the state of stresses at the beginning of the extrusion process, i.e., before the dies began to move, showed that the smaller the die impression height was, the lower the risk of workpiece/mandrel contact loss became.



	
The highest flanges were obtained for the cases of the extrusion process where the die impression diameter was greater than the outside diameter of the billet by 0.5 and 0.75 of its wall thickness and the impression height was 1.75 times the billet wall thickness.



	
An increase in the die impression height led to an increase in the maximum flange height, while an increase in the die impression diameter caused a decrease in the maximum achievable flange height.



	
An increase in the flange height caused a slight (below 3%) increase in the outside diameter of the flange; for higher die impression diameters, the maximum flange diameter increase was smaller, while an increase in the die impression height resulted in a smaller increase in the outside diameter of the flange.
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Figure 1. Schematic design of forming two flanges simultaneously in a hollow part by extrusion with two moving dies; 1—punch with mandrel; 2—top die; 3a—tube; 3b—forged part; 4—split die; 5—bottom die; 6—hollow punch. 
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Figure 2. Flow curve of 42CrMo4 steel for strain rate 1.6 s−1. 
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Figure 3. Flow curve of 42CrMo4 steel for strain rate 8 s−1. 
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Figure 4. Flow curve of 42CrMo4 steel for strain rate 40 s−1. 
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Figure 5. Changes in the shape of a workpiece during the forming of two flanges simultaneously in a hollow area. 
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Figure 6. Workpiece at the beginning of the flanging process. 
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Figure 7. Scheme illustrating the measurement of maximum flange height and diameter. 
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Figure 8. Top and bottom flange heights for different cases of the extrusion process. 
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Figure 9. Maximum increase in the outside diameter of top and bottom flanges, for different cases of the extrusion process. 
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Figure 10. Distribution of radial, axial, and circumferential stresses in a workpiece at the beginning of the extrusion process, for Case 3 in Table 2. 
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Figure 11. Radial stress on the inside surface of the workpiece at the beginning of flange formation for different cases of this forming process. 
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Figure 12. Axial stress on the inside surface of a workpiece at the beginning of flange formation for different cases of this forming process. 
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Figure 13. Circumferential stress on the inside surface of the workpiece at the beginning of flange formation, for different cases of this forming process. 
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Figure 14. Variations in radial, axial, and circumferential stresses at two points located inside the workpiece (in the flange zone), where the workpiece loses contact with the mandrel; Case 3 in Table 2. 
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Table 1. Dimensions of the billet and tools (denoted in accordance with Figure 1).






Table 1. Dimensions of the billet and tools (denoted in accordance with Figure 1).





	Dimension
	Unit
	Value





	L
	mm
	150



	Lt
	mm
	65



	Lb
	mm
	65



	g
	mm
	12.5



	D
	mm
	57



	Rt
	mm
	2



	Rb
	mm
	2



	αt
	degree
	30



	αb
	degree
	30



	υpt
	mm/s
	10



	υpb
	mm/s
	10



	υct
	mm/s
	according to Equation (1)



	υcb
	mm/s
	according to Equation (2)










 





Table 2. List of investigated cases of the flanging process (denoted in accordance with Figure 1).






Table 2. List of investigated cases of the flanging process (denoted in accordance with Figure 1).





	Case

Number
	Dit = Dib

Equation
	Ht = Hb

Equation
	Dit = Dib

Value [mm]
	Ht = Hb

Value [mm]





	Case 1
	D + 0.50∙g
	1.25∙g
	63.25
	15.63



	Case 2
	D + 0.50∙g
	1.50∙g
	63.25
	18.75



	Case 3
	D + 0.50∙g
	1.75∙g
	63.25
	21.88



	Case 4
	D + 0.50∙g
	2.00∙g
	63.25
	25.00



	Case 5
	D + 0.75∙g
	1.25∙g
	66.38
	15.63



	Case 6
	D + 0.75∙g
	1.50∙g
	66.38
	18.75



	Case 7
	D + 0.75∙g
	1.75∙g
	66.38
	21.88



	Case 8
	D + 0.75∙g
	2.00∙g
	66.38
	25.00



	Case 9
	D + 1.00∙g
	1.25∙g
	69.50
	15.63



	Case 10
	D + 1.00∙g
	1.50∙g
	69.50
	18.75



	Case 11
	D + 1.00∙g
	1.75∙g
	69.50
	21.88



	Case 12
	D + 1.00∙g
	2.00∙g
	69.50
	25.00



	Case 13
	D + 1.25∙g
	1.50∙g
	72.63
	18.75



	Case 14
	D + 1.25∙g
	1.75∙g
	72.63
	21.88



	Case 15
	D + 1.25∙g
	2.00∙g
	72.63
	25.00
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