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Abstract

:

The inner roller exerts a supportive and thinning effect on the inner side of the tube during counter-roller spinning. In this paper, the Finite Element Analysis (FEA) model of counter-roller spinning for a 6061 aluminum alloy tube was established based on the ABAQUS/Explicit module. The deformation characteristics and the influence of inner roller geometrical parameters on the tube spinning were analyzed. The results showed that the stress–strain on the outer of the tube was greater than that of the inner, and flaring was more prone to occur in the initial stage of counter-roller spinning compared to traditional mandrel spinning. The order of the effects of geometrical parameters of the inner roller on the roundness error and wall thickness deviation was as follows: nose radius > diameter > front angle. The order of factors influencing the inner and outer spinning force was as follows: diameter > nose radius > front angle. Increasing the diameter of the inner roller can improve the spinning stability and forming accuracy of counter-roller spinning. It was beneficial to improve the forming accuracy when the nose radius of the inner roller was slightly larger than that of the outer roller. The front angle of the inner roller has little influence on the spinning forming accuracy.
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1. Introduction


Counter-roller spinning has great advantages in producing large-diameter thin-walled tubular workpieces and has received widespread attention from researchers [1,2,3]. The bottom of the tube is clamped and rotated with a pedestal, while one or more pairs of rollers simultaneously apply compressive force to the surface of the tube, causing the metal to flow axially by reducing the wall thickness [4,5]. Due to the use of integrated forming methods in counter-roller spinning, the processing accuracy and tube strength are greatly improved compared with other forming methods such as rolling and welding [6]. With its high productivity and excellent process flexibility, counter-roller spinning can be widely applied in fields such as aviation, aerospace, and weapon industries [7,8].



In recent years, many researchers have conducted extensive research on the power spinning technology of tubes. Due to the high consumption and long cycle of spinning trial and error, experimental efficiency can be greatly improved by the finite element method [9,10,11]. Yoshihara et al. [12] designed and improved a finite element model of magnesium alloy tube spinning. Takahashi et al. [13] studied the effect of neck length on crack formation during the spinning process through experiments and three-dimensional finite element simulation. Jiang et al. [14] used ball spinning technology to manufacture a composite tube of copper and aluminum and obtained the interface compatibility of the composite tube during ball spinning. Xiao et al. [15] experimentally proved that hot backward flow spinning can improve the mechanical properties of Ni-based superalloy cylindrical parts. Li et al. [16] utilized the distribution law of residual stress cold conventional superalloy spinning. Sundar Singh Sivam et al. [17] optimized the process parameters of an AL 6061-T6 alloy during sheet metal spinning by using the gray correlation method, and this improved the hardness of the as-spun tube. Liu et al. [18] conducted a finite element simulation and an experiment on a 7055 aluminum alloy with three-roller staggered spinning and obtained the as-spun tube with high accuracy. Mandrel-free spinning uses a universal mandrel instead of a specific mandrel, and the forming shape is completely determined by the roller path. It has gradually become a research hotspot and has broad application prospects. Roy et al. [19] researched the process of producing a hemisphere using mandrel-free spinning with commercially pure aluminum AA1070. The influence of the axial feed rate on the shape and thickness change in the hemispheres were studied. Jawale et al. [20] studied the deformation behavior of mandrel-free spinning during the forming of non-axisymmetric geometries and analyzed the stress distribution. Imamura et al. [21] investigated the deformation characteristics in mandrel-free hot spinning during the forming of a conical product with a Ti-6Al-4V alloy plate with small penetration holes. The above research publications show that spinning is a commonly used high-quality forming process for seamless thin-walled metal tubular workpieces.



However, for the large-diameter thin-walled tubes, traditional mandrel spinning is limited by the mandrel size, equipment requirement, and other conditions, which limited the application of tube spinning [22]. Counter-roller spinning has been widely used to form thin-walled metal cylinders with a large diameter. Due to the lack of support from a mandrel, defects such as wrinkles, bulges, and necking are more likely to occur during large-diameter thin-walled tube spinning, which makes it difficult to achieve the expected forming accuracy [23]. Zhu et al. [24] studied the distinction of mandrel and counter-roller spinning for large sheaves via conducting a simulation and an experiment. Counter-roller spinning has greater advantages for large sheaves parts. Xiao et al. [25] found that the distribution of equivalent strains and the percentage of grain refinement of the as-spun parts were more homogeneous via the use of counter-roller spinning than that derived from the use of stagger spinning. Guo et al. [26] studied the influence of process parameters on spinning force during counter-roller spinning. The accuracy of spinning force was verified via an experiment. Zhang et al. [27] and Li et al. [28] developed a finite element model consisting of 2.25 m cylindrical parts via counter-roller spinning using the FORGE code and studied its forming characteristics and laws. Xi et al. [29] used ANSYS software to carry out an orthogonal experimental numerical simulation of counter-roller spinning and studied the influence of process parameters on wall thickness difference and diameter expansion. Sun et al. [30] used the single-factor method to simulate the forming process of large-diameter 30CrMnSiA tubes via counter-roller spinning. The front angle was one of the process parameters considered, and a set of optimal forming process parameters was selected. Zhu et al. [31] studied the influence of counter-roller spinning on spinning speed when processing large pulleys. Li et al. [32] found that under the same process parameters, the forming accuracy error and spinning force of the inner side of the cylindrical part were less than those of the outer side. Zhu et al. [33] defined the roller’s offset position relative to the centerline of the blank section as the roller offset and studied the effects of the roller’s offset position, the tube blank thickness, and thickness reduction on counter-roller spinning. Researchers have carried out various studies on counter-roller spinning from multiple angles; however, their studies lack the comprehensive consideration of the roller’s geometric parameters in the spinning of large-diameter tubular parts. The geometric parameters of the roller have an impact on the spinning deformation behavior, and the production flexibility of counter-roller spinning can be improved by adjusting the inner roller through using different geometric parameters.



The above research publications show that counter-roller spinning is the foremost option for achieving high-quality large-diameter thin-walled tubular parts, but the complex deformation mechanism of the tube also needs more theoretical support. In this paper, we established elastoplastic FEA models by the software ABAQUS/Explicit 6.14 and analyzed the deformation characteristics of counter-roller spinning and traditional mandrel spinning systematically; the influence of inner roller geometric parameters on the roundness error and thickness deviation of as-spun tubular workpieces were revealed, and the variation in the spinning force of the inner and outer was also analyzed, providing a theoretical reference for counter-roller spinning experiments regarding large-diameter thin-walled tubular workpieces and improving the flexibility of spinning.




2. FEA Models and Experimental Procedure


2.1. Establishment of FEA Models for Counter-Roller Spinning and Traditional Mandrel Spinning


In this paper, the elastoplastic models of counter-roller spinning and traditional mandrel spinning were established based on the ABAQUS/Explicit module. The model of counter-roller spinning consists of a pedestal, tubular blank, inner rollers, and outer rollers, as indicated in Figure 1a. The rollers and pedestal were represented by an analytical rigid body, and the tube was considered as a 3D deformable body. The inner diameter, length and thickness of the tubular blank were 400 mm, 100 mm, and 8 mm, respectively. The bottom of the tube and pedestal were fixed, the inner rollers and outer rollers were synchronized and rotated in a planetary fashion around the tube with the rotational speed as 60 rpm. The free rotation of the roller was released so that the roller could be passively rotated when contacting with the tube. The roller feed rate was 1.5 mm/r, and the total thickness reduction was 25%. The geometric parameters of the roller are shown in Figure 2. The geometric parameters of the inner rollers were set as follows: diameter di = 120 mm, front angle αi = 25° and nose radius rρi = 10 mm. The geometric parameters of the outer rollers were set as follows: diameter do = 120 mm, front angle αo = 25° and nose radius rρo = 10 mm.



The FEA model of traditional mandrel spinning was also established with the same process parameters according to counter-roller spinning; meanwhile, the diameter of the mandrel was 400 mm, as shown in Figure 1b. The bottom end of tube and mandrel were fixed, and the outer rollers were rotated in a planetary fashion around the tube.



In addition, the material 6061 aluminum alloy was selected with ρ = 2700 kg/m3, E = 71 GPa, and ν = 0.33, while the constitutive relation was defined by σ = 430.9ε0.14 MPa with the yield stress σs = 346.4 MPa, which was obtained through quasi-static uniaxial tensile testing of the sample at room temperature.



In the FEA model of counter-roller spinning and traditional mandrel spinning, the deformable blank was arranged into 5, 600 and 48 seeds along the radial, circumferential and axial direction, respectively, using the 8-node hexahedral linear reduced integral element (C3D8R), and the total mesh number reached 144,000. The Arbitrary Lagrangian Eulerian (ALE) adaptive meshing technique was adopted to control mesh distortion at each time increment during spinning. The penalty contact method was adopted to simulate the contact between the tube blank/rollers and tube blank/mandrel, and the Coulomb friction law was selected to model the sliding behavior with friction coefficients of 0.05 and 0.2, respectively.




2.2. Design of Numerical Simulation Scheme


The completion of the above FEA models allowed a comparative analysis of the forming characteristics of counter-roller spinning and traditional mandrel spinning, which enabled better exploring the deformation mechanism of the counter-roller spinning and analyzing the influence of the geometry parameters of the inner roller on the tube spinning. Therefore, according to the geometrical parameters of the inner roller in the previous FEA models, the parameter value range was expanded. The geometrical parameters of the inner roller used in the single-factor numerical simulation scheme are shown in Table 1.



In order to explore the significant difference in forming accuracy with the variation of the inner roller geometric parameters, the intermediate value range of the geometric parameters of the inner roller was selected for orthogonal analysis from Table 1. As shown in Table 2, the L9(33) orthogonal numerical simulation scheme was adopted. The variable factors were the diameter, front angle, and nose radius of the inner roller. The outer roundness error, inner roundness error, wall thickness deviation, external spinning force, and internal spinning force were selected as evaluation criteria, and the spinning force was total force due to contact pressure between roller and tube surface.





3. Results and Discussion


3.1. Stress–Strain Distribution during Counter-Roller Spinning and Traditional Mandrel Spinning


In ABAQUS/Explicit analysis, the mass scaling factor significantly reduces the calculation time of the FEA. The mass scaling factor used for the model was 10,000. The model with the mass scaling factor was verified from the perspective of the energy field to ensure the reliability of the FEA. In general, if the kinetic energy (ALLKE) of the deformed body is less than 10% of the internal energy (ALLIE), it can be determined that the mass scaling factor set in the model is within an appropriate range and the model is valid [34]. The ratio of kinetic energy to internal energy (ALLKE/ALLIE) of the whole calculation process will be output after each numerical simulation to ensure the reliability of each calculation.



Figure 3 shows the stress nephogram on the axial section through the contact zone of counter-roller spinning and traditional mandrel spinning. It can be seen that plastic deformation occurs in the inner and outer layers simultaneously during counter-roller spinning, as the stress is obviously bigger in the contact zone than in other parts, while the stress in the contact zone of traditional mandrel spinning was distinct on the outer layer, which is close to rollers, and the deformation mainly occurred in the outer side of the tube as the inner layer, whose contact with the mandrel was nearly undeformed. Figure 4 shows the stress and strain distribution during the counter-roller spinning and traditional tube spinning with a mandrel. Figure 4a shows the stress of the counter-roller spinning. The maximum equivalent stress was found at the contact zone, and the equivalent stress was distributed in a band shape along the circumferential direction of the contact zone. Figure 4b shows the strain of the counter-roller spinning. The equivalent strain at the outer surface of the blank was greater than the inner surface, and the distribution of equivalent strain values at the inner surface relative to the outer surface was more uniform. Figure 4c,d show the distribution of equivalent stress and strain in traditional mandrel spinning. There was a clearly banded equivalent stress distribution on both sides of the outer contact area of the roller, and there was a relatively small equivalent strain in the deformed area on the inner side of the blank. Compared to counter-roller spinning, the outer roller needs to bear all the thickness reduction during traditional mandrel spinning with the same total thickness reduction while the outer and inner rollers can simultaneously reduce the thickness. Therefore, the equivalent stress and strain outside the blank are more obvious than those of counter-roller spinning.



Figure 5 presents the distribution of stress and strain on the inner and outer sides of the tube through the contact zone along the axial section during counter-roller spinning. As shown in Figure 5a, the contact zones between the outer roller and tubular blank are subjected to significant compressive stress in three directions. The radial stress is maximum, the circumferential stress is greater than the axial stress, and the axial stress is minimum. Figure 5b shows the distribution of stress on the inner side of tube along the axial section. It can be seen that the radial stress is maximum while the circumferential and axial stress are close to each other, and the deformed zone is subjected to circumferential tensile stress, indicating that the diameter tends to expand at the free ending of the as-spun tube. The stress of the inner contact zones is smaller than that of the outer side while the stress fluctuation of the inner deformed zone is larger than that of the outside. Figure 5c,d show the distribution of strain on the outer and inner sides of the tube along the axial section, respectively. It can be seen that the radial strain is the maximum strain, the axial strain is the tensile strain, and the circumferential strain is relatively small. The radial strain on the outer was bigger than that of the inner, indicating that the actual thickness reduction on the outside was bigger than that on the inside while the equal thinning ratio was applied on both sides of tube, wherein the inner and outer rollers also have the same geometric parameters. In the contact zone, the metal pileup that occurred in front of the outer roller was higher than that of the inner side; thus, the outer rollers were subjected to more pressure than inner rollers. As the roller was feeding along the axial direction, the axial force caused compressive strain on the front of the roller.




3.2. Metal Flow during Counter-Roller Spinning and Traditional Mandrel Spinning


Figure 6 shows the material displacement of the counter-roller spinning and traditional mandrel spinning from the perspective of the radial cross-section of the blank when the axial feed to distance was 10, 20, and 30 mm, respectively. During counter-roller spinning (see Figure 6a), when the axial feed distance d of the roller was 10 mm, due to the initial stage of spinning, the material underwent significant deformation, and there was great instability in the metal flow. In counter-roller spinning, the metal in the unformed zone of the tube was prone to flow to the pileup on the outer side. Therefore, the pileup on the outer side of the tube was higher than on the inner side. The metal in the formed zone flowed upwards and tended to shift toward the outside. This result was consistent with the phenomenon of flaring at the free ending of the as-spun tube. In traditional mandrel spinning (see Figure 6b), the metal flowing direction at the free ending of the tube was more prone to mandrel. Compared to counter-roller spinning, the outer roller needs to add a greater thinning on the blank. Therefore, more metal flowed to the pileup below the roller, and a higher metal pileup was generated on the outer side of the blank. As the axial feed distance of the roller increases to 30 mm, spinning has entered a stable period. The metal flow trajectory during counter-roller spinning tended to be symmetrical with the centerline of the tubular blank thickness, which was consistent with the study by Xiao et al. [35]. In the deformed zone of traditional mandrel spinning, the metal flow trajectory tends to be more inclined to the mandrel and tends to be stable. The blank snuggling closely to the mandrel and forming the accuracy of the blank was guaranteed. It can be seen that flaring was more prone to occur in the initial stage of counter-roller spinning compared to traditional mandrel spinning.




3.3. Contact Area during Spinning with Various Geometric Parameters of Inner Roller


Figure 7 shows variation curves of the contact area of the roller with the geometric parameters of the inner roller. Figure 7a shows the evolution of the contact area under the inner roller with various diameters. As the diameter of the inner roller increased, the contact area under the inner roller increased continuously. The inner roller provided better circumferential support for the inner side of the tube, and the contact area of the outer roller was increased. Figure 7b shows the evolution of average contact area of roller with various diameters. The average contact area of the rollers both increased with the increase in diameter. Moreover, the inner average contact area increased more than that of the outer roller. Figure 7c,d show the evolution of the contact area under the inner roller with various front angles. As the front angle of the inner roller increased, the average value of the contact area of the inner and outer roller decreased slightly. However, increasing the nose radius of the inner roller will increase the average contact area of the roller (see Figure 7f). Overall, the diameter of the inner roller has the greatest impact on the contact area, while the influence of the front angle and nose radius was relatively small.




3.4. Spinning Force during Spinning with Various Geometric Parameters of Inner Roller


Figure 8 shows variation curves of the spinning force of the rollers with the geometric parameters of the inner roller. The average value of the spinning force during the steady stage was obtained. As the diameter of the inner roller increased, the contact area under the inner roller increased (see Figure 7b). Therefore, as shown in Figure 8a, the spinning force of the rollers on the tube also increased. Figure 8b shows that the front angle was inversely proportional to the spinning force. As the front angle increased, although the metal surface was more prone to the pileup and increased the feed resistance of the roller during spinning, the overall spinning force gradually decreased due to the decrease in the contact area (see Figure 7d) between the front angle end of the roller and the blank. Figure 8c shows that when the nose radius increased, the internal support of the blank was better and more stable, and the contact area under the inner and outer rollers both increased (see Figure 7f), which in turn caused the spinning force to increase.




3.5. Roundness Error and Wall Thickness Deviation of As-Spun Tube


Figure 9 shows the evolution of the roundness error and wall thickness deviation with the various geometric parameters of the inner roller. The roundness error was calculated by the difference between the maximum and minimum radius on the same section. The wall thickness deviation reflected the relative deviation between the actual value and the ideal value of the wall thickness of the blank, and it was defined as the difference between the maximum and minimum wall thickness on the same section. It was observed that the inner roundness error was close to that of the outer when the diameter of inner rollers was 140 mm or 160 mm (shown in Figure 9a). Increasing the diameter of the inner roller was beneficial for improving the forming precision, as the roundness error and wall thickness deviation decreased with the increase in the inner roller diameter. Figure 9b shows the evolution of roundness error when the front angle increases from 15° to 35°. It can be seen that the error values increased initially and then decreased with the front angle increasing from 15° to 30°. The roundness error increased significantly as the front angle increased from 30° to 35°. An excessive front angle caused significant metal accumulation in front of the roller, causing the metal flow to be unstable. Therefore, the front angle should not be too large, and it was more suitable to choose a front angle within the range of 15–30°. Figure 9c shows the variation of the roundness error and wall thickness deviation with the nose radius. It can be seen that the roundness error and wall thickness deviation gradually decreased when the nose radius increased, indicating that the increase in nose radius promoted the inner roller to have better support for the inner side of the blank, and at the same time, the overlapping part of the motion trajectory of the roller increased and then improved the surface roughness. The roundness error increased sharply when the nose radius was greater than 12 mm; combined with the spinning force curve (see Figure 8c), it indicated that an excessive nose radius would increase the spinning force, which could cause instability of the blank during the counter-roller spinning.




3.6. Significance Level during Spinning with Various Geometric Parameters of Inner Roller


SPSS is one of the commonly used software for statistical analysis of orthogonal experiments [36]. The results of the orthogonal experiment were imported into SPSS 26 software with univariate analysis from the General Linear Model. The fixed factors were the diameter, front angle and nose radius of the roller. The dependent variables were the outer roundness error, inner roundness error, wall thickness deviation, outer spinning force and inner spinning force. The results of the orthogonal experiment are listed in Table 3.



The average value of each factor was calculated, and the influence of the geometric parameters of the inner roller on the dependent variables is shown in Figure 10. The roundness error decreases with the increase in diameter and nose radius of the inner roller, while it increases slightly with the front angle (see Figure 10a). The wall thickness deviation is shown in Figure 10b; it decreases with the increase in roller diameter and nose radius. As the front angle increases, the wall thickness deviation initially decreases and then increases. As shown in Figure 10c, increasing the diameter, front angle and nose radius will increase the spinning force; moreover, the diameter has the most signification influence.



Figure 11 shows the histogram of the significance level during spinning with various geometric parameters of the inner roller. It can be seen that the significance value of the diameter for the spinning force was less than 0.05, indicating that the diameter of the inner roller has a significant impact on the inner and outer spinning force. The order of significance of the geometric parameters of the inner roller on roundness error and wall thickness deviation was as follows: nose radius > diameter > front angle. Obviously, the nose radius of the inner roller had a great influence on roundness error and wall thickness deviation. The order of significance of the geometric parameters of the inner and outer spinning force was as follows: diameter > nose radius > front angle, indicating that the inner roller diameter was mainly affected by the spinning force. The front angle of the inner roller had the least impact during the counter-roller spinning.





4. Conclusions


The deformation characteristics and spinning defects were investigated by FE simulation. The influence of inner roller geometric parameters on counter-roller spinning was analyzed by a single-factor experiment and orthogonal experiment. The following conclusions were obtained:




	(1)

	
During counter-roller forming, when the same geometric parameters were used for the inner and outer rollers, the equivalent stress and strain generated by the outer roller were greater than those of the inner roller. The radial stress was the maximum principal stress, while the axial and circumferential stresses were relatively small. The flaring on the free ending of the tube was more prone to occur in the initial stage of counter-roller spinning compared to traditional mandrel spinning.




	(2)

	
The roundness error and wall thickness deviation decreased with the increase in inner roller diameter and nose radius, indicating that the increase in diameter and nose radius could promote the inner roller to have better support for the inner of the tube blank, while an excessive nose radius would increase the spinning force. It was more suitable to choose a front angle within the range of 15–30°; the roundness error increased significantly as the front angle increased from 30° to 35°, and the excessive front angle caused significant metal accumulation in front of the roller, and the metal flow tended to be unstable.




	(3)

	
The influence of geometric parameters of the inner roller on forming was analyzed based on orthogonal experiments. The nose radius of the inner roller had a great influence on the roundness error and wall thickness deviation. The diameter of the inner roller mainly affected the inner and outer spinning force. The front angle of the inner roller had the least impact during the counter-roller spinning.
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Figure 1. FEA model of counter-roller spinning and traditional mandrel spinning: (a) counter-roller spinning, (b) traditional mandrel spinning. 
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Figure 2. Geometric parameters of roller. 
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Figure 3. Stress nephogram on axial section through contact zone of counter-roller spinning with traditional mandrel spinning. 
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Figure 4. Stress–strain distribution of counter-roller spinning and traditional mandrel spinning: (a) stress of counter-roller spinning, (b) strain of counter-roller spinning, (c) stress of traditional mandrel spinning, (d) strain of traditional mandrel spinning. 
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Figure 5. Distribution of stress and strain through the contact zone along the axial of the tube during counter-roller spinning: (a) stress of the outside, (b) stress of the inside, (c) strain of the outside, (d) strain of the inside. 
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Figure 6. Metal flow in cross-section of blank produced by counter-roller spinning and traditional mandrel spinning: (a) counter-roller spinning, (b) traditional mandrel spinning. 
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Figure 7. Variation curves of the contact area with the geometric parameters of the inner roller: (a) area with diameter, (b) average area with diameter, (c) area with front angle, (d) average area with front angle, (e) area with nose radius, (f) average area with nose radius. 
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Figure 8. Variation curves of the spinning force with the geometric parameters of the inner roller: (a) diameter, (b) front angle, (c) nose radius. 
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Figure 9. Variation curves of the roundness error and wall thickness deviation with the geometric parameters of the inner roller: (a) diameter, (b) front angle, (c) nose radius. 
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Figure 10. Influence of geometric parameters of the inner roller on dependent variables: (a) roundness error, (b) wall thickness deviation, (c) spinning force. 
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Figure 11. Significance level of geometric parameters of the inner roller. 
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Table 1. Geometric parameters of inner roller in single-factor numerical simulation scheme.
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	Parameters
	Value





	Diameter di/mm
	80, 100, 120, 140, 160



	Front angle αi/(°)
	15, 20, 25, 30, 35



	Nose radius rρi/mm
	6, 8, 10, 12, 15










 





Table 2. L9(33) orthogonal numerical simulation scheme.
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	Group
	Diameter di/mm
	Front Angle αi/(°)
	Nose Radius rρi/mm





	1
	100
	20
	8



	2
	100
	25
	10



	3
	100
	30
	12



	4
	120
	20
	10



	5
	120
	25
	12



	6
	120
	30
	8



	7
	140
	20
	12



	8
	140
	25
	8



	9
	140
	30
	10










 





Table 3. The results of the orthogonal experiment.
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	Group
	Outer Roundness Error/mm
	Inner Roundness Error/mm
	Wall Thickness Deviation/mm
	Outer Spinning Force/KN
	Inner Spinning Force/KN





	1
	0.586
	0.581
	0.051
	29.665
	26.372



	2
	0.609
	0.595
	0.050
	30.921
	26.852



	3
	0.453
	0.438
	0.047
	31.013
	27.513



	4
	0.493
	0.488
	0.044
	30.816
	28.089



	5
	0.435
	0.427
	0.031
	31.030
	27.981



	6
	0.573
	0.567
	0.051
	30.670
	27.856



	7
	0.462
	0.444
	0.037
	32.016
	29.062



	8
	0.499
	0.488
	0.043
	31.545
	28.436



	9
	0.531
	0.543
	0.045
	32.150
	29.199
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