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Abstract
In this paper, formability of thin-walled aluminum tubes has been investigated using the hydraulic rotary draw bending process. First, AA6063 tubes with a ratio of diameter to thickness of 13.88, and outer diameter of 25 mm were subjected to annealing and artificial aging heat treatments. Then, bending experiments were performed on as-received and heat-treated samples at fluid pressures of 0, 1, 1.8, 3.2, and 3.6 MPa. After performing the experiments, the amount of thinning and thickening of the bent tubes were measured. The obtained results showed that for all samples, the maximum thinning and thickening occur at an angle of 40 degrees to the pressure die. Also, the heat treatment and the fluid pressure have interaction effects, so the effect of the heat treatment is not very noticeable at the pressure of 0 MPa, but its effect is remarkable at the maximum pressure of 3.6 MPa. At maximum fluid pressure, the thinning reduces by 7% under aging heat treatment and with annealing heat treatment, the thinning increases by 13% compared to the as-received sample. In addition, compared to the as-received sample, the thickening of aged tubes increases by 5% and decreases by 16%, respectively.

Keywords: Tube Bending, Heat Treatments, Formability, Maximum Fluid Pressure.
	[image: ]
	Journal of Solid and Fluid Mechanics (JSFM), 13(4): 1-4, 2023
	


	
	
Journal of Solid and Fluid Mechanics
(JSFM)

[bookmark: _GoBack]DOI: 10.22044/JSFM.2023.13191.3747
	



	Elyasi, Modanloo, Ahmadi Khatir, Talebi Ghadikolaee



	First Name and Last Name of First Author,  First Name and Last Name of second Author,...








1. 
2. 	Introduction
Tube bending as one of the forming processes is widely used in various industries such as aerospace, automotive, and medical [1]. Manufacturing bent tubes with complex shapes and high precision is very important [2]. There are different methods for tube bending including press bending, roll bending, laser bending, rotary draw bending, and hydraulic rotary draw bending [3-7]. Among the mentioned methods, hydraulic rotary draw bending has received much attention from researchers in recent years. Due to the application of internal fluid pressure, this method has some advantages such as high accuracy, less springback, more uniform thickness distribution, producing bends with good quality, and the possibility of controlling the material flow in the bending zone compared to other tube bending methods [8, 9]. Aluminum alloys are extensively used in automotive and aerospace industries due to their advantages including high formability and good corrosion resistance. Among aluminum alloys, the 6xxx series can be hardened through the precipitation hardening process. AA6063 is one of the most applicable alloys in which magnesium, manganese, and silicon are the primary additive elements that lead to an increase in mechanical strength and corrosion resistance. There are different types of aluminum heat treatments. Annealing and artificial aging are among the most commonly used heat treatments that result in the enhancement of ductility and strength of the metallic material, respectively [10-13].
In this paper, the formability of the heat-treated AA6063 tubes is experimentally studied via the hydraulic rotary draw bending process. First, as-received AA6063 tubes with a (D/t) ratio of 13.88, outer diameter of 25, and thickness of 1.8 mm are subjected to annealing and artificial aging heat treatments. Then, the hydraulic rotary draw bending experiments will be performed on the different tubes at various fluid pressures of 0, 1, 1.8, 3.2, and 3.6 MPa. Finally, the value of thinning, thickening, and ovality of the bent samples are measured. The effect of heat treatment and fluid pressure on the bending behavior of the heat-treated tubes will be determined and discussed. 

3. Experimental procedure
In this paper, AA6063 tubes were used to perform hydraulic rotary draw bending experiments. Table 1 shows the geometrical characteristics of the tube and used die. Figure 1 illustrates the components of the used hydraulic rotary draw bending device. The MO40 material was used to manufacture the bending die. Also, the SAE20W50 oil was used as a pressure medium while the die components were fully sealed. The tubes were heated to a temperature of 415 °C for three hours and slowly cooled in the furnace for homogenization to obtain annealing conditions. Also, the tubes were heated for one hour at the temperature of 520 °C in the furnace and were immediately quenched in cold water to obtain artificial aging conditions. Then, the samples were heated for eight hours at 175 °C. To evaluate the mechanical properties of the different heat-treated tubes; as-received, annealed, and artificial aged, tensile tests were carried out through a SANTAM press machine with 250 kN capacity based on the ASTM-A370 standard. After bending experiments, the bent tubes were cut using wire EDM to analyze their quality. Eqs. (1) to (3) were used to measure the thinning, thickening, and ovality of the various tubes, respectively [14]. In these equations, , , , , and  denote the maximum and minimum tube diameter after bending, initial thickness, minimum, and maximum thickness after bending, respectively. To investigate the effect of fluid pressure on the formability of the various tubes, 15 experimental tests were carried out at pressures of 0, 1, 1.8, 3.2, and 3.6 MPa. The internal fluid pressures were selected based on the preliminary tests with respect to the rupture pressure of the tubes.


	Table 1. Geometrical characteristics of the AA60603 tube and bending die

	Value (unit)
	Parameter

	1.8 (mm)
	Thickness

	25 (mm)
	Outer diameter

	13.88
	D/t ratio

	90 (deg)
	Bending angle

	40 (mm)
	Bending radius

	1.6
	R/t ratio
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Figure 1. The components of the used hydraulic rotary draw bending device
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4. Results and Discussion
After performing the bending experiments for various tubes at different fluid pressures, it was found that in all cases the maximum thinning and thickening occurs at an angle of 40. As a result, this angle was considered as the critical angle. The comparison of the critical thinning and thickening for various tubes (as-received, annealed, and artificial aged) at different fluid pressures is shown in Table 2. As can be seen, the lowest thinning with a value of 6.12% corresponds to experiment number 3 in which the aluminum tube is subjected to artificial aging heat treatment and the fluid pressure is 0 MPa. Also, the highest thinning is related to experiment number 14, in which the tube is subjected to annealing heat treatment and the internal fluid pressure is 3.6 MPa. For the thickening output, the minimum (19.41%) and maximum (32.67%) values correspond to experiments number 14 and 3, respectively. In these experiments, the tubes are annealed and artificial aged, respectively. Also, Figure 2 shows the ovality of the various tubes at the minimum (0 MPa) and the maximum (3.6 MPa) fluid pressures. As is shown, regardless of the fluid pressure, the lowest ovality occurs in the annealed tube which is caused by the increase in ductility. At the pressure of 3.6 MPa, the ovality rate for the as-received, annealed, and aged tubes was obtained at 10.15, 8.77, and 10.72%, respectively. Also, at the fluid pressure of 0 MPa, the ovality of the as-received, annealed, and aged tubes was obtained at 18.54, 17.30 and 19.85%, respectively. By examining the results, it was found that in the optimal bending condition i.e. annealing heat treatment and a fluid pressure of 3.6 MPa, the amount of ovality decreases by about 49%.

	Table 2. Comparison of thinning and thickening for various tubes at different fluid pressure

	Thickening (%)
	Thinning (%)
	Pressure (MPa)
	Tube
 type
	Test no,

	32.18
	6.66
	0
	As-received
	1

	31.45
	6.95
	0
	Annealed
	2

	32.67
	6.12
	0
	Aged
	3

	29.89
	10.25
	1
	As-received
	4

	28.71
	10.7
	1
	Annealed
	5

	31
	9.74
	1
	Aged
	6

	27.59
	13.84
	1.8
	As-received
	7

	25.97
	14.44
	1.8
	Annealed
	8

	29.32
	13.36
	1.8
	Aged
	9

	24.86
	15.55
	3.2
	As-received
	10

	22.08
	16.65
	3.2
	Annealed
	11

	26.23
	14.49
	3.2
	Aged
	12

	23.24
	16.68
	3.6
	As-received
	13

	19.41
	18.84
	3.6
	Annealed
	14

	24.41
	15.52
	3.6
	Aged
	15
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	Figure 2. The ovality of the various tubes at minimum and maximum fluid pressures





5. Conclusions
In this paper, the effect of annealing and artificial aging heat treatments on the formability behavior of the AA6063 tubes was experimentally investigated using the hydraulic rotary draw bending process. Different fluid pressures of 0, 1, 1.8, 3.2, and 3.6 MPa were used to perform the bending experiments. The obtained results showed that:
1. Maximum thinning and thickening for all tubes (as-received, annealed, and artificial aged) at all fluid pressures occur at an angle of 40.

2. An increase in fluid pressure leads to an increase in the thinning of the various tubes in all cases. At the highest fluid pressure, i.e. 3.6 MPa, the highest thinning belongs to the annealed tube by 18.84% and the lowest thinning belongs to the aged tube by 15.52%.

3. An increase in fluid pressure leads to a decrease in the thickening of the various tubes in all cases. At the maximum fluid pressure, the minimum thickening (19.41%) belongs to the annealed tube and the maximum thickening (24.41%) belongs to the aged tube.
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