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Abstract. Curved aluminium alloy extrusion profiles have been widely used in many engineering applications due to their high-strength and high-stiffness to weight ratios. The curved extrusion profiles could be formed in several forming processes, such as roll-bending, stretch-bending and extrusion bending. This paper presents the review and analysis of their manufacturing processes and includes two parts. The first part is the review of manufacturing methods for producing curved extrusion components. The current cold bending processes can be grouped into three typical operations according to their characteristics, i.e., 2-point bending (cantilever bending), 3-point bending and stretch-bending. Key features of the operations, the main advantages, disadvantages and typical defects in the bending processes are summarised and analysed. The second part is the stress and strain analysis for the cold stretch-bending and pure bending of extrusion profiles. Particularly, the stress-strain distributions through the thickness of extrusion profiles, together with the neutral axis changes, are graphically illustrated and analysed. Further stress-strain analysis has been carried out on the “inner most” and “outer most” bending profile surfaces against the bending angle. Lastly, suggestions have been given on the future research directions, and the selection of the current existing processes for manufacturing defect free components. 
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1. [bookmark: _Toc112766469]Introduction
Curved extrusion profiles have been widely used in structural and industrial based applications, such as curved tubular profiles in the automotive industry and complex bent tubes in the aerospace industry [1, 2]. Aluminium alloys attract much attention in manufacturing of curved extrusion profiles due to their high strength to weight ratio and flexibility in forming with low production cost [1]. Fig.1 illustrates some examples of engineering applications of curved extrusion profiles in various sectors. The quality of the curved extrusion profile is determined by the bending process as most of the time the curving process occurs near the end of the production cycle. Therefore, it is important to analyse cold bending processes to improve the product quality.  
[image: ][image: ]  [image: ]  
a. Vehicle bumpers and frames [3]  b. Ship constructions [4]      c. Aircraft structures [5]
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 d. Window frames in trains [6]       e. Automations  [2, 7]           f. Healthcare applications [8]
[bookmark: _Ref467515387]Fig. 1. Engineering applications of curved extrusion profiles in different sectors. 
The main cold bending processes can be categorised as 2-point bending (cantilever bending), 3-point bending and stretch-bending. Defects occur druing cold bending processes and highly influence the quality of the product. The main defect types include cracks, buckling and wrinkles. Most of the scientists have done research on forming  curvatures by developing new flexible stretch-bending technologies for sheet metals [9-13]. The stretch forming process was simulated for the curved surfaces with different loading modes were reviewed in [10] and the forming metal sheets through stretch bending was reviewed in [11]. Furthermore, Theoretical and numerical models to predict the formability of sheet metal were reviewed in [12] and a comprehensive review of forming processes for aluminium alloys under different forming conditions were carried out in [13]. But the literature related to the stress-strain analysis for the curved extrusion profile bending is limited [9]. The analysis of the stress-strain on the top and bottom surfaces of the curved extruded profiles in stretch-bending is vital because this understanding can be used to evaluate the formation of major defects in stretch-bending process, e.g. springback for cold bending [14] and cross-sectional distortion [15]. Some of the research studies have highlighted that the analytical process models have neglected the cross-sectional changes occurring in the 3D profile bending [15, 16]. To accurately predict the bending process, it is important to analyse the stress-strain on the top and bottom surfaces of the bending profile, as it one of the key factors in cross-section distortions. This paper presents a review and analysis of the manufacturing processes of curved extrusion profiles in two sections. The first section reviews the manufacturing methods for producing curved extrusion components, including their main features, advantages and disadvantages of each process type; while the second section analyses distribution of stress-strain with the bending angle. 
2. Overview of major cold bending processes
2.1 Major categories of cold bending processes in manufacturing curved extrusion components
The cold bending processes for curved extrusion profiles can be categorised into three types based on their operating principles, namely stretch-bending, 3-point bending and 2-point bending (cantilever bending). Fig. 2a illustrates the mechanism of stretch-bending process. This process consists of three steps based on displacement control mechanism, i.e. loading, forming and unloading [17]. As shown in Fig. 2a, two edges of the profile are clamped by jaws and controlled by moving the arm and the stretch cylinders. The profile starts to be stretched with tensile force, and elongates gradually along the profile axis. The bent profile can be then unloaded by releasing the stretch cylinders [17]. Fig. 2b illustrates the process principle of 3-point roll bending machine. The extruded profile is placed between the rollers. A uniaxial load is applied from the centre roller which initiates the curving process. The first and the last rollers are proceeded with the rotational movements. This rotational movement of the rollers feed the profile. The curving process of the extruded profile is proceeded over the length of the profile. The curved extrusion profile is then unloaded at the end of the bending process [18]. 
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a. Stretch-bending  [18]  			   b.	3-point roll bending [19]
[image: ]
                            c.	2-point cantilever roll bending [20]
Fig. 2. Different types of bending operations for manufacturing curved extrusion engineering components.  
Fig. 2c illustrates the process of torque superposed spatial bending process, which is essentially a 2-point cantilever roll bending process. This process mainly consists of rotatable transportation system and a bending head. The rotatable transportation system consists of three feeding roller pairs in the illustrated system. The extruded profile is fed by the roller pairs towards the bending head which consists of a vertical rotation axis. The bending head moves horizontally from side to side to bend the profile into 2D contours. The 3D contours can be made by rotating the transportation system which applies a vertical force to the profile [21]. 

2.2 Typical defects in stretch, 3-point and 2-point roll bending operations
Cross-section narrowing, axial distortion, cracks, wrinkles and springback are common defect types in bending processes. Fig. 3a shows the cracking defect generated in the stretch-bending process. When the two ends of the profile are clamped and a tensile stress is applied to the profile, the profile tends to stretch in longitudinal direction. 
[image: ][image: ]
a.    Cracking defect from stretch-bending            b.    Wrinkling defect from roll bending [19]
Fig. 3.    Typical defects generated from stretch-bending, 2-point and 3-point roll bending operations in the production of engineering components.
The pure bending phenomenon is presented as the second step in Fig. 3a. The strain initiates in the profile due to the applied bending momentum. The region above the neutral axis undergoes tensile strain and the section under the neutral axis undergoes compressive strain. The combined result of stretching and bending results in a higher tensile strain at the top surface and a lower compressive strain at the bottom surface of the profile. The last stage in Fig. 3a shows the propagation of the crack across the profile’s cross section which initiates at the centre of the top surface [22]. 
Fig. 3b illustrates the major defect types occurring in the 3-point roll bending process. There are two stages to develop wrinkles in the 3-point bending process. Firstly, buckling occurs and at the next stage, the buckle is reshaped and transformed into wrinkle [19]. The wrinkling can be influenced by the buckling of the compressed section at the inner radius of the profile. The applied tensile force in stretch-bending process can alleviate the springback [23]. Cornelissen et al. [19] reported that local buckling and wrinkling of the profile are the key defects found in 3-point bending processes. It is known that sand can be used as a filler to reduce defects [15, 24].
A comparison of the typical bending operations is given in Table 1. The main advantages of stretch-bending process are that the applied stretching could reduce buckling, springback and improve the shape accuracy. The major disadvantage is the high tooling cost and cracking/tearing might occur at the outer surface [25] of the bending part particularly for low ductile materials. The 3-point roll bending is a low-cost bending process and compensation of springback is convenient due to high flexibility of the process. However, there is a probability of occurrences of wrinkling, buckling and cross-section distortions of the bent profile. The 2-point roll bending process has the potential in obtaining 2D and 3D curvature geometries with different bending curvatures and compensation of springback is also convenient, but the cross-section distortion can occur in 2-point roll bending process apart from buckling and wrinkling defects.
[bookmark: _Ref467509391]Table 1. Comparison of typical bending operations
	Operations
	Main features
	Key advantages
	Key disadvantages

	Stretch-bending 

	Stretching and bending applied simultaneously; Bending shape control by die shape low compressive stress at the inner side of bending
	Low buckling; high shape accuracy; less springback
 
	[bookmark: _Toc112720991][bookmark: _Toc112766474]High cracking/tearing at the outer surface; high tool cost

	2-point roll bending
	Can achieve different amount of bending and twisting
	Ease of obtaining 2D and 3D curvatures with different bend curvatures; ease in springback compensation
	Instability occurs if the bending head is too far from the fixed end; lateral buckling, wrinkling and cross-section distortion could occur

	3-point roll bending

	Low friction between the work piece and tools; can achieve different amount of bending 


	Simple equipment; high flexibility; low tool cost; can achieve different bend curvatures; easy to compensate springback
	Wrinkling, cross section distortion, buckling can occur easily 



3. Stress and strain analysis for cold stretch-bending and pure bending processes
3.1 Stress-strain distribution through the cross-section of a profile
 
Fig. 4a illustrates deformation of a metal profile in stretch-bending process with bending angle θ. Fig. 4b illustrates the corresponding stretch-bending map for the neutral plane of the bent metal profile at bending angle θ. It is assumed that the pre-stretching amount is negligible for position B as it is the first point touching the tool in the stretch-bending process. The original geometric axis is shown in Fig. 4a and it does not change during the pre-stretching process. When the tool moves upwards and touches position B of the metal profile, the bending process is initiated while the metal profile continues to be stretched. After the position B of the metal profile has been bent, it then undergoes post-stretching; while the regions adjacent to position B continue with stretch-bending. Compared with position B, the position A of the metal profile undergoes delayed stretch-bending as it is located further away from the initial bending position of the profile (i.e. position B in this example). When position A is in contact with the bending tool, it starts bending while stretching. At the end of the process, the position B of the metal profile has experienced prolonged post-stretching as the stretching load is applied throughout the whole process. In comparison, the position A has undergone shorter post-stretching, as shown in Fig. 4b.
Fig. 4a indicates the movement of the neutral axis towards the inner bent region of the metal profile. The cross-section of the metal profile changes during the bending process; thus, the neutral axis movement occurs to equilibrate the stresses in the deformed cross-section of the metal profile. The cross-sectional view of position B is shown as “Section B” in Fig. 4a. The bending process occurs uniformly for position A and position B, as shown in Fig. 4b which is illustrated with parallel lines. The post-stretching end points for both position A and position B overlap with each other as the total stretching is the same, by assuming there is no friction. Cracking occurs at the outer most surface of the profile due to high tensile strains while buckling occurs at the inner most surface of the profile due to high compressive strain. The potential outer cracking and inner buckling regions are also indicated in Fig. 4b. Fig. 4c and Fig. 4d show the variation of stress and strain with bending angle θ through the thickness of the metal profile for pure bending and stretch-bending processes. The symmetric elastic core formed by either side of the neutral axis and the thickness of the elastic cores are the same for both pure bending and stretch-bending processes since the same bending angle has been used.   In pure bending, the stress curve and the strain plots are symmetric in either side of the neutral axis, without considering the frictional forces. The strain plots for both pure bending and stretch-bending are linear through the thickness. However, the stress curves are linear only within the elastic core, for pure bending and stretch-bending processes. The region above the neutral axis is in high tensional level during stretch-bending process due to the superimposed tensile stresses generated from both stretching and bending. The stress curve is asymmetric due to the movement of the neutral axis towards the bottom or the innermost surface. The stress at the profile’s top surface during the stretch-bending process is higher than that for pure bending. This occurs as stretching adds additional tensile stress on the top surface. Similarly, the strain at the top surface of the profile is higher during the stretch-bending process compared with the pure bending process.
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a.  Illustration of stretch-bending
[image: ]
b.  Stretch-bending map for the neutral plane
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c. Pure bending			                            d. Stretch-bending 
Fig. 4.    Illustration of stretch-bending, neutral plane, and distributions of stress and strain in thickness direction for pure bending and stretch-bending (assuming no friction). 

3.2 Stress-strain analysis at top and bottom surfaces of a profile

Fig. 5 illustrates the stress and strain analysis of four cases: (a,e) for pure bending and (b,f) for stretch-bending. Fig. 5(c,g) is for position A and (d,h) for position B, at   stretch-bending process. When plotting the graphs, the Bauschinger effect and the friction were assumed negligible. Therefore, for a given bending angle θ, the tensile and compressive strains and stresses under pure bending are symmetric for both the elastic region and plastic region, as shown in Fig. 5a and Fig. 5e. The stress and strain plots in Fig. 5b and Fig. 5f are asymmetric for the top and bottom surfaces as these plots are for stretch-bending process. 

	Pure bending
	Stretch-bending 

	Position A
	Position B
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Fig. 5.  Evolution of strain and stress at the top (Solid curves) and bottom (dashed curves) surfaces with bending angle θ.
Fig. 5a shows lower tensile strain at the top surface under pure bending compared with that under stretch-bending in Fig. 5b. Similarly, Fig. 5e shows lower tensile stress at the top surface during pure bending compared with that in Fig. 5f for stretch-bending. These differences in stress and strain occur due to the superimposition of the tensile strain and stress occurring in stretch-bending process, which will be further detailed in the following subsection. As a result of superimposition, the compressive strain and stress are lower at the bottom surface for stretch-bending process (Fig. 5b and Fig. 5f) compared with those for pure bending process (Fig. 5a and Fig. 5e). The maximum bending angle to achieve the yield strength is lesser in the stretch-bending process (fig. 5f) than with the pure bending process (Fig. 5e). This is due to superimposed tensile stresses acted on the top surface in the stretch-bending process (Fig. 5f). 
The O′G′ lines in Fig. 5c, Fig. 5d, Fig. 5g and Fig. 5h are the geometric centre axis after pre-stretching and O′′G′′ line indicates the geometric axis at the final stage. At position A, the profile undergoes pre-stretching as shown in Fig. 5c and Fig. 5g. This generates tensile strain and tensile stress at the top and bottom surfaces simultaneously. 
During the stretch-bending process, the top surface increases its tensile strain and tensile stress while the bottom surface reduces its tensile strain and tensile stress. The reduction of the tensile stress at the bottom surface occurs due to generation of compressive stress and compressive strain from bending. After completing the bending process, position A undergoes post-stretching. Subsequently, both top surface and the bottom surface experience tensile strain and tensile stress. The final resultant strain and stress curves at position A are indicated in red colour in Fig. 5c and Fig. 5g. Fig. 5d and Fig. 5h illustrate the strain and stress curves for position B of the profile. During the stretch-bending process the top surface undergoes tensile strain and tensile stress. The bottom surface undergoes both tensile-compressive strain and tensile-compressive stress as shown in Fig. 5d and Fig. 5h. 
At the end of the bending process, the profile undergoes post-stretching, where it re-introduces tensile strain and tensile stress for both top and bottom surfaces. The final stress and strain curves for both top and bottom surfaces are indicated in red colour in Fig. 5d and Fig. 5h. It is also noticed that the post-stretching stress and post-stretching strain are higher for position B than for position A due to earlier completion of bending at position B during the stretch-bending process. The final strains and stresses for position A and position B at the top surface are the same as shown in light-dotted lines in Fig. 5c, Fig. 5d, Fig. 5g and Fig. 5f. However, the final strains and stresses for the bottom surface of the profile in position A and position B are different because the bottom surface undergoes tensile-compressive stress and tensile-compressive strain during the process.

3.3 Superimposed strain and stress for curved extrusion profile

The breakdown of the final strains and final stresses for a curved metal profile with respect to position A and position B shown in Fig. 4 can be summarised in Table 2 and Table 3 respectively. The individual tensile and compression stresses and strains are considered when deciding the superimposed stress and strain at the final stage. The signs (+) and (-) indicate tensile and compressive respectively. The pre-stretching amount is assumed negligible for position B, the first point of touching the tool in the stretch-bending process. 

Table 2: Breakdown of the final strains 
	
	Position A
	Position B

	Top surface
	· (+) pre-stretching strain
· (+) bending strain
· (+) stretching strain when bending
· (+) post-stretching strain
	· (+) bending strain 
· (+) stretching strain when bending
· (+) post-stretching strain

	Bottom surface
	· (+) pre-stretching strain
· (-) bending strain 
· (+) stretching strain when bending
· (+) post-stretching strain
	· (-) bending strain 
· (+) stretching strain when bending
· (+) post-stretching strain



Table 3: Breakdown of the final stresses
	
	Position A
	Position B

	Top surface
	· (+) pre-stretching stress
· (+) bending stress 
· (+) stretching stress when bending
· (+) post-stretching stress
	· (+) bending stress 
· (+) stretching stress when bending
· (+) post-stretching stress

	Bottom surface
	· (+) pre-stretching stress
· (-) bending stress 
· (+) stretching stress when bending
· (+) post-stretching stress
	· (-) bending stress 
· (+) stretching stress when bending
· (+) post-stretching stress



4. Conclusions
The cold bending processes of curved extrusion profiles are reviewed in this paper, and the stress, strain distributions through the cross-section of a profile and at the inner most and outer most surfaces in stretch-bending and pure bending are analysed. The cold bending processes were grouped into three categories based on the operating principles. It was revealed that the combination of stretching and bending in the stretch-bending process could result in a higher tensile strain at the top surface of the curved profile and a lower compressive strain at the bottom surface of the profile. Pre-stretching in the stretch-bending process has less effect on inner buckling, but it has higher effect on outer cracking; while the post-stretching could reduce inner buckling, but it increases the possibility for outer cracking to occur. Therefore, the outcome of this study can be used to help understanding the occurrence of cracking, wrinkling/buckling defects in curved extrusion profiles when they are formed from the stretch-bending process and the stress-strain analysis of the top and bottom surfaces of the extruded curved profile can be used to improve the product quality by minimising the occurrence of defects through process development. 
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