DEVELOPMENT OF ROLL-LESS FORMING PROCESS FOR ULTRA-THIN WALL WELDED PIPE PRODUCTION
 
                      Summary
A new thin wall welded pipe production process named "ROLL-LESS FORMING" was developed. It makes use of the resultant cross directional curvature due to preforming (strip is continuously bent and unbent in the longitudinal direction) to produce thin wall welded pipes. Since roll-less forming does not need the forming rolls used in the conventional methods such as the roll forming process, additional advantages on productivity, installation costs and surface damage can also be expected. The preforming process and characteristics of roll-less forming were investigated by theoretical analysis and several experiments. Based upon the results, it was clarified that roll-less forming is extremely suitable for production of ultra-thin wall welded pipes which have been difficult by the conventional methods, and the available pipe dimensions by roll-less forming is approximately from 0.3% to 1.2% in t/D.
 
INTRODUCTION 

In the field of welded pipe production, demands for thinning and thickening of wall thickness as well as diversification of materials have increased. To meet these requirements,, production ranges have been expanded by improving the conventional welded pipe production methods represented by roll forming process so far (1-2). These methods, however, require complicated equipment and production process, with only limited results obtained. In order to produce ultra-thin wall welded pipes, the authors have succeeded in developing a new method which is far different from the conventional methods, in which a strip is bent in the cross direction into pipes by applying external force using forming rolls. On the other hand, in this new method we developed, the strip is preformed (continuous bending and unbending in the longitudinal direction), and the stress occurring within the strip is used to bend the strip cross directionally. As this method does not need the forming rolls which are used in the conventional methods, so this new method is named "ROLL-LESS FORMING". Theoretical analysis and a series of experiments were performed to elucidate the characteristics and limits of roll-less forming.
 
CONVENTIONAL METHODS AND PROBLEMS
 
The conventional pipe production methods and characteristics are shown in table 1. In these methods, the strip is bent directly in the cross direction by applying external force using forming rolls. In these conventional methods, the plastic strain of the strip which occurs during the forming process becomes smaller with decreasing of t/D (where, t is wall thick-mess and D is outer diameter) of the pipe and increasing of the material's strength. In addition, since the strip is restricted strongly by the forming rolls, the damage due to the edge stretch easily occurs. Therefore, these methods are not suitable for the production of ultra-thin wall welded pipes. 
PRINCIPLES OF ROLL-LESS FORMING AND EXAMI-NATION BY CALCULATION 
Principles of forming 
When a strip is continuously bent and unbent in the longitudinal direction, the strip can be easily bent cross direction-ally by the resultant stress. This phenomenon is well known as a cause of the cross bow in tension leveling process of metal strip, In roll-less forming, this phenomenon can be effectively used to bend the strip in the cross direction into pipes. Since roll-less forming uses the cross directional stress caused by the preforming to bend the strip in the cross direction, the forming rolls which are used for a break down pass in the conventional methods can be omitted. 
Theoretical analysis of preforming  process
The cross directional and the longitudinal stress distributions in the thickness direction caused by the preforming (continuous bending and unbending) are shown in figure 1. When the strip is continuously bent and unbent longitudinally with a small radius as shown in figure 1(a), stress distributions in figure 1(b) occur, The strip is 'bent in the longitudinal direction with a sectional view as shown in figure 1(c) or in the cross direction as shown in figure 1(d) depending on the conditions of the stress distributions and restriction by external force. It is possible that the strip is formed into pipes by using thy behavior of the strip shown in figure 1(d). The degree of the cross directional curvature has to be considered when the strip is formed into pipes by using the phenomenon in figure 1(d). A theoretical analysis was carried out to estimate the degree of the cross directional curvature. When the .length, width and thickness of the strip with stress distributions shown in figure 1(b); are almost of the same dimensions, not only the cross directional curvature but also the longitudinal curvature occur as shown in figure 2. The longitudinal curvature (Rx') and the cross directional curvature (Ry') are expressed as follows,
1/Rx'=(-Mx+vMy)/EI  ...(1)
1/Ry'=(-My+vMx)/EI
where, v is Poisson's ratio.
       E is Young's modulus.
       I is the geometrical moment of inertia,
   Mx is the longitudinal moment due to the stress in the    strip. 
   My is the cross directional moment due to the stress in the strip. 
In the case the strip is straightened only in the longitudinal direction as shown in figure 1(d), the longitudinal curvature of the strip (Rx) and the cross directional curvature (Ry) are expressed as follows.
                1/Rx=0 
                1/Ry=v/Rx’+1/Ryi   …(2) 
                        =(1-v^2)My/EI
 The longitudinal moment (Mx) and the cross directional moment (My) arc calculated by numerical analysis presented in the reference paper (3).
 Using the above technique, the cross directional curvature due to the preforming is examined. The relationship between the radius of preforming and the resultant cross directional curvature is shown in figure 3 and figure 4, Figure 3 is for type-304 stainless steel and figure 4 is for titanium. The cross directional curvature becomes greater with decreasing of the bending radius and with increasing of the tensile strength. The Young's modulus of the material also has a strong influence on the cross directional curvature. So, the maximum cross directional curvature which is obtained by using titanium is greater than that obtained by using type-304 stainless steel.
 Verification of the calculation of the preforming process. 
The relationship between the radius of the preforming and the resultant cross directional curvature was examined by experiments using a bending equipment shown in figure 5. The materials used in the experiments are shown in table 2. Figure 6 shows the experimental results with type-304 stainless steel and figure 7 shows the results with titanium. The calculated results are almost the same as the experts mental results. When the strip is preformed with a radius approximately 7.5 times the strip thickness, the maximum resultant cross directional curvature becomes 0,4% t/D with type-304 stainless steel without annealing (yield strength is approximately 1,200 MPa), 0,22% with appealed type-304 stainless steel (yield strength is 315 MPa), and also becomes 0,53% with high strength titanium (yield strength is 540 MPa).
According to the above results, it is expected that thin wall pipes whose thickness is thinner chan 1% in t/D can be obtained by roll-less forming.
EXAMINATION BY EXPERIMENTAL ROLL-LESS FORMING MACHINE 
Experimental roll-less forming machine . 
 Based on the above information, a experimental roll-less forming machine shown in figure 8 and photograph 1 was manufactured. Its construction and specifications are as follows.
*Construction of the equipment 
  1) Uncoiler 
  2) Bending equipment for preforming 
  3) Seam-guide roll stand 
  4) Squeeze roll stand  
  5) Micro-plasma arc welder 
    (maximum current : 50A) 
  6) Pull out roll stand 
  7) Fling cutter 
*Specifications 
  1) Forming speed : 0.1- 5.5m/min.
  2) Maximum pipe size: 0.5mm^t* diameter 50.8mm
    There is certain distance between the • bending equipment and seam-guide roll stand because the strip should be beta in ' the cross direction by the resultant stress. The distance is approximately from  15 to 30 times of the pipe diameter. 
Results 
To examine the available pipe dimensions by roll-less forming, several sizes of pipes were produced by the roll-less forming machine. The materials shown in table 2 were used in the experiments. The radii f bending rolls which were applied in the preforming process are approximately from 10 times to 20 times of the strip thickness. Figure 9 shows the results. Although the cross directional curvature of annealed type-304 stainless steel is smaller than that of other materials, because of its low strength and its high Young's modulus, it is possible to form it into pipes by passing through the seam-guide rolls and the squeeze rolls. In the case of making pipes whose thickness is more than 1% in t/D, the cross sectional shape of pipes becomes worst. On the other hand, it is difficult to weld pipes whose thickness is less than 0.3% in t/D. According to the above results, the available pipe dimensions by roll-less forming is estimated to be approximately from 0.3% to 1.2% in t/D.
              FEATURES OF ROLL-LESS FORMING
 According to the above results, the features of roll-less forming process are described in table 3 comparing them with the conventional methods. At first, roll-less forming makes it possible to make very thin wall pipes with t/D less than It which is difficult by the conventional methods. Moreover, thin wall pipes of titanium or stainless steel without annealing which are difficult to obtain because of the strong spring back can be easily obtained. Since roll-less forming does not need the forming rolls, exchange and adjustment works of forming rolls which are accompanied by changes in the size become very easy. In addition, advantages on installation costs and productivity can be expected with surface damage due to scratch by rolls quite rare. 
CONCLUSIONS 
A new production precuts for ultra-thin wall welded pipes named "ROLL-LESS FORMING" was examined theoretically and experimentally. The following results were obtained. 
(1) It is possible to form the strip into pipes continuously using the cross directional stress due to the preforming with-out break down rolls which are used in the conventional methods. 
(2) In roll-less forming, the strip can be formed into pipes without using forming rolls. Therefore, very few damages due to edge stretch occur in the strip. Consequently, ultra-thin wall welded pipes which are thinner than 1% in t/D, which could hardly be obtained by the conventional methods, can be easily obtained, 
(3) Ultra-thin wall ,welded pipes of titanium or stainless steel which are difficult to produce by the conventional methods, are easy to obtain by roll-less forming. 
(4) Since the number of the forming rolls can be reduced, the exchange and adjustment works of the forming rolls which are accompanied by changes in the size become easy, and advantages on the installation costs and productivity can be expected with very few surface damage due to scratch by the rolls. 
(5) Available pipe dimensions by roll-less forming is approximately from 0.3% to 1.2% in t/D. 

