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Abstract

:

Shearing processes of high strength steel sheets increasingly applied to lightweight automobile parts were reviewed. With the increase in strength of the high strength steel sheets, shearing operations become hard. First, the sheared edge quality in shearing of high strength steel sheets and the effects on the formability and fatigue strength were shown. Next, ironing processes with a taper punch and a punched slug, a slight clearance punching with a punch having a small round corner and a thickening process of the sheared edge were explained as processes for improving the sheared edge quality. Finally, hydrogen-induced delayed fractures of cold-sheared ultra-high strength steel sheets and of hot-trimmed parts were evaluated.
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1. Introduction


Lightweighting of automobiles is useful to heighten the fuel efficiency, and approaches from shape optimisation and lightweight materials. The weight of automobile parts can be reduced by optimizing the shape to increase the stiffness and crash resistance. Although aluminium, magnesium, plastics, composites, etc. are lightweight, steel is very competitive due to low cost. Body-in-white for protecting human bodies from collisions makes up about 20% of the total weight of automobiles, and thus the reduction in weight of body-in-white is significantly important. The application of high strength steel sheets to the body-in-white tends to increase, and moreover the use of ultra-high strength steel sheets having a tensile strength above 1 GPa for reinforcements is expanding. The weight of automobile parts is reduced by downgauging using the high strength steel sheets [1].



The 1 GPa ultra-high strength steel sheets have been commonly formed into automobile body components, and the use of 1.2 GPa steel sheets increases. The 1.5 GPa steel sheets are roll-formed into bumpers, and trial stamping processes have begun. The specific strength of the ultra-high strength steel sheets already exceeds that of aluminium alloy sheets, and the cost of the steel sheets is about one fifth of the aluminium sheets. For the body-in-white, the use of the steel sheets tends to grow with increasing specific strength. Although the use of multi materials in automobiles recently attracts attention, the application of the high strength steel sheets to real parts is more remarkable.



The formed components from the high strength steel sheets have high strength, whereas it is not easy to form these sheets. As the strength of the steel sheet increases, the forming load increases [2] and the springback and distortion of formed parts deteriorating the dimensional accuracy also become large. The springback was decreased by bottoming [3] and with a counter punch [4]. The large springback in stamping of high strength steel sheets was simulated by the finite element method [5,6], and stamping tools for the high strength steel sheets are compensated for the springback [7]. The formability drops with increasing sheet strength [8]. The tool wear in stamping of high strength steel sheets is remarkable [9,10], and the seizure and galling are likely to occur due to high contact pressure [11,12,13].



For the high strength steel sheets, not only forming operations but also shearing operations become difficult. Since the ductility of the high strength steel sheets is low, most of the surface of the sheared edge is a fracture surface having low quality and accuracy [14]. Although the burnished surface of the sheared edge is fine and flat, the fracture surface caused by the progress of cracks is rough and slightly inclined. Tool failures such as wear, chipping and fracture are likely to occur due to high contact pressure in shearing of high strength steel sheets [15]. The shearing load is reduced by a tool shear angle and inclined sheets [16] and by heating sheets [17,18,19]. Furthermore, in shearing of ultra-high strength steel sheets, the noise level is high and the operation is dangerous because the sheared scraps fly at high speeds [20].



The finite element simulation of forming processes has been generally employed in forming industry for the process design, and the simulation is also applied to shearing processes [21]; however, models of the local severe deformation and crack initiation and propagation are required. For the severe deformation, it is not easy to measure the flow stress and to remesh the distorted region. The crack initiation is out of continuum mechanics on which the finite element simulation is based, and criteria for the crack initiation are required [22,23,24]. The accuracy of calculated results of shearing processes is not high, and shearing processes of high strength steel sheets are experimentally approached.



In this paper, shearing processes of high strength steel sheets are reviewed.




2. Characteristics of Shearing of High Strength Steel Sheets


2.1. Quality of Sheared Edge


The sheared edge is composed of the rollover, burnished surface, fracture surface and burr. Since the total elongation decreases with increasing sheet strength, as shown in Figure 1, the onset of cracks in shearing becomes early, and thus the low-quality fracture surface increases. These steel sheets are made of mild steel, high-strength low-alloy and dual phase steel.



The surfaces and cross-sections of the punched edges for the 390 MPa high-strength low-alloy and 980 MPa dual phase steel sheets are shown in Figure 2, where the clearance ratio c is the clearance between the punch and die divided by the sheet thickness. The burnished surface for the 390 MPa sheet is about half of the sheared edge and the quality of the sheared edge for the small clearance ratio is high. On the other hand, for the 980 MPa ultra-high strength steel sheet having low ductility, the burnished surface is small and the fracture surface having is large. Moreover, the secondary burnished surface appears due to improper connection between cracks caused from the punch and die corners for the small clearance ratio, and the sheared edge has a slight step around the boundary between the secondary burnished surface and the fracture surface, and the quality of the sheared edge is lowered by the step. The quality of the sheared edge is influenced by the clearance [25,26].




2.2. Effect of Quality of Sheared Edge on Formability


Sheet metals are first blanked into desired shapes, and then the blanks are formed. The high strength steel blanks are often flanged by bending the edges. In the high strength steel sheets having low ductility, bending processes are main rather than drawing processes, because deformation for bending processes is smaller. The flanging operations include straight, shrink and stretch ones. In shrink flanging of convex edges, the flange is subjected to compressive hoop stress and the high strength steel sheets are likely to cause wrinkling due to the high strength [27]. On the other hand, in stretch flanging of concave edges, high tensile stress is induced around the edge of the flange corner, and cracks are caused when the tensile stress exceeds a limit for high strength steel sheets. The stretch flangeability is influenced by the microstructure [28,29], the shear angle [30], etc., and the flangeability was predicted from the finite element simulation by using fracture criteria [31,32,33,34], the forming limit diagram [35] and a hardness distribution induced by punching [36].



Cracking in stretch flanging is influenced by the clearance ratio in a previous blanking operation [37], as shown in Figure 3. The quality of the sheared edge is dependent on the clearance ratio [38,39], and the stretch flangeability is changed by the quality, because cracks are generally initiated from the rough fracture surface. The stretch flangeability of the high strength steel sheets can be improved by heightening the quality of the shared edge. The stretch flangeability for press blanking is lower than those for electrical-discharge machining [40], reaming [41] and laser cutting [42] and the flangeability is increased by removing burrs [35]. On the other hand, the stretch flangeability is improved by reducing tensile stress around the edge in flanging with a gradually contacting punch [43].




2.3. Effect of Quality of Sheared Edge on Fatigue Strength


The fatigue strength of forming parts is also influenced by the quality of the sheared edge [44,45,46]. An ultra-high strength steel plate having a tensile strength of 1610 MPa was manufactured by quenching and tempering a 0.35% carbon steel plate having a thickness of 4.5 mm, and the plate was punched for different clearance ratios. The surfaces of the sheared edge and the fatigue strength for the punched ultra-high strength steel plate are illustrated in Figure 4 [47]. With decreasing clearance ratio, the quality of the punched edge becomes high, and thus the fatigue strength rises. For low quality of the sheared edge, the mechanical properties of formed parts deteriorate from inherent ones of materials.





3. Improvement of Quality of Sheared Edge


3.1. Ironing of Sheared Edge with Taper Punch


Although fine blanking is useful in improving the quality of the sheared edge, it is not easy to apply fine blanking to ultra-high strength steel sheets. The hole edge of a punched ultra-high strength steel sheet was smoothed by shaving the punched edge [48,49], and the hole limiting expansion is triply increased by shaving the edge, whereas the die life of shaving is comparatively short and the removal of chips is additionally required. The limiting hole expansion ratio is increased by punching high strength steel sheets with a double-beveling punch [50].



An ironing process of a punched edge with a taper punch is shown in Figure 5, and the surfaces and cross-sections of the edges without and with ironing for the punched 980 MPa dual phase ultra-high strength steel sheet of a clearance ratio of 20% are illustrated in Figure 6 [37]. The punched edge undergoes large shear deformation under highly compressive stresses during ironing, and the quality of the sheared edge is improved by smoothing the rough fracture surface. The angle of the taper punch was set to be similar to the tilt of the fracture surface. The sheared edge of the punched 980 MPa ultra-high strength steel sheet was successfully ironed with the taper punch. Since the fracture surface changed to the smooth surface, the limiting hole expansion ratio increased. The ironing process with a taper punch was applied to stretch flanging to increase the formability [37].




3.2. Ironing of Sheared Edge with Punched Slug


Instead of the taper punch, a punched slug was employed to iron the punched edge. The sheet is punched, and then the punched hole is ironed by passing the punched slug to improve the quality of the punched edge, as shown in Figure 7 [51]. This process is similar to the ironing process with a taper punch, and large shear deformation is applied under a highly compressive stress to the punched edge. Since both fracture surfaces of the hole and slug are inclined by the clearance between the punch and die, the hole edge is ironed. This process makes useful use of the waste slug ejected from punching, and is economical, whereas the setting of the slug in the punched hole is not easy.



A 1500 MPa ultra-high strength steel sheet was punched, and then was ironed with the punched slug. The 1500 MPa sheet was made of die quenching of a 22MnB5 steel sheet conventionally employed for hot stamping, i.e., a press-hardened steel sheet, and the sheet was similar martensite steel to commercial 1500 MPa ultra-high strength steel sheets used for cold stamping. The surfaces and cross-sections of the edges without and with slug ironing for the punched 1500 MPa ultra-high strength steel sheet of a 10% clearance ratio are shown in Figure 8 [52]. The fracture surface of the punched edge is smoothed by ironing. Although high tensile residual stress acted around the punched edge, the residual stress was changed to compressive one by slug ironing.




3.3. Slight Clearance Punching with Punch Having Small Round Corner


The quality of the punched edge generally improves with decreasing clearance ratio. By the slight clearance below a clearance ratio of 1%, the tensile stress during punching is decreased, and thus the initiation of cracks becomes late even for ultra-high strength steel sheets having low ductility. In slight clearance punching, however, sharp edges of the punch and die are likely to chip, and the tool wear becomes remarkable [53]. A punch having a small chamfer is useful for punching a thick high strength steel plate under a slight clearance [54].



For slight clearance punching, the secondary burnished surface appears for the ultra-high strength steel sheets, as shown in Figure 2b. To prevent the secondary burnished surface, a slight clearance punching process with a punch having a small round corner has been developed [55]. The surfaces and cross-sections of the punched edges of the 980 MPa dual phase sheets with the punch having small round corner for a clearance ratio of 0.8% are illustrated in Figure 9. Since the cracks are generated from both corners of the punch and die for a corner radius of R = 0 mm, the secondary burnished surface is caused, and a step appears around the boundary with the fracture surface. For R = 0.13 and 0.33 mm, the fine surface is gained by crack propagation only from die corner, and the secondary burnished surface disappears. Although hydrogen-induced delayed cracking is likely to occur in shearing of the ultra-high strength steel sheets, no cracking occurred for the slight clearance punching process with the punch having a small round corner. In addition, the punch and die hardly chip for the punch having a small round edge.



Since the setting of the slight clearance punching process with the punch having a small round corner is not easy, a punching process using automatic centring with a moving die was proposed (see Figure 10) [56]. The punch and moving die are initially eccentric, i.e., the left and right clearances between the punch and die are not the same. In this process, the slight gap is located between the moving die and die holder, and the die is moved by the action of force. When the left and right clearance are different, an imbalanced force acts to the moving die, and then the moving die shifts in order to decrease the imbalanced force. After some shots, the punch and die become concentric.




3.4. Thickening of Sheared Edge


A punching process of a thickened sheared edge was developed to improve the fatigue strength and the stiffness of the punched ultra-high strength steel sheet, as shown in Figure 11 [57,58]. A pair of taper punch and step die is employed to thicken the sheared edge in one shot punching. The sheet is first punched under tension stress with the taper punch and step die. Subsequently, the sheared edge is flanged into the corner step of the die with the taper punch, and the fracture surface of the sheared edge is smoothed by ironing with the taper punch. After sufficiently filling the cavity of the corner step of the die, the hole is cropped. Although the diameter of the firstly punched hole is smaller than that of the desired hole, the hole is formed into the desired one by the subsequent thickening stage. A part of the punched slug is efficiently utilized as a material for thickening the edge. Although the stress concentrates around the punched edge in loading of the punched sheet, the stress concentration is relieved by thickening. The present punching process can be easily installed in stamping operations.



The stress is likely to concentrate around concave portions of sheet-metal parts in loading. The concave portions were locally thickened with pairs of taper punch and step die similar to those shown in Figure 11, and the fatigue strength and stiffness of an ultra-high strength steel part were improved [59]. Local thickening is effective for avoiding the stress concentration occurring around sheared edges.





4. Hydrogen-Induced Delayed Fracture of Sheared Ultra-High Strength Steels


4.1. Cold Shearing


In the hydrogen-induced delayed fracture, steel workpieces are fractured without plastic deformation by diffusing hydrogen with time. Most of researches about the delayed fracture have dealt with bolts and fasteners having high strength [60], because the delayed fracture is caused by a high tensile stress acting on tightened ones. The delayed fracture appears also for the ultra-high strength steel sheets above 1 GPa in tensile strength, particularly for the 1.5 GPa sheet [61,62,63], and the risk level of delayed fracture becomes large with increasing tensile stress [64]. For industrial application of 1.5 GPa steel sheets, it is required to prevent the occurrence of delayed fracture. In cold shearing of the ultra-high strength steel sheets, plastic deformation is large, the tensile residual stress is high, and the sheared edge quality is low. Thus, the risk level of the delayed fracture rises [65].



High tensile residual stress is caused on the fracture surfaces of the sheared edges of the cold-blanked ultra-high strength steel sheets, as shown in Figure 12 [66], where 1 GPa and 1.2 GP sheets are made of dual phase steel and 1.5 GPa sheet is made of martensite steel. On the other hand, the residual stress acting on the surface of laser-cut edges is compressive. The delayed fracture results from the tensile residual stress.



Although no cracks appeared on the surfaces of blanked edges, delayed cracking was caused on the fracture surface by cathode hydrogen charging, as shown in Figure 13 [66]. The cracking time decreases with increasing sheet strength, and the risk level for the cold-blanked 1.5 GPa sheets considerably rises. On the other hand, for laser cutting, no cracks occurred after hydrogen charging because of the compressive residual stress. In addition, the processes for improving the quality of the sheared edge described in Chapter 3 have the function of preventing delayed cracking, because the residual stress is reduced.




4.2. Hot Press Trimming in Hot Stamping


Ultra-high strength steel components having about 1.5 GPa in tensile strength are produced by hot stamping, [67]. Quenchable steel sheets are transformed into austenite by heating to about 900 °C, and the heated sheets are transformed into hard martensite by holding at the bottom dead centre of a press just after forming. The quenchable steel sheets are not ultra-high strength steel sheets used for cold stamping, and the strength is increased by die quenching. Although the springback in cold stamping of ultra-high strength steel sheets is considerably large, the springback in hot stamping is small, and thus the dimensional accuracy of the hot-stamped components is remarkably high [68].



A big drawback of hot stamping is high-cost laser trimming [67]. In cold press trimming of hot-stamped components, however, the tool life is short, the quality of sheared edges is low and the risk of delayed fracture is high as well as cold shearing of ultra-high strength steel sheets [69,70]. Laser trimming is partly replaced with hot press trimming included in hot stamping operations [71]. In hot trimming, formed components are sheared under a hot and soft situation just after the start of die quenching, and thus the drawbacks in laser trimming and cold press trimming are solved.



In hot press trimming, it is not easy to control the trimming temperature, because the temperature rapidly drops during forming and die quenching. Although the delayed fracture does not occur at high trimming temperatures [72], the risk at low temperatures is high. The effect of the trimming temperature in hot press trimming on the occurrence of hydrogen-induced delayed cracking was examined [73]. Since the tensile residual stress was high below the martensite transformation start temperature of 420 °C, delayed cracking occurred on rough fracture surfaces of the sheared edges, as shown in Figure 14. For the thin sheet having a thickness of 1.0 mm, the critical temperature increased to 600 °C.





5. Conclusions


The increase in strength of steel sheets used for automobiles is still required to improve lightweighting and collision safety, and next-generation 1.5 GPa ultra-high strength steel sheets having a total elongation of about 20% have been developed in some steel makers. Most of 1.5 GPa ultra-high strength steel automobile components are currently produced by hot stamping processes, and expensive equipment and low productivity are drawbacks. Although the application of cold stamping processes would spread for practical use of the next-generation 1.5 GPa sheets, die failures are severely problematic, and it is necessary to develop not only new die materials but also new coatings.



In shearing processes of high-strength steel sheets, the risk of hydrogen-induced delayed fracture grows with increasing strength. The processes for improving the quality of sheared edges shown in Chapter 3 are useful in preventing the delayed fracture, because the compressive residual stress is generated around the sheared edges. In addition, the use of expensive laser trimming generally used for hot-stamped parts may be reduced by the application of these processes. Conversely, laser blanking is introduced to cold stamping of ultra-high strength steel sheets, because the residual stress around blanked edges is compressive as shown in Figure 12. Laser blanking is die-less and flexible, and the time of laser blanking approaches the time of press blanking. Although the equipment of laser blanking is very expensive, the cost reduction is expected.
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Figure 1. Relationship between total elongation and tensile strength for various commercial steel sheets. 
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Figure 2. Surfaces and cross-sections of punched edges for (a) 390 MPa (b) 980 MPa high strength steel sheets. 
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Figure 3. Effect of clearance ratio on cracking in stretch flanging (a) of 780 MPa dual phase steel sheet for (b) c = 15% (c) c = 25%. 
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Figure 4. Surfaces of sheared edge and fatigue strength for punched ultra-high strength steel plate for (a) punched strength and (b) fatigue strength [47]. 
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Figure 5. Ironing process of punched edge with taper punch [37]. 
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Figure 6. Surfaces and cross-sections of edges (a) without and (b) with ironing for punched 980 ultra-high strength steel sheet of 20% clearance ratio [37]. 
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Figure 7. Ironing process of punched edge with slug ejected from punching; (a) punching, (b) ironing (c) finish. 






Figure 7. Ironing process of punched edge with slug ejected from punching; (a) punching, (b) ironing (c) finish.



[image: Jmmp 04 00054 g007]







[image: Jmmp 04 00054 g008 550] 





Figure 8. Surfaces and cross-sections of edges (a) without and (b) with slug ironing for punched 1500 MPa ultra-high strength steel sheet of 10% clearance ratio [52]. 
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Figure 9. Surfaces and cross-sections of punched edges of 980 MPa sheets with punch having small round corner for clearance ratio of 0.8% of (a) R = 0 mm, (b) R = 0.13 mm and (c) R = 0.33 mm [55]. 
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Figure 10. Slight clearance punching process with punch having small round corner using automatic centring with moving die; (a) different clearances, (b) different forces, (c) die moving and (d) same clearance [56]. 
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Figure 11. Punching process of thickened sheared edge for improving fatigue strength and the stiffness of punched ultra-high strength steel sheet; (a) setting, (b) punching, (c) thickening and (d) cropping [58]. 
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Figure 12. Residual stress at middle of fracture surface of sheared edges of cold-blanked ultra-high strength steel sheets [66]. 
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Figure 13. Delayed cracking induced by cathodic hydrogen charging test of cold-blanked and laser-cut ultra-high strength steel sheets [66]. 
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Figure 14. Delayed cracking induced by cathodic hydrogen charging test of hot-trimmed 22MnB5 quenchable steel sheet [73]. 
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