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Abstract

In order to achieve better global environment, the reduction of CO, emission of
automobiles is intensively required. It is convinced that the body mass has a strong
influence to CO, emission of the automobiles, therefore the reduction of weight of the
body components has become a high priority in vehicle development. Although the
application of aluminium and magnesium alloy sheets to the automobile parts is attractive
for the reduction of the automobile weight, high cost and small formability are crucial
problems, and thus the industry still has a great interest in steel sheets. The strength of high
tensile strength steel sheets remarkably increases and ultra-high tensile strength steel sheets
more than 1 GPa have been developed.

Body-in-white parts are generally punched to make many holes for joining, paint
removing, attachment, reduction in weight, etc. In the punching of the high strength steel
sheets, large tool wear and rough sheared edges becomes problems. Although the static
strength of high strengths steel sheets is almost proportional with the strength of the sheet,
the increase in fatigue strength becomes gradually small. In addition, onset and progress of
fatigue cracks of the punched high strength steel sheets are accelerated around holes due to
concentration of stress, particularly for rough fracture surface and sharp burr of the sheared
edge. Therefore, the improvement of the quality of the sheared edge of punched sheets is
useful for increasing the fatigue life.

In the present study, the special shape of the punch was developed and the clearance
ratio was adjusted for improving the quality of the sheared edge in punching of ultra-high
strength steel sheets. By the slight clearance punching, the tensile stress during the
punching was reduced, and thus the onset of cracks was delayed. However, sharp edges of
the punch and die tend to chip. The punch having a small round edge was developed to
prevent the chipping of the tools and delay the onset of crack by relaxing concentration of
deformation, thus the burnished surfaces became considerably large. The delayed fracture
was prevented and the fatigue strength was improved by the increase in compressive

residual stress for the punch having the small round edge.



The effect of punch shape and clearance ratio on the quality of the sheared edge in the
punching of inclined ultra-high strength steel was also investigated. In the punching of the
inclined sheet, the contact between the sheet and punch becomes gradual because of touch
from the bottom edge of the punch, and thus the sheared portion tends to bend in the latter
half of punching. Punches having taper and curved head were developed to improve the
quality of the sheared edge in the punching of inclined ultra-high strength steel sheet. The
asymmetric punching clearance ratio was also applied to eliminate the burr and the
secondary burnished in the sheared edge. The quality of the sheared edge in the punching
process of inclined ultra-high strength steel sheet was improved by adjusting the punching
clearance ratio and the eccentricity of the punch.

Although the fatigue strength was improved by the quality of the sheared edge, the
improvement was not enough to extend the applicable range of ultra-high strength steel
sheets. The concentration of stress around the punched hole was retrieved by increasing the
thickness around the hole edge, and thus the fatigue strength might be improved. In the
present study, the effect of thickening of hole edge on the fatigue strength of the punched
high strength steel sheets was examined. A hole flanging process using a step die was
performed to thickened one side of the hole edge, whereas a two-stage plate forging
process using upper and lower punches was developed to thicken the both sides of the hole
edge. The fatigue strength for the punched sheets with the thickened hole edge was
improved by the thickness increases, the smooth sheared surface and the harder the surface
around the hole edge.

Furthermore, a punching process including thickening of a hole edge of ultra-high
strength steel sheets was developed. In this process, the pair of punch and die was designed
so as to have both functions of punching and thickening in one stroke process and easily
install in conventional die sets. The taper angle of the punch and the step height of the die
were optimised to increase the amount of thickening. As the step height of the die increases,
the fatigue strength increases. The delayed fracture was prevented by thickening due to the
large compressive residual stress and the small surface roughness. It was found that the
present approach was effective in improving the fatigue strength and in preventing

occurrence of delayed fracture of the punched ultra-high strength steel sheet.
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Chapter 1

Introduction

1.1. Punching of lightweight and high strength materials — An overview

In order to achieve better global environment, the reduction of CO, emission of
automobiles is intensively required [1,2]. Several major car technologies for reduction of
CO, emission have been developed, such as battery-electric, hybrid-electric, plug-in
hybrid-electric and hydrogen vehicles [3-5]. In the battery-electric vehicle, the electricity is
supplied from outside electric source, stored in a battery on the vehicle and used in electric
motor. The hybrid-electric vehicles have the combination of a conventional gas engine and
electronic motors in its drive system, whereas the plug-in hybrid-electric vehicles are
hybrid which can be recharged from external electric sources. In the hydrogen vehicle, the
electricity is generated by a fuel cell combining hydrogen stored in a fuel tank with oxygen
from the air, and then is used to power the electric motor.

Each system still needs the improvement of the basic performance, as shown in Fig.
1.1 [6]. The required improvement is including reduction in frictional resistance of the
engine and the power train, reduction in the tyre rolling resistance, better aerodynamics of

body shapes, and also the reduction in car body weight.

Improve Engine

Thermal Efficiency Aerodynamics Body Weight Reduction
EgantEilurn 4 Body Shape Improvement Body Structure
irect Injection \ . . .
Mullple Function Light Weight Material
(Multi-cylinder, VVT)

Friction Reduction

Piston &Ring
Engine Oil
Powertrain
CVT. Multi-speed shif Other Technology Rolling Resistance
Friction Reduction EV, PHV, HV, Idling Pattern Development

Fig. 1.1. Lightweight car technology [6].



As the increasing demands for higher comfort, better collision safety and high
performance of the automobiles, the body mass has increased. It is convinced that the body
mass has a strong influence to CO, emission of the automobiles [6,7]. Referring to the
weight ratio of each car component as shown in Fig. 1.2, body components have a large
portion of the vehicle mass. Therefore the reduction of weight of the body components has
become a high priority in vehicle development for improving the CO, emission of
automobile, and forming processes of lightweight materials have been actively developed
[8-10].

Others 269%
Body components
30%
Window glass 3%
Tires 3%
Engine
Seats 49 12%
Wheel, Hubs
4% Fuel tank Suspension Powertrain
494 7% 704

Fig. 1.2. Car component part weight ratio [6].

1.1.1. Lightweight materials

Aluminium and magnesium alloys offer a high potential for the reduction in weight of
the automobile due to lightweight and high specific strength [11-13]. The density of the
magnesium and aluminium alloys is 1/4 and 3/8 time of the mild steels, respectively,
whereas the specific strength is 2.5 times more than that for the mild steels.

Although the application of aluminium and magnesium alloy sheets to the automobile
parts is attractive for the reduction of the automobile weight, high cost and small
formability are crucial problems [14,15], and thus the industry still has a great interest in
steel sheets. The strength of high tensile strength steel sheets remarkably increases and
ultra-high tensile strength steel sheets more than 1 GPa have been developed. As shown in
Table 1.1, the strength of the ultra-high tensile strength sheets is 3 or 4 times higher than



that of mild steel sheets, and the strength-to-specific gravity ratio exceeds that of the

aluminium and magnesium alloy sheets.

Table 1.1

Strength to specific gravity ratios for various sheet metals.

] . ] Strength to specific

Sheet Tensile strength Specific gravity ] _

gravity ratio

Ultra-high strength steel | 980-1470 MPa 7.8 126-188 MPa

High strength steel 490-790 MPa 7.8 63-101 MPa
Mild steel SPCC 340 MPa 7.8 44 MPa
Aluminum alloy 310 MPa 2.7 115 MPa

A6061(T6)

The application of the high strength steel sheets to the structural body parts which
need higher strength is thought of a measure for reducing the weight of automobiles. The
areas of the body structure which is considered for applying high strength steel sheets is
shown in Fig. 1.3. By applying high strength steel sheets with strength replacing the mild
steel sheets, the reinforcements parts is eliminated and the material thickness is decreased,
thus the body mass is reduced. However, in stamping operations of high strength steel
sheets, large springback, small formability, short tool life, etc. are problematic, particularly

for ultra-high strength steel sheets having a tensile strength above 1 GPa [16-18].
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Fig. 1.3. Application of high strength steel sheets to automobile parts [6].
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1.1.2. Punching of high strength steel sheets

Body-in-white parts are generally punched to make many holes for joining, paint
removing, attachment, reduction in weight, etc. Since the high strength steel sheets have
large strength and small ductility, not only forming but also punching becomes difficult. In
the punching of the high strength steel sheets, large tool wear and rough sheared edges
becomes problems [19-22] (see Fig. 1.4). Tools tend to wear and chip due to large
punching load, and thus the tool life is short. The quality of the sheared edge deteriorates
since the onset of cracks in the shearing is early due to the small ductility, thus the rough
fracture surface increases. In addition, worn and chipped tools bring about the deterioration

in dimensional accuracy of the punched hole and in the quality of the sheared edge.

Chipping
Punch

—

(a) Large tools wear

Rollover

Burnished
TN

Fracture

Burr —t0———

(b) Rough sheared edge

Fig. 1.4. Problems in punching of high strength steel sheets.

In high strength steel sheets, the static strength of formed products is almost
proportional with the strength of the sheet, whereas the increase in fatigue strength
becomes gradually small [23]. In addition, onset and progress of fatigue cracks of the
punched high strength steel sheets are accelerated around holes due to concentration of

stress, particularly for rough fracture surface and sharp burr of the sheared edge [24,25].



Therefore, the improvement of the quality of the sheared edge of punched sheets is useful
for increasing the fatigue life.

Although the hot punching process indicated the effectiveness for reducing the
punching load and improving the quality of the sheared edge of the ultra-high strength steel
sheets [26,27], additional apparatus preheating and cooling systems, and oxidation for the
heating [28] become problems, and thus cold punching process is preferable. Although
shaving is generally used to improve the quality of sheared edge [29], it is not easy to
shave high strength steel sheets. The shape of the punch head and the punching clearance
ratio are among the major factors that affecting the quality of the sheared edge in cold

punching of high strength steel sheets [30,31].

1.2. Research objectives
1.2.1. Improvement of quality of sheared edge of high strength steel sheets

The aim of this dissertation is to develop high quality punching process of high
strength steel sheets for improving the quality of the sheared edge. The special shape of the
punch is developed and the clearance ratio is adjusted for improving the quality of the
sheared edge. In addition the effect of punch shape and clearance ratio on the quality of the

sheared edge to the punching of inclined ultra-high strength steel is investigated.

1.2.2. Improvement of fatigue strength of punched of high strength steel sheets

The concentration of stress around the punched hole is relaxed by thickening of the
hole edge by means of flanging. This leads to the improvement of the fatigue strength. In
this study, the effect of thickening of hole edge on the fatigue strength of the punched high
strength steel sheets is examined. Furthermore, a punching process including thickening of
a hole edge of high strength steel sheets is developed. In this process, the pair of punch and
die is designed so as to have both functions of punching and thickening in one stroke

process and easily install in conventional die sets.



1.3. Outline of dissertation

This dissertation discusses about the thickening of hole edge in punching of high
strength steel sheets for improvement of fatigue strength of the punched sheets, followed
by the improvement of quality of sheared edge in punching of ultra-high strength steel
sheets by punches having small corner radius. Finally, a punching of inclined ultra-high
strength steel sheet is presented.

This dissertation consists of seven chapters:

Chapter 2 presents the one side and both sides thickening of hole edge of punched
high strength steel sheets by hole flanging for improvement of fatigue strength of the
punched sheets. The hole edge of the punched sheets is thickened by flanged the edge of
the hole. The influence of the punch and die shape to the thickened edge is examined. The
improvement of the strength of the punched sheets with the thickening of hole edge is then
investigated and compared with that without the thickening.

Chapter 3 presents the development of punching including thickening of hole edge of
high strength steel sheet. Conventionally, a hole flanging operation is performed as a next
stage after the punching operation, and thus the number of stages increases. In this process,
the pair of punch and die was designed so as to have both functions of punching and
thickening in one stroke process and easily installed in conventional die sets.

Chapter 4 presents the optimization of tools shape in punching including thickening of
the hole edge of the ultra-high strength steel sheet. In this study the shape of the punch and
die is optimised to increase the amount of thickening of ultra-high strength steel sheet. The
effect of thickening on the fatigue strength, delayed fracture and static strength is examined.
Finally, a repeated punching including thickening of the hole edge with realistic punching
conditions is performed to investigate the performance of coating of the punch and the
applicability of the present punching process to actual stamping operations.

Chapter 5 presents the improvement of quality of the sheared edge in punching of the
ultra-high strength steel sheets by punch having a small round corner under a slight
clearance. The small round edge has the functions of avoiding the contact between the
punch and die in the slight clearance punching and of delaying the onset of cracks. The
effect of round edge radius in improving the quality of the sheared edge is investigated.
The galling resistance of coating of the punch is examined in a repeated punching with

realistic punching speed.



Chapter 6 presents the improvement of quality of the sheared edge in punching of an
inclined ultra-high strength steel sheet. The effect of the punching clearance and punch
head shape on the quality of the sheared edge is investigated.

Finally concluding remarks and future prospective are given in Chapter 7.
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Chapter 2

Thickening of hole edge of punched high strength steel
sheets by hole flanging

2.1. Introduction

The reduction in the weight of cars is intensively required in the automobile industry
to improve the fuel consumption, and forming processes of lightweight materials have
been actively developed [1]. The application of high strength steel sheets to the automobile
parts is effective in reducing the weight of cars due to the high specific strength [2].

Body-in-white parts are generally punched to make many holes for joining, paint
removing, attachment, reduction in weight, etc. When the punched high strength steel sheet
is loaded, stress concentrates in the vicinity of the hole, and thus cracks are generated by
the stress concentration, particularly for the rough fracture surface of the sheared edge [3].
Therefore, the fatigue strength of the sheet deteriorates [4]. It was also reported that the
fatigue strength for the high strength steel sheets does not increases proportionally with
increasing the tensile strength [5].

The improvement of the quality of the sheared edge of punched sheets is useful to
increase the fatigue life. Mori et al. [6] smoothed the fracture surface of the sheared edge
using the conical punch to improve the hole expansion ratio of the punched high strength
steel sheet. Thipprakmas et al. [7] improved the quality of the punched edge of aluminium
sheets by shaving with a taper punch. In addition the stiffness of the sheet deteriorates due
to the punching. Murakami et al. [8] developed the PW (Press Working) punch to shear
thicker steel plates accurately. Matsuno et al. [9] employed the PW punch to improve the
fatigue strength and the hole expansion ratio of the punched high strength steel sheets.
Although the fatigue strength is improved by the quality of the sheared edge, the
improvement is not enough to extend the applicable range of ultra-high strength steel
sheets.

In the present study, a hole edge of a punched high strength steel sheets was thicken to

improve the strengths of the punched sheets. The shapes of the punches were designed for
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the thickening of the hole edge by finite element simulation. The quality of the sheared
edge for the thickening was compared with those without the thickening. In addition, the

static and the fatigue strength of the punched sheets were measured.

2.2. Thickening of hole edge by hole flanging

To improve fatigue strength of a punched high strength steel sheet, the edge of the
hole is thickened by a hole flanging process as shown in Fig. 2.1. In this process, a punch
forces the edge of the punched hole into a die, thus the thickness around the hole edge
increases. In the conventional hole flanging process using a straight die, a sharp edge is
formed in the thickened edge, thus the stress is concentrated and the strength of the
punched sheets deteriorates. To eliminate the sharp edge in the thickened edge, a step die is
employed. By using the step die, the sharp edge is removed by the step of the die and the
hole edge is compressed, thus the strength of the punched sheet is improved.

11



Punch Sheet Punch . Sheet
holder holder
RN AN
@ Punched sheet @ Punched sheet
(.
; N
Die ET Step die
(i) Initial stage . (i) Initial stage

!
Removal of |

|

| sharp edge

(ii) Thickening of hole edge (ii) Thickening of hole edge
(a) Straight die (b) Step die

Fig. 2.1. One side thickening of hole edge of high strength steel sheet by hole flanging
process for (a) straight and (b) step dies.

The above process was developed for one side thickening of hole edge. To thicken
both sides of the hole edge of the punched high strength steel sheets, a two-stage plate
forging process shown in Fig. 2.2 was developed. In the 1st stage, the edge of the punched
hole is flanged with the upper punch. In the 2nd stage, both sides of the flanged edge are
thickened with the lower punch. The thickness increase is changed by the punch stroke for

the 1st stage, s;.
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Fig. 2.2. Two-stage plate forging for both sides thickening hole edge of punched high
strength steel sheets.

The dimensions of the tools used in the one side and both sides thickening of the hole
edge of the punched high strength steel sheets are shown in Fig. 2.3, where h is the step
height of the die. The high strength steel sheets JSC590 and ultra-high strength steel sheet
JSC980 having 1.4 mm in thickness were used in the experiment. The sheet was punched

with a flat punch having 9 mm in diameter before the thickening.
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Fig. 2.3. Dimensions of tools used in thickening of hole edge of high strength steel sheets.
The mechanical properties of the high strength steel sheets are given in Table 2.1. The

sheets are cold-rolled ones generally used for automobile parts, and are made of dual-phase

steel. The mechanical properties of the sheets were measured from the tensile test. The
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specimens were cut in the 0, 45 and 90° directions with respect to the rolling direction of
the sheet, and the averages of the measured values are shown. The dimension of the
specimen is illustrated in Fig. 2.4. The length and width of the punched sheet were 30 and
30 mm, respectively.

Table 2.1.
Mechanical properties of high strength steel sheets.
JSC590 JSC980
Thickness (mm) 1.4
Flow stress curve (MPa) | o= 979¢%® o= 15741
Tensile strength (MPa) 632 1071
Elongation (%) 24 16
Reduction of area (%) 55 41
3 N
I
| 30

Fig. 2.4. Dimension of specimen for thickening of hole edge.

The conditions of the thickening of the hole edge of high strength steel sheets are
given in Table 2.2. The sheets were punched by a 50 kN screw driven type universal
testing instrument. Each punching test was performed at least two times. The tool used for
the punching and the thickening of hole edge of the high strength steel sheets is shown in
Fig. 2.5.
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Table 2.2.
Conditions of thickening of hole edge of high strength steel sheets.

Die material SKD11

Punch material SKD11

Punch diameter (mm) 10

Die diameter (mm) 10.14

Punching speed (mm/s) 0.08

Lubricant Rust prevention oil
Punch (L]

Punch guide \r
(fh FEE ey T

] H i
‘ | |
| ) |
: ™ ‘ Sheet holder :
=+ | / [ 1 " ™~ Guide boost
| - | | A
L H1
| ‘ Sheet Die 1k
| |
|
|

Fig. 2.5. Tools used for punching and thickening of hole edge of high strength steel sheets.
The four punches used to thicken the hole edge of the punched sheet are shown in Fig.

2.6, i.e. the taper punches having angles « of 30 and 45° and the round punches having

corner radii R of 4 and 6 mm.
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Fig. 2.6. Punches used to thicken hole edge of punched high strength steel sheets.

Finite element simulation of the thickening of hole edge using the commercial
software ABAQUS was performed under axi-symmetric deformation. The conditions used
for the finite element simulation of the thickening of hole of high strength steel sheets are
shown in Table 2.3. The die, sheet holder and upper and lower punches were assumed to

be rigid in the simulation. The simulation was performed for JSC590.

Table 2.3.

Conditions used for finite element simulation of thickening of hole of high strength steel
sheets.

Flow stress curve (MPa) =937 MPa

Young's modulus (MPa) 210000

Poisson’s ratio 0.3

Coefficient of friction 0.1

2.3 Results of thickening of hole edge
2.3.1. One side thickening of hole edge

The cross-sectional shape of the punched sheet before the thickening for JSC590 is
shown in Fig. 2.7, where the ratio of the clearance to the sheet thickness for punching
process was 20%. This shape was input for the finite element simulation of the thickening
process. The work-hardening by the punching was neglected in the simulation.
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The cross-sectional shape of the punched sheet before the thickening for JSC590 is
shown in Fig. 2.7, where the ratio of the clearance to the sheet thickness for punching
process was 20%. This shape was input for the finite element simulation of the thickening

process. The work-hardening by the punching was neglected in the simulation.

@ 9.00 —

Punched sheet

@ 9.32

Fig. 2.7. Cross-sectional shape of punched sheet before thickening for JSC590.

The shapes of the hole edge in the one side thickening process obtained from the
calculation for different punches, the straight die and JSC590 are shown in Fig. 2.8. The
thickened edges for the taper punches have sharp edges. Although the folding occurs in the
upper side of the thickened edge for the round punch of R = 4 mm, no defects are caused

for the round punch of R = 6 mm.
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(a) Taper, & = 30° (b) Taper, o =45°  (c)Round, R=4 mm (d)Round, R=6 mm

Fig. 2.8. Shapes of hole edge after one side thickening process obtained from calculation

for different punches, straight die and JSC590.

To determine the step height of the die, the calculation was performed for the different
step height of the die. The shapes of the hole edge in the one side thickening process
obtained from the calculation for different step height of the die, R = 6 mm and JSC590 are

shown in Fig. 2.9. The burr is formed for h = 0.5 mm due to the excessive filling of the die,
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whereas the sharp edge in the thickened edge is not removed for h = 0.7 mm due to the

under filling of the die. The die height is optimized for h = 0.6 mm, thus this die was fixed

for the following experiments.
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Fig. 2.9. Shapes of hole edge after one side thickening process obtained from calculation

for different step height of die, R = 6 mm and JSC590.

The deformation behaviours of the sheet during the one side thickening of hole edge

process obtained from the experiment for the straight and step die, R = 6 mm and JSC590

are shown in Fig. 2.10. Although the fracture surface is appeared on the thickened edge for

the straight die, the fracture portion is eliminated by the step of the die for the thickening

using step die.
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Fig. 2.10. Deformation behaviours of sheet during thickening of hole edge process

obtained from experiment for straight and step die, R =6 mm and JSC590.

The forming load for thickening using straight and step die is compared with that
without thickening using a flat punch in Fig. 2.11, where the ratio of clearance between the
punch and die to the sheet thickness for the flat punch was 20%. The forming load for the
step die is larger than that for the straight die, and has a sharp peak due to the compression
of the hole edge with the step of the die. The punching stroke for the thickening is larger

than that without thickening, whereas the forming load is smaller.
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Fig. 2.11. Forming load-punch stroke curves obtained from experiment with thickening for
straight and step die and R = 6 mm and without thickening.

2.3.2. Both sides thickening of hole edge
The shapes of the hole edge in the both sides thickening process obtained from the

calculation for different punches and s; = 1.3 mm are shown in Fig. 2.12, where s; is the
punch stroke in the 1st stage. The thickened edges for the taper punches have a sharp edge
in the upper side. Although the folding occurs in the upper side of the thickened edge for

the round punch of R =4 mm, no defects are caused for the round punch of R = 6 mm.
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Fig. 2.12. Shapes of hole edge in thickening process obtained from calculation for different

punches and s; = 1.3 mm.

It is desirable that the thickness increases hy, h; for the upper and lower sides of the
hole edge are equal. The relationship between the ratio of the thickness increase to the
sheet thickness and the punch stroke in the 1st stage obtained from the experiment and
calculation for R = 6 mm is shown in Fig. 2.13. The punch stroke in the 1st stage s; was set
between 0.9 and 1.5 mm. As the punch stroke in the 1st stage increases, the thickness
increase for the upper side h, decreases and that h; for the lower side increases. The punch

stroke in the 1st stage was determined to be s; = 1.3 mm from the experimental results.
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Fig. 2.13. Relationship between ratio of thickness increases to sheet thickness and punch

stroke in 1st stage s; for R = 6 mm.

A comparison between the deformed shapes obtained from the calculation and
experiment for R = 6 mm and s; = 1.3 mm is shown in Fig. 2.14. The height of the
thickened hole edge in the 1st stage and the total thickness increase for both sides in the
2nd stages obtained by the calculation are 4% and 7% larger than those for the experiment,
respectively. The increase in thickness of the thickened hole edge obtained from the

experiment is 31% of the initial sheet thickness.
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Fig. 2.14. Comparison between deformed shapes obtained from calculation and experiment

forR=6 mmands; = 1.3 mm.

The forming load for thickening using straight and step die is compared with that
without thickening using a flat punch in Fig. 2.15, where the ratio of clearance between the
punch and die to the sheet thickness for the flat punch was 20%. The forming load with
thickening for 1st stage is almost similar with that for 2nd stage, and smaller than that for

without thickening.

0.5 mm

(b) 2nd stage
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Fig. 2.15. Forming load-punch stroke curves obtained from experiment with thickening for

straight and step die and R = 6 mm and without thickening.
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2.3.3. Quality of sheared edge

The surface and cross-section of the sheared edge for one side and both sides
thickening, R = 6 mm and JSC590 are compared with those without thickening in Fig. 2.16.
Although the area of the rough fracture surface for the punched sheet without the
thickening is large, the rough fracture surface is considerably reduced for the thickening

and almost disappears for the step die and the both sides thickening.

25



Roll over

Burnished

Fracture

Burr
(a) No thickening

Roll over

Burnished

0.5 mm

Fracture _

(b) One side, straight die

Roll over

(¢) One side, step die

Roll over

Bumished 585%

(d) Both sides thickening

Fig. 2.16. Surface and cross-section of sheared edge with and without thickening for R = 6
mm and JSC590.
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Ratio of rollover, burnished and fracture depths and burr height on the sheared edge
with and without thickening for R = 6 mm and JSC590 are shown in Fig. 2.17. For the
thickening, the burnished surface becomes considerably large and the burr is eliminated.

The fracture surface almost disappears for the step die and both sides thickening.

Distance from botom x [mm]

0 One side, One side,

No thickening Both sides

straight die step die

Fig. 2.17. Ratio of rollover, burnished and fracture depths and burr height on sheared edge

with and without thickening for R = 6 mm and JSC590.

The distributions of the surface roughness of the sheared edge in the thickness
direction with and without the thickening for R = 6 mm and JSC590 are shown in Fig. 2.18.
The surface roughness was measured at intervals of 0.1 mm in the thickness direction. The

surface roughness for the thickening is smaller than that for no thickening.
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Fig. 2.18. Distributions of surface roughness of sheared edge in thickness direction with
and without thickening for R = 6 mm and JSC590.

The distributions of Vickers hardness in the thickness direction around the sheared
edge with and without thickening for R = 6 mm and JSC590 are shown in Fig. 2.19. The
hardness was measured in the cross-section at 0.2 mm from the sheared edge. The hardness
with thickening is higher than that without thickening due to ironing during the thickening

stage. The hardness for both sides thickening along thickness direction is more uniform
than that for one side thickening.
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Fig. 2.19. Distributions of surface hardness of sheared edge in thickness direction with and
without thickening for R = 6 mm and JSC590.

2.4. Strengths of punched sheet
2.4.1. Static strength

A static tensile strength were measured to evaluate the static strength of the punched
sheet with the thickening of the hole edge. The procedure and dimension of specimen for
the static tensile test are shown in Fig. 2.20. The static strength of the punched sheets was
measured as the maximum loads in the static tensile test.
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Fig. 2.20. Procedure and dimension of specimen for static tensile test.

The comparison of maximum load in the static tensile test between the punched sheets
with and without thickening for R = 6 mm and JSC590 is shown in Fig. 2.21. The small
increase in the static strength for the thickening was due to the relatively small thickening

area around the hole edge.
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Fig. 2.21. Comparison of maximum load in static tensile test between punched sheets with
and without thickening of hole edge for R = 6 mm and JSC590.

2.4.2. Fatigue strengths

The plane bending and tensile fatigue tests of the punched sheets with the thickened
hole edge were performed. The procedure and dimensions of specimens for the plane
bending fatigue tests are shown in Fig. 2.22. The frequency was set at 25 Hz and the ratio

of the minimum stress to maximum stress was -1.0. The fatigue tests were ended when the
sheet was ruptured.
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Fig. 2.22. Procedure and dimensions of specimen for plane bending fatigue test.

A comparison of the number of cycles to failure between the punched sheets with and
without the thickening of the hole edge is shown in Fig. 2.23. The bending moment for the
fatigue test was set for 2.74 N-m. The number of cycles to failure for the one side
thickening using straight and step dies were two and six times of that for no thickening,
while the increasing of fatigue life for botgh sides thickening was not as high as one side
thickening. The fatigue life of the punched sheet for the step die was higher than that for

the straight die due to the elimination of the rough fracture surface in the thickened edge.
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Fig. 2.23. Comparison of number of cycles to failure for bending fatigue test between
punched sheets with and without thickening of hole edge, R = 6mm and JSC590.

The procedure for the tensile fatigue tests are shown in Fig. 2.24, whereas the
dimensions of specimen was was similar to that for the static tensile test shown in Fig.
2.20(b). The frequency was set at 50 Hz and the ratio of the minimum stress to maximum

stress was 0.
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Load

Fig. 2.24. Procedure for tensile fatigue test.

A comparison of the number of cycles to failure between the punched sheets with and
without the thickening of the hole edge is shown in Fig. 2.25. The maximum load for the
fatigue test was set for 9.92 kN. The number of cycles to failure for the one side thickening
was almost three times of that for no thickening, whereas for both sides thickening was
five times higher than that for no thickening. The fatigue life for the punched sheet for the
thickened hole edge is improved by the thickness increase, the smooth sheared surface and

the harder the surface around the hole edge.
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Fig. 2.25. Comparison of number of cycles to failure for bending fatigue test between
punched sheets with and without thickening of hole edge, R = 6 mm and JSC590.

To investigate the effect of one side and both sides thickening on the fatigue strength,
elastic deformation in the bending and tensile tests of the punched sheet was simulated by
the commercial finite element software ABAQUS. The shapes of the punched sheets with
and without thickening obtained from the experiment for R = 6 mm and JSC590 shown in
Fig. 2.16 were employed for the finite element simulation without calculation of the
punching process, and the sheets were divided into three-dimensional hexahedral elements.
The given loads at the edge of the sheet for the bending and tensile tests were 2.74 N-m
and 9.92 kN, respectively. The increase in flow stress of the sheet for work-hardening by
punching was neglected.

The distributions of stress in the hoop direction in the cross section of the hole edge
calculated from the finite element simulation with and without thickening for bending and
tensile tests are compared with cracks initiation in the fracture surface in Fig. 2.26 and 2.27,
respectively. In the bending, the stress is concentrated on the upper and bottom of the sheet
for no thickening and both sides thickening since the distance to the normal line is almost
similar, thus the cracks are initiated from these regions, while for the one side thickening
only from the thickened edge. In the tensile, the stress for the one side thickening is
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concentrated on the rollover region due to the increasing of the stiffness for the thickened
edge portion, whereas for no thickening and both sides thickening on the hole edge. Since
the stiffness on the hole edge for both side thickening is increasing, the fatigue strength for
the tensile is higher than that for one side thickening. Thus, both sides thickening of the
hole edge was effective in the improvement of fatigue life of punched sheet for tensile

fatigue test, while one side thickening was effective for plane bending fatigue test.

0.5 mm
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(b) One side, step die

(c) Both side thickening

Fig. 2.26. Comparisons between cracks initiation and stress distribution in hoop direction
in cross section of hole edge with and without thickening for bending, R = 6 mm and
JSC590.
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Fig. 2.27. Comparisons between cracks initiation and stress distribution in hoop direction

(c) Both side thickening

in cross section of hole edge with and without thickening for tensile, R = 6 mm and
JSC590.

2.5. Application of thickening of hole edge to punched ultra-high strength

steel sheet
The above mentioned results are obtained for the high strength steel sheet JSC590.
The pair of R = 6 mmand h = 0.6 mm were employed for thickening of hole edge of the
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punched ultra-high strength steel sheet JSC980. The surface and cross-section of the
sheared edge with and without thickening for straight and step die, R = 6 mm and JSC980
are shown in Fig. 2.28. Although the area of the rough fracture surface for the punched
sheet without the thickening is large, the rough fracture surface is considerably reduced for

the thickening and almost disappears for the thickening using step die.

38



Roll over
Burnished

Fracture [

Burr

Roll over

Burnished

Fracture

Roll over

Burnished

Fracture

(c) One side, step die

Roll over

Burnished

(d) Both sides thickening

Fig. 2.28. Surface and cross-section of sheared edge with and without thickening for R =
6mm and JSC980.
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To investigate the effect of the thickening of hole edge to the fatigue strength of the
punched ultra-high strength steel sheets, the plane bending and tensile fatigue tests were
performed. The comparison of number of cycles to failure between punched sheets with
and without thickening of hole edge for R = 6 mm and JSC980 is shown in Fig. 2.29. The
bending moment and maximum load for the fatigue tests were set for 3.2 N-m and 14 kN,
respectively. It was found that the thickening of hole edge also effective in improving the
fatigue strength of the punched ultra-high strength steel sheets. The effectiveness of the
thickening of hole edge in improving the fatigue strength was heightened by utlilization of

the step die for the thickening.
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Fig. 2.29. Comparison of number of cycles to failure between punched sheets with and

without thickening of hole edge for R = 6 mm and JSC980.
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2.6. Conclusions

The hole edge of the punched high strength steel sheets was thickened to improve the

strengths of the punched sheets. The results are summarized as follows:

1.
2.

For the round punch having a corner radius of 6 mm, no defects occurred.

The increase in total thickness for both sides and one side thickening of the hole edge
was 31% and 54% of the initial sheet thickness, respectively.

The fatigue life for the punched sheet for the thickened hole edge was improved by the
thickness increase, the smooth sheared surface and the harder the surface around the

hole edge.

. Both sides thickening of the hole edge was effective in the improvement of fatigue life

of punched sheet for tensile fatigue test, while one side thickening for plane bending
fatigue test.
The thickening around the hole edge was effective also in improving fatigue life of the

punched ultra-high strength steel sheet.
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Chapter 3
Punching process including thickening of hole edge of

high strength steel sheet

3.1. Introduction

The reduction in weight of automobiles is effective in improving the fuel efficiency,
and forming processes of lightweight materials have been actively developed [1]. Among
lightweight materials, high strength steel sheets are the most attractive for body-in-white
parts due to the high specific strength and cost competitiveness. In stamping operations of
high strength steel sheets, large springback, small formability, short tool life, etc. are
problematic [2].

Body-in-white parts are generally punched to make many holes for joining, paint
removing, attachment, reduction in weight, etc. In punching of high strength steel sheets,
tools tend to wear and chip due to large punching load, and thus the tool life is short [3,4].
In addition, the quality of the sheared edge deteriorates due to early onset of cracks for the
small ductility, the increase in rough fracture surface.

In high strength steel sheets, the static strength of formed products is almost
proportional with the strength of the sheet, whereas the increase in fatigue strength
becomes gradually small [5]. In addition, onset and progress of fatigue cracks of the
punched high strength steel sheets are accelerated around holes due to concentration of
stress, particularly for rough fracture surface and sharp burr of the sheared edge [6].
Therefore, the improvement of the quality of the sheared edge of punched sheets is useful
for increasing the fatigue life. Thipprakmas et al. [7] improved the quality of the punched
edge of aluminium sheets by shaving with a taper punch. Kim et al. [8] developed a burr-
free punching process consisting of mechanical half piercing and hydro counter punching.
Mori et al. [9] smoothed the fracture surface of the sheared edge using the conical punch to
improve the hole expansion ratio of the punched ultra-high strength steel sheet. Mori et al.
[10] developed a warm and hot punching process using resistance heating to improve the

quality of sheared edge of the ultra-high strength steel sheet. Matsuno et al. [11] employed
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a punch having a round corner and an inclined bottom for punching of thick high strength
steel sheets. Although the fatigue strength is improved by the quality of the sheared edge,
the improvement is not enough to extend the applicable range of ultra-high strength steel
sheets.

The concentration of stress around the punched hole is relieved by thickening the hole
edge by means of hole flanging. This leads to the improvement of the fatigue strength.
Since the hole flanging stage is added to the punching process, the number of stages
increases by one.

In the present study, a punching process including thickening of a hole edge of high
strength steel sheets was developed to improve fatigue strength of the punched sheets.
Shapes of a punch and die were design for succession of punching and thickening stages.
The effect of the thickening on the strength of the punched sheets was evaluated from the

experiment.

3.2. Punching process including thickening of hole edge

To improve the fatigue strength of punched high strength steel sheets, an edge of the
punched hole was thickened. A hole flanging operation is conventionally performed
subsequently to a punching operation, and thus the number of stages increases by one. In
the present study, a pair of punch and step die was designed to include the thickening stage
in the punching process as shown in Fig. 3.1. The sheet is punched by the bottom of the
punch, and subsequently the hole edge is thickened by the taper of the punch and the step
of the die. The punched hole is smaller than the desired hole, and the edge is thickened by
deforming the small hole into the desired one. This makes good use of punching loss of
material. In addition, it is easy to install the pair of punch and die in conventional die sets.
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Fig. 3.1. Punching process including thickening of hole edge for increasing fatigue life of

high strength steel sheet.

The amount of thickening of hole edge in the punching process including edge
thickening is influenced by shapes of the punch and die. The dimensions of the tools used
in the punching process of the high strength steel sheets are shown in Fig. 3.2. The shape

of the die was fixed in this study.

Punch
@10 Sheet holder

Sheet (JSC590) ji

~
< LTNO
@ 10.14 "2

@12

Fig. 3.2. Dimensions of tools used in punching process of high strength steel sheet.

The taper, taper step and round step punches shown in Fig. 3.3 are used for the

punching process, where 6 and R are the taper angle and the profile radius of the punch,

46



respectively. In the taper punch, the sheet is punched and thickened simultaneously,
whereas in the taper step and round step punches, the sheet is sheared by the bottom of the

punch, and then the hole edge is thickened by the taper and round of the punch.

6
@10 @10 10
| |
R
%
@9 7 @8 @8
N N
(a) Taper punch (b) Taper step punch (c) Round step punch

Fig. 3.3. Punches used for punching process of high strength steel sheet.

The conditions of the punching process including thickening of hole edge of ultra-high
strength steel sheets are given in Table 3.1. The sheets were punched by a 50 kN screw
driven type universal testing instrument. The thickness, length and width of the sheet were
1.4, 30 and 30 mm, respectively, and the center of the sheet was punched. Each punching

test was performed at least two times to prevent the scatter of results.

Table 3.1.

Conditions of punching process of high strength steel sheet.
Taper angle of punch 6 =10, 20, 30 and 40°
Profile radius of punch R=2,4,6and 8 mm
Punch SKD11

Die SKD11

Punching speed 0.08 mm/s
Lubrication Rust prevention oil
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The high strength steel sheets JSC590 having 1.4 mm in thickness were used in the
experiment. The mechanical properties of these sheets measured from the tensile test were

shown in Table 2.1.

The finite element simulation using the commercial software ABAQUS was
performed under an assumption of axi-symmetric deformation to design the tools. The
sheet was modelled to be elastic-plastic and isotropic, whereas the die, sheet holder and
punch were assumed to be rigid. The sheet was divided into 4-node quadrilateral ring
elements. The coefficient of friction at the interfaces between the tools and sheet was
assumed to be 0.1. ALE adaptive remeshing was employed to simulate severe plastic
deformation in the punching process, and the Gurson damage model developed by
Tvergaard [12] was included to simulate fracture in punching.

Gurson’s yield criterion is defined as the following function of a void volume fraction

2
CDZLEJ +20, 1 COSh(qz 3O-mJ_(l_q3f2):O’ @
2c7y

where & is the equivalent stress, o, is the tensile yield stress and o, is the hydrostatic

stress. Tvergaard (1991) determined the values of the material parameters, q; = 1.5, 2= 1
and gz = q.° = 2.25.
The total change in the void volume fraction is given as:
f = fgr + fnucl ' (2)
where f'gr is the change due to growth of existing voids and f,, is the change due to

nucleation of new voids given by the strain-controlled relationship:

e
sz ¥

where ¢, is the mean value for void nucleation, s is the standard deviation and f is the

fnucl = Agn?l ’ (3)
where
f e g )
el
SN

volume fraction of the nucleated voids.
The material constants used in the calculation are shown in Table 3.2. The input

parameters for the damage model were determined by equalising the calculated shape of
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the sheared surface with that for the experimental result in the simulation of the punching

process using a flat punch.

Table 3.2.

Material constant used in calculation.

Young's modulus (MPa) 210000
Poisson’s ratio 0.3

Initial relative density 0.995 (fo = 0.005)

Void nucleation parameters ev=0.3, sy =0.1and fy = 0.04

Porous failure criteria fr=0.25and f.=0.15

3.3. Results of punching with thickening of hole edge
3.3.1. Deformed shape

The calculated deformation behaviors of the sheet during the punching for the taper
and taper step punches having & = 30° are shown in Fig. 3.4. For the taper punch, the sheet
is punched and thickened for the punch stroke s = 2.1 mm. For the taper step punch, the

sheet is punched in the former stage, and then the hole edge is thickened.
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Fig. 3.4. Calculated deformation behaviours of sheet during punching process for taper and

taper step punches having 6 = 30°.

The variations in the height of the burnished surface h and the width of a thickened
edge w with the punch taper angle & for the taper and taper step punches are shown in Fig.
3.5. As the taper angle of the punch increases, the height of the burnished surface h and the
width of the thickened edge w decrease, whereas the taper angle was limited to 6 = 10° due
the increase in stroke required for punching. The thickened edge for the taper step punch
has larger h and w than that for the taper punch. The width of thickened edge and the height
of burnished surface for the taper step of & = 10° is the largest.
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Fig. 3.5. Variations in h and w with punch taper angle 6 for taper and step taper punches.
The variations in h and w with the punch profile radius R obtained from the calculation

for the round step punch are shown in Fig. 3.6. The height of the burnished surface h and

the width of the thickened edge w are optimum for the profile radius R = 6 mm.
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Fig. 3.6. Variations in h and w with punch profile radius R for round step punch.

The forming load-stroke curves obtained from the experiment for thickening using the
taper step punch of # = 10° and the round step punch of R = 6 mm are compared with that
without thickening using a flat punch in Fig. 3.7, where the ratio of clearance between the
punch and die to the sheet thickness for the flat punch was 20%. The forming loads with
thickening have two peaks due the punching and thickening processes. The maximum
forming load with the thickening for the taper and round step punches increase by 35% and
28% in comparison with that without thickening, respectively. The stroke for the round

step punch is 60% of that for the taper step punch and the forming load is lower.
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Fig. 3.7. Forming load-stroke curves obtained from experiment for punched sheet with and

without thickening for taper step of 6 = 10" and round step punch of R =6 mm.

3.3.2. Quality of sheared edge
A comparison of surface and cross-section of the sheared edge between the punched

sheet with and without the thickening of the hole edge are shown in Fig. 3.8. Although the
area of the rough fracture surface for the punching is large, the rough fracture surface

reduces for the thickening. The cross-section of the sheared edge for taper step
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Fig. 3.8. Comparison of surface and cross-section of sheared edge between punched sheet

with and without thickening of hole edge.

The distributions of the surface roughness of the sheared edge in the thickness
direction for punched sheets with and without the thickening of the hole edge are shown in
Fig. 3.9. The surface roughness was measured at intervals of 0.1 mm in the thickness
direction. The surface roughness of the sheared edge for the thickening is smaller than that

for no thickening.
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Fig. 3.9. Distributions of surface roughness of sheared edge in thickness direction for

punched sheets with and without thickening of hole edge.

The distributions of the surface hardness of the sheared edge in the thickness direction
for the punched sheets with and without the thickening of the hole edge are shown in Fig.
3.10. The hardness was measured in the cross-section at 0.2 mm from the sheared edge.

The surface hardness for the thickening is higher than that for no thickening, due to the

ironing process during the thickening.

55



400

Thickening, round step 6 mm Thickening, taper step 10°
§ 300 [~
T = 0.
e No thickening BRIy
% O
S 200 As received
&
(b}
J.UU 0.2 mm
A 0.2 mm
@ 100 Sheet

X
| |
0 0.5 1 15

Distance from edge of rollover x [mm]

Fig. 3.10. Distributions of surface hardness of sheared edge in thickness direction for

punched sheets with and without thickening of hole edge.

3.4. Strength of punched sheet
3.4.1. Static strengths

A static tensile strength were measured to evaluate the static strength of the punched
sheet with the thickening of the hole edge. The procedure and dimension of specimen for
the static tensile test were shown in Fig. 2.20. The static strength of the punched sheets was
measured as the maximum loads in the static tensile test.

The comparison of maximum load in the static tensile test between the punched sheets
with and without thickening is shown in Fig. 3.11. The small increase in the static strength

for the thickening was due to the relatively small thickening area around the hole edge.
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Fig. 3.11. Comparison of tensile static strength between punched sheets with and without
thickening of hole edge.

3.4.2. Fatigue strength

The bending and tensile fatigue tests were performed to measure the fatigue strength
of the punched sheet with the thickening of the hole edge. The frequency for the alternative
bending and repeated tensile fatigue tests were set at 25 Hz and 50 Hz, respectively. The
fatigue test was ended up when the sheet was ruptured.

The plots of the bending moments and maximum loads versus the number of cycles to
failure for the bending and tensile fatigue tests of the punched sheets with thickening are
compared with those without thickening in Fig. 3.12. The fatigue strength of the punched
sheets with thickening is higher than that without thickening. The improvement of the
fatigue strength for thickening is due to the thickness increases, the small surface
roughness and the large hardness around the sheared edge. It was found that thickening of
the hole edge is useful for improving the fatigue strength of punched high strength steel

sheet.
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Fig. 3.12. Plots of bending moments and maximum loads versus number of cycles to

failure of punched sheets with and without thickening for (a) bending and (b) tensile
fatigue tests.
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3.4.3. Measurement of residual stress around hole edge

The effect of the thickening of the hole edge in the residual stress in the thickness
direction of the sheared edge was measured by the X-ray diffraction. The procedure of the
X-ray diffraction for measurement of the residual stress in the sheared edge is shown in Fig.

3.13. The cconditions for the measurement of residual stress is shown in Table 3.3

Normal line

X-ray - Counter
tube tube

X-ray “/ZL\\@

Sheared
edge

Punched_ _sheet

Fig. 3.13. Procedure of X-ray diffraction for measurement of residual stress of sheared

edge.

Table 3.3.

Conditions for measurement of residual stress.

Equipment RINT 1100
w angle (deg) 0.00 , 18.00 , 27.00 , 33.00 , 45.00
Diffraction angle 26 (deg) 153.0 ~ 157.8

The residual stresses in the thickness direction in the sheared edge of the punched
sheets with and without thickening are shown in Fig. 3.14. Although the residual stress
without thickening is tensile, the stress with thickening becomes compressive due to the
ironing during the thickening stage. The compressive residual stress for the taper step 10°
is larger than that for the round step 6 mm, thus the fatigue strength is larger.
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Fig. 3.14. Effect of thickening of hole edge on residual stress in sheared edge.

3.5. Conclusions

The hole edge of the punched high strength steel sheets was thickened by a 1 shot

thickening process to improve the strength of the punched sheets. The results are

summarized as follows:

1.

The height of burnished surface of the hole edge and the width of the thickened edge
for the taper step punches were larger than that for the taper punch.

The punch stroke for the round step punch is 60% of that for the taper step punch and
the forming load is lower.

The quality of the sheared edge for the thickening was improved due to ironing
process during the thickening stage.

The fatigue strength of the punched sheets with thickening was higher than that
without thickening due to thicker the edge of the hole, smoother the surface of the
sheared edge, and harder the surface around the hole.

The fatigue strength for the thickening by taper step punch was higher than that for

the round step punch due to larger compressive residual stress in sheared edge.
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Chapter 4
Optimization of tools shape in punching including

thickening of hole edge of ultra-high strength steel sheet

4.1. Introduction

The reduction in weight of automobiles is effective in improving the fuel efficiency,
and forming processes of lightweight materials have been actively developed [1]. Among
lightweight materials, high strength steel sheets are the most attractive for body-in-white
parts due to the high specific strength and cost competitiveness. The strength of high
tensile strength steel sheets remarkably increases and ultra-high tensile strength steel sheets
more than 1 GPa have been developed. In stamping operations of high strength steel sheets,
large springback, small formability, short tool life, etc. are problems, particularly ultra-high
strength steel sheets having a tensile strength above 1 GPa [2].

Body-in-white parts are generally punched to make many holes for joining, paint
removing, attachment, reduction in weight, etc. Since the ultra-high strength steel sheets
have large strength and small ductility, not only forming but also punching becomes
difficult. In the punching of the high strength steel sheets, large tool wear and rough
sheared edges becomes problems [3-5].

In high strength steel sheets, the static strength of formed products is almost
proportional with the strength of the sheet, whereas the increase in fatigue strength
becomes gradually small [6]. In addition, onset and progress of fatigue cracks of the
punched high strength steel sheets are accelerated around holes due to concentration of
stress, particularly for rough fracture surface and sharp burr of the sheared edge [7].
Although the fatigue strength is improved by the quality of the sheared edge [8], the
improvement is not enough to extend the applicable range of ultra-high strength steel
sheets. The concentration of stress around the punched hole is relieved by thickening the
hole edge by means of hole flanging. This leads to the improvement of the fatigue strength.

In the previous chapter, the punching process including thickening of a hole edge of

high strength steel sheets have been developed to improve fatigue strength of the punched
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sheets. In this chapter, the punching process including thickening of a hole edge with a
taper step punch and step die was employed to improve the fatigue strength of the punched
ultra-high strength steel sheet. The taper angle of the punch and the step height of the die
were optimised to increase the amount of thickening. The effect of the thickening on the

strength of the punched sheets was evaluated from the experiment.

4.2. Punching process including thickening of hole edge

To improve the fatigue strength of punched ultra-high strength steel sheet, an edge of
the punched hole was thickened. A hole flanging operation is conventionally performed
subsequently to a punching operation, and thus the number of stages increases by one. In
the present study, a pair of taper punch and step die was designed to include thickening of
the hole edge in the punching process as shown in Fig. 4.1. The sheet is first punched by
the tension between the taper punch and the step die. Subsequently, the hole edge is bent
by the taper of the punch into the corner step of the die and the surface of the sheared edge
is ironed. After sufficient filling into the corner step of the die, the excessive material is
then sheared. The corner step of the die has the function of not only forming the thickened
edge but also compressing the edge bottom. The function is effective for ultra-high
strength steels sheets having low ductility. Although the firstly punched hole is smaller
than the desired hole, the hole is formed into the desired one by the subsequent thickening
stage. A part of the punching scrap is effectively utilised as thickening material in the
present process. This is an ecological process for improving material efficiency. In addition,
it is easy to install the present punching process in the stamping sequence.

64



| Taper
punch

Sheet
holder

Sheet

S
Step
die

(@) Initial

setting

=< _Corner

—L

step | @

(b) Punching stage (c) Thickening stage

Fig. 4.1. Punching process including thickening of hole edge for improvement of fatigue

strength of ultra-high strength steel sheet.

The amount of thickening of the hole edge in the punching process including edge

thickening is influenced by shapes of the punch and die. The dimensions of the tools are

shown in Fig. 4.2. The sheet was punched into a hole having a diameter of 10 mm after

passing of the taper of the punch. The taper angle of the punch 6 and the step height of the

die h were changed as thickening parameters.

@10
0
| Sheet holder
Taper
punch
Sheet <
—
= LTN
@ 10.14 >
@12 Step die

Fig. 4.2. Dimensions of tools used in punching process including thickening of hole edge

of ultra-high strength steel sheet.
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The conditions of the punching process including thickening of the hole edge of an
ultra-high strength steel sheet are given in Table 4.1. The sheets were punched by a 50 kN
screw driven type universal testing instrument. A rust prevention oil was applied to the
sheets and an additional lubricant was not employed. The punch was VC-coated, whereas

the die was not coated. Each punching test was performed at least two times.

Table 4.1.
Conditions of punching process of ultra- high strength steel sheet.

Taper angle of punch 10, 13 and 20°

Step height of die h 0.5,0.7,0.9and 1.1 mm
Punch SKD11, VC coating

Die SKD11, no coating
Punching speed 0.08 mm/s

Lubrication Rust prevention oil

The ultra-high strength steel sheet JSC980 having a nominal tensile strength of 980
MPa and was used in the experiment, where the high strength steel sheet JSC590 was
punched as a comparison. The 980 MPa sheets having 1.4 mm in thickness are the
commonest ultra-high strength steel sheets and application to automobile body panels is
recently increasing. The mechanical properties of these sheets measured from the tensile
test were given in Table 2.2.

Finite element simulation using the commercial software ABAQUS was performed
under the assumption of axi-symmetric deformation to examine the deformation behaviour
during the punching operation. The sheet was modelled to be elastic-plastic, whereas the
die, sheet holder and punch were assumed to be rigid. The coefficient of friction at the
interfaces between the tools and sheet was assumed to be 0.1. The ALE adaptive remeshing
was employed to simulate severe plastic deformation in the punching process, and the
Gurson damage model developed by Tvergaard was included to simulate fracture in
punching.

The material constants for JSC980 used in the calculation are shown in Table 4.2. The

input parameters for the damage model were determined by equalising the calculated shape
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of the sheared surface with that for the experimental result in the simulation of the

punching process using a flat punch.

Table 4.2.

Material constants for JSC980 used in calculation.
Young’s modulus 210 GPa
Poisson’s ratio 0.3
Initial relative density 0.995 (fo = 0.005)

Void nucleation parameters &n=0.3,sy=0.1and fy=0.04

Porous failure criteria fr=0.25and f.=0.15

4.3. Results of punching including thickening of hole edge
4.3.1. Deformed shape

The deformation behaviour of the sheet during punching for the taper angle of the
punch @ = 10° the step height of the die h = 0.9 mm and JSC980 is shown in Fig. 4.3,
where s is the punch stroke. The sheet is bent and punched in the former stage by the
bottom of the punch, and then the hole edge is thickened by the taper of the punch and the
corner step of the die. Since the material is sufficiently filled into the corner step, a ring

shaped scrap is caused.
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Fig. 4.3. Deformation behaviour of sheet during punching for # = 10°, h = 0.9 mm and
JSC980.

The deformation behaviour during punching was calculated from the finite element
simulation in detail. A comparison between the deformation behaviours obtained from the
calculation and experiment for = 10°, h = 0.9 mm and JSC980 is shown in Fig. 4.4,

where the calculation results is shown as a top layer on the cross section of the experiment
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results. The deformation behaviour of the sheet during punching obtained by the
calculation is in almost good agreement with that by the experiment, whereas the

experimental rollover is more remarkable.

()s=7mm (d)s=10mm
Fig. 4.4. Comparison between deformation behaviours obtained from calculation and
experiment for & = 10°, h = 0.9 mm and JSC980.

The distribution of plastic equivalent strain in the sheet calculated by finite element
simulation for # = 10°, h = 0.9 mm and JSC980 is shown in Fig. 4.5. As the punch stroke
increases, the equivalent strain concentrates around the bottom corner of the punch, and the
sheet is punched. The sheared edge undergoes severe deformation with the taper and upper

corner of the punch.
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Fig. 4.5. Distribution of plastic equivalent strain in sheet calculated by finite element
simulation for # = 10°, h = 0.9 mm and JSC980.

The relationship between the width of the thickened edge and the taper angle of the
punch for h = 0.9 mm and JSC980 is shown in Fig. 4.6. As the taper angle of the punch
decreases, the width of the thickened edge increases, whereas the taper angle was limited
to # = 10° due the increase in stroke required for punching. For the small taper angle, the
material flow in the circumferential direction is accelerated, and thus the material filling
into the corner step of the die increases. The width of the thickened edge for 8 = 10° is the

largest, and thus 6 = 10° was fixed in the following experiments.
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Fig. 4.6. Relationship between width of thickened edge and taper angle of punch for h =
0.9 mm and JSC980.

The relationship between the width of the thickened edge and the step height of the die
for JSC980 is shown in Fig. 4.7. As the step height of the die increases, the width of the
thickened edge increases. When the step height of the die is small, the sheared edge is not
sufficiently flanged because of early contact with the step of the die. For h = 1.1 mm,

cracks occurred at the bottom of the thickened edge because of late contact with the die

step.
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Fig. 4.7. Relationship between width of thickened edge and step height of die for JSC980.

The distributions of void volume fraction in the sheet calculated by the finite element
simulation for # = 10° s = 9 mm, JSC980 and h = 0.5, 0.9 and 1.1 mm are given in Fig. 4.8.
When the void fraction exceeds a certain value, the fracture occurs in the simulation of the
punching stage, and thus the void fraction is extremely high around the sheared edge. The
void fraction in the bottom of the thicken edge for h = 1.1 mm becomes high, whereas that
in the top surface is not very high. This process can be applied to a less ductile material by

decreasing the step height of the die, while the amount of thickening decreases.
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Fig. 4.8. Distributions of void volume fraction in sheet calculated by finite element
simulation for & = 10°, s = 9 mm, JSC980 and (a) h = 0.5 mm (b) h =0.9 mm and (c) h =

1.1 mm.

The forming load for h = 0.9 mm and JSC980 is compared with that without
thickening using a flat punch without a taper in Fig. 4.9, where the ratio of clearance
between the punch and die to the sheet thickness for the flat punch was 20%. The forming
load with thickening has two peaks. The first peak is caused by punching the sheet and is
smaller than that without thickening and the second peak. The second peak is mainly
generated by ironing the sheared edge and by shearing excessive material after sufficient
filling into the corner step of the die. The punching stroke with thickening is much larger
than that without thickening.
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Fig. 4.9. Forming load-punch stroke curves with thickening for h = 0.9 mm and JSC980
and without thickening.

The maximum forming load and forming energy for JSC980 are illustrated in Fig.
4.10. The forming energy was calculated by integrating the forming load-punch stroke
curve shown in Fig. 4.9. As the step height of the die increases, the forming load and
energy increase. The forming energy with thickening becomes considerably large due to

the enlargement of the punch stroke.
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Fig. 4.10. Maximum forming load and forming energy for JSC980.

4.3.2. Quality of sheared edge

The surfaces and cross-sections of the sheared edge with and without thickening for
JSC980 are shown in Fig. 4.11. As the step height of the die increases, the amount of
thickening increases. The area of the rough fracture surface without thickening is
considerably improved by thickening. Although the depth of the rollover for thickening is
larger than that without thickening due to bending during punching by the bottom of the
punch, the depth is almost constant for the step height of the die. The rollover can be
reduced by separating the step portion from the die and by pressing back the sheared edge
portion with the separated step portion after thickening. Since this separation complicates
structure of tools, the effect of thickening on the fatigue strength was evaluated without

improvement of the rollover.
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Fig. 4.11. Surface and cross-section of sheared edge for (a) no thickening, (b) h = 0.5 mm,
(c)h=0.7 mm and (d) h = 0.9 mm and JSC980.

The ratio of the rollover, burnished and fracture depths and the burr height on the

sheared edge for JSC590 and JSC980 are given in Fig. 4.12. As the step height of the die
increases, the height of the burnished surface increases.
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The distributions of surface roughness of the sheared edge in the thickness direction
with and without thickening for h = 0.9 mm and JSC980 are shown in Fig. 4.13. The
surface roughness was measured at intervals of 0.1 mm in the thickness direction. The
surface roughness of the thickened sheared edge is considerably smaller than that without

thickening due to the elimination of fracture surface.
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Fig. 4.13. Distributions of surface roughness of sheared edge in thickness direction with
and without thickening for h = 0.9 mm and JSC980.

The distributions of Vickers hardness in the thickness direction around the sheared
edge with and without thickening for h = 0.9 mm and JSC980 are shown in Fig. 4.14. The
hardness was measured in the cross-section at 0.2 mm from the sheared edge. The hardness
with thickening is higher than that without thickening due to ironing with the taper of the
punch.
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Fig. 4.14. Distributions of Vickers hardness in thickness direction around sheared edge
with and without thickening for h = 0.9 mm and JSC980.

To examine the work-hardening behaviour around the sheared edge due to the
punching and thickening, the distributions of Vickers hardness was measured for different
distances from the sheared edge y, 6 = 10°, h = 0.9 mm and JSC980 as shown in Fig. 4.15.
The hardness was measured in the cross-section at 0.2, 0.4 and 0.6 mm from the sheared
edge at intervals of 0.2 mm in the thickness direction. As the distance from the sheared
edge increases, the hardness decreases. The hardness near the sheared edge was the largest
due to the influence of ironing with the taper of the punch.
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Fig. 4.15. Distributions of Vickers hardness in thickness direction around sheared edge
obtained from experiment for different distance from sheared edge y, = 10°, h = 0.9 mm
and JSC980.

4.3.3. Measurement of residual stress around hole edge

The effect of the thickening of the hole edge in the residual stress in the thickness
direction of the sheared edge was measured by the X-ray diffraction. The procedure and
the conditions of the X-ray diffraction for measurement of the residual stress in the sheared
edge were shown in Fig. 3.13 and Table 3.3, respectively

The residual stresses in the thickness direction in the sheared edge of the punched
sheets with and without thickening for h = 0.9 mm and JSC980 are shown in Fig. 4.16.
Although the residual stress without thickening is tensile, the stress with thickening
becomes compressive due to the ironing during the thickening stage.
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Fig. 4.16. Effect of thickening of hole edge on residual stress in sheared edge for h = 0.9
mm and JSC980.

4.4, Strength of punched sheet
4.4.1. Fatigue strength

The bending and tensile fatigue tests of the punched sheets with the thickened hole
edge were performed. The frequencies for the alternative bending and repeated tensile
fatigue tests were set at 25 and 50 Hz, respectively. The fatigue test was ended when the
sheet was ruptured. The maximum number of cycles for the fatigue tests was 10°.

The plots of the bending moments and maximum loads versus the number of cycles to
failure for the bending and tensile fatigue tests of the punched sheets with thickening are
compared with those without thickening in Fig. 4.17 and 4.18, respectively. As the step
height of the die increases, the fatigue strength increases. The fatigue strength of the
punched sheets with thickening is considerably higher than that without thickening. The

improvement of the fatigue strength for thickening is due to the large compressive stress,
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the small surface roughness and the large hardness around the sheared edge. It was found
that thickening of the hole edge is useful for improving the fatigue strength of punched

ultra-high strength steel sheet.
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Fig. 4.17. Plots of bending moments versus number of cycles to failure of punched sheets
with and without thickening for bending fatigue test.
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To investigate the effect of thickening on the fatigue strength, elastic deformation in
the bending and tensile tests of the punched sheet was simulated by the commercial finite
element software ABAQUS. The shapes of the punched sheets with and without thickening
obtained from the experiment for h = 0.9 mm and JSC980 shown in Fig. 4.11 were
employed for the finite element simulation without calculation of the punching process,
and the sheets were divided into three-dimensional hexahedral elements. The given loads at
the edge of the sheet for the bending and tensile tests were 196 N equivalent to a moment
of 3.92 N-m and 14 kN, respectively. The increase in flow stress of the sheet for work-
hardening by punching was neglected.

The distributions of stress in the hoop direction in the cross section of the hole edge
calculated from the finite element simulation with thickening are compared with those
without thickening in Fig. 4.19, where the ruptured sheets obtained from the fatigue tests
are also given. The portions for the calculated maximum stress are similar to those for
crack initiation observed in the experiments, whereas the calculated maximum stresses of
the sheets with and without thickening are similar. The reason for the increase in fatigue
stress by thickening is not clarified from the maximum stress.
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Fig. 4.19. Comparisons between cracks initiation and stress distribution in hoop direction
in cross section of hole edge for (a) bending and (b) tensile with and without thickening for
h =0.9 mm and JSC980.

The occurrence of cracks around the hole edge for the fatigue tests of the punched
sheets with and without thickening was observed with a digital microscope having 200
times in magnification (see Fig. 4.20). Although the cracks in the fatigue tests have
appeared for the thickening and no thickening from the early cycles, the rupture of the
sheet for the thickening is delayed. It was found that the thickening of the hole edge is
effective for delaying the cracks initiation and propagation in the fatigue test of the
punched ultra-high strength steel sheets.
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Fig. 4.20. Cracks around hole edge in fatigue tests with and without thickening for (a)
bending and (b) tensile, h = 0.9 mm and JSC980.

4.4.2. Delayed fracture

Punched high strength steel sheets have the risk of delayed fracture, particularly for
JSC980. The effect of the thickening of hole edge on the delayed fracture was examined by
keeping the punched sheets in 35% concentration hydrochloric acid at room temperature.
The procedure for delayed fracture test is shown in Fig. 4.21. The occurrence of delayed
fracture was accelerated with the high concentration of the acid.
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Fig. 4.21. Procedure for delayed fracture test by 35% concentration of hydrochloric acid.

The effect of thickening of the hole edge on the delayed fracture time for h = 0.9 mm
and JSC980 is given in Fig. 4.22, where the delayed fracture time is the time from the soak
of the sheet in the acid. The occurrence of cracks was visually observed. Although the
cracks were observed after 2.5 hour for the punched sheet with no thickening, no cracks
were observed up to 48 hour for the thickening. . For no thickening, the rough fracture
surface in the sheared edge containing microcracks becomes large, and thus the hydrogen
tends to diffuse. Moreover, the tensile residual stress in the sheared edge accelerates the
occurrence of the delayed fracture. The delayed fracture for the thickening was prevented

due to the large compressive stress and the small surface roughness.
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Fig. 4.22. Effect of thickening of hole edge on delayed fracture time for h = 0.9 mm and
JSC980.

4.4.3. Static strength

To investigate the effect of the thickening on the static strength of the punched sheets,
the static tensile test were carried out. The procedure and dimensions of specimen for the
static test were shown in Fig. 2.20.

The maximum loads in the static tensile test of the punched sheets with and without
thickening for h = 0.9 mm is shown in Fig. 4.23. The increase in the static strength for the
thickening for both JSC590 and JSC980 was comparatively small due to the small increase

in area, only 5% increase.
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Fig. 4.23. Maximum loads in static tensile test of punched sheets with and without

thickening for h = 0.9 mm.

4.5. Repeated punching including thickening of hole edge

Since the above mentioned results were obtained for a slow punching speed of 0.08
mm/s, repeated punching was carried out under a realistic punching speed of 100 mm/s to
check the applicability of the present punching process to actual stamping operations. The
tool used for the repeated punching of the ultra-high strength steel sheet is shown in Fig.

4.24.
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Fig. 4.24. Tools used for repeated punching of ultra-high strength steel sheet.

The conditions for the repeated punching of the ultra-high strength steel sheets are
given in Table 4.3. The ultra-high strength steel sheet JSC980 was punched for 6 = 10°and
h = 0.9 mm with a CNC servo press having a capacity of 800 kN. The dimension of the
specimen for the repeated punching of the ultra-high strength steel sheets is shown in Fig.
4.25.

Table 4.3.

Conditions for repeated punching of ultra-high strength steel sheet.

Sheet JSC980
Punching speed (mm/s) 100
Lubricant No
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Fig. 4.25. Dimension of specimen for repeated punching of ultra-high strength steel sheet.

The punch was VC-coated by Toyota diffusion coating process and the hardness was
3500 HV. The wear and seizure resistances of this coating are very high and thus the
required amount of lubricant could be reduced. The coating properties used for the

repeated punching of the ultra-high strength steel sheet is shown in Table 4.4.

Table 4.4.

Coating properties used for repeated punching of ultra-high strength steel sheet.
Material Deposition method Vickers hardness (HV)

No coating — —

\VC coating PVD 3500

The surface and cross-section of the sheared edge in repeated punching of JSC980 are

shown in Fig. 4.26, where n is the number of strikes. The surface quality of the sheared

edge is high even for n = 100.
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Fig. 4.26. Surface and cross-section of sheared edge in repeated punching of JSC980 for
(@ n=1and (b) n=100.

The side wall, taper and bottom portions of the punches were observed, as shown in
Fig. 4.27. The surface of the punch in repeated punching of JSC980 is given in Fig. 4.28.
The surface of the VC-coated punch hardly changed even for n = 100, whereas galling
occurred due to severe shear deformation for the non-coated punch. It was found that the
VC-coated punch is useful for the actual operations of punching including thickening of

hole edge of ultra-high strength steel sheet.
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Fig. 4.27. Observation portion of punch in repeated punching of JSC980.
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Fig. 4.28. Surface of punch for repeated punching of JSC980 with (a) VC coating and (b)

no coating.
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4.6. Conclusions

A punching process including thickening of a hole edge of ultra-high strength steel

sheet was developed to improve fatigue strength of the punched sheet. A pair of taper

punch and step die was designed to include thickening of the hole edge in the punching

process and easily installed in conventional die sets. The results are summarised as

follows:

1.

The sheet was punched in the former stage by the bottom of the punch, and then the
hole edge was thickened by the taper of the punch and the corner step of the die.

The surface quality of the sheared edge with thickening was improved due to ironing
with the taper of the punch during the thickening stage.

The fatigue strength of the punched sheets with thickening was considerably higher
than that without thickening due to the large compressive stress, the small surface
roughness and the large hardness around the sheared edge.

The delayed fracture was prevented by thickening due to the large compressive residual
stress and the small surface roughness.

Seizure on the surface of the punch was prevented by VC-coating for repeated

punching and realistic punching speed.
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Chapter 5
Punching of ultra-high strength steel sheets by punch

having small round edge

5.1. Introduction

The reduction in weight of automobiles is in great demand for improving the fuel
consumption. For the reduction, the use of high strength steel sheets for body-in-white
parts sharply increases. Since the rise in strength of the sheet is required to satisfy the
safety standards for protecting passengers in automobiles, the application of ultra-high
strength steel sheets having a tensile strength above 1 GPa expands. Although parts made
of ultra-high strength steels have superior mechanical properties, the stamping operation
becomes difficult with the increase in strength of the sheet. The forming load and
springback become very large, and the formability is considerably small [1-3].

Body-in-white parts are generally punched to make many holes for joining, paint
removing, attachment, reduction in weight, etc. In punching of ultra-high strength steel
sheets, tools tend to wear and chip due to large punching load, and thus the tool life is short
[4-6]. The quality of the sheared edge in punching of ultra-high strength steel sheets
deteriorates. Since the onset of cracks in the shearing is early due to the small ductility, the
rough fracture surface increases [7-12]. Although shaving is generally used to improve the
quality of the sheared edge, it is not easy to shave ultra-high strength steel sheets having
large strength.

In the present study, ultra-high strength steel sheets were punched under a slight
clearance with a punch having a small round edge to improve the quality of the sheared
edge. The onset of cracks in the sheet during the punching was delayed by the small round
edge of the punch and the slight clearance.
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5.2. Punching of ultra-high strength steel sheets by punch having small

round edge

To improve the quality of the sheared edge, ultra-high strength steel sheets were
punched under a slight clearance between a punch and die. By the slight clearance, the
tensile stress during the punching is reduced, and thus the onset of cracks is delayed for
ultra-high strength steel sheets having small ductility. In the slight clearance punching,
however, sharp edges of the punch and die tend to chip. The punch having a small round
edge shown in Fig. 5.1 was developed to prevent the chipping of the tools, where R is the
radius of the round edge measured from a laser displacement sensor, and R = 0 mm is
equivalent to the conventional punch having a shape edge. The small round edge has the
functions of avoiding the contact between the punch and die in the slight clearance
punching and of delaying the onset of cracks. In addition, the side surface of the punch has
the curved relief. The radius of the round edge was changed in the present study.

9.9 |
8
0‘&%\3
@10 @10
@ R=0mm (b)) R=0.13 mm
@99
’fb&%\%
‘»
@10
|
(c)R=0.33mm

Fig. 5.1. Punches having small round edge for punching of ultra-high strength steel sheets.

98



The mechanical properties of the ultra-high strength steel sheets used for the punching
are given in Table 5.1. The sheets are cold-rolled ones generally used for automobile parts,
and are made of dual-phase steel. The mechanical properties of the sheets were measured
from the tensile test. The specimens were cut in the 0, 45 and 90° directions with respect to
the rolling direction of the sheet, and the averages of the measured values are shown. The
ultra-high strength steel sheets JSC980Y and JSC1180Y have the tensile strengths above 1
GPa. The dimensions of the sheets are shown in Fig. 5.2. The length and width of the

punched sheet were 50 and 40 mm, respectively, and the center of the sheet was punched.

Table 5.1.

Mechanical properties of ultra-high strength steel sheets used for punching.

Sheet Thickness | Tensile strength Elongation n-value Reduction in
(mm) (MPa) (%) area (%)
JSC780Y 14 769 20.0 0.15 38.2
JSC980Y 1.22 1051 12.8 0.09 37.4
JSC1180Y 1.21 1215 8.2 0.10 26.6
40
6%

Fig. 5.2. Dimension of specimen for punching of ultra-high strength steel sheets.

The conditions of the punching of the ultra-high strength steel sheets are given in
Table 5.2. The sheets were punched by a 250 kN screw driven type universal testing
instrument. The ratio of clearance between the punch and die to the thickness was fixed to
0.8%, and the clearance ratio was changed above 20 % only for examination of effect of
clearance. The very slow punching speed of 0.03 mm/s was chosen to avoid the chipping

of the punch having a sharp edge for a clearance ratio of 0.8% between the punch and die.
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A realistic punching speed was employed for repeated punching operations in Chapter 5.5.

Each punching test was performed at least two times to prevent the scatter of results.

Table 5.2.
Conditions of punching of ultra-high strength steel sheets.
Die material SKD11
Punch material SKH51
Punch diameter (mm) 10
Ratio of clearance between punch and die to 08
thickness, ¢ (%)
Punching speed (mm/s) 0.03
Lubricant Rust prevention oil

Finite element simulation of the punching process using the commercial software
ABAQUS was performed under an assumption of axi-symmetric deformation. The die,
sheet holder and punch were assumed to be rigid, and the cross-section of the sheet was
divided into quadrilateral ring elements. To examine the concentration of deformation
during the indentation of the punch, the calculation was performed until onset of crack
without special treatment of occurrence of fracture. The conditions used for the simulation

of ultra-high strength steel sheet JSC980Y are given in Table 5.3.

Table 5.3.
Conditions used for finite element simulation of ultra-high strength steel sheet JSC980Y.
Flow stress (MPa) 0=1391¢°%
Young's modulus (MPa) 210000
Poisson’s ratio 0.3
Yield stress (MPa) 838
Coefficient of friction 0.05

100




5.3. Results of single punching of ultra-high strength steel sheets
5.3.1. Deformation behaviour

The effect of the edge radius of the punch on the deformation behaviour of the sheet
during the punching for JSC980Y is shown in Fig. 5.3, where s is the punch stroke. For R
= 0 mm, the cracks are caused from both edges of the punch and die, whereas the crack is
initiated only from the edge of the die for R = 0.13 and 0.33 mm. The concentration of
deformation around the edge of the punch was relaxed by the small round edge, and thus

the onset of the crack from the edge of the punch was prevented.

Sheet holder

s =0.22mm 0.52 mm
(b) R=0.13 mm
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s =0.23 mm 0.64 mm 1.26 mm
(c) R=0.33mm

Fig. 5.3. Effect of edge radius of punch on deformation behaviour of sheet during punching
for JSC980Y.

The deformation behaviour during the punching was observed from the finite element
simulation using the commercial software ABAQUS in detail. The distribution of
equivalent strain just before the onset of crack calculated by the finite element simulation
for JSC980Y is illustrated in Fig. 5.4. Although deformation concentrates at both edges of
the punch and die for R = 0 mm, the concentration at the edge of the punch relaxes for R =
0.13 and 0.33 mm, and thus the crack is generated only from the edge of the die as shown
in Fig. 5.3.
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Fig. 5.4. Distribution of equivalent strain just before onset of crack calculated by finite

element simulation for JSC980Y.
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The punching load-stroke curves for the different edge radii of the punch and
JSC980Y are illustrated in Fig. 5.5. The maximum punching load for R = 0 mm occurs
around 0.2 mm of punching stroke, then the curve become flat since the secondary
burnished is formed. The punching load stroke curve for R = 0.15 mm is almost similar
with that for R = 0 mm, however the stroke is longer due to the delayed cracks initiation.

The stroke for PW is longer due to the taper shape of the bottom of the punch.
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Fig. 5.5. Punching load-stroke curves for different edge of radii of punch and JSC980Y.
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The punching loads for the different edge radii of the punch are illustrated in Fig. 5.6.
As the strength of the sheet increases, the punching load increases, whereas the loads for

the three punches are similar due to the small edge radius.
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Fig. 5.6. Punching load for different edge radii of punch.

5.3.2. Quality of sheared edge

The surface and cross-section of sheared edge for JSC780Y, JSC980Y and JSC1180Y
are illustrated in Fig. 5.7, 5.8 and 5.9, respectively. Since the linkage of the cracks initiated
from both edges of the punch and die for R = 0 mm is not smooth, the secondary burnished
surface is caused, and the boundary with the fracture surface has a difference in level. For

R = 0.13 and 0.33 mm, the smooth surface is obtained by propagating the crack only from

& %@& %@Q
v N )
Q . Q o
> . 7
% ‘1*
(c) JSC1180Y

the edge of the die, and the secondary burnished surface does not appear.

107




0.5mm

Rollover

Burnished

Fracture

Secondary
burnished

Burr
@ R=0mm (b)) R=0.13mm

(c) R=0.33 mm

Fig. 5.7. Surface and cross-section of sheared edge for JSC780Y.
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Fig. 5.8. Surface and cross-section of sheared edge for JSC980Y.
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Fig. 5.9. Surface and cross-section of sheared edge for JSC1180Y.

The percentages of the rollover, burnished and fracture depths and the burr height on
the sheared edge for the different edge radii are given in Fig. 5.10. For the small round
edges of the punch, the burnished surfaces become considerably large, whereas the rollover
and burr for R = 0.33 mm increase. It was found that the very small radius of R = 0.13 mm
is effective for high quality of the sheared edge of the ultra-high strength steel sheets.
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Fig. 5.10. Percentages of rollover, burnished and fracture depths and burr height on
sheared edge for (a) JSSC780Y, (b) JSC980Y and (c) JSC1180Y.

The above-mentioned results are obtained for the slight clearance between the punch
and die, ¢ = 0.8%. The relationship between the percentage of rollover, burnished and
fracture depths and burr height on the sheared edge and the clearance ratio for JSC980Y
and R = 0.13 mm is shown in Fig. 5.11. As the clearance ratio increases, the burnished
surface decreases, and the fracture surface and rollover increase. This is due to early onset
of cracks induced by the increase in tensile stress around the edge of the die with the
clearance as shown in Fig. 5.12. For R = 0.13 mm, the sheared edge of high quality is
limited to the slight clearance. Since the ultra-high strength steel sheets have low ductility,
both small round edge and slight clearance are indispensable, i.e. the relaxation of
concentration of deformation around the punch edge and reduction in tensile stress around

the die edge.
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113



[MPa]

(@c=0.8% (b) c =10%

Fig. 5.12. Distribution of mean stress calculated by finite element simulation for JSC980Y,
R=0.13mm and s = 0.21 mm.

5.4. Mechanical properties of punched sheets
5.4.1. Delayed fracture

Punched ultra-high strength steel sheets have the risk of delayed fracture, particularly
for JSC1180Y. The effect of the small round edge of the punch on the delayed fracture was
examined by keeping the punched sheets in 35% concentration hydrochloric acid at room
temperature. The occurrence of delayed fracture was accelerated with the high
concentration of the acid.

The effect of the edge radius of the punch on the delayed fracture time for JSC1180Y
is given in Fig. 5.13, where the delayed fracture time is the time from the soak of the sheet
in the acid. The occurrence of cracks was visually observed. Although the cracks were

observed after 2.5 h for ¢ = 0.8% and R = 0 mm, no cracks were observed up to 24 h for R
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= 0.13 and 0.33 mm. On the other hand, the cracks early occur for the large clearance of ¢

= 10%.
24 é i\

/\L/ c=0.8% -

))

((

Delayed fracture time [h]

Fig. 5.13. Effect of edge radius of punch on delayed fracture time for JSC1180Y.

The effect of the edge radius of the punch on the residual stress in the thickness
direction of the sheared edge measured by the X-ray diffraction for JSC1180Y is shown in
Fig. 5.14. For the slight clearance, the compressive residual stress is increased by the small
round edge, and the delayed fracture was prevented as shown in Fig. 5.13. On the other
hand, the tensile residual stress becomes large for the large clearance.
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Fig. 5.14. Effect of edge radius of punch on residual stress in sheared edge for JSSC1180Y.
5.4.2. Limiting hole expansion
An expansion test of punched holes for the different edge radii of the punch was

performed to examine the formability of the punched sheet. The procedure of expansion of

116



punched hole for evaluation of limiting hole expansion is shown in Fig. 5.15. The punched
hole of the sheet was expanded with a conical punch having an angle of 60°. The expansion
was stopped for just driving of cracks through the thickness, and the occurrence of cracks
was visually observed as shown in Fig. 5.16. The burr of the sheet was set without touch of

the punch on the opposite side.

Puncﬁed |

Sheet sheet

holder
Punch

i)

Fig. 5.15. Procedure of expansion of punched hole for evaluation of limiting hole

expansion.
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Fig. 5.16. Cracks just driven though thickness caused by hole expansion at sheared edge
for ¢ = 0.8%, R = 0.15mm and JSC980Y.

A definition of limiting expansion ratio is illustrated in Fig. 5.17. The limiting
expansion ratio is the change in diameter of the hole divided by the diameter before the

expansion.

do

Limiting expansion ratio 4 =

Crack

C D

(a) Before expansion (b) After expansion

Fig. 5.17. Definition of limiting expansion ratio.
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The relationship between the limiting expansion ratio and the average Vickers
hardness of the sheared edge for JSC980Y is given in Fig. 5.18, where the hardness was
measured in the cross-section at 0.05 mm from the sheared edge. As the hardness increases,
the limiting expansion ratio decreases, and the ratio is the highest for R = 0 mm. The delay
of the onset of the crack for the small round edges of the punch brings about increase in
plastic deformation in the sheared edge as shown in Fig. 5.4, and thus the limiting
expansion ratios for the small round edges are reduced by the increase. The hardness for R
= 0.13 and 0.33 mm are almost the same, and thus the limiting expansion ratios are similar.

The punch having the small round edge is inappropriate to burring processes of punched
holes for forming a flange.

30

o5 | R=0mm[]

0.1 mm

R=0.33mm

15 (- @

R=0.13mm

Limiting expansion ratio [%]

0.05 mm

\ \ \ \ \ \
0 100 200 300 400 500 600 700

Average Vickers hardness of sheared edge [HV0.05]

Fig. 5.18. Relationship between limiting expansion ratio and average Vickers hardness of
sheared edge for JSC980Y.

5.4.3. Fatigue strength
To examine the effect of the edge radius of punch on the fatigue strength of the
punched sheets, the plane bending fatigue test was performed. The frequency was set at

25Hz and the ratio of the minimum stress to maximum stress was -1.0. The loading for the
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fatigue test was 3.78 N'm. The fatigue test was performed until separation induced by
fracture occurred. Each fatigue test was performed at three times and the averages of the
measured values are taken.

The number of cycles to failure in the plane bending fatigue test for the different
punch shapes, ¢ = 0.8% and JSC980Y is shown in Fig. 5.19. The fatigue strength for R =
0.13 and 0.33 mm is higher compare to that for R = 0 mm.
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Fig. 5.19. Number of cycles to failure in plane bending fatigue test for different punch
shapes, ¢ = 0.8% and JSC980Y.

5.5. Repeated punching of ultra-high strength steel sheets

Since the punch having an edge radius of 0.13 mm exhibits high performance in the
single punching operation, this punch was employed for repeated punching operation of
the ultra-high strength steel sheet JSC1180Y. The tool used for the repeated punching of

the ultra-high strength steel sheet is shown in Fig. 5.20. Three punches were installed in the
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same time to investigate the different punch shape and punch coating in the repeated

punching.

Punch Strip boost

i

|

I
1 —

| |
_H T i [ ]
| I | l
|
Urethane | —1 |
spring —: Sub-guide
| ™ | —-J_I
Sheet — | !
holder
L
|
| \» I\
| \
Sheet Die Pin guide of

sheet holder

Fig. 5.20. Tools used for repeated punching of ultra-high strength steel sheets.

The conditions of the repeated punching of the ultra-high strength steel sheets are
given in Table 5.4. A CNC servo press having a capacity of 800 KN was employed, and the
punching speed was 75 mm/s. The ratio of clearance between the punch and die to the
thickness was fixed to 1%. The dimension of the specimen for the repeated punching of the

ultra-high strength steel sheets is shown in Fig. 5.21.
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Table 5.4.

Conditions of repeated punching of ultra-high strength steel sheets.

Sheet JSC1180Y
Clearance ratio ¢ (%) 1.0

Punching speed (mm/s) 75

Lubricant Rust prevention oil

Sheet feeding
direction

()
L/

20

34

400

60

Fig. 5.21. Dimension of specimen for repeated punching of ultra-high strength steel sheets.
The tungsten carbide punch (1150HV) was treated by the TiN and TiAIN coatings

having 2 um in thickness. The coating properties used for the repeated punching of the
ultra-high strength steel sheet is shown in Table 5.5.
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Table 5.5.

Coating properties used for repeated punching of ultra-high strength steel sheets.

Material Deposition method Vickers hardness (HV)
TiN PVD 2200
TIAIN PVD 3500

The surface and cross-section of the sheared edge for the repeated punching of
JSC1180Y are shown in Fig. 5.22. The surface of the sheared edge for the punch without
the coating becomes rough after n = 100, whereas the quality of the surface for the TiN and

TiAIN-coated punches is high even after n = 1000.
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Fig. 5.22. Surface and cross-section of sheared edge for repeated punching of JSC1180Y.
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The surface of the punch for the repeated punching of JSC1180Y is given in Fig. 5.23.
The edge of the punch for R = 0 mm chipped from the early stage, and the chipping
progressed. The chipping of the edge was prevented by the small round edge, and the wear
of the round edges was not observed without change of the coating layer. Although the
galling occurs around the punch edge after n = 100 for the punch without the coating,
slight and no pick-ups appear after n = 1000 for the TiN and TiAIN-coated punches,
respectively. It was found that the TiAIN-coated punch having a small round edge is useful
for actual punching operations of ultra-high strength steel sheets.
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n =100 Galling
(@) R =0.15 mm, no coating

n =1000 Pick-up
(b) R =0.15 mm, TiN coating

n =1000
(c) R =0.15 mm, TiAIN coating

n =600 Chipping

(d) R =0 mm, TiAIN coating

Fig. 5.23. Surface of punch for repeated punching of JSC1180Y.
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5.6. Conclusions

A slight clearance punching process using a punch having a small round edge was

developed to improve the quality of the sheared edge for ultra-high strength steel sheets.

The onset of cracks in the punching process was delayed by the small round edge of the

punch. The following results were obtained;

1.

The concentration of deformation around the edge of the punch was relaxed by the
small round edge, the onset of a crack from the edge of the punch was prevented, and
thus the burnished surfaces became considerably large.

A very small edge radius of 0.13 mm was effective for high quality of the sheared
edge of ultra-high strength steel sheets.

The high quality of the sheared edge for the edge radius of 0.13 mm was limited to the
slight clearance between the punch and die.

For the punched sheet with the punch having the small round edge, the delayed
fracture was prevented and the fatigue strength was improved due to large
compressive stress around the sheared edge.

The TiAIN-coated tungsten carbide punch having the small round edge had high

galling resistance for the 1000 stroke punching.
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Chapter 6

Punching of inclined ultra-high strength steel sheet

6.1. Introduction

The reduction in weight of automobiles is in great demand for improving the fuel
consumption. For the reduction, the use of high strength steel sheets for body-in-white
parts sharply increases. Since the rise in strength of the sheet is required to satisfy the
safety standards for protecting passengers in automobiles, the application of ultra-high
strength steel sheets having a tensile strength above 1 GPa expands. Although parts made
of ultra-high strength steels have superior mechanical properties, the stamping operation
becomes difficult with the increase in strength of the sheet. The forming load and
springback become very large, and the formability is considerably small [1-3].

Body-in-white parts are generally punched to make many holes for joining, paint
removing, attachment, reduction in weight, etc. Since ultra-high strength steel sheets have
large strength and low ductility, the punching becomes difficult due to the increases in
punching load and tool wear [4-6]. Moreover, the quality of the sheared edge for the ultra-
high strength steel sheet is lower than that for the mild steel sheets Since the onset of
cracks in the shearing is early due to the small ductility [7-10]. Although punching of
inclined portions is required for the automobile parts, it is not easy to punch these portions
due to gradual contact between a sheet and a punch, and thus the quality of the sheared
edge decreases, particularly for the ultra-high strength steel sheet [11].

In the present study, a punching process of an inclined ultra-high strength steel sheet
using punches having different head shapes was developed to improve the quality of the
sheared edge of an ultra-high strength steel sheet. The effects of clearance between the
punch and die and a shape of the punch head on the quality of the sheared edges were

investigated.
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6.2. Punching of inclined ultra-high strength steel sheet

A punching process of the inclined ultra-high strength steel sheet is shown in Fig. 6.1.
In this process, the contact between the sheet and a flat head punch becomes gradual
because of touch from the bottom edge of the punch, and thus the sheared portion tends to

bend in the latter half of punching. Therefore the quality of the sheared edge deteriorates.

I
Punch
2110 Guide
f I Blank-
holder
Blank | \\
~ / o
_ [
Die ‘ Stopper
Clearance ratio ¢

Fig. 6.1. Punching process of inclined ultra-high strength steel sheet.

To improve the quality of the sheared edge in the punching of inclined ultra-high
strength steel sheet, the punches having different shapes of the head shown in Fig. 6.2 were
employed. In the taper head punch, the head is in whole contact with the sheet. Although
the bending moment is applied to the sheet due to the contact in one edge for the flat head

punch, the moment is reduced by the contact in both edges for the curved head punch.
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Blank

15 ey

(a) Flat head punch (b) Taper head punch (c) Curved head punch

Fig. 6.2. Punches used in punching process of inclined ultra-high strength steel sheet.

The ultra-high strength steel sheet JSC980Y was used in the experiment. The
mechanical properties of this sheet measured from the tensile test are given in Table 6.1.
The dimension of the sheet is shown in Fig. 6.3. The thickness, length and width of the

sheet are 1.4, 80 and 50 mm, respectively.

Table 6.1.
Mechanical properties of ultra-high strength steel sheet.
Sheet Yield stress Tensile strength Elongation
JSC980Y 620 MPa 1027 MPa 18.7 %
| 50
< S
i

Fig. 6.3. Dimension of specimen for punching of inclined ultra-high strength steel sheets.
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6.3. Results of punching of inclined ultra-high strength steel sheet
6.3.1. Deformation behaviour

The effect of the inclined angle to the deformation behaviour of the blank in the
punching of ultra-high strength steel sheet was examined using the flat head punch. The
deformation behaviours of the blank for different inclined angle and ¢ = 20% are shown in
Fig. 6.4, where s is the punching stroke. For a = 15°, the crack has appeared in = 0 and
180° for punching stroke s = 1.0 and 3.1 mm, respectively. Whereas, the crack has initiated
in the whole surface of the blank for s = 0.7 mm and a = 0°,

1 mm
Guide !
~N Punch
e i : i‘-::_“, —
Die +4+— - -y %
s=1.0 mm
g e
s=0.6 mm
$s=2.9mm
A L L 2 2
s=0.7mm
s=3.1 mm
(@) a=0° (b) a = 15°

Fig. 6.4. Deformation behaviour of blank for flat head punch, ¢ = 20%, (a) a =0° and (b) «
=15°

The punching load-stroke curves for the different inclined angle, flat head punch and ¢

= 20% are shown in Fig. 6.5. The punching load for « = 0° was larger than that for a = 15°,
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whereas the punching stroke was smaller. The punching load for « = 15° has the two small

peaks due to different time of crack initiation during punching.

30 — N a=0°
7 |
/ |
1 |
] |
= I |
X I I
S 20— I
g roo
(@) I 1
£ | 1
5 I 1
S " !
a 1
10 h ' a=15°
[ 1
1
1
! I | |
0 1 2 3 4

Punching stroke s [mm]

Fig. 6.5. Punching load stroke-curves for different inclined angle, flat head punch and ¢ =

20%.

6.3.2. Quality of sheared edge
The surface and cross-section of the sheared edge for a = 0° and 15°, flat head punch

and ¢ = 20% are shown in Fig. 6.6, where @is the measured angle. The rollover, burnished
surface, fracture surface and burr are formed on the sheared edge. The quality of sheared
edge for o = 0° is uniform, whereas for o = 15° is not similar for the different measured

angle 6. Moreover, the burr is formed for o = 15° in = 135°.
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(b) @ = 15°

Fig. 6.6. Surface and cross-section of sheared edge for flat head punch, ¢ = 20%, (a) « =0°
and (b) a =15°.

The percentage of the depths of rollover, burnished surface, and fracture surface on the
sheared edge for o = 0° and 15°, flat head punch and ¢ = 20% is illustrated in Fig. 6.7. The
quality of sheared edge for a = 0° is uniform, whereas for o = 15° is not similar for the

different measured angle 6.
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Fig. 6.7. Percentage of depths of rollover, burnished surface, and fracture surface on
sheared edge for flat head punch, ¢ = 20%, (a) a =0° and (b) & =15°.

6.4. Improvement of quality of sheared edge in inclined punching
6.4.1 Effect of punching clearance

The effect of the clearance between the punch and die to the quality of sheared edge in
the inclined punching of ultra-high strength steel sheet was examined using the flat head
punch. The deformation behaviour of the blank for the flat head punch, a = 15°, ¢ = 7 and
12% is shown in Fig. 6.8.
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1 mm

Guide

! Die $=2.3mm s=2.3mm

s=3.2mm §=3.2mm

@c=7% (b) c=12%

Fig. 6.8. Deformation behaviour of blank for flat head punch, a =15° (a) ¢ = 7% and (b) ¢
= 12%.

The surface and cross-section of the sheared edge for ¢ = 7 and 12%, flat head punch
and o = 15° are shown in Figs. 6.9(a) and (b), respectively. The burnished surface in =0
and 90° for ¢ = 7% are larger than those for ¢ = 12%. However, the secondary burnished is
formed in =135 and 180° for ¢ = 7%, while for ¢ = 12% the secondary burnished surface

occurs only in 6= 180°.
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Secondary burnished

(b) ¢ = 12%

Fig. 6.9. Surface and cross-section of sheared edge for flat head punch, a =15° (a) ¢ = 7%
and (b) ¢ = 12%.
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Then the asymmetric clearance was implemented in the punching of inclined ultra-high
strength steel sheet for improving the quality of the sheared edge. The procedure of the
punching process for the asymmetric clearance is shown in Fig. 6.10. For the blank in the

measured angle =0 and 180° c = 12 and 20% were applied, respectively.

I
Punch
210 Guide
/ I Blank-
holder
Blank |/ N
A
_ [
Die ‘ 150 Stopper
c=12% c=20%

Fig. 6.10. Procedure of punching process for asymmetric clearance.

The surface and cross-section of the sheared edge for the asymmetric clearance of ¢ =
12 and 20%, flat head punch and « = 15° is shown in Fig. 6.11. For the asymmetric
clearance, the secondary burnished surface not appears in € = 180° and the burnished

surface in 8= 0° as large as that for the symmetric ¢ = 12%.
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Rollover

Burnished

Fracture

0=135°

0=190° 6= 180°
Fig. 6.11. Surface and cross-section of sheared edge for asymmetric clearance of ¢ = 12
and 20%, flat head punch and a = 15°.

The punching load-stroke curves for the different clearance ratio c, flat head punch
and o = 15° are shown in Fig. 6.12. As the clearance ratio ¢ decreases, the punching load
and punching stroke increase. The maximum punching load for asymmetric clearance of c
=12 and 20% is between ¢ = 12 and 20%.
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Fig. 6.12. Punching load stroke-curves for different clearance ratio c, flat head punch and «
=15°.

The percentage of the depths of rollover, burnished surface, and fracture surface on the
sheared edge for the different clearance ratio, flat head punch and « = 0° and 15° are
illustrated in Fig. 6.13. The sheared edge for the asymmetric clearance has the smallest

burnished area, however the secondary burnished surface does not appear.
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sheared edge for flat head punch, «
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clearance of ¢

The relationship between the diameter of the punched hole and the measured angle for

the flat head punch and the different clearance ratio is shown in Fig. 6.14. The hole
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diameter was measured in 6= 0, 45 and 90°. The measured diameter of the punched hole
for a = 15° is not uniform as that for & = 0° due to the inclined angle of the blank. As the
clearance ratio increases, the different measurement of hole diameter in measured angle

increases.

10.4
A g=15° ¢ =20%
a =159,
T 212 20%
103 A a=15% ¢ =12%
g e a=15° c=7%
- —O0— a=0°9 c=20%
[<b]
5
£ 1021
~
[«B)
3
T
101 —
L 1 \
10.0 |
0 45 90

Measured angle 6 [°]

Fig. 6.14. Relationship between diameter of punched hole and measured angle for flat head

punch and different clearance ratio.

6.4.2. Effect of punch head shape

The deformation behaviour of the blank for the different punches during punching
process for o = 15° and ¢ = 12% are shown in Fig. 6.15. For s = 0.7 mm, the crack has
initiated in the whole surface of the blank for the taper head punch, while for the curved

head punch the crack initiates in = 0° only.
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(a) Taper head punch (b) Curved head punch

Fig. 6.15. Deformation behavior of blank for a = 15° ¢ = 12%, and (a) taper and (b) curved
head punch.

The punching load-stroke curves for the flat head punch, taper head punch and curved
head punch for « = 15° and ¢ = 12% are shown in Fig. 6.16. The punching load for the flat
head punch has the two small peaks. The load for the taper head punch is the highest since
the crack occurs in the blank simultaneously. The punching load for the curved head punch
is 30% smaller than that for the taper head punch.
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Fig. 6.16. Punching load stroke-curves for flat, taper and curved head punch for a =15° and
c=12%.

A comparison of the punching load and energy among the punch shapes for a =15°
and ¢ = 12% is shown in Fig 6.17. Although the punching loads for taper and curved head
punches are larger than that for the flat head punch, the punching energy is smaller due to

shorter punching stroke. The curved head punch has the smallest punching energy among
the punches.
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Fig. 6.17. Comparison of punching load and energy among punch shapes for « =15° and ¢
=12%.

The surface and cross-section of the sheared edge for the taper and curved head punch,
a =15° and ¢ = 12% are shown in Fig. 6.18. It is found that there are no burr and secondary
burnished surface formed in the both sheared edges. For the curved head punch, burnished
surface area in @ = 0° is almost twice of the burnished area of the taper head punch.
However, in @ = 135 and 180° the burnished area is smaller than that for the taper head

punch.
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(a) Taper head punch 1mm

0=135° 0=180°

(b) Curved head punch

Fig. 6.18. Surface and cross-section of sheared edge for (a) taper and (b) curved head
punch, a = 15°and ¢ = 12%.

The percentage of the depths of rollover, burnished surface, and fracture surface on the

sheared edge for the taper and curved head punch, « =15° and ¢ = 12% are shown in Fig.
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6.19. The composition of the sheared edge in the hoop direction for the taper head punch is

more uniform than that for curved head punch.
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Fig. 6.19. Percentage of depths of rollover, burnished surface, and fracture surface on

sheared edge for taper and curved head punch, a =15° and ¢ = 12%.

6.5. Conclusions
The effects of the punch head shape and clearance on the quality of the sheared edge

in the punching process of inclined ultra-high strength steel sheet were investigated. The

results are summarized as follows:

1. The burr and the secondary burnished surface in the punching process of inclined
ultra-high strength steel sheet were eliminated by adjusting the punching clearance
ratio and the eccentricity of the punch.

2. Applying the taper head punch improved the sheared edge quality, however the
punching load increased. The maximum punching load reduced by about 30% by
using the curved head punch.

3. The burnished surface in the sheared edge was almost uniform in the hoop direction

for the taper head punch.

147



4. The measured diameter of the punched hole for the punching of inclined ultra-high

strength steel sheet was not uniform due to the inclined angle of the blank.
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Chapter 7

Concluding remarks

7.1. Summary
7.1.1. Thickening of hole edge of punched high strength steel sheets by hole flanging

A hole edge of punched high strength steel sheets was thicken to improve the strengths
of the punched sheets. A hole flanging process was performed to thickened one side of the
hole edge, and a step die was employed to eliminate a sharp edge in the thickened edge. To
thicken the both sides of the hole edge, a two-stage plate forging process was developed. In
the 1st stage, the edge of the punched hole was flanged with the upper punch. In the 2nd
stage, both sides of the edge of the hole were thickened by forming the flanged edge with
the lower punch. The increase in total thickness for both sides and one side thickening of
the hole edge was 31% and 42% of the initial sheet thickness, respectively. The fatigue
strength for the punched sheet with the thickened hole edge was improved by the thickness
increases, the smooth sheared surface and the harder the surface around the hole edge.
Both sides thickening of the hole edge was effective in the improvement of fatigue life of
punched sheet for tensile fatigue test, while one side thickening for plane bending fatigue
test.

7.1.2. Punching including thickening of hole edge of high strength steel sheet

A punching process including thickening of a hole edge of high strength steel sheets
was developed to improve fatigue strengths of the punched sheets. Conventionally, a hole
flanging operation is performed as a next stage after the punching operation, and thus the
number of stages increases. In the developed process, the pair of punch and die was
designed so as to have both functions of punching and thickening in one stroke process and
easily installed in conventional die sets. The height of burnished surface of the hole edge
and the width of the thickened edge for the taper step punches were larger than that for the

taper punch. Although the cross-section of the sheared edge for the taper step punch was
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almost similar with that for the round step punch, the fatigue strength for the taper step

punch was higher than that for the round step punch.

7.1.3. Optimization of tools shape in punching including thickening of hole edge of
ultra-high strength steel sheet

The punching process including thickening of a hole edge of an ultra-high strength
steel sheet with a taper punch and step die was employed to improve fatigue strength of the
punched sheet. The taper angle of the punch and the step height of the die were optimised
to increase the amount of thickening. As the step height of the die increases, the fatigue
strength increases. The fatigue strength of the punched sheets with thickening was
considerably higher than that without thickening due to the large compressive stress, the
small surface roughness and the large hardness around the sheared edge. The delayed
fracture was prevented by thickening due to the large compressive residual stress and the
small surface roughness. Seizure on the surface of the punch was prevented by VC-coating

for repeated punching and realistic punching speed.

7.1.4. Punching of ultra-high strength steel sheets by punch having small round edge
A slight clearance punching process of ultra-high strength steel sheets using a punch
having a small round edge was developed to improve the quality of the sheared edge. No
crack from the edge of the punch was generated by relaxing concentration of deformation
with the punch having a small round edge, and the fracture was delayed. A small edge
radius of 0.13 mm was effective for improving the quality of the sheared edge of ultra-high
strength steel sheets. The delayed fracture was prevented and the fatigue strength was
improved by the increase in compressive residual stress for the punch having the small
round edge. The TiAIN-coated tungsten carbide punch having the small round edge had
high galling resistance for the 1000 stroke punching. In addition, the chipping of the punch

edge was prevented even for a slight clearance by the small round edge.

7.1.5. Punching of inclined ultra-high strength steel sheet
A punching process of an inclined ultra-high strength steel sheet using punches having
different head shapes was developed to improve the quality of the sheared edge. In the

punching of the inclined sheet, the contact between the sheet and punch becomes gradual
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because of touch from the bottom edge of the punch, and thus the sheared portion tends to
bend in the latter half of punching. To improve the quality of the sheared edge in the
punching of inclined ultra-high strength steel sheet, punches having taper and curved head
were developed. In these punches, the contact with the sheet was changed, full contact with
the taper and contact of both edges with the curved head. In addition, the asymmetric
punching clearance ratio was applied to eliminate the burr and the secondary burnished in
the sheared edge. It was found that the quality of the sheared edge in the punching process
of inclined ultra-high strength steel sheet was improved by adjusting the punching

clearance ratio and the eccentricity of the punch.

7.2. Future perspectives

The use of the ultra-high strength steel sheets for automobile parts is increasing,
whereas the applicable range is still limited to the fatigue strength. The fatigue strength of
the ultra-high strength steel sheets is not increased as much as the static strength. Although
microstructure in the ultra-high strength steel sheets is controlled in steel making industry
to heighten the fatigue strength, forming of products having high fatigue strength is an
alternative approach. The fatigue strength can be increased by relieving concentration of
tensile stress during loading, particularly relieving around sheared edges such as the
thickening around the hole edge is considerably effective.

Currently, the ultra-high strength steel sheets are not applied to automobile wheels
subjected to cyclic loading due to insufficient fatigue strength. Since the thickening around
the hole edge is effective to heighten the fatigue strength of the punched ultra-high strength
steel sheet, this method could be promising to apply on the forming of wheels made by
ultra-high strength steel sheets. However, the surface of the wheels for the punched hole
has a curved shape, as shown in Fig. 7.1, thus the projection of the thickened edge is not
uniform. The punching process and the shape of the tools should be designed to punch the
hole in the inclined or curved surface to apply this punching process to the automobile

wheels.
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Fig. 7.1. Disk of automobile wheels.
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