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PIRAPA NATPUKKANA : STEEL ROD PUNCH/DIE SHEAR CUTTING.
THESIS ADVISOR : ASST. PROF. PUSIT MITSOMWANG, Ph.D.,

133 PP,

PUNCH/DIE SHEARING/STEEL ROD/SHEAR EDGE/TOOL DAMAGE/

NOTCHING TENIQUE

This research was carried out to study the shear cutting of JIS SCM 420 steel
rod which had a diameter of 4.48 mm. Shear cutting experiments and finite element
method (FEM) analysis were conducted to investigate the effect of punch/die clearance
and cutting tool damage on shear cutting result. Also, the notch shear cutting technique
for improving quality of sheared edge was proposed and investigated.

By varying the clearance, it was found that the small clearance caused high
maximum cutting load resistance and provided better sheared edge. Namely, the
rollover and burr were small. From the FEM results. it was known that the use of the
small clearance increased the maximum stress near the cutting edge and caused the steel
rod separation with small plastic deformation. This result in the occurrence of good
sheared edge. Moreover. using the small clearance, the steel rod tended to separate by
both simple shearing and secondary shearing modes. But, the steel rod was separated
by only simple shearing mode when using a certain large clearance.

This investigation of cutting tool which had been used at 50,000, 100,000 and
150,000 cycle times of cutting revealed that damage of upper die was similar, while the
damage of lower die increased with cycle times of cut. The shear cutting using the

damaged tools caused the large rollover and burr at the sheared edge



The study of the notch shear cutting showed that the technique improved the
quality of sheared edge, remarkably. Namely. the rollover did not occur. The
occurrence of the long burr from the steel rod surface decreased. The roundness of the
steel rod was kept. The simulation results revealed that the notch on the steel rod
reduced the plastic deformation during shearing. Consequently. the quality of sheared
edge was improved. Finally, it was found that the probability of the long burr

occurrence significantly decreased with increasing the depth of notch on the steel rod.
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2.2.2 Sn%wamm%’aqviawanﬁﬁmﬁw (Effects of Material Types on Shear Cutting
Results)
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522  anvazvRUAAINDY (Shear Edge Feature)
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523  ANUNANVBIVIUAA (The Roundness of Sheared Edge)
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UIIHMIAANDU (Cutting Load Resistance)
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Cutting Result with Finite Element Program)
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6.2 WAYRINNANTVINIAABNANITAAIRDUUNUNANNAT (Effects of Notch

Depth on Shear Cutting Results)
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622 anYVOUAARBY (Shear Edge Feature)
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6.2.4  NWUAIVDIVDUAAINOYU (The Sheared Surfaces)
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MINIIVAOVVIUAAINOHUYBIF UM (Investigation of Shear Edge)
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minsvaeunuuhivhaelaalvmaiinanisasnaie (Replica technique)
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Abstract. This paper aims to study the notch shear cutting of JIS SCM420 steel wire rod. In
the notch shear cutting experiment, the wire rod specimens were initially notched on the
surfaces using a sharp insert installed at a lathe turning machine. Then, the specimens were cut
off using the punch/die shearing tool. After the shear cutting, the sheared edge features of the
wire rod were investigated and compared with the results obtained from the conventional shear
cutting. In addition, the geometry of the notch, the notch depth, was varied ranging from
approximately 333 to 537 um and studied. The experimental results revealed that the cutting
load resistance significantly decreased with the notch shear cutting technique. The roll over and
the size of the burr zones also decreased, compared to the conventional shear cutting. This
technique also improved the quality of the sheared edge in term of the roundness of the wire
rod. Concerning the notch depth, it was a primary factor affecting the cutting results, especially
the cutting load resistance and the occurrence of the long burr protruded from the surface of the
wire rod. The improvement of the sheared edge quality by the notch shear cutting seemed to be
caused by the suppression of the plastic deformation of the wire rod during shearing.

1. Introduction

Metal wire rods, especially steel wire rods, are important raw materials for large numbers
manufacturing such as the production of roller chains, needle roller bearings, screws, bolts, etc. The
steel wire rods are typically available in the form of long products (wire rod coils) and subjected to the
punch/die shear cutting in order to cut off into designed length for their subsequent manufacturing.
Normally, the edge of sheared product consists of different four zones, i.e. the roll over, the burnish,
the angular fracture and the burr zones [1]. Among these, the features of the roll over and the burr
zones which are resulted by the plastic deformation of the sheared rod during shearing seem to
strongly affect the applications of the sheared products. For example, in the assembly of the roller
chain using the steel sheared pin, when a large burr forms at the sheared edge of the pin, it cannot be
assembled with the link plate of the chain.

There are researchers concentrating their studies on the features of the roll over and the burr zones
with respect to the mechanical conditions of the shear cutting process. G Fang and N Hatanaga studied
the effects of punch/die clearance on the sheared edge features of aluminum alloy and mild steel
sheets. They showed that the roll over and the burr zones tended to be larger when increasing the

rel(), Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
= of this work must maintail ibution to the auth and the title of the work, journal citation and DOL
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punch/die clearance [2-3]. Z Tekiner studied the effects of the punch/die clearance on the cutting
results of the aluminum alloy sheet. They revealed that the clearance affected the roll over, the burnish
and burr zones. Namely, when the clearance increased, the roll over depth and burr length increased,
while the burnish zone decreased [4]. T Kwak applied a finite element analysis to study the effects of
the die clearance on the shear cutting results. From the simulation, the width and the depth of the roll
over increased with the die clearance, while the burnish zone decreased with the shearing parameter
[5].

In order to improve the sheared edge quality of sheet metals, especially to suppress the formation
of the burr zone, the shear cutting of pre-notched sheets was carried out by some researchers. M
Krinninger studied the notch shear cutting of an aluminum alloy sheet. In this study, the notches were
prepared on the aluminum alloy surfaces before subjecting it to the punch/die shearing tool. From the
results, the cutting load resistance and the size of the burr zone decreased when increasing the depth of
the notch [6]. P Sachnik carried out the notch shear cutting of DCO04 steel, 1.4301 steel, AA6014
aluminum alloy and CuSné alloy sheets and investigated. The experimental and simulation results
revealed that the possibility of the burr formation and the burr geometries depended on the mechanical
properties of the sheared sheets, the position of the notch tip and the depth of the notch [7].

From the above literature, the notch shear cutting seems to be an effective method for improving
the quality of the sheared edge in term of the burr reduction. However, those research results are based
on the metal sheet shearing (two-dimensional deformation) and not sufficient for understanding the
features of the sheared edge of the wire rods which are deformed in three-dimension during the shear
cutting. In this work, the authors aim to investigate the notch shear cutting of a wire rod. The JIS
SCM420 steel wire rod was chosen as the investigation material. The features of the sheared edge
were examined and compared with those obtained by the conventional shear cutting. In addition, the
effects of the notch depth on the notch shear cutting results were studied.

2. Material and experimental conditions

For the shear cutting experiment, a JIS SCM420 steel wire rod which had a diameter of 4.48 mm was
chosen. The mechanical properties of the JIS SCM420 steel are reported in Table 1. The shear cutting
specimens were prepared to have a length of 31 mm. To investigate the notch shear cutting of the wire
rod, the specimens were notched in the circumference with a sharp insert installed at a lathe turning
machine.

Table 1. Mechanical properties of JIS SCM420 steel rod [8].

Properties Metric
Young’s modulus (GPa) 210
Tensile strength (MPa) 790
Yield strength (MPa) 380
Poisson’s ratio 03

Figure 1 represents the punch/die shearing tool and the specimen configuration for the shear cutting
experiment. During cutting, the punch was moved downward by the pushing head of an universal
testing machine. The load cell (Capacity: +100 kN) was installed at the machine for measuring the
cutting load resistance. The main cutting tools, the punch and the die were made of a high-speed tool
steel which had a hardness of approximately 62 HRC. The cutting tools were hold in the die jacket
made from a plain carbon steel. The clearance between the edges of the punch and the die was
adjusted Ito be 40 pm. The movement velocity of the punch (the cutting speed) was fixed as 5
mm-min~.

The geometry of the notch, its depth, was varied ranging from 333 to 537 um. The variation of the
notch depth was obtained by altering the feed distance of the insert into the surface of the wire rod in
the notching step. Apart from the notch shear cutting, the conventional shear cutting of the wire rods
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was also carried out in order to examine the differences between the two cutting techniques. To do the
conventional shear cutting, the wire rod specimen without notch was subjected to the same punch/die
shearing tool. Other shearing parameters were the same as those explained above. The shear cutting
was performed five times for each condition. After cutting, the features of the sheared edge were
investigated using an optical macroscope and an image analysis software, VW-9000. In addition, to
evaluate the change in the sectional profile of the wire rod due to the shear cutting, the roundness at
the sheared edge of the wire rod was measured.

The parameter of notch profile
d, : the depth of notch
a : the bevel angle

Figure 1. Experimental setup of notch shear cutting.

3. Cutting results of JIS SCM420 wire rod

3.1 Notch punch/die shear cutting versus conventional shear cutting
To investigate the notch shear cutting of the steel wire rod, the notch, which had a depth d, and a bevel
angle @ of 426 pm and 50° was made on the surface of the wire rod before shearing.

3.1.1 Cutting load resistance of wire rod Figure 2 shows the relationship between the cutting load
resistance (f) and the indentation depth of the punch (d) for the notch and the conventional shear
cutting. Here, the indentation depth 4 was defined to be zero, when the surface of the punch touched
the upper surface of the specimen during the shear cutting. As seen in this figure, the cutting load
resistance at the shallow indentation depth, 0 < d < 0.4, was similar for the two cutting cases. Seeing
the peak load resistance, the maximum load resistance (fi.) in the case of the notch shear cutting was
significantly lower than that of the conventional shear cutting case. However, the peak position (dpesx)
of the cutting load resistance was similar for both cutting cases. Considering the position where the
wire rod separated (dsp ), it was seen that the separation position was earlier when applying the notch
shear cutting technique. In addition, from the characteristic of the cutting load, the drop of the load
resistance from the peak point for the two shearing cases was fairly similar. This seemed to indicate
that the notch on the wire rod surface did not completely change the fracture behavior of the sheared
wire rod. However, the notch resulted in the reduction of separation resistance, remarkably.

3.1.2 Sheared edge features of wire rod Figure 3 shows the side-view images of the sheared rods from
the conventional and the notch shear cutting. As seen in this figure, the large roll over zone was
observed in the case of the conventional shear cutting, while this zone did not form in the case of the
notch shear cutting. Typically, the roll over is caused by the plastic deformation of the rod before its
separation. Since the notch made on the wire rod surface reduced the separation resistance of the rod,
the plastic deformation during shearing reduced. The reduction of the plastic deformation seemed to
remarkably suppress the formation of the roll over.
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Apart from the difference of the roll over zone, seeing the burr at the sheared edge, it was found
that, in the case of the conventional shear cutting, the long burr protruded from the surface of the wire
rod formed, as seen in figure 3 (a). In the case of the notch shear cutting, as seen in figure 3 (b), the
burr at the sheared edge seemed to still generate, but it was shorter than the depth of the notch and did
not protrude from the surface of the wire rod.

Next, the authors furthermore investigated the occurrence of the burr protruded from the surface of
the wire rod. Figure 4 shows the number of the specimens having the burr protruded from the surface
of the wire rod for the conventional and the notch shear cutting. As shown in this figure, the protruded
burr was observed in all the wire rods sheared with the conventional shear cutting, while it was
observed at only one wire rod cut using the notch shear cutting technique.

The geometry of the burr was furthermore investigated. Here, the length of the burr for both shear
cutting cases (bucon)and bynocn), as defined in figure 5) were measured. In the case of the
conventional shear cutting, the length of the burr protruded from the surface of the wire rod bycon)
was measured as 89.73 um (160.05 ~ 63.22 um), while the length of the protruded burr Byyeen) for the
case of the notch shear cutting was significantly shorter. Namely, it was approximately 26.70 pm.

From figures 3 and 4, the notch shear cutting technique was confirmed to be an effective technique
for improving the quality of the sheared edge, especially in terms of the reductions of the roll over
size, the possibility of the long burr formation, and the length of the burr protruded from the surface of
the sheared wire rod.

3.1.3 Roundness of sheared wire rod The roundness at the sheared zone is an important property of the
sheared wire rod. It is always considered, when the sheared rods are assembled with small holes or
other components. Therefore, in this study, the authors investigated the roundness of the sheared wire
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rod when applying the notch shear cutting technique. To evaluate the roundness of the sheared edge,
the images of the sheared surfaces from both shearing cases, as shown in figures 6 (2) and (b), were
prepared. Then, the vertical and the horizontal distances of the sheared edge, Dy and D, shown in
figure 6 (c), were measured.After that, the D,/D, ratio was calculated. In the case of the sheared
specimens having the burr protruded from the surface of the wire rod, the length of the protruded burr
was excluded from the distance Dy before calculating the D,/D ratio.

Figure 7 shows the roundness at the sheared zone of the wire rod, compared to the roundness of the
steel wire rod before shear cutting. From this figure, it was found that, in the case of the conventional
shear cutting, the average D,/D, ratio was 0.977. This value indicated that the wire rod tended to be
laterally deformed during shearing. In this shearing case, the lateral deformation deteriorated the
roundness of the sheared wire rod. Considering the case of the notch shear cutting, the average D,/D,
ratio was nearly 1.00 and equal to that of the raw wire rod. It was indicated that the wire rod almost
did not deform in the both directions. Then, the roundness of the sheared wire rod could be kept to be
the same as that of the raw material.

For the case of the conventional shear-cutting, since the separation resistance of the wire rod was
higher, the sheared zone of the wire rod underwent the large amount of the plastic deformation before
the separation. This seemed to be a mainly cause of the poor roundness. On the other hand, in the
notch shear cutting case, the notch made on the steel wire rod reduced the separation resistance.Then,
the plastic deformation at the sheared zone during the shearing reduced. As a result, the roundness of
the sheared zone was kept and superior, compared to that of the conventional shear cutting case.

1.04
= 1.03
.% :gf /— The roundness of raw material
y I 1.00
2 099
£0.98 J[
: 097
. " D, 096
(a) Conventional (b) Notch shear (¢) Measurement 0.95 ol
i : : Convent Notch shear
shear cutting cutting distance culting 5
Figure 6. Sheared surface of wire rod and Figure 7. Roundness at sheared edge of
measurement distances for roundness. w1re rod for conventional and notch shear

3.2 Effects of notch depth on notch shear cutting results of wire rod

After knowing the effectiveness of the notch shear cutting for the wire rod, the effects of the notch
geometry, the depth of the notch was varied and investigated. To vary the depth, the feed distance of
the insert into the wire rod was altered as 750, 950 and 1000 pm. However, since the wire rod
elastically deformed during making the notch, the actual depth of the notch was slightly lower than the
feed distance. Namely, the actual depths d, of 333, 426 and 537 um were obtained from the applied
feed distances. For this investigation, the bevel angle of the notch was fixed to be 40 ©.

3.2.1 Effects of notch depth on cutting load resistance of wire rod Figure 8 shows the cutting load
resistance when varying the notch depth of 333, 426 and 537 pm. It was seen that the fy.. was
significantly decreased with increasing the depth of the notch. For the position dpea, it occurred at a
shallower indentation depth when increasing the notch depth. Seeing the separation position of the
wire rod, it appeared to be invariant when varying the depth of the notch. From this cutting load
resistance, it was indicated that the separation resistance of the wire rod significantly decreased with
increasing the notch depth. However, from the characteristic of the load drop, the final fracture of the
wire rod did not change with the notch depth.
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3.2.2. Effects of notch depth on sheared edge features of wire rod Figure 9 shows the representative
side-view photographs of the sheared edges for the cases of d, = 333, 426 and 537 um. As seen in this
figure, the roll over was not observed for all notch depths. Next, seeing the lower side of the sheared
edge, for the shallow notch, d, = 333 and 426 pm, the burr protruded from the wire rod surface
seemed to be observed. However, when the notch depths increased to 537 um, the protruded burr
tended to be absent.

Figure 10 represents the possibility of the protruded burr occurrence when varying the notch depth.
From this figure, it was found that the possibility of the protruded burr formation decreased
remarkably, when the notch depth increased from 333 pm to 426 and 537 um. From the protruded burr
length measurement, the tendency of the length with respect to the notch depth was not observed. Here,
the average length byovoen) Was 36.77 pm (50.73 ~ 22.48 um), 48.46 pm (63.45 ~ 33.48 um) and 34.33
pm (40.43 ~ 28.23 pm) for the notch depths of 333, 426 and 537 um, respectively. From the non-
monotonic tendency of the protruded burr length, it indicated that there was a large variation of the
protruded burr length, when varying the notch depth.

3.2.3. Effects of notch depth on the roundness of wire rod Figure 11 shows the sheared surface of the
wire rod for the difference notch depth, while figure 12 represents the plot of the Dy/D, ratio for
various notch depths. From figure 12, the ratio was almost equal to one for all notch depth conditions.
It was indicated that the roundness of wire rod could be kept and was not deteriorated due to the shear
cutting, when varying the notch depth.
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4. Conclusions

1) The notch shear cutting remarkably improved the quality of the sheared wire rod in terms of the
roll over, the protruded burr length reductions and the keep of the roundness of the wire rod. Also,
the possibility of the protruded burr formation decreased by the technique.

2) The sheared edge improvement of the notch shear cutting seemed to be resulted by the small
plastic deformation of the wire rod during shearing. The plastic deformation remarkably
suppressed due to the low separation resistance of the pre-notched wire rod.

3) The roll over at the sheared edge of the wire rod did not occur for all notch depths.

4) When the notch depth was varied, the possibility of the protruded burr formation tended to
decrease. However, the tendency of the burr length with respect to the notch depth was not
observed.

5) The roundness of the sheared wire rod could be kept and was similar when varying the notch
depth.
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Abstract - Typically, theedge features of steel rod cut by punch/die shearing determine the quality and the application of the
sheared products In this study,the authors aim to investigate the effects ofa shearing parameter, punch/ie clearance, on the
cutting load resistanceand the edge features of shearedrod A JIS SCM420stecl rod was chosen as the material for the
investigation The punch/die clearance was experimentally varied from 40 to 250 pm.Cutting results, the cutting load
resistance, the features of sheared edges, were examined In addition, the finite element method (FEM )analysis was conducted
to simulate the stress distribution in the sheared rod Form the investigation results, it was found that the sizes of rolloverand the
burr zones formedat the sheared edge significantlyincreased with the clearance. Also, from the shearing simulation, the
variation of the rollover zone size seemed to be explained by the maximum principal tensile stress near the edge of the cutting.

tools.

Index Terms - Three-Dim. Cutting, Rod, Shearing, Burr, Wear

L INTRODUCTION

The punch/die shearing process is widely used to cut
off raw materials to semi-finished and net-shape
products in many material forming industries.This
process has various advantages such as high stability,
high productivity, low operation cost and low
environmental pollutions.Generally, the quality of
sheared products strongly depends on the features of
the sheared edge which consists of four different
zones, Lerollover, bumished surface, angular
fracturcand burr zones. During theses several decades,
there were many researchers studying the effects of
cutting paramelers on the sheared edge features of
metallic materials.G.Fang[1 |investigated the blanking
process of an aluminum alloy sheet based on both
experiment and numerical analysis. The studics showed
thatthe punch/die clearance strongly influenced the
cutting loadresistance, shear edge feature, especially
the rollover arid burr zones. Namely, the sizes of both
zones tended to be increased when increasing the
clearance. N.Hatanaka[2],[3]conducted the blanking
experiment and its FEM simulation for a mild steel
sheet. In this work, the crack initiation in the
worksheet near the tool corners was found to occur ata
shallowerindentation when using smaller punch/die
clearance. Similar to the case of the aluminum alloy
sheet shearing, as explained previously, they also
found that the increase of the clearance resulted in the
increase of the rollover and burr sizes.Z. Tekineret al.
[4]studiedthe effects of clearance and thickness of the
aluminum alloy sheet on blanking force, and sheared

surface. They revealed that the application of the small
clearance generated the large smooth-sheared surface
and small burr. However, the cutting with the small
clearance required higher shearing force.T.B.
Hilditch[5]subjected different metallic sheet materials,
aluminum and magnesium alloy sheets, to the
punch/die trimming and investigated their cut
edges. They found that the mechanical properties of the
sheet material strongly affected the features of the
sheared edge. The zig-zag fracture was observed at the
sheared edge in the case of magnesium alloy sheet
shearing. The mentioned research results confirmed
that the shear cutting parameters, especially the
punch/die clearance strongly affected the feature of
sheared edges of materials,

Anyway, the above results are based on the shearing of
sheet materials which their deformation during cutting
mainly occurs in a plane (Twp-dimensional
deformation). However, in manyindustries, e.g. chain,
rod-like bearing and metal forging manufacturing, long
metal rods are needed to becut into parts using the
punch/die shearing process. Due to the geometry of the
rods, the three-dimensional deformationoccurswhen
they are subjected tothe punch/die shearing From a
literature survey, the authors found that there are
almost no reports explaining the effects of shearing
parameters on the cutting characteristics for the
rod-type materials.

Thus, in this research work, the authors aim to
investigate the effects of shearing parameter on the
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cutting characteristic of rod specimen. A steel rod was
chosen as the specimen. The cutting load resistance
and the features of the sheared edges were
investigated when varying the punch/die clearance.
Moreover, to further discuss about the effects of the
clearance on the sheared edge features, a
three-dimensional FEM modelwas developed and

used to simulate the steel rod shearing.

IL EXPERIMENTAL INVESTIGATION

Material, shearing tools and experimental conditions
In the shearing experiment, a JIS SCM420 steel rod
which had a diamcter D.of4.48mm was chosen. The
mechanical properties of the steel rod are shown in
Table 1. To obtain the shearing specimens, the raw
steel rod was cut to have a lengthLgs of 31 mm.

Proportio: Motric

Youngs modulus {GPa) 210

Tensite strength (MPaj517

Yiedd strengtn (MPa}3ts

‘Poissur sy falu Q30
tlongation gt break in S0 mm:33%

Table IMechanical properties of JIS SCM420steel [6]

In order to cut off therod specimens, the punch/die
shearing apparatus shown in Fig. 1 was used.During
the shearing, the punch was moved downward by the
pushing head of an universal testing machine. The load
cell (Capacity:100 kN)was installed for measuring the
cutting load resistance. The cutting tools, punch and
die, as shown in the figure, were made of a high-speed

tool steel (JIS SKH5!)which had a hardness of
approximately 62 HRC. These tools were install in the

die case made from a plain carbon steel. There were

springs used to lift up the punch when the specimen
was completely cut. The stiffness of the springs was

22.7 N-mm™'. The cutting speed was fixed as 5
mm-min~?

Spidag

usnof
-1

Fig.1Experimental setup for shearing ol steel rod

For the experimental investigation, the punch/die
clearance was varied to be 40, 100 and 250 pm, For
each clearance case, the shear cutting was carried out
five times (using five specimens). After cutting, the
sheared profile parameters illustrated in Fig. 2 were

measured using an optical macroscope and a scanning
electron microscope (SEM).In the figure, R, and Ry
were the rollover height and length, while ByandB;
were burr height and burr length.

i R,?—

Ry, Rollover height
R, Rollover length
B, Burr height
B, Burr height

B| i+

Fig. 2Sheared profile parameters of steel rod
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Fig.3Relationship between deformation of steel rod and
distance(a)Load resistance of steel rod and (b)The deformation
of steel rod

A. Cutting load resistance and deformation of
sheared rod

In order to understand the relationship between the
cutting load resistance and the deformation of the
sheared rod, the experiment of partial indentation
cuttingwas conducted. Here, the punch/die clearance
C was chosen as 40 pm.Fig.3(a) showsthe
relationship between the cutting load resistance and
the indentation depth ofpunch. As represented in this
figure, the indentation depth of zero indicated the
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position where the lower surface of the punch touched
the upper surface of the specimen.Fig. 3(b)shows the
side-view photographs of the sheared rods at various

indentation depths. From these figures, it was found
that at a shallow indentation, 0 <d<0.34, the specimen
deformed elastically. There were not any cracks on
the sheared rod, as shown in Fig. 3(b)at d=0.21.
When the indentation depth increased to d~ 0.34, the
plastic deformation of the sheared rod which was
observed from the rollover zone occurred. Then, atd~
0.42, the crack initiation was observedon the upper
and lower surfaces of the sheared rod. When
increasing the indentation depth from d ~0.42 to 0.64,
the surface separation of therod by shearing
mechanism scemed to be occurred. As the indentation
depth increased in thisrange, the size of the roll over
zone increased, continuously. At the peak point of the
cutting load resistance fpea, the growth of the rollover
zone tended to bestopped, as seen in Fig. 3¢b)at d=
0.73. Also, at this indentation depth, the propagation
of the cracks on the surfaces started. At the final
shearing stage, the propagationproceeded until the
sheared rod completely scparatedatdsep.After reaching
this position, the sheared edge had the feature shown
in Fig. 3(bjat dge..

B. Effects of punch/die clearnace on cutting load
resistance

T'ig. 4 showsthe relationship between the cutting load
resistancefand indentation depth of punch dwhen
varying the punch/die clearance. From this figure, it
was found that the cutting load resistance in the
elastic deformation stage did not vary with the
clearance. However, the cutting load resistance after
the elastic deformation stage until the final separation
appeared to be remarkably aftected by the clearance.
Then, the authors [urthermore compared the
characteristics of the cutting load resistance when
changing the shearing parameter First, considering the
peak point of cutting load resistance, as shown in Fig.
5, the average peak pomt of cutting load
resistancefp.s was varied ranging from 8689 to 8867
N and seemed to have no monotonic tendencywhen
varying the clearance. Next, seeing the position where
the peak point of cutting load resistance occurred,
dpeq, as plotted in Fig. 6, its average value seemed to
be not much varied for the clearance ranging from 40
to 100 pum. However, when increasing Cto 250
pm,dpeasignificantly increased, compared to that of
the smaller clearance. This result indicated that the

position at which the growth of the rollover zone
stopped were significantly postponed when the shear
cuttingwas conducted with the large punch/die

clearance.
Fig. 7 represents the relationship between the
separation position of the sheared rod and the

punch/die clearance. From this figure, the average ds.,

appeared to be decreased when increasing the
clearance, In addition, in the cases of C = 40 and 100
pm, it was found that the variation of the dspwas
remarkably large, compared to the shearing with the
largest clearance. This scemed to be caused by the
mix of theseparation modes of the sheared workpiece
which had .

different dgep. It was discussed furthermore with the
SEM photographs of the sheared surfaces, in section

I . D.
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C. Sheared edge features
Fig. 8shows the side-view photographs of sheared

edgesfor the punch/die clearances of 40, 100 and 250
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pm. This figure revealed that the flatnessof the

sheared edgetended to be deterioratedwhen shearing
using larger clearance.
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Fig.7The position of maximum load resistanced,/mm
Moreover, seeing the features of the rollover and the
burr zones, they seemed to be remarkably affected by
the clearance. I'ig. 9 shows the relationship between
the rollover height and length when varying the
clearance. This result showed that the height and the
width appeared to linearly increase with the clearance.
Their relationships were expressed by equations 1 and
2, respectively,
Ri= 1.32C + 1166 (1)
Ry,=0.53C+121.98 )
Also, the burr zone occurred at the sheared edge was
investigated. Fig. 10shows the relationship between
the burr height(By) and length(B)). As seen in this
figure, the burr sizerepresented by By, and Bjappeared
to be increased with the punch/die clearance. From
Figs. 9and 10, it was confirmed that under the
condition of the three-dimensional deformation, as in
the rod shearing, the sheared edges features were
strongly affected by the punch/die clearance.
Fig. 11shows the SEM photographs of the sheared
surfaceswhen varying the punch/die clearance. Based
on the SEM investigation result, the authors found
that there were two different separation modes of the
sheared rod when varying the clearancefrom 40 to 100
pum. The first one was the separation mode of therod
with the secondary shearing. For this separation
mode, the sheared surface had the feature represented
in Fig. 11(a). At the upper side of the sheared edge,
its high magnification photograph shows a fairly
smooth surface. This seemed to be occurred by the
shearing of the surface areas of the rod when the
punch indented into the sheared rod at the initial
cutting stage, as explained in section II B.The lower
zone, next to the smooth surface, was quite rough.
This surface - seemed to be causedby the cracks
propagation when the indentation depth of the punch
increased. Then, at the position below the rough
surface, a small area of the smooth sheared surface

was observed, again. This revealed that there was a

portionnear the center of the rod which was separated
by the shearing near the final cutting stage of the rod.
Thismaterial separation is called "Secondary
shearing”. At the lowest zone of the sheared surface,
the rough surface resulted by the crack propagation
was detected. The separation with the secondary
sheared mode occurs when .the surface cracks
propagate but, they do not meet each other when
increasing the indentation depth of punch.
Consequently, there is a remaining portion of the
material near the center of sheared zone which is cut
off by shearing in the final cutting stage.

— Rollover zone
—»

imm

‘— Burr zone
@C=40pm (b)C=100pum (€)C=250 um

Fig.8Side-view of steel rod deformation profile
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The second separation mode was the simple shearing.
When the rod was cut off with this separation mode,
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the sheared surface hadsimpler feature, as shown in
Fig. 11  (c). Seeing the high magnification
photographs taken from the upper side of the sheared
surface, the smooth surface resulted by the shearing at
the initial cutting stage was detected. Next to the
smooth sheared zone, the rough surface caused by the
crack propagation was observed. This zone appeared
until the lowest side of the sheared surface. In the

simple shearing mode, it is occurred when the
initiated surface cracks propagate and meet each other
at the final cutting stage.

Smooth sheared
surface

Rough surface
Secondary sheared
surface N

Rough surface

Smooth sheared

Secondary sheared
surface

(b) €=100 pm

Smooth sheared
surface

Rough surface

(c) C=250 pm

Fig.11Cross=section view of steel rod deformation

From the shearing experiment, in the cases of C = 40
and100 pm, both separation modes were observed.
Namely, 60%of the shearing samples was cut off by
the separation with the secondary shearing,
while40%of the samples was cut off by the simple
shearing mode. However, when the clearance of 250
pm was applied, all the samples were cut off by the
simple shearing mode.

Apart from the features of the sheared edge, the
separation modes seemed to affect the characteristic
of the cutting load resistance at the final cutting stage.
Namely, in the separation with the secondary
shearing, since asufficiently high cutting force is
needed for the secondary shearing at the final cutting
stage,a prolonged cutting load resistance occurred
after the large load drop from the dpes. This resulted:
in the postponement of separation position ds.p.For
the simple shearing mode, the cutting load resistance
tended to suddenly drop from dpeu to dsep Without the
prolonged load resistance. From the dependence of
dsep With respect to the separation modes, the large
variation of dgp in the cases of C = 40 and 100 pm, as
shown in Fig. 7 seemed to be understood. In these
two clearance cases, the separation with the secondary
shearing resulted the upper bars of ds,, while the
lower bars of dg,were caused bythe separation by
simple shearing. In the case of C = 250 pm, since all
samples were cut off with the simple shearing mode,
the variation of dg., wasdiminished.

II.  FINITE SIMULATION
INVESTIGATION

ELEMENT

A. FEM modelling conditions

To simulate the shearing of the steel rod by the FEM
analysis, the Simufact forming software version 12.0.3
was employed.A half-three-dimensional FEM model
for the steel rod shearing was developed, as showing in
Fig. 12For this analysis, the 4.48 mm (in diameter)of
the steel rod was assumed to be deformable body and
was constructed using tetrahedral element. The total
numbers of the elements were 21000.The cutting tools,
the punch and the die, were assumed to be rigid bodies.
The material properties of the steel rod were assumed
to be isotropic elasto-plastic with work hardening.
Such data was obtained from the material database of
the simulation software used. During shearing
simulation, typically, clements in the sheared zone
were highly distorted. This caused the unstable and
stop of the calculation. To overcome, the automatic
remeshing function was used to regenerate new normal
elements. To describe the touching contact at the
interfaces between the workpiece and the cutting tools,
the coulomb friction model with the friction coefficient
of 0.03 was assumed. No damage model was
considered.The punch/die clearance was varied to be
40, 100 and 250 pm. B

B. Simulation for analyzingrollover zone size

The rollover formed at the sheared is one of the
important edge features affecting the application of
the sheared products. Therefore, in this research work,
the FEM simulation was conducted focusing of the
discussion with the variation of the rollover zone size.
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Fig.12Three-dimensional FEM model for steel rod shearing

CONCLUSION

From the rollover measurement result shown in Fig.

9, the size of the rollover represented by the 1his research work was carried out in order to
investigate the effects of the punch/die clearance on

clearance. As explained using the partial indentation ~ the cutting characteristics of the steel rod subjected to
the punch/die shearing. From the experiment and the

FEM simulation, the following conclusions were

parameters, By, and By, significantly increased with the

cutting result, the growth of the rollover zone seemed
to be stopped when the propagation of the initiated o
surface cracks started. Thus, to study the effects of the ~ Obtained:

clearance on the size of the rollover zone, the 1)The cutting load resistance appeared to be affected
by the clearance, especially the peak and the

maximum principal tensile stress at the edge of the . o - .
punch was investigated at the positions where the ~ScParation position of the cutting load resistance.

surface cracks started to propagate, atdpes. I)The rollover height and length increased with the
clearance. Also, the burr height and length were found

Fig.13represents the contour band diagrams of the

maximum principal stress for each clearance case. to be increased when employing the larger clearance.
1II)The punch/die clearance was a factor determining
the separation mode of the sheared rod. Under the
all clearance cases, was in the range of 825~ small clearance condition, the rod was cut off by the
1237MPa.This stress range was rcpresented by red — simple shearing mode and the separation with the
secondary shearing mode. When the clearance
increased, only the simple shearing mode was
observed. Also, it was found that the cutting load

earlier when the smaller clearance was applied. This ~resistance at the final cutting stage and the sheared
surface of the steel strongly depended on the

From this figure, it was found that the maximum
principal tensile stress for the crack propagation for

bands in the figure and was called "the critical stress”,

In addition, this result revealed that the maximum
tensile stress scemed to be reached the critical stress

result seemed to explain the variation of the rollover
size with respect to the clearance. Namely,in the case

of the small clearance, C = 40 um. The critical stress

was reached at the shallower indentation depth of
punch. Then, the growth of the rollover zone stopped

separation mode.

be smaller. Under the condition of large clearance, i.e.
C =250 pm, since the stress reached the critical range
late, compared to the case of the small clearances, the REFERENCES
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Abstract. This research work was carried out aiming to investigate the cutting characteristics of a soft
metallic sheet subjected to the wedge blade indentation. The indentation of a lead alloy‘worksheet was
conducted, experimentally using a center bevel blade in order to reveal the experimental background
of the indentation. In addition, to investigate the effects of the blade tip geometry, the bevel angle of
the wedge blade, on the cutting characteristics of the worksheet, the finite element method (FEM)
analysis was conducted. By varying the bevel angle, the critical levels of stresses for the necking of
the worksheet were detected. Also, it was found that the bevel angle affected the cutting load
resistance, the necking of the worksheet and the final feature of the wedged edge.

Introduction

The wedge indentation process is widely used for cutting sheet materials such as paperboards, resin
sheets, protective films, ete. into design shapes. This method possessed various advantages such as
high productivity, low operation cost and so on. However, the cutting characteristics of worksheets
including the feature of cut edges are strongly sensitive to the mechanical parameters of the proccss.
Thus, to obtain the flawless cut, the understanding of the effects of the parameters is crucial.

There are many researchers focusing their studies on the wedge indentation cutting of laminate
paperboards. Murayama et al. investigate the indentation of paperboard by varying the tip thickness of
the wedge blade. They found that the initial breaking of the indented surface related to the first peak
point of the cutting load resistance measured during cutting and postponed when using the blade
which had larger tip thickness [1]. Also, the final wedged edge of the paperboard was revealed to be
affected by the bevel angle of the blade, namely the incline angle of the edge and the size of the wear
zone increased with the bevel angle [2].

Apart from the fragile-laminate paperboard, the wedge indentation has also been applied for
cutting off resin and metallic sheet materials, McCarthy et al. numerically analyzed the wedge
indentation of a polyurethane sheet. By varving the blade geometries, they reported that the cutting
load resistance at the initial cutting position increased with the blade tip radius and the bevel angle of
the wedge blade [3]. Murayama et al. investigated the cutting mechanism of an aluminum alloy sheet
subjected to the indentation process. The necking of the worksheet was remarkably affected by the tip
thickness of the blade [4]. Hatanaka et al. detected the different fracture modes of an aluminum alloy
sheet cut by the wedge shape tool. The ductile fracture due to the in-plane tensile force changed to the
brittle fracture when the wedge angle increased to a certain value [5]. The increase of the bevel angle
in the aluminum alloy cutting also resulted in the increase of the incline angle of the wedged edge [6].

The above research results are useful for understanding the cutting characteristics of various sheet
materials. However, they seem to be insufficient for explaining the cutting characteristics of very soft
metallic materials due to the difference in their mechanical properties and deformation behaviors. To
date, there are almost no research works investigating the indentation cutting of very soft metallic
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materials. Thus, in this work, the authors intend to investigate the wedge indentation cutting of a soft
metallic material, a lead alloy sheet. The wedge indentation experiment was conducted. Moreover, in
order to investigate the effects of the blade tip geometry, i.e. the bevel angle of the wedge blade on the
cutting characteristics of the worksheet, a FEM analysis for the indentation cutting was conducted.

Wedge indentation experiment of lead alloy sheet

In the experiment, a lead alloy sheet which had a 0.6 mm of thickness was used as the specimen. The
in-plane mechanical properties of the worksheet are listed in Table 1. Before cutting, the worksheet
was prepared to have a width and a length of 20 and 70 mm, respectively. A center bevel wedge blade
which had a bevel angle of 42° was employed. Fig. 1 represents the experimental set-up and the
geometry of the blade tip. The cutting speed of the movable cross head was fixed to be 0.05 mm-sec .
The cutting load resistance and the side-view deformation of the worksheet were recorded by a load
cell and a high speed camera. The cutting test was carried out using 10 specimens. After cutting, the
feature of the wedged edge was examined by a scanning electron microscope (SEM).

2 I"‘I’;l;l;nh;mue properties of lead Movable cross head Blade thickness
Yieid | Cutting sposd Tad 15=0.92 x};un ;
Young’s  strength  Tensile  Breaking | ¥=0.05 mm-sec™! cell ev]e
modulus (0.2% strength Strain zf :20
Epid .‘"[I;ga] ors (MPa] - O Tib thickness
- B Wedge blade w=5pum
2456 5.31 17.26 0.224
Remarks: (i) Speed of moving cross head: Lead alloy
1.00 mm-min-! worksheet s SUS 630 counter
(ii) Standard of testing: Based on I Fixed table ] plate

JIS-K7127 Fig. 1 Experimental sct-up for cutting and wedge blade geometry.

Fig. 2 shows the cutting load resistance of the worksheet. Here, the normalized indentation depth
dlt;= 0 was defined as the position where the blade tip touched the upper surface of the worksheet. In
order to investigate the deformation of the worksheet relating to the load resistance, the side-view
photographs of the worksheet at some indentation depths of the blade, as shown in Fig. 3, were
extracted from the recorded video. From Figs 2 and 3, the deformation behavior of the worksheet was
revealed as follows: (i) at the initial indentation, 0 < d/ts < 0.06, the blade tip did not indent into the
worksheet. However, the first gradient of the load resistance was detected. This seemed to be caused
by the out-of-plane deformation of the mounds on the uneven worksheet surface. (ii) For 0.06 < d/fs <
0.88, the blade indented into the worksheet and the small crack occurred near the blade tip, as seen in
Fig. 3 (c). The load resistance linearly appeared to increase with the indentation depth. In this range of
indentation depth, the sccond gradient of the load resistance was observed. (iii) As the indentation
depth increased to d/ts ~ 0.89, the peak point of the cutting load resistance s, occurred. Seeing Fig.
3 (d), at this indentation position, the necking of the worksheet was observed near the lower surface of
the worksheet. The position where the nccking of the worksheet occurred was specified by deck/fs.
(iv) After passing through the A, the necking of the worksheet enlarged until the worksheet
completcly separated, as seen in Fig. 3 (f). The breaking position was denoted by dpreai/ss.

After cutting, 2 wedged portion of the worksheet was subjected to the SEM to investigate the
feature of the wedged edge. In order to discuss about the effect of the mechanical parameters on the
wedged edge, the profile parameters, i.e. the incline angle (5), the height (7,) and the length (/y) of the
necking zone were measured using an image analyzer. Figs 4 (a) and (b) show the SEM image of the
wedge edge and the definitions of the profile parameters. Here, the average was 23.5° (varying from
18.2 to 27.2°), while the parameters 4, and /, were measured as 65.2 pum (varying from 21.2 to 102.3
um) and 0.88 mm (varying from 0.62 to 1.5 mm), respectively.
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FEM analysis of indentation cutting

Modelling conditions. In this work, the authors aimed to investigate the effects of the bevel angle of
the blade on the cutting characteristics of the worksheet. To do so, the FEM analysis was performed
using the MARC/MENTAT version 2012.1.0. A symmetry two-dimensional FEM model shown in
Fig. 5 was developed to simulatc the indentation of the worksheet. The worksheet was assumed to be
deformable body and was modeled using the four-node plane strain quadrilateral clement. The
indented zone of the workshcct was constructed using fine elements. They had a side length of 10 pm.
The far zone of the worksheet was constructed using coarser elements. The fine and the coarse
element zones were connected each other using a glue contact function. The deformable worksheet
was assumed to be isotropic elasto-plastic with work hardening, as shown in Fig. 6. This constitutive
equation was determined based on the uni-axial tensile testing result of the worksheet. For the wedge
blade and the counter plate, they were assumed to be rigid body.

6, =53.365,+5.3137 Extended

i | Blade (Rigid body) 6 \ breaking point
2 Vo med 2 |omea=1726
Zi ine element zone g |/
s . & ¥
E w/2”"  Glued interface 7z |oys=531
ot A ’ .j Coam.e ellemt.znt fone p_ fa_’ g Vield
He | I 7 Lead worksheet 06 B~ point Epusts
HEs |, (Deformable body) = Epreak = =5
#——Ilmm_Counter plate (Rigid body = A P o 0224
; N 5 V/E L0002
Fig. 5 Two-dimensional FEM model Logarithmic (true) strain &
for indentation cutting. Fig. 6 Material model for lead alloy worksheet.

During the indentation, a large number of elements in the wedged zone deformed, largely. As a
result, the calciilation tended to be fault due to the crushing of elements. To overcome the problem, an
automatic meshing function was used to re-generate new faultless elements. To consider the friction
at the contacting interfaces including the blade/worksheet (u) and the worksheet/counter plate ()
interfaces, the coulomb tan™" friction model with the relative-slipping veloeity threshold of 0.01 was
assumed. The friction coefficients g and gp were assumed to be 0.5 and 0.6, respectively. These
values were assumed based on the typical range of the friction coefficient between lcad alloys and
steels [7]. In the indentation simulation, no damage model was considered.

Verification of developed FEM model. The verification of the developed FEM model was
performed by comparing the simulation results, as shown in Fig. 7. Seeing Fig. 7 (a), the simulated
load resistance was similar with the experiment, except for the initial gradient of the cutting load
resistance. This mismatch occurred because the out-of-plane deformation of the mounds on the
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worksheet surface was not considered in the FEM simulation. Also, as seen in Fig. 7 (b), the profile
parameters simulated by FEM was in good agreement with the experimental results. This comparison
confirmed that the FEM model was applicable for simulating the indentation cutting of the worksheet.

- 18 r g 120 16
E la; : b i 14 =
= 15 ‘Simulati = <00 3 ) i A4
] Experiment goq 2 | Experiment 1.2 o
S 12 ggs0 ? 10 £
-
g8 9 33 60 AT * o088 s
& S £ | Simulation | Rl
6 T3 40 | 068
2 g |
£ /1 =& 045
3 g 20 : e
Z 0 : : =0 = —— 00"
£ 0.0 02 04 06 08 1.0 1.2 n B "
Normalized indentation depth d/tg Profile parameters of wedged edge
(a) Cutting load resistance (b) Profile parameters

Fig. 7 Cutting load resistance of worksheet and profile parameters of wedged edge (Exp. conditions:
a=42°, V'=0.05 mm-sec! , Sim. conditions: &= 42° i =0.5, 14p=0.6).

Effects of bevel angle of wedge blade. After the verification, the model was used to simulate the
indentation of the worksheet when varying the bevel angle. The angle was varied as 30, 42 and 60°,
while the friction coefficients s and 2 were fixed to be 0.5 and 0.6, respectively. Figs. 8 and 9 show
the load resistance and the profile parameters of the worksheet with respect to the bevel angle of the
blade. From these figures, the cutting characteristics were revealed as follows: (i) the gradient of the
load resistance for 0 < d/fs < dxeck/fs increased with the bevel angle. (i) When increasing the bevel
angle, the peak point of the load resistance increased. (iii) The necking position of the worksheet was
postponed when increasing the bevel angle. For 30° < a< 60°, the relationship between dyek/tsand &
was expressed by Eq. (1). (iv) The bevel angle did not affect the breaking position of the worksheet.

24 | 2125 - 140 2
P | E L Eq.1
3 18| J 2100 el 128§
2 18 W < #’__,.,.K—
SE . 15 5075 —— AT 1.16
£ 512 2 = Breay/ls =
S -3 2050 . 104 &
5 6 A T e
E i Y 2025 0922
(&) ] a=|30° ‘l ’é s
0 ! Z 0.00 0804
00 02 04 06 08 10 12 20 30 40 50 60 70
Normalized indentation depth d/tg Bevel angel of wedge blade o /°
Fig. 8 Simulated cutting line force for bevel Fig. 9 Simulated necking and breaking positions for
angle of blade. bevel angle of blade.
Avea/ts = 0.006x + 0.63 (1)

For the indentation cutting, since the necking plays an important role on the feature of the wedged
edged, the authors furthermore analyzed the necking of the worksheet. To do so, the vector diagrams
of the lst maximum op; (circle-end vector) and 2nd minimum op, (diamond-end vector) principal
stresses were plotted at dyec/fs for each bevel angle case, as shown in Fig. 10. The red and the blue
vectors drawn in the figure represent the tensile and compressive stresses, respectively. Investigating
the magnitude of the stresses near the necking zone, the critical stress levels for the necking were
found to be op;=30.7 ~33.8 MPa and op,= 11.1 ~ 14.1 MPa. From the calculated stresses in all bevel
angle cases, it was understood that the necking of the worksheet delayed when increasing the bevel
angle because the stresses in the worksheet reached the critical levels for the necking lately.

\




132

Key Engineering Materials Vol. 719 141
80 14 £
dit; =080 dit; = 0.89 dig=098  §° \ i £
i i = ~
= T
254 113
53 5ok
ZE L1 10%
=22 = 09 %
2T, othd ge 8

() a=30°
Fig. 10 Vector diagrams of o, and oy, stresses at o
dyea. /15 for bevel angle of blade. Bevel angle of wedge blade /

20 30 40 50 60 70

Fig 11 Simulated profile parameters for bevel angle.

Fig. 11 represents the simulated profile parameters measurcd at the breaking position of the
worksheet. It was revealed that the incline angle of the wedged edge remarkably increased with the
bevel angle. In addition, the increase of the bevel angle resulted in the decrease of the necking length,
while it seemed to affect the necking height, slightly. Namely, the necking height was measured only
up to 10% of the worksheet thickness when varying the bevel angle from 30 to 60°.

Summary

Through the investigation of the indentation cutting, the authors drawn the concluswns as follows: (1)
the gradient of the load resistance before the necking and the peak point of the load resistance
increased with the bevel angle of the wedge blade. (ii) The peak position of the load resistance
appeared to correspond to the necking position of the worksheet. (iii) The critical stress levels for the
necking were detected. (iv) When increasing the bevel angle, the stresses reached the critical levels,
lately. Consequently, the occurrence of the necking delayed. (v) The incline angle of the worksheet
increased with the bevel angle of the blade. (vi) The length of the necking tended to decreased when
increasing the bevel angle, while the height of the necking was affected by the bevel angle, slightly.
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