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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/die clearance, on the 
cutting load resistanceand the edge features of shearedrod.A JIS SCM420steel rod was chosen as the material for the 
investigation. The punch/die clearance was experimentally varied from 40 to 250 m.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 

 
I. 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, i.e.rollover, burnished surface, angular 
fractureand burr zones. During theses several decades, 
there were many researchers studying the effects of 
cutting parameters 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 studies showed 
thatthe punch/die clearance strongly influenced the 
cutting loadresistance, shear edge feature, especially 
the rollover and 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 at a 
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 (Two-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.  
 
II. EXPERIMENTAL INVESTIGATION 
 
Material, shearing tools and experimental conditions 
In the shearing experiment, a JIS SCM420 steel rod 
which had a diameter Dsof4.48mm 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 lengthLS of 31 mm.  

 

 
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 SKH51)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 Nmm1

. The cutting speed was fixed as 5 
mmmin1 

 

 
Fig.1Experimental setup for shearing of steel rod 

For the experimental investigation, the punch/die 
clearance was varied to be 40, 100 and 250 m. 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, Rh and Rl 
were the rollover height and length, while BhandBl 
were burr height and burr length.  

 
Fig. 2Sheared profile parameters of steel rod 

 

 
 

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 m.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 d0.21. 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 seemed 
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 fPeak, 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 separatedatdSep.After reaching this 
position, the sheared edge had the feature shown in 
Fig. 3(b)at dSep.. 
B. Effects of punch/die clearnace on cutting load 
resistance 
Fig. 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 affected by the clearance. 

Then, the authors furthermore 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 point of cutting load 
resistancefPeak 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, 
dPeak, as plotted in Fig. 6, its average value seemed to 
be not much varied for the clearance ranging from 40 
to 100 m. However, when increasing Cto 250 
m,dPeaksignificantly 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 dSep 
appeared to be decreased when increasing the 
clearance. In addition, in the cases of C = 40 and 100 
m, it was found that the variation of the dSepwas 
remarkably large, compared to the shearing with the 
largest clearance. This seemed to be caused by the mix 
of theseparation modes of the sheared workpiece 
which had  
different dSep. It was discussed furthermore with the 
SEM photographs of the sheared surfaces, in section 
II D.  

 
Fig.4Load resistance (N)of steel rod

 
Fig. 5The maximum of load resistance fmax/N

 
Fig. 6The position of maximum load resistanceds /mm 
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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 
m. This figure revealed that the flatnessof the 
sheared edgetended to be deterioratedwhen shearing 
using larger clearance. 

 

Fig.7The position of maximum load resistanceds /mm 
Moreover, seeing the features of the rollover and the 
burr zones, they seemed to be remarkably affected by 
the clearance. Fig. 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. 
Rl= 1.32C + 1166           (1) 
Rh = 0.53 C + 121.98          (2) 
Also, the burr zone occurred at the sheared edge was 
investigated. Fig. 10shows the relationship between the 
burr height(Bh) and length(Bl). As seen in this figure, 
the burr sizerepresented by Bh and Blappeared 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 
m.  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. 

 
 

Fig.8Side-view of steel rod deformation profile 

 
Fig.9Relationship between clearance and Rollover height,Rh and 

Rollover length,Rl 

 
Fig.10Relationship between clearance and Burrlength, Bland 

Burr height, Bh 
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The second separation mode was the simple shearing.  
When the rod was cut off with this separation mode, 
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.   

 
Fig.11Cross-section view of steel rod deformation  

 
From the shearing experiment, in the cases of C = 40 
and100 m, 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 

m 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 dPeak. This resulted in 
the postponement of separation position dSep.For the 
simple shearing mode, the cutting load resistance 
tended to suddenly drop from dPeak to dSep without the 
prolonged load resistance. From the dependence of 
dSep with respect to the separation modes, the large 
variation of dSep in the cases of C = 40 and 100 m, 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 dSep, while the 
lower bars of dSepwere caused bythe separation by 
simple shearing. In the case of C = 250 m, since all 
samples were cut off with the simple shearing mode, 
the variation of dSep wasdiminished. 
 
III. FINITE ELEMENT SIMULATION 
INVESTIGATION 
 
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, elements 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 m.  
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, 
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the FEM simulation was conducted focusing of the 
discussion with the variation of the rollover zone size. 

 
Fig.12Three-dimensional FEM model for steel rod shearing 

From the rollover measurement result shown in Fig. 9, 
the size of the rollover represented by the parameters, 
Bh and Bl, significantly increased with the clearance. 

As explained using the partial indentation cutting 
result, the growth of the rollover zone seemed to be 
stopped when the propagation of the initiated surface 
cracks started. Thus, to study the effects of the 
clearance on the size of the rollover zone, the 
maximum principal tensile stress at the edge of the 
punch was investigated at the positions where the 
surface cracks started to propagate, atdPeak.  
Fig.13represents the contour band diagrams of the 
maximum principal stress for each clearance case.  

From this figure, it was found that the maximum 
principal tensile stress for the crack propagation for 
all clearance cases, was in the range of 825 
1237MPa.This stress range was represented by red 
bands in the figure and was called “the critical stress”. 

In addition, this result revealed that the maximum 
tensile stress seemed to be reached the critical stress 
earlier when the smaller clearance was applied. This 
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 m. The critical stress 
was reached at the shallower indentation depth of 
punch. Then, the growth of the rollover zone stopped 
earlier. Consequently, the rollover zone appeared to be 
smaller. Under the condition of large clearance, i.e. C = 

250 m, since the stress reached the critical range 
late, compared to the case of the small clearances, the 
growth of the rollover zone prolonged. This seemed to 
result in the larger rollover zone. 
 

 

 
Fig.13FEM result of steel rod 

 
CONCLUSION 
 
This research work was carried out in order to 
investigate the effects of the punch/die clearance on 
the cutting characteristics of the steel rod subjected to 
the punch/die shearing. From the experiment and the 
FEM simulation, the following conclusions were 
obtained:  
I)The cutting load resistance appeared to be affected 
by the clearance, especially the peak and the 
separation position of the cutting load resistance. 
II)The rollover height and length increased with the 
clearance. Also, the burr height and length were found 
to be increased when employing the larger clearance.  
III)The punch/die clearance was a factor determining 
the separation mode of the sheared rod. Under the 
small clearance condition, the rod was cut off by the 
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 
resistance at the final cutting stage and the sheared 
surface of the steel strongly depended on the 
separation mode. 
IV) The FEM simulation revealed that the large 
rollover zone in the case of the large clearance 
occurred because the maximum principal stress near 
the tool edges reached the critical tensile stress late, 
compared to the case of small clearance. As a result, 
the growth of the rollover zone prolonged.  
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