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INTRODUCTION 

Through the recent years, the high cost produc-
tion processes have been replaced by cost-effective 
methods such as cutting molds in the sheet met-
alworking industry [1]. This industry is based on 

material removal and is applicable to sheet materi-
als with thickness ranging from 0.4 mm to 6 mm 
[2]. The cutting molds are multipurpose tools used 
for processing various sheet metals such as steel, 
aluminum, copper, and brass [3]. They can be uti-
lized to manufacture various products with high 
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0.1 mm, while a 0.9 mm radius maximizes it. The deformation increases significantly when the velocity increases 
from 70 mm/s to 80 mm/s and fillet radii rise from 0.7 mm to 0.9 mm. The higher velocities above 60 mm/s and 
high temperatures over 60 °C result in greater product deformation. The significant rise in the deformation value 
occurs at temperatures above 60 °C and fillet radii above 0.7 mm, while the minimal value occurs at temperatures 
below 40 °C and fillet radii below 0.3 mm. Also, it showed that deformation increases by 30–40% at high cutting 
velocities, initial sheet temperatures, and fillet radii. The cutting mold model is validated by comparing the cur-
rent numerical results with available published data for copper sheet blanking. The directional deformations of the 
present numerical modeling and the experimental work of the available literature appeared in a good agreement 
with an error value not exceeding the range of 1–3%.
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cutting quality and accurate dimensions. These 
products can be used in many industries such as 
home devices, railway stations, automobiles spare 
parts, and aircrafts [4, 5]. The cutting mold can 
perform a single cutting operation including pierc-
ing or blanking to manufacture the required prod-
uct [6]. The upper component of the cutting mold 
is called the punch, which is responsible for imple-
menting the single blanking process for the metal in 
a vertical motion to produce the final product. The 
blanking process is initiated as the punch comes 
into contact with the top surface of the sheet metal, 
applying compressive force to penetrate the metal 
sheet and separating the required product [7]. 

Different researchers have studied the effect 
of selected cutting parameters on the deforma-
tion of products after completing the blanking 
or piercing process. However, there is no study 
about improving the product cutting quality based 
on minimum directional deformation. The prod-
uct deformation is measured after completing the 
single-cutting operation using a cutting mold. 
Laxman and Mirza [8] used a developed math-
ematical model, design of experiments, and anal-
ysis of variance to predict optimum clearance for 
achieving high-quality copper products. The aca-
demic researchers investigated the influence of 
punch geometry and wear, punch-die clearance, 
and sheet material type with thickness on product 
cutting quality. They succeeded in predicting the 
optimum set of selected parameters for obtaining 
improved cutting quality of products. Gökçe [9] 
implemented the experimental, modelling, and 
optimizing aspects for studying the effect of using 
various variables on the drilling process of 450 
martensitic stainless steel sheets without using 
coolant. These parameters include cutting force, 
temperature, cutting velocity, feed rate, and burr 
height. The results indicated that the increase in 
feed rate led to an increase in burr heights and 
cutting forces. Tushar and Vijay [10] were able 
to predict burr heights in sheet metal trimming 
operations using artificial neural networks and 
acoustic signals. The researchers studied the in-
fluence of cutting punch wear, clearance, and 
thickness of sheet metal on burr heights. The pro-
posed methodology can be used for improving 
productivity, minimizing production defects, and 
decreasing inspection time. Mohamed et al. [11] 
utilized the fine blanking operation simulation 
of steel sheets to study the effect of burr heights, 
cutting edge shape, and dimensional accuracy on 
product quality and stress state of cutting steel 

sheets. The authors were able to estimate the dis-
tributions of both plastic strain and shear stress 
on the shearing zone through the cutting process. 
Shamik et al. [12] used ductile fracture model-
ing and finite element simulation for numerical 
prediction of burr heights, cutting edge profiles, 
and fracture initiation in the steel and aluminum 
sheets. The outcomes showed that the aluminum 
sheet burr heights are larger than steel sheet and 
the burr formations of aluminum are more effec-
tive in clearance compared to steel. Kamarul et al. 
[13] studied the influence of clearance parameters 
on burr heights of aluminum, brass, and mild 
steel sheets in blanking operations. The outcomes 
showed that the low clearance provides low burr 
heights for aluminum sheets. While the high 
clearance provides high burr formations for brass 
and mild steel sheet. Hüseyin et al. [14] analyzed, 
modeled, and optimized burr heights during laser 
drilling and cutting of ferritic stainless steel. They 
studied the effect of focal point, gas pressure, and 
cutting velocity on cutting operation efficiency, 
product quality, and production rate. The authors 
found that the cutting velocity is the most effec-
tive variable on burr formations compared with 
other variables. Ashutosh and Anand [15] con-
ducted the simulation and experimental analysis 
to investigate the effect of geometry angle varia-
tion, punch cutting edge radius, and clearance on 
rollover depth after cutting the sheet material. 
The outcomes showed that the rollover depth in-
creases when the blank geometry angle and punch 
edge radius decrease. Farshid et al. [16] used the 
experimental aspect to study the influence of 
sheet metal thickness clearance percentage on 
rollover zone, fracture zone, shear zone, fracture 
angle, and burr heights. The outcomes indicated 
that the clearance percentage from (9–15) pro-
vides thick rollover and fracture, and a thin shear 
zone. In addition, the clearance percentage from 
(15–21) provides low rollover thickness, fracture, 
and shear zones. While the clearance percentage 
from (9–21) provides an increase in fracture angle 
and burr heights. Anna et al. [17] used the drilling 
simulation process of aluminum sheets to obtain 
a new burr model that can be used to predict the 
drilling burr thicknesses and heights which affect 
tool wear. The results showed that the burr height 
and thickness increase when tool wear increases. 
Kaan [18] utilized finite element analysis and 
Deform software to study the effect of using dif-
ferent notch angles and depths on the cutting op-
eration of stainless steel sheets. He investigated 
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experimentally the effect of shear zone distribu-
tions on product surface quality, cutting forces, 
and crack angles. The author obtained better cut-
ting surface quality and he found that notch depth 
and angle have significant effects on cutting force. 
Fenghe et al. [19] applied the finite element meth-
od to simulate the cutting process, measure burr 
heights, and create a new burr theoretical model. 
The authors investigated experimentally the in-
fluence of using various exit surface angles on 
burr heights of aluminum sheets. They obtain the 
relationship between bending point position and 
burr height shape. Mohammad and Salman [20] 
used finite element analysis to study the influ-
ence of punch tool wear on tool life. They found 
that the tool wear increases when the cutting edge 
of the punch increases. Furthermore, the punch 
wear reduces when the sheet metal deformation 
increases. Many other studies employed differ-
ent methods to investigate the effect of cutting 
parameters on product quality and materials be-
havior. These methods include Taguchi method, 
analysis of variance, and multiscale modelling 
approach. They can be used to estimate the effect 
of nanocomposites inclusion on the overall ther-
momechanical properties of the studied materials, 
and to determine the most effective parameter on 
final product quality [21–23].

The previous studies lacked detailed infor-
mation about the properties of the metal used 
in manufacturing cutting mold components, the 
dimensional details of products, standard design 
calculations, product directional deformations, 
and the associated manufacturing cost. As for the 
reviewed literature, there is a need for a complete 
study of the effect of cutting velocity, initial sheet 
temperature, and punch fillet radius on product 
cutting quality. Therefore, the current article con-
centrates on investigating the influence of using 
different values for velocity, temperature, and fil-
let radius on the rectangular shape product cutting 
quality. The selected parameters can contribute to 
improving the cutting mold efficiency for achiev-
ing a single cutting process for manufacturing the 
product. The study attempts to develop the cutting 

mold performance and obtain a better quality of 
the product. The numerical analyses in this article 
will determine which variable has a more im-
portant effect on product quality compared with 
other variables. The outcomes of this research can 
contribute to better-cutting mold design and re-
duce the cost of product and mold.

CUTTING MOLD DESIGN 

The design procedure of cutting mold models 
was achieved using manufacturing standards and 
mathematical equations related to the mold design. 
The proposed mold models can be used to manu-
facture a metal rectangular shape product. The di-
mensions and shape of product are selected from 
internet data source as shown in Figure 1 [24]. 

The oxygen free high conductivity copper 
was selected as the product metal. It has uniform 
temperature and different properties which are 
presented in Table 1 [25].

The required cutting force value to imple-
ment the cutting process by the punch for ob-
taining the final product was calculated using 
Equation 1. [26]. The computed cutting force is 
equal to 85170 N.

	 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝐶𝐶𝐶𝐶𝐶𝐶 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 × 
×  𝑆𝑆ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑡𝑡ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ×  𝑆𝑆ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ  

 

	 (1)

The product orientation on sheet material is 
selected based on design requirements. When 
the thickness of the sheet is more than 0.6 mm, 
the DH amount is selected from Table 2 and the 
DV(vertical dimension between two edges includ-
ing sheet material and product, mm) amount is 
obtained from Equation 2. [27].
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𝐷𝐷𝑉𝑉 = 𝑇𝑇𝑆𝑆𝑆𝑆 + 0.015 𝐻𝐻𝑃𝑃   (2) 
 
𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆 = [ 𝐴𝐴𝑃𝑃

(𝑊𝑊𝑃𝑃+𝐷𝐷𝐻𝐻) 𝑊𝑊𝑆𝑆
]  ×  100   (3) 

 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = (4 − 8)% ×  𝑆𝑆ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑡𝑡ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖    (4) 
 
𝑇𝑇𝑀𝑀𝑀𝑀 = (10 + 5 𝑇𝑇𝑆𝑆𝑆𝑆 + 0.7√𝐿𝐿𝑀𝑀𝑀𝑀𝑀𝑀 + 𝐻𝐻𝑀𝑀𝑀𝑀𝑀𝑀) ×  𝐶𝐶    (5) 
 
𝐷𝐷 = (10 𝑡𝑡𝑡𝑡 12) + 0.8 𝑇𝑇𝑀𝑀𝑀𝑀    (6) 
 
𝐿𝐿𝑀𝑀𝑀𝑀 = 𝐿𝐿𝑀𝑀𝑀𝑀𝑀𝑀 + 2𝐷𝐷    (7) 
 
𝐻𝐻𝑀𝑀𝑀𝑀 = 𝐻𝐻𝑀𝑀𝑀𝑀𝑀𝑀 + 2𝐷𝐷    (8) 
 

	 (2)

There are two options for product arrangement 
on sheet material including horizontal and vertical 
position. The horizontal represents the best option 
as it provides the highest percentage of used metal 
under the lowest scrap material. The PSMU (sheet 
material utilization percentage, %) is computed by 
utilizing Equation 3. [28].

Figure 1. Dimensions of rectangular shape product
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	 (3)

The total clearance between punch and mold 
is considered an important variable that has a 
high influence on product deformation. The cal-
culated clearance value is equal to 0.09 mm based 
on using Equation 4. [29]. The details of cutting 
punch dimensions are presented in Table 3. Five 
different punch fillet radii have been selected in 
this research for obtaining the rectangular-shaped 
product. These punch fillet radii include 0.1, 0.3, 
0.5, 0.7, and 0.9 mm.

	
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = (4 − 8)% ×  

×  𝑆𝑆ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑡𝑡ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑠𝑠 
	 (4)

The mold block dimensions are selected in 
this study based on design requirements. The di-
mensions of the mold block are calculated using 
Equations 5, 6, 7, and 8. [30]. The C value was 
selected equal to 0.9 from Table 4 [30] based on 
the ultimate tensile strength of CU-OFHC (oxy-
gen free high conductivity copper) which is equal 
to 250 MPa. The details of the mold block are 

shown in Table 5. The three-dimensional com-
pleted cutting mold is shown in Figure 2.
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COMPUTATIONAL MODELING		
AND ANALYSIS 

The explicit dynamics used for simulation 
and modeling instead of implicit approach be-
cause it provides high accurate numerical results 
for problems having nonlinear dynamic, large 
deformation, contact impact, multi-body con-
tact, and nonlinear material behavior. The tem-
perature independent material properties are used 
in the analysis stage for copper sheet, cutting 
punch, and mold block. The first step of numeri-
cal methodology was to enter the selected values 
into the engineering data section of the explicit 
dynamics of ANSYS (analysis system) software. 
These values represented the properties of the 
cutting punch, mold block, and oxygen free high 
conductivity copper sheet. The properties of the 
rectangular-shaped product sheet are presented 
in Table 1. In this research, it has been selected 
tool steel S7 a metal for cutting punch and mold 

Table 1. Properties of CU-OFHC
Property Value Unit

Density 8940 kg/m3

Ultimate tensile strength 260 MPa

Yield tensile strength 205 MPa

Modulus of elasticity 115 MPa

Poisson’s ratio 0.31 /

Shear modulus 44 GPa

Shear strength 170 MPa

Specific heat 385 JKg-1C-1

Table 2. Absolute values of DH

Dimension
(mm)

TSM > 0.6 mm

0.61 to 0.8 0.81 to 1.25 1.26 to 2.5 2.51 to 4 4.1 to 6

DH 3.5 4.3 5.5 6 7

Table 3. Dimensions of cutting punch

Punch elements
Dimension in mm

Punch shoulder Punch

Length 155 55

Width 22 16.91

Height 5 149.91
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block. The properties of this metal are taken from 
ANSYS data as indicated in Table 6. The engi-
neering and true stress-strain curves of steel S7 
are shown in Figure 3 [31]. The non-linear finite 
element analyses were performed for materials 
(CU-OFHC and steel S7) and geometric shape 
of cutting mold parts (cutting punch, mold block, 
and sheet metal).

The three-dimensional models of cutting mold 
parts including cutting punch, mold block, and 
copper sheet metal are drawn using ANSYS to 
complete the geometry field. The manual contacts 
between cutting mold parts were applied to obtain 
accurate numerical results. The bonded solid to 
solid option was implemented on mold block and 
copper sheet. The frictional solid to solid option 
was implemented on cutting punch and copper 
sheet using friction coefficient of 0.3. The three-
dimensional elements of hexahedron and triangu-
lar prism were used for meshing of copper sheet 

and (cutting punch and mold block) respectively. 
A hexahedron element has eight vertices (nodes), 
twelve edges, six quadrilateral faces, and three 
degrees of freedom per node. A triangular prism 
element has six vertices (nodes), nine edges, two 
triangular, three quadrilateral faces, and three de-
grees of freedom per node. The meshing stage has 
a significant effect on the final outcomes; there-
fore, the convergence method has been applied to 
verify the selected mesh. Different methods in-
cluding an average of skewness orthogonal qual-
ity, and h-convergence are applied to improve the 
mesh efficiency and quality as shown in Figure 4. 
The average values of skewness and orthogonal 
quality are 0.03 and 0.96 respectively. Both val-
ues are considered excellent compared with mesh 
metrics spectrum values as shown in Table 7 [32]. 

The mesh size has a significant effect on data 
analysis time to obtain the final results. The fine 
mesh led to an increase in the solution time and 
provided accurate outcomes. While the coarse 
mesh led to reduced solution time and obtained 
non-accurate results. The authors of this article 
were enabled to make a balance between the out-
put data accuracy (results) and the mesh element 
size. This balance can minimize both the computer 
use cost and the required time to obtain the results. 
Different mesh sizes including 0.16 mm, 0.5 mm, 
and 0.8 mm were applied on the sheet metal body, 
cutting face of the punch, and upper face of the 

Table 4. Values of C and ultimate tensile strength of sheet metal
Ultimate tensile strength (MPa) 117 245 392 784

C 0.6 0.8 1 1.3

Table 5. Dimensions of mold block
Mold block elements Dimension in mm

LMBO 150

LMB 210

HMBO 17

HMB 77

TMB 25

D 30

Figure 2. Three-dimensional completed cutting mold
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mold respectively. The three-dimensional mesh 
of full cutting mold is shown in Figure 5.

The high density of mesh was utilized at the 
sheet metal cutting zone as this zone has large 
deformation levels. The low density of mesh was 
used at other regions far from the cutting zone as 
these regions have small deformation levels. The 
boundary conditions including cutting force, cut-
ting velocity, fixed supports, and analysis settings 
are applied to cutting mold models. The locations 
of cutting force and velocity are selected on the top 
part of the cutting punch as shown in Figures 6–7. 
The fixed supports option was applied on the mold 

block as shown in Figure 8. The analysis settings 
that are applied to cutting mold models in the finite 
element model are shown in Figure 9. Different 
values of parameters including cutting velocity, ini-
tial sheet temperature, and punch fillet radius were 
selected to determine the better values for these 
parameters under the lowest directional deforma-
tions for rectangular shape products. These values 
are (40, 50, 60, 70, and 80) mm/s for velocity, (0, 
20, 40, 60, and 80) °C for temperature, and (0.1, 
0.3, 0.5, 0.7, and 0.9) mm for fillet radius. Some 
values of parameters are selected based on previ-
ous papers in the field of metal cutting operations 

Table 6. Material properties of cutting mold parts
Properties of steel S7 Unit Cutting punch Mold block

Density Kg/m3 7750 7750

Specific heat JKg-1C-1 477 477

Initial yield stress MPa 1539 1539

Hardening constant MPa 477 477

Shear modulus GPa 81800 81800

Figure 3. Engineering and true stress-strain curve of steel S7

Figure 4. H-convergence for mesh quality of cutting mold and sheet metal
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and other values are chosen randomly to check the 
effect of each value on directional deformations of 
the copper product. The full combination between 
values of parameters provides 125 cases for all 
possibilities and these cases are investigated in this 
study. The dynamic simulation stage starts when 
the cutting punch moves toward the mold block 
for contacting the copper sheet which exists on 
the upper face of the mold. Then, the punch is ap-
plied continuous pressure on the sheet to penetrate 
it and to separate the copper product. The ANSYS 
simulation of single blanking operation by the cut-
ting mold provides outcomes including directional 

deformations of the product. Various stages as 
shown in Figure 10 were applied to achieve the 
numerical simulation aspect for obtaining accurate 
results in terms of product deformations.

MODAL VALIDATION

The cutting mold model is validated by com-
paring the present numerical results with the ex-
perimental outcomes of Vaditake and Shinde [33] 
for copper sheet blanking. Figure 11 (a, b, and c) 
shows comparisons of directional deformations 

Table 7. Mesh metrics spectrum for average values of skewness and orthogonal quality
Average skewness

Unacceptable Bad Acceptable Good Very good Excellent

0.98–1.00 0.95–0.97 0.80–0.94 0.50–0.80 0.25–0.50 0–0.25

Average orthogonal quality

Unacceptable Bad Acceptable Good Very good Excellent

0–0.001 0.001–0.14 0.15–0.20 0.20–0.69 0.70–0.95 0.95–1.00

Figure 6. Cutting force location on cutting punch

Figure 5. Three-dimensional mesh of full-cutting mold
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of the rectangular shape product at ranges of 
sheet metal thickness, clearance, and punch wear 
radius. The cutting velocity and temperature of 
both simulation and experimental aspects are as-
sumed to be similar for validation and compari-
son aspects. The experimental values of selected 

parameters are applied to some models of cutting 
mold in the present work. Figure 11 shows good 
agreement between the values of the directional 
deformations for the present numerical modeling 
and the experimental work in the literature with 
an error value not exceeding the range of 1–3%.

Figure 7. Cutting velocity location on cutting punch

Figure 8. Fixed support location on mold block

Figure 9. Details of analysis settings
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RESULTS

The ANSYS software is used to obtain out-
put data of directional deformations of the rect-
angular shape product based on applying differ-
ent values of input data of selected parameters. 
The variables are cutting velocity, initial sheet 
temperature, and punch fillet radius. The prod-
uct deformations are applied as criteria to de-
termine the cutting quality. Different velocities 
of 40, 50, 60, 70, and 80 mm/s, temperatures of 
0, 20, 40, 60, and 80 °C, and fillet radii of 0.1, 
0.3, 0.5, 0.7, and 0.9 mm are selected in this re-
search. The accurate results in terms of product 
deformations were obtained by using suitable 
metals and properties for cutting mold parts, 
improved quality of the mesh, correct boundary 
conditions, and manual contacts between mold 
parts. The different values of oxygen free high 
conductivity copper product deformation were 

obtained utilizing various cutting mold models 
and selected parameters. These models are built 
based on different cutting punch fillet radii. The 
best punch fillet radius was achieved depending 
on the lowest directional deformation of the fi-
nal product. The cutting punch models should be 
traveled to a safe distance inside the sheet mate-
rial as shown in Figure 12 to complete the single 
blanking process for obtaining correct and ac-
curate values of deformations. 

The investigation process of directional de-
formations indicated that the high cutting ve-
locities, initial sheet temperatures, and punch 
fillet radii led to an increase in the deformation 
amounts. While, the defamations decrease when 
applying low velocities, temperatures, and fillet 
radii. The results show different deformations of 
the rectangular shape product after completing 
the cutting operation because of applying vari-
ous input data of selected parameters. The best 

Figure 10. Modelling and simulation stages of cutting mold and blanking process
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cutting mold model was selected based on the 
minimum directional deformation of the product 
as shown in Figure 13. 

The following sections will discuss in detail 
the effect of cutting velocities, initial sheet tem-
peratures, and punch fillet radii on the direction-
al deformation values of the product.

Cutting velocity

Figure 14 illustrates the relationship be-
tween cutting velocity and directional deforma-
tion, considering the effects of both initial sheet 
temperature and punch fillet radius. Figure 14 
(a) illustrates the effect of temperature on the 
deformation values of the product. The defor-
mation is shown to be lowest at 0 °C and in-
creases at 20 °C, 40 °C, 60 °C, and reaches a 
maximum at 80 °C. As velocity rises from 40 
mm/s to 80 mm/s, the deformation rises across 
all temperature levels. The most significant rise 
occurs at higher velocities and temperatures, 
suggesting that the combined effects of elevated 
temperature and high velocities induce more 
heat leading to greater material distortion of the 
copper product. On the other hand, Figure 14 
(b) analyzes the effect of fillet radius, where the 
smallest fillet radius of 0.1 mm results in the 
least deformation, while the largest fillet radius 
of 0.9 mm produces the highest deformation. As 
the fillet radius increases, more material comes 
into contact with the tool, resulting in higher 
frictional forces and thus greater deformation, 
especially at higher velocities. 

Both graphs (Figure 14a and 14b) demon-
strate that increased temperature and fillet radi-
us, especially at higher velocities, significantly 
amplify material deformation, highlighting the 
need to carefully control these parameters to 
minimize product deformation and maintain 
product accuracy.

Initial sheet temperature 

Figure 15 presents two graphs that depict 
the relationship between initial sheet tempera-
ture and directional deformation, considering 
the effects of cutting velocity and punch fillet 
radius on rectangular-shaped product deforma-
tion levels. In Figure 15 (a), the effect of veloc-
ity is shown across a range of temperatures. As 
temperature increases from 0 °C to 80 °C, the 
deformation rises consistently for all velocities. 
The highest deformation occurs at the velocity 
of 80 mm/s (red line), while the lowest defor-
mation is observed at the velocity of 40 mm/s 
(orange line). This demonstrates that higher ve-
locities combined with increasing temperature, 
significantly increase deformation of the copper 
product. In Figure 15 (b), the influence of fil-
let radius is examined over a temperature range 

Figure 11. Comparison between present work and 
Vaditake and Shinde for directional deformation at 
ranges of: (a) sheet thickness, (b) clearance, and (c) 

punch wear radius
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from 30 °C to 90 °C. The smallest fillet radius of 
0.1 mm (orange line) produces the least defor-
mation, while the largest fillet radius of 0.9 mm 
(red line) results in the highest deformation. As 
temperature increases, the deformations start to 
grow at the product for all fillet radii, with the 
effect becoming more prominent at higher ra-
dii. This indicates that larger tool geometries, 

in combination with elevated temperatures, lead 
to greater material deformation. Both graphs 
(Figure 15a and 15b) suggest that controlling 
velocity, temperature, and fillet radius is critical 
in minimizing deformation, especially in high-
temperature conditions where these factors have 
a compounded effect on metal deformation lev-
els of the rectangular-shaped product.

Figure 12. Penetration stages of rectangular-shaped product using a cutting punch

Figure 13. Directional deformations of rectangular shape product
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Punch fillet radius 

Figure 16 presents two graphs that depict 
the relationship between punch fillet radius and 
directional deformation, considering the effects 
of initial sheet temperature and cutting veloc-
ity on the deformation values of the rectangular 
shape product. In Figure 16 (a), the influence of 
temperature is examined across a range of fil-
let radii. As the fillet radius increases from 0.1 
mm to 0.9 mm, deformations increase for all 
temperature levels. The lowest deformation is 
observed at 0 °C (orange line), while the highest 
deformation occurs at 80 °C (red line). The rise 
in deformation becomes more pronounced at 
higher fillet radii, indicating that temperature ex-
acerbates material deformation when combined 
with larger tool geometry. In Figure 16 (b), the 
effect of velocity is explored over a range of fil-
let radii. Product deformation increases as both 
velocity and fillet radius rise. The velocity of 

40 mm/s (orange line) produces the least defor-
mation, while the velocity of 80 mm/s (red line) 
results in the highest deformation. This suggests 
that higher velocities, in conjunction with larger 
fillet radii, lead to more substantial metal distor-
tion of the copper product. 

Both graphs (Figure 16a and 16b) emphasize 
that the fillet radius plays a significant role in 
increasing deformation, especially when com-
bined with elevated temperatures and higher ve-
locities. The results underscore the importance 
of optimizing these parameters to reduce prod-
uct deformation and maintain product precision.

Combine cutting velocity and punch		
fillet radius 

The relationship between cutting velocity, 
punch fillet radius, and directional deforma-
tion at an initial sheet temperature of 0 °C is 

Figure 14. Relation between cutting velocity and 
deformation at: (a) temperature from 0 to 80 °C and 

fillet radius of 0.1 mm, (b) fillet radius from 0.1 to 0.9 
mm and temperature of 0 °C

Figure 15. Relation between temperature and 
deformation at: (a) cutting velocity from 40 to 80 

mm/s and fillet radius of 0.1 mm, (b) fillet radius rom 
0.1 to 0.9 mm and velocity of 40 mm/s
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presented in the three-dimensional surface plot 
in Figure 17. 

It is shown from the Figure 17 when the val-
ues of both velocity and fillet radius increase, the 

Figure 16. Relation between fillet radius and 
deformation at: (a) temperature from 0 to 80 °C and 
cutting velocity of 40 mm/s, (b) velocity from 40 to 

80 mm/s and temperature of 0 °C.

Figure 17. Relation between cutting velocity, punch fillet radius, and directional deformation at initial sheet 
temperature of 0 °C

deformation value is raised. In particular, the de-
formation increases significantly as the velocity 
rises to the range between 70 and 80 mm/s and 
fillet radii increase to the range between 0.7–0.9 
mm. On the other hand, at a small value of both 
velocity and fillet radius, the product deforma-
tion is at its smaller value. Therefore, the bal-
ance between cutting velocity and punch fillet 
radius is important in improving cutting quality 
to ensure the accuracy of the product.

Combine cutting velocity and initial sheet 
temperature 

The relationship between cutting velocity, 
initial sheet temperature, and directional defor-
mation at a fillet radius of 0.1 mm is shown as a 
three-dimensional surface plot in Figure 18. The 
figure displays that the product deformation ris-
es when both velocity and temperature increase. 
More specifically higher velocities (above 60 
mm/s) and high temperatures (over 60 °C) re-
sult in greater directional deformation because 
of the raise in friction, heat, and material resis-
tance through the cutting process. Also, it is no-
ticed that the sharp rise in deformation value is 
more obvious in the high-temperature and high-
velocity zones and this leads to yield significant 
material distortion. On the other hand, metal 
deformation is reduced when utilizing lower ve-
locities and temperatures. Therefore, balancing 
the parameters is important to ensure a reduction 
in product deformation for better surface quality 
and dimensional accuracy.
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Combined initial sheet temperature 		
and punch fillet radius 

The relationship between initial sheet tem-
perature, punch fillet radius, and directional 
deformation at a cutting velocity of 40 mm/s is 
presented in the three-dimensional surface plot 
in Figure 19. It is shown from the figure that rise 
the temperature and fillet radius leads to a rise in 
product deformation. More specifically raising 
the temperature above 60 °C and fillet radii above 
0.7 mm led to a significant raise in the deforma-
tion value at the upper-right region of the plot. 
On the other hand, minimal deformation value 
accrues at lower temperatures (below 40 °C) and 
smaller fillet radii (below 0.3 mm). Therefore, 
moderate temperature and fillet radius values 

lead to minimum deformation which maintains 
the structural integrity of the product.

CONCLUSIONS

This study focuses on examining the cutting 
operation of the rectangular shape oxygen free 
high conductivity copper sheet to reduce the de-
formations and achieve a high-quality product. 
The selected parameters including cutting veloc-
ity, initial sheet temperature, and punch fillet ra-
dius were investigated in this paper. The overall 
findings of the current study are:
1.	The product deformation was minimal when 

using a cutting velocity of 40 mm/s, initial sheet 
temperature of 0 °C, and punch fillet radius of 

Figure 18. Relation between cutting velocity, initial sheet temperature, and directional deformation at punch 
fillet radius of 0.1 mm

Figure 19. Relation between initial sheet temperature, punch fillet radius, and directional deformation at a 
cutting velocity of 40 mm/s
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0.1 mm. While, it was maximum when using 
velocity of 80 mm/s, temperature of 80 °C, and 
fillet radius of 0.9 mm.

2.	Raising both cutting velocities (above 60 mm/s) 
and punch fillet radii (above 0.7 mm) leads to 
raise in the product deformation by 40%. 

3.	Increasing the initial sheet temperature (above 
60 °C) combined with higher cutting ve-
locity results in a 35% increase in product 
deformation. 

4.	Raising the initial sheet temperatures (over 
60 °C) and punch fillet radii (bigger than 
0.7 mm) lead to a 30% raise in the product 
deformation.

5.	The current study provides better outcomes in 
terms of directional deformations of the cop-
per product compared with published data us-
ing different sheet thicknesses, clearances, and 
punch wear radii.

6.	The cutting mold models with selected param-
eters can be utilized to manufacture high accu-
racy copper ruler products under lowest mate-
rial distortion.

7.	The proposed models of cutting molds can pro-
vide improved product quality and reduction of 
manufacturing cost in percentage with accurate 
dimensions of products.

8.	The achieved models of cutting molds can be 
developed and modified to be used for produc-
ing more complicated products and this can 
lead to potential beneficial to industrial appli-
cations in terms of saving time and cost.

9.	The current work in terms of cutting mold de-
sign procedures and mold models efficiency 
can contribute to develop the future generation 
manufacture of products.

10.	 The current study can be improved by 
applying some suggestions such as selecting 
more than three parameters with different val-
ues, using high performance computers to save 
analysis time, choosing complicated products, 
and conducting experiments.
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