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Abstract. Cutting is a production process commonly employed used in
various industries. The aim of improving its efficiency entails the
improvement of the durability of the cutting blade, increasing the accuracy
in terms of the resulting item dimensions obtained after cutting, but also
the quality of the obtained edge. The material factor for the above is the
distribution of forces in the cutting edge and cut element system.
Furthermore, the pursuit of minimized interaction of forces in this process
is of significance, which has a positive impact both on the durability of the
blade as well as the process energy consumption. The paper presents a
simulation of the process of cutting a flat bar made of aluminium.
The numerical model was built in the ABAQUS system. The model
includes a knife-cut element. The purpose of performing simulation tests is
to determine the cutting force, changes in its value and the nature of these
changes when cutting with knives of different geometry and trajectory.

1 Introduction

Aluminum is a widely utilized material due to its universal application in construction.
Presently, many researchers study the process of cutting this material employing various
techniques, e.g..: laser cutting [1] or water jet cutting [2].
The present paper presents the methodology and results of simulation studies of the process
of cutting aluminum sheets of different thickness using knives of various blade geometry.
The aim of the research is to identify the lowest possible force required to cut the item.
Cutting as a technological process is utilized in many areas of the economy and studied
by many researchers worldwide[3-5].Part of this research effort focuses on the process of
cutting (breaking down)biomass, which is necessary to achieve the desired particle size,
significantly affecting the process of compaction and the characteristics of the resultant
biofuel. Many researchers focus on analyzing the effect of the characteristics of cut biomass
as well as the parameters of the cutting implement [6-13]in terms of achieving the lowest
possible energy consumption of the process being a prerequisite stage of the compaction
process(the process employed to compact different types of materials [14-20]), which is a
factor in the total energy input required to obtained biofuel with good energy
characteristics. Another object of research is the degree of compaction of the bone structure
in the process of hip bone implant fixation for the purpose of identifying the suitable force
to carry out the process [21, 22].Another relevant subject of interest is the study of the
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influence of the individual controls and operating subassemblies of the compacting device
which have a material influence on the process quality and energy consumption [23-26].

2 Simulation Model

The numerical model was developed in the Abaqus system comprising a knife and the
aluminum item to be cut. The cut item is rectangular shaped with three different thickness
values: 0.1 mm, 0.5 mm and 1 mm, whereas the knife is represented by a steel component
with shaped blade geometry (see Fig. la and 1b).

The simulation examines the influence of the knife rake angle o (5°, 15°, 30°),
the knife blade angle B (0°, 30°, 45° and 60°) as well as the thickness of the cut item on the
force value necessary to cut it.For the given value of rake angle o, four knives were
modeled with four values of the blade angle p equal to: 0° 30° 45°
and 60° (see Fig. 1).The simulation was carried out for each possible combination of angles
a and B as well as the cut item width of 0.1 mm. In total, 12simulations were carried out.
Afterwards, the angle values o and p were selected in which the measured cutting force was
the lowest and for these cases of blade geometry further simulations were carried out,
cutting samples with thickness equal to 0.5 and 1 mm. Consequently, six more simulations
were performed,up to 18 simulations in total.

In the simulation, all the degrees of freedom for the extreme ends of the cut sample were
restrained as well as for the nodes at the distance equal to four lengths of the finite element
away from the knife edge (see Fig. 1a).

a)
Direct of knife
displacement

Fig. 1. General view of the system model for the knife - cut element: a) with indication of assumed
boundary conditions for the simulation, b) with indication of the knife blade geometry parameter
designations.

The model of the knife and sample accounts for gravity, whereas the knife displacement is
forced as a motion along the Z axis (see Fig. 1a).

The knife model characteristics are equal to steel material, whereas the cut sample assumes
characteristics of aluminum including the Johnson-Cook damage model parameters as
provided below in Table 1 [27, 28].
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Table 1. Johnson-Cook damage model parameters [27, 28].

Melting Melting Reference

dl 2| d3 4 1d> Temperature | Temperature | Strain Rate

-0.7711.45|047(0.001 | O 0 0 1

The knife and sample models were discretized using a hexahedron mesh with reduced
integration to single point — type C3D8R, as shown on Fig. 2.

A

Fig. 2. General view of the discretized model of the knife and cut sample.

Y

3 Simulation Tests and Results

The below Figures (see Fig. 3a-3d)present example results of the simulation for selected
knife blade geometries.
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Fig. 3. General view of the phases of the cutting process simulation for the following cases:
a) back-rake angle a = 5°, blade angle B = 60°, b) back-rake angle o = 15°, blade angle = 60°,
¢) back-rake angle a = 30°, blade angle f = 60°, d) ) back-rake angle a. = 30°, blade angle
B=0°.

Fig. 4 demonstrates an example graph line indicating the variance of force value in the
course of the simulation for angle values a = 30°and = 30°.
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Fig. 4. Example characteristic of cutting force variance in the course of the simulation for angle

values o = 30°and 3 = 30°.

Analyzing the change in cutting force value (see Fig. 4).it is possible to identify three
distinct phases in its graph line. The first phase A corresponds to the knife blade initial
penetration of the material. In this stage, a sudden increase in the cutting force value is
observed, accompanied by the severance of the material structure.Phase B corresponds to
the blade displacement within the material. In this phase.the force value varies within the
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defined range. This is affected by variable resistance to motion between the knife blade and
the cut material resulting from the changing area of contact between surfaces. The last
Phase C corresponds to the blade exiting the material, characterized by a distinct decrease
in force value.Figures 5, 6 and 7show the breakdown of the characteristics of cutting force
variance for specific values of the rake angle and blade angle with the cut sample thickness
of 0.1 mm.

Fig. 5 shows the variance of the cutting force graph line in time for the rake angle value a =
5°and blade geometry angles f = 30°, 45° and 60°. With the change of value of the blade
inclination angle from 30° to 45°, a decrease in the cutting force value is observed.
The increase of the angle to 60° causes the cutting force to increase.The smooth graph line
for the cutting force variance is achieved with the blade angle of f = 0°,this is caused by the
interaction of two cutting edges throughout the entire process (see Fig. 3d). The cutting
force value in this case is lower in comparison to the force value during cutting with the
blade angles f = 30° and 60°.
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Fig. 5. Characteristics of the cutting force variance in the course of the simulation for angle values
a=5%and B =0°,30° 45° and 60° with cut sample thickness of 0.1 mm.

Fig. 6 demonstrates the graph line for the cutting force variance for the rake angle value of
a = 15°. The graph demonstrates a declining tendency for the force value together with the
increase in the knife blade angle, being the most noticeable for angle value f = 60°.The
graph line for the cutting force at blade angle B = 0° is to be analyzed separately,
demonstrating a smoother line in comparison to the other cases. With the increase of the
rake angle from 5° to 15°,a significant decrease in the cutting force value is observed for all
blade angle values f3.
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Fig. 6. Characteristics of the cutting force variance in the course of the simulation for angle values
o= 15°and f =0°, 30°, 45° and 60°with cut sample thickness of 0.1 mm.

With the increase of rake angle to a = 30° (see Fig. 7) a significant decrease of the cutting
force value is also observed for all values of angle . Furthermore, a tendency is observed
for the decrease in the force value together with the increase of the angle value . Contrary
to the other, earlier cases, the highest cutting force value was registered for the angle value
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Fig. 7. Characteristics of the cutting force variance in the course of the simulation for angle values
a=30°and B =0°,30°, 45° and 60° with cut sample thickness of 0.1 mm.

Table 2 lists the maximum force values in the course of the cutting process for specific
values of angles o and f3.
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Table 2. List of maximum force values registered in the course of the process simulation for cutting
the 0.1 mm thick sampletogether with specific values of angles o and 3.

aif[deg] |Max force value [N]| aif[deg] |Max force value [N]
5 deg, 30 deg 5472 15 deg, 60 deg 186
5 deg, 45 deg 44822 15 deg, 0 deg 2794
5 deg, 60 deg 653.9 30 deg, 30 deg 135.6
5 deg, 0 deg 5145 30 deg, 45 deg 106.8
15 deg, 30 deg 344.5 30 deg, 60 deg 105
15 deg, 45 deg 3259 30 deg, 0 deg 155

The lowest cutting force values were registered for the rake angle o = 30° and blade angles
B =30°, 45° and 60°,therefore further simulations were carried outfor these values of angles
a and Bin order to determine the influence of sample thickness on the value of cutting force
necessary to separate the material . Figures 8 and 9 show the graph lines indicating the
variance of the cutting force for sample thicknesses 0.5 mm and 1 mm.

With the increase of thickness of the cut material, the cutting force increases
severalfold;during phase B of the cutting process, a momentary increase in force is observe,
resulting from significant resistances to motion of the penetrating knife blade. For both
cases of increased sample thickness, a tendency is observed for the cutting force value to
increase in phases A and B of the cutting process together with the increase of the value of

the angle .
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Fig. 8. Characteristics of the cutting force variance as a function of different values of angles o and
with cut sample thickness equal to 0.5 mm.

The force value in phase A is lower than in phase B as the entire blade which initializes the
separation of the sample material does not come into contact with its edges formed by the
separation. In phase B the resistances to motion increase as in addition to cutting the
material it is necessary to overcome the resistance forces resultant from the knife blade’s
contact with the newly formed edges.
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Fig. 9. Characteristics of the cutting force variance as a function of different values of angles o and 3
with cut sample thickness equal to 1 mm.

What follows from analyzing the registered graph lines (see Fig. 9), is that the force
required to separate the material (phase A)is the same for angle values = 30° and 45°.
In the following stage of the process (phase B) the force value increases noticeably for
blade angles B = 45° and 60°. The observation is different for the blade angle B = 30°.
Additionally, a process analysis was carried out for the knife motion along the X axis (see
Fig. 10). The simulation was carried out for blade angles o =30° and = 30°, a =30°and 3
= 45° a =30°and p = 60°. The thickness of the cut material was 1 mm. Fig. 11 shows the
general view of the simulation run for angles a = 30°, f = 45° and thickness of the cut
material 1 mm.

Restraint
0 dof

Fig. 10. General view of the system model for the knife and cut sample with the knife moving along
the X axis.
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o]

Fig. 11. General view of the model during the cutting process simulation with the knife moving along
the X axis, with knife blade angles o = 30°, B = 45° and cut sample thickness 1 mm.

Fig. 12 shows the characteristics of cutting force variance for the analyzed knife motion
along the X axis for blade angles a =30° and B = 30°, a =30°and B = 45°,
a=30° and B = 60° and cut sample thickness 1 mm.
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Fig. 12. Characteristics of variance of the cutting force as a function of varying angle values o and f
for knife motion along the X axis and thickness of the cut sample equal to 1 mm.

Comparing the obtained results shown on Fig. 12relevant to the knife motion along the axis
X with the results obtained for the knife motion along the axis Z, considering the same
values of the knife blade angles, we observed general increase in cutting force value for
respective values of angles a and . The tendency to increase the cutting force together with
the increase of the value of angle B is maintained. For the blade angle value B = 60° no
clear indication of phase B of the cutting process is seen.
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4 Conclusions

The following conclusions can be formulated based on the results of the performed
simulation studies:

1. A significant factor on reducing the cutting force value is the rake angle a, its
increase causes a noticeable decrease in the cutting force value.

2. With the increase of the rake angle value o,the total length of the knife blade
penetrating the cut sample decreases which reduces the value of cutting force.

3. The effect of the value of the blade angle B on the cutting force is not significant
when the knife is moving along the Z axis. When the knife moves along the X axis,
the value of the blade angle B has a noticeable effect on the cutting force value.

4. The results obtained from the developed simulation model allow to select the
optimal knife blade geometry; however, the simulation study should be
supplemented by experimental studies to determine the simulation error value.
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