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Abstract: The purpose of this article is to create a simulation model for an orthogonal cutting
process, using Abaqus which is a finite element analysis software. Thus, a two-dimensional
model is defined, describing the shape of the semi-finished product and the cutting tool used,
as well as the material parameters needed to be correctly defined and validated. The Johnson-
Cook material model and degradation model, the model of friction coefficient are defined, as
well as the obtaining of test parameters by a shear test to obtain useful parameters. The results
are focused on the study of the forces that appear during the process of removing the metallic
material.
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1. Introduction

During the mechanical process of removing the material, various phenomena occur, which can be
anticipated to some extent. The orientation, which the researches in the field of cutting processing [1,
2, 3] and not only, is to determine the best processing conditions and the well-chosen geometries, in
order to have the most efficient manufacturing processes at a lower cost. Experimental research has
high costs and high execution time, and simple analytical calculation methods do not explain very well
all the phenomena that occur during processing, so analysis with the finite element method is
necessary.

A simulation model for the mechanical cutting processes must satisfy all the complex thermo-
mechanical phenomena that appear, inside the cutting tool, but also in the semi-fabricated one. At the
same time, it should be a simpler model, to facilitate a shorter computation time. Within a simulation
model with Abaqus, it must be described: the material model used, the material discretization, the
contact properties, the boundary conditions, the applied forces.

Various characteristics and curves can be obtained from the simulations, such as the cutting forces,
the temperatures released, the chips shapes, depending on the various parameters, such as the chip
thickness chip, the clearance angle, the friction coefficient, radius from the tip of the tool, without
performing any experiments.

2. Literature review
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Johnson and Cook developed a material model, where the equivalent tension is formulated
according to the deformation speed and temperature, this model is established with an equation (2.1),
which describes viscous plastic behavior, as follows [1, 2]:

C,.= (A+B.(59')“)(1+c-1n§][1-[;m'_¥;j J (2.1)

0

where: - 6, is the equivalent stress Johnson-Cook;
- Alis the elasticity limit of the material;
- B, C, n si m are the parameters of the material model;
- € is the equivalent strain;
- # s the rate of equivalent strain.

The damage model of the chip is used together with the Johnson-Cook material, to determine the
initiation of the cut. It has the following equation (2.2) [1]:
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where: - D1, D2, D3, D4, Ds material parameters;
In the shear zone, once the degradation criterion is reached, the strain-stress curve decreases to a
minimum value, which is called the degradation evolution, described by the formula (2.3):
o,=(1-d)-o, (2.3)
where: -6, the degradation evolution;
The law of evolution of degradation is expressed as a function that depends on the equivalent
plastic displacement T . Before initiation of cutting @ =0, and after initiation @ = L# . Thus a

linear evolution of d is required depending on T” , as in the equation (2.4):
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Equivalent plastic strain EO"' , depends on two parameters: the relative shear tension 0, expressed

with the equation (2.5) and the equivalent deformation speed & [5]:
1-k
0,= sTl
¢
where: - ks is a material parameter;
-¢ s the ratio between the maximum shear strain and the equivalent strain (von
Mises).
To describe the part-tool interface, a model of the friction coefficient with a temperature-dependent
evolution is used, as in the equation (2.6) [1]:

1= Ly, T<T
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where: - p is friction coefficient with a temperature dependent evolution;
- Wo Is the initial friction coefficient at ambient temperature;
- T is the evolution of temperature;

(2.5)




-T, and m, are the material parameters that will be calibrated using the apparent
friction coefficients and by comparing the forces determined experimentally.
- Tm is the melting temperature of the material.

In the description of the cutting model, it is necessary to draw the equivalent strain-stress curve,
G- €, used to obtain the value of the degradation evolution and for the relative shear tension. The plot
of the curve is performed using the von Mises equivalent strain and stress equations [5], from which it
results, for a shear application, the equations (2.7) and (2.8):

G=+30, (2.7)

EZL-S (2.8)
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3. Research method

The geometrical model is described in Figure 1, which represents a classic diagram of the orthogonal
cutting process, with a chip height of 0.1 [mm]. A degradation zone of 5.5 [um], depending on the tip
tool radius [6] of 4.8 [um], is required.

The construction of the tool is made with the property of being non-deformable, and the workpiece
will be fixed throughout the entire process, the movement being executed by the tool.

()

Figure 1. Classic diagram of the orthogonal cutting process

For the correct definition of the model it is necessary to obtain the material parameters.
The chemical characteristics are recorded in Table 1, and respectively the elastic behavior at
ambient temperature, in Table 2, for later introduction in Abaqus, for NiCr19Nb5Mo3 alloy.

Table 1. The physical properties of the NiCr19Nb5Mo3 alloy

Density [kg/m®] 8391,6
Thermal conductivity [W/mK] 11,5
Specific heat [J/kgK] 460

The transformation fraction of mechanical deformation into heat 0,9

Table 2. The elasticity of the NiCr19Nb5Mo3 alloy

Temperature [°C][Modulus of elasticity [MPa]| Poisson coefficient
25 | 200000 | 0.294

The material parameters are used to describe the plasticity, Johnson-Cook and the degradation
parameters Johnson-Cook [1], obtained with equations (2.1) and (2.2), being registered in Tables 3 and
4.



Table 3. Johnosn-Cook material parameters for the NiCr19Nb5Mo3 alloy [1]

A B c n M & T To
[MPa] [Pa] [s] [°C] [°C]
1262 | 1354 | 05 | 0006 | 1.08 | 0.001 1340 250

Table 4. Johnson-Cook degradation parameters for the NiCr19Nb5Mo3 alloy [1]

D: | D ‘ Ds ‘ D, ‘ Ds n [V

04058 | 075 | 1.45 | 0.04 | 0.89 0.33 0.0001649

It is necessary to obtain the shear properties of NiCr19Nb5Mo3 alloy, so a model made by losipescu
(1967) is required, as in Figure 2 a) and developed by other researchers [7,8], in which a pure shear
state is achieved in the area, requesting the specimen by loading it with a radial force. In the absence
of the necessary equipment to perform this test, a simplified Abaqus model is made, as in Figure 2 b),
to obtain the desired parameters. The model takes the parameters from tables 1, 2, 3 and 4. The size of
the discretization element will have the same value as the one used in the description of the orthogonal
cutting application (L=0.02 [mm]), as well as the loading force corresponding to the cutting speed of
20 [m/min], figure 3.2 c). This is necessary to determine the parameters of equivalent plastic
displacement U™ and the relative shear tension .

>

a) b)

Figure 2. The shear model described by losipescu
Following the request and measurement of the areas indicated in figure 3.3, the force-displacement,
strain-stress shear curves are drawn o,- €, respectively the equivalent strain-stress curve o- €,

which is of interest for obtaining the desired parameters, with equations (2.7) and (2.8), as can be seen
in figure 4.
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Figure 3. Zones for measuring Figure 4. Equivalent strain-stress curve

displacements and forces



For the deterioration model in this type of analysis, some data extracted from the equivalent strain-
stress curve, figure 3.4, at 25 ° C, the final plastic deformation, are required €= 0,76 (figura 2.2),
respectively the evolution of the degradation obtained by the formula (2.4), where:

o = L&-= L(gﬂ' R’ )= 0,02(0,76- 0,52)=0,0048 [mm] 3.1)

The value of the initial strain rate is selected from the table 3.4, é%t 0,001 [s'l:l. And for the
relative shear tension, from equation (2.5), for k= 0, it turns out that:

eS:1 ksnzl 0 n_ 1 _f (32)
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For analysis, the material will be defined with area without degradation and zone with degradation,
represented by the height of 5,5 [um].
For the model in Figure 1, a discretization distribution is established, for the part within the
simulation, where an element size of L=0.02 [mm] is chosen, with 5 elements on the chip height, for
the degraded area one element. This form of discretization is geometrized, to perform a relatively fast
calculation, but also to match the results with those obtained experimentally. It is required a condition
of restraint in the left and bottom edge of the workpiece, by eliminating the three degrees of freedom,
present in the plane deformations. The cutting speed of 20 [m/min] is required and in the units
imposed in Abaqus, of 3.3 [m/s], in the direction of movement of the tool.

There are two types of interactions that will occur during the cut:

a) The definition of the contact properties between the part and the tool is based on the definition
of the friction coefficient, u, using the model in equation (2.6), where the unknown parameters are

found in table 5.;
b) Avoiding the splitting of the Table 5. Parameters for the model of the coefficient of
Ch|p is achieved by |mp05|ng the self- friction of the NiCr19Nb5Mo3 a||0y [1]

contact interaction. Ho Tr mr

A comparison is made with the 0,36 660 0,55

results obtained, at a speed of 20 [m/min], by the methods proposed with the results of specialized
works [1]. Figure 5 shows that the results for the Johnson-Cook material model are close enough to
say that the model is validated.

4. Results
After obtaining the result performed with Abaqus and 1200
validating it with an experimentally result in the
specialized work [1], for a cutting speed of 20 [m/min], a
a parametric study is proposed for different variables in é 800
the system, as a result of which they observe the 8
influences that they have during the orthogonal cutting ug’ 600
processes. £
The influence that the force has during the removal of g R
the chip is studied, drawing the tendencies curves of 200 [IExp.K.2018
the forces in the stability zones, for parameters such U
as the size of the discretization element (L), the 0 Ve [m/min]

height of the chip (h), the cutting speed (v¢), the
clearance angle (y), the coefficient of friction ()
and the radius at the tip of the cutting tool (rg), respectively, having the values for the
validated model of: L=0.02 [mm], h=0.1 [mm], vc =20 [m/min], y=8 °, p is described by the
proposed friction coefficient model and rg=4.8 [pm].

Figure 5. Comparing the results
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Figure 6. The tendency of the cutting force Figure 7. The tendency of the cutting force
according to the size of the discretization element according to the height of the chip
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Figure 8. The tendency of the cutting force according to the clearance angle
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Figure 9. The tendency of the cutting force Figure 10. The tendency of the cutting force
according to the coefficient of friction according to the radius of the cutting tool tip

In the curves in Figures 6, 7, 8, 9 and 10, we can see the average evolution of the force in the areas
where the cutting becomes stable, after the chipping has been initiated.

In Figure 6 we can see how the size of the discretization element does not have a pronounced
influence, this fact facilitating the calculation of the analysis of a future process, choosing the largest
size of 0.02 mm. The evolution in Figure 7 is obvious because for a larger size of the chip the friction
force is higher, as well as the released chip. The larger the clearance angle, the faster the chip is
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removed, and the forces are smaller as shown in Figure 8. In Figure 9 the imposition of a higher
friction coefficient leads to large forces because the friction force will have high values as well. The
radius must as small as possible to facilitate the initiation of the formation of the chip, in other words,
as higher the radius values will be the force will increase.

5. Conclusions

In this paper, a thermo-mechanical model of an orthogonal cutting process with a continuous
formation of chips is presented. With this model, it can be extracted various parameters such as the
cutting force.

During mechanical processing, numerous phenomena occur, which cannot be easily anticipated, the
simulation being uncertain. For this, it is necessary to implement some parameters for which the
phenomena appeared can be predicted, such as material model, contact conditions, correct distribution
of the separation between the chip and the semi-product.

The imposition of a deterioration zone is necessary for the simulations, so the results can be
conclusive, but this zone does not exist for physical applications.

As a perspective, it can study the influences that different material models have during mechanical
machining. It is also possible to implement different models of friction coefficients and to study their
influence, as well as to make 3D models, by which one can observe how the surface of the processed
part is influenced.
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