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Abstract: Brittle damage is a key factor restricting tool life extension. The peridynamic (PD) theory
was applied to explain and predict the brittle damage of the near-field of the cutting edge of a
cemented carbide microgroove turning tool (CCMTT) for the first time in this study, and the PD
modeling of the complex surface was realized. The results showed that the PD modeling accuracy of
the CCMTT can reach +3.4%. The displacement of material points in the near-field of the cutting
edge of the CCMTT is caused by the combined effect of the external load and the internal interaction
force, and the former is dominant. There is no linear relationship between the displacement and
the calculation time; instead, there are fluctuations and a maximum increase in the material point
displacement in the main cutting direction. Only microdisplacements of material points in the near-
field of the cutting edge occur under the given cutting conditions. The accumulation of microcracks
caused by microdisplacement does not reach the transition threshold to form macrocracks. This
agrees well with the experimental results, and the relative error can be controlled within 3.2%.

Keywords: microgroove turning tool; cemented carbide; peridynamics; brittle damage; numeri-
cal analysis

1. Introduction

The brittle damage of cemented carbide tools is an important failure mode, which is the
process of the tool material changing from a continuum to a non-continuum. Therefore, we
also call it “discontinuous breakage”. Tools are easily damaged (broken) due to the impact
load in the metal-cutting process. In particular, brittle damage can become more serious
when a tool with greater brittleness, such as a cemented carbide tool, is used to machine
intermittently or to process high-hardness materials. Many researchers have focused on
tool damage recognition and monitoring in the cutting process and solved tool damage
using cutting experiments. Qian et al. [1] studied the relationship between tool damage
and working conditions and established a correlation model. A novel method for detecting
tool damage automatically on CNC machines in real time was presented by Cho et al. [2]
and was used to detect the fractured state of tools using the signals of CNC spindle motor
loads. Buchkremer et al. [3] proposed a new non-iterative calibration procedure, which
described the relationships between tool damage and thermomechanical state variables
of the chip-free surface, to realize the monitoring of tool damage. Tool damage was also
detected using a machine vision approach during the turning of hardened steel in research
by Lee et al. [4]. Meanwhile, many scholars have studied the mechanism of tool damage
using cutting experiments aimed at tool damage, which is the most typical method in the
traditional research of tool damage. Mohamed et al. [5] and Ma et al. [6] focused on the
problem of tool damage during the cutting process through cutting experiments, scanning
electron microscopy (SEM), energy-dispersive spectroscopy (EDS) and X-ray photoelectron
spectroscopy (XPS) and found that the tool damage experienced three stages: microcrack
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generation, microcrack propagation and brittle fracture. The bond breakage of carbide
turning tools was also analyzed using the finite element method and cutting experimental
method [7]. Cheng et al. [8], Kresse et al. [9] and Cui et al. [10] all discussed the breakage
behavior of cutting tools during the milling or turning process through experiments. All of
the research above is about tool damage solved using traditional cutting experiments and
is based on the real occurrence of tool damage.

Microcracking is the only mode of brittle damage in various cutting tools, such as
breakage, edge collapse, spalling and macrocracking. Their differences mainly lie in the
crack size, shape, initiation and propagation time [11,12]. The common feature is the
transformation of materials from continuity to discontinuity. Traditional research methods,
such as online monitoring and identification, cutting tests and finite element analysis, are
limited by the hypothesis of the spatial continuity of research objects. The peridynamic
(PD) theory has unique advantages in solving discontinuous damage and has developed
rapidly, to some extent, as a new theory. The basic peridynamic theory was put forward
by Dr. Silling [13] of Sandia National Laboratory in 2000. Based on the idea of nonlocal
action, the theory has a unified expression for mechanical behavior from continuous to
discontinuous and from microscopic to macroscopic. The efficacy and computational cost
of peridynamic surface correction methods for elasticity and fracture were investigated by
Le et al. [14], and practical suggestions for reducing the peridynamic surface effect were
provided. Liu et al. [15] presented a combined peridynamic nonlocal and classical local
damage model for failure prediction to effectively model the spontaneous shear-band-to-
crack switching phenomenon. An elastoplastic model based on an ordinary state-based
peridynamic theory and a plastic flow rule based on the yield function were established by
Pashazad et al. [16], and the numerical results showed that the proposed PD elastoplastic
model could predict plastic yielding. An effective and accurate way to couple FEM meshes
to peridynamic grids was proposed by Zaccariotto et al. [17], and it is used to solve crack
propagation with crack-branching problems. The combination of classical and peridynamic
theories from Jafari et al. [18], a novel 3D conjugated bond-pair-based peridynamic model
to simulate the initiation and propagation of cracks in brittle solids from Wang et al. [19], a
peridynamic model for polycrystalline AION to investigate the failure evolution observed
in experiments from Zhang et al. [20], pure basic theoretical studies of peridynamics, such
as fracture pathways, multi-scale grid models, bond and state basis, dissipation equations,
and local and nonlocal mixed models from Alali et al. [21], an original full orthotropic
model for in-plane linear elasticity based on the peridynamic theory from Diana et al. [22],
a radically new strategy to couple grids with different spacing to increase the peridynamic
computational efficiency and a new algorithm to solve the cases of crack propagation in
brittle materials from Shojaei et al. [23] are all focused on the basic theory of PD and aimed
at simple geometrical structures. Silling et al. [24] considered a peridynamic model in a
typical particle discretization suffering from zero-energy mode instability and added a
term to the corresponding strain energy density that resists deviations from a uniform
deformation to eliminate these modes. In addition, many researchers have focused on the
experimental study of the brittle damage of materials [25-27]. All of the research above
demonstrated that the peridynamic (PD) theory has obvious advantages in analyzing
discontinuous damage; however, it is only applied to typical brittle materials with simple
geometrical structures at present, such as planes, circular holes, and cylindrical surfaces
for typical brittle materials such as glass, concrete, cast iron and so on. The application of
PD to the calculation of cemented carbides with complex curved surfaces has never been
reported because of difficulties in modeling a complex curved surface.

The peridynamic theory was applied to research the brittle damage of the near-field of
the cutting edge of a cemented carbide microgroove turning tool (CCMTT) for the first time
in this study. The CCMTT is a self-developed turning tool fabricated in previous research
and has a curved-surface microgroove on its rake face. The PD numerical analysis method
for the brittle damage of the CCMTT was established by building a boundary control math-
ematical model of the CCMTT. This research will provide a new idea for the mechanical
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reliability evaluation of cemented carbide turning tools (CCTTs) with complex curved
surface microstructures and serve as a reference for the PD micromechanical research on
inhomogeneous materials with complex surfaces.

2. Materials and Methods
2.1. Establishment of Bond-Based Peridynamic Methods

In space and time, each point in an object represents the position of a material point,
and each material point occupies a coordinate X (i) (i=1,2,...,00), a volume V; and a
corresponding material density p ;). Every material point may be changed by the action
of physical force, displacement or velocity. In the peridynamic theory, any material point
obeys the Lagrange description; that is, in the Cartesian coordinate system, the motion of
the object is expressed by describing the spatial position of each material point at different
times [28-31]. Based on the law of universal gravitation, the peridynamic theory can be
formed: the motion of each point between any two material points of an object can be
described by the interaction force fj. If the object is discretized into finite material points,
certain interaction forces exist among these points, and when the distance between the two
material points is more than a certain length 9, the interaction force fy between the two
material points is zero [16,32]. According to the peridynamic theory, it is assumed that the
object occupies a reference domain R, and any material point i in the reference domain has
a reference subdomain R? with a radius of §, and there is an interaction force fy between
material point i and any point material point j within the subdomain shown in Figure 1.
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Figure 1. Interaction and motion state between material points: (a) reference domain and reference
subdomain, (b) motion vector relation of material point and (c) interaction between material points
in near-field.
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According to Newton’s second law, the fundamental peridynamic equation of motion
of any point i at time t in the reference domain can be expressed as:

0
pii(x;,t) = /Rf)fo (u(xj,t) —u(x; t),x; — x;)dV; + b(x;, t) t>0,Vj€ RY 1)

In the formula, p is the material density, u# is the acceleration of a material point at a
certain time, u is the displacement field of a material point, b is the volume force density
of the external force, and V; is the volume of material point 7 [33,34]. The forces acting on
any material point i in the reference domain include the internal forces L; from the other
material point in subdomain RY acting on material point i and the external forces b; exerted
on material point i by the external load:

L= L(x;,t) = /Rofo (u(xj,t) —u(x;t),x; —x;)dV;Vx €R, t >0 )

bi = b(x;, t) 3)
Then, Equation (1) can be simplified to:

pit(x;,t) = L(x;,t) + b(x;, t) t >0,¥j € RY 4)

Material point x; interacts with other material points in subdomain R?, so its motion
state is affected by the cumulative deformation of these points and deforms correspondingly.
Material point x; will also be affected by the cumulative deformation of the material points
in subdomain R?. In order to describe the motion state of the material point more accurately,
two physical quantities are introduced here: the relative displacement # between the two
material points and the relative position &p. In the deformation part of the object, the initial
relative position vector of material points x; and x; before deformation is (x; — x;), and after

displacements of u; and u;, respectively, the relative position vector of the two material
points is changed to (x;- — x}) [35]; then:

7 =uj—u; = u(xj,t) —u(x;t) 5)

Go =% — X (6)

It is known from Newton’s third law that the interaction force between any two
material points in an object is equal in size and opposite in direction, and the direction of
the force is parallel to the connection between the two material points. Then:

fol=1,—&) = ~fo(n.&) V1,8 7)

After the deformation of the two material points, according to the conservation law of
linear momentum, the following equation can be obtained:

fo(,80) X (n+80) =0 Vu,do 8

So, a general form of the PD force function can be obtained based on Equation (7) and
Equation (8):
foln,§o) = F(11,80) x (1+80) V11,80 ©)

where F(#, o) is a scalar-valued even function.
In bond-based peridynamics, a material can be called microelastic if it satisfies
Equation (10):
Vi X fo(1,60) =0 Vg0 #0 (10)
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Vi X fo(1,80)

If the interaction force between material points satisfies Equation (11) in peridynamics,
then the object is also a microelastomer:

0
foln,&0) = %(ﬂ/ &o) (11)

In the formula, w is a scalar potential function, which is the energy of a single bond.
For a given material point, its unit volume energy can be expressed as:

0

w= 5 [win g (12)
&0

The coefficient 1/2 indicates that the vertex of a bond has only half the bond energy.
When the object is a linear material, the function of the constitutive force f of the object
can also be expressed as:

foln, &) = C(&0) 1 +£,(0,80) ¥ 1,& (13)

In the formula, C is the micromodulus function of the material, which is a second-order
tensor and defined as:

9
C(go) = a]:;)(O,Co) v o (14)
Taking the partial derivative of Equation (9) with respect to #:
d oF
a]:;)(ﬂfgo) = §0®'871(’7/§0) +F(m,80) V1,80 (15)

where ® is the sign of the dyadic product.
Thus, C(&o) can be expressed as follows:

C(o) = o ® '311;(0150) +F(0,80) V1,80 (16)

Combined with Equation (10), another new result can be obtained:

i j ok
Clon o (M N, (N, (P ), W)
dayy  dpp dn3 8112 8113 81]3 8111 8111 8112
h h f
which implies:
of, o . ..
L =_L fori, j=1,23 18
on; o J (18)
The function C({y) also satisfies the property of the even function, that is:
C(§o) =C(=G0) V8o (19)

Thus, for a microelastic material, the interaction force between the two material points
can be expressed as:

mwxw=HZj§”oﬁm%mw@@ V& 20)
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In the formula, ¢ represents the bond stiffness constant, which is related to the bulk
modulus E’ and the radius of the reference domain ¢ and is defined as:

18E’
2
E'=ZE 22
3 (22)

Among them, E represents the Young modulus of the material.
1(t, &o) is a scalar function that defines the failure condition of a bond, and s represents
the elongation of the bond and can be defined as:

s(t,80) = | ”*ﬁ‘f é'oﬂ ISl vy g, 23)

When p is taken to be 1, it represents a complete bond. When y is taken to be 0,
the elongation of the bond reaches the limit sy, and there is no interaction between the
material points, and the bond is permanently broken [36,37]. At a certain time ¢, the damage
degree at material point i of the material can be expressed by the proportion ¢(x, t) of the
complete bonds:

fR? “I/l(t, gO)d‘/l
JrodVi

where 0 < ¢ < 1. When ¢ =0, it indicates the initial state of the material. When ¢ =1,
it indicates that all bonds around the material point break. Because the broken bond no
longer bears tensile stress, the accumulation and expansion of the broken bond will form
a microscopic fracture surface, and the accumulation of the microscopic fracture surface
will reach a certain threshold [38]. This will lead to a significant decrease in the limit strain
value of the macroscopic object and cause macroscopic damage to the object.

According to the peridynamic theory, by defining the elongation s(#, &y) of the bond
between material points, according to the critical stretch sy of the material, the judgment
conditions are established as follows:

R e

plx,t) =1— (24)

According to the critical stretch sy of the material, whether the real-time elongation
s(#,&o) of the bond between any two material points is greater than or equal to s is
determined so as to judge whether bond damage occurs at the material point. The critical
stretch s is not a constant but a variable that changes with time, which can be defined
as follows:

s0(t,11,80) = s00 — XSmin(t, 1, 80) (26)

Smin (£, 7, 80) = mins(t, 4, &) = min<” 11+§|(|)‘;|;| i | So ||> 27)
0

in which sq is ultimate elongation (a material constant), « is the material safety factor, and
Smin 1S the minimum among the elongations of bonds formed by all material points at the
moment.

Based on the PD theory, in the process of numerical analysis, the solution to the
spatial integral equation is transformed into the solution of the finite sum of the material
points [39]. Moreover, we need to consider the interaction between the material points
in the reference subdomain 4. There is another material point x; satisfying the inequality
|xj — x;| < 6. Equation (1) can be discretized as follows:

piti (x;,t) = Y_fy (u;Z —uf,x; —xi).vj +b t>0,Vj€R] (28)
j
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In the formula, n indicates the order number of the time step, and V] indicates the
volume of material point x;. Ax is defined as the volume constant of a cubic lattice. Because
the reference domain is uniformly dispersed:

Vi = Ax® (29)

u! = u(x;, t") (30)

In order to reduce the calculation error as much as possible without significantly
reducing the calculation efficiency, the volume reduction factor Sy is introduced to improve
the accuracy of the numerical calculation of the volume force. Then:

1 & < 6 — 05Ax
Bo = { S0l 5 05Ax < |&| < 5+ 0.5Ax (31)
0 Others

The introduction of the volume reduction factor By changes the volume integral range
of the volume force of the material point to be calculated and further reduces the deviation
between the theoretical integral volume and the actual integral volume, thus improving
the accuracy of the numerical calculation of peridynamics.

It can be seen clearly from Figure 2a,b that the calculation error is closely related to the
volume constant of a cubic lattice Ax; therefore, an appropriate cubic lattice is favorable to
decrease calculation errors.

(a) © ® ) ® ® ) ) ® ® (b) ® o S o e ) ) )
® ® o Lo | e | o~ o ® ® © o o ® O D o) 6
Removed area | \/
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Figure 2. PD computational domain: (a) ideal region and (b) actual PD region.

2.2. PD Model of CCMTT

The PD model of the CCMTT established in this paper is based on the integral opera-
tion of the basic motion equation of peridynamics. The primary problem to be solved is
to effectively express a CCMTT using a finite number of cubic lattices, so the CCMTT is
assumed to be represented by a finite number of material points (cubic lattices). However,
compared with an ordinary turning tool with a flat rake face, the discretization of the
CCMTT is more difficult, and the most typical embodiment is the discretization of the
microgroove on the rake face. The size of the microgroove is very small. If the discretization
of the microgroove structure is not handled properly, it will cause greater modeling and
calculation errors. In addition, the boundary of the microgroove cannot be described by
mathematical models because of its irregularity. In order to improve the reproducibility of
the microgroove, it is necessary to pay special attention to the selection of material points.
Finally, the visualization of the discrete data of the microgroove is another difficulty, and
the poor regularity of the microgroove may cause visual distortion.

The 3D geometric model and 2D cutting model (cutting conditions) of the CCMTT
are shown in Figure 3, in which Figure 3a is the three-dimensional geometric model of the
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CCMTT, and the 2D cutting model of the CCMTT, including tool angles, load conditions
and their directions, is shown in Figure 3b. The turning tool cuts under the combined action
of the main cutting force F¢, the axial thrust force F¢ and the radial thrust force F,, which
are measured using a three-dimensional dynamometer, to be described in detail below.
The whole cutting process is performed under the cutting conditions v, =115 m/min,
f =042 mm/r (a large feed rate) and a, = 2 mm (a large cutting depth), which are the
cutting parameters recommended by the actual production industry. The main tool angles
are a large tool tip angle &, = 150° and a small main cutting-edge angle k; = 27.5°, and other
tool angles are explained below. According to the geometric characteristics and the working
conditions of the CCMTT, the PD calculation accuracy and the calculation efficiency were
analyzed, and the analysis results are shown in Figure 4.

o) S
/> Workpiece ~Microgroove
17 A

N

Figure 3. Geometric model of the CCMTT: (a) 3D model of the CCMTT and (b) geometric shape and
key parameters of the CCMTT.
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Figure 4. Analysis of calculation accuracy and efficiency: (a) relationship between calculation area
and cubic lattice and (b) relationship between iteration times and cubic lattice.

According to the analysis results shown in Figure 4, the volume constant of the
cubic lattice Ax of the PD model of the turning tool is taken to be 0.125 mm, and then
Vj =1.953125 x 10® mm. The radius & of the reference subdomain of the material point is
taken to be 3Ax, i.e., 0.375 mm in the peridynamic numerical analysis. Taking account of the
computation accuracy and computation efficiency, the calculating time step dt is taken to
be 1 x 10~ s, and the solid point is used as the carrier of the physical properties of the tool
material, mainly including the volume, mass, density, elastic modulus, fracture limit and so on.
In the process of PD analysis, it is necessary to determine the main motion states of all material
points under the combined action of the external load and internal interaction force between
material points at each time step, including velocity, acceleration, displacement, relative
position, relative displacement and so on, so as to calculate the relative displacement between
the material point to be solved and the material point applying force and the position of the
material point to be solved. In the process of determining the numerical solution of PD, two
calculating ranges need to be distinguished: when the calculating time t = 0, the displacement
of each material point is in the initial state, and when t > 1, different calculation methods are
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used. This paper focuses on the boundary control of the microgroove, asymmetrical four-fold
edges and symmetrical four-chamfer edges on the rake face of the CCMTT. The PD calculation
model of the CCMTT is shown in Figure 5.

@ {j AT

w 40 % 80

Figure 5. Calculation model of the CCMTT: (a) i-j coordinate system and (b) i-k coordinate system.

Assuming that the location sequence numbers of the material points in the three per-
pendicular directions of the Cartesian coordinate system are 1, j and k, the three-dimensional
coordinates of each material point can be expressed as follows:

X =idrt 5 (32)
A

Y, = j-Ax + TX (33)

2 = k-Ax + % (34)

When the peridynamic calculation time t = 0, according to the location sequence
number and the volume constant of the cubic lattice of each material point, the spatial
position of all material points representing the whole CCMTT is calculated according to
Equations (1)-(34). The center hole of the CCMTT has no effect on the analysis results
of the near-field of the cutting edge; therefore, its modeling can be ignored to improve
the computational efficiency. Then, the PD model of the CCMTT can be established and
presented by a data visualization module of MATLAB, as shown in Figure 6. The PD
modeling accuracy of the geometric contour of the CCMTT and the microgroove on the
rake face can be controlled within +1.5% and £4.9%, and the modeling accuracy of the
whole CCMTT can be controlled within +3.4%.

2.3. Determination of Loaded Area

In order to analyze the motion states of the discrete material points of the CCMTT
under the external impact load, the position of the load acting on the turning tool should be
determined first. There are different views on the study of the tool—chip action area in the
cutting process: point contact theory, line contact theory and surface contact theory. In this
research, the CCMTT has a large tool tip angle (e, = 150°), a very small main cutting-edge
angle (k; = 27.5°), a large cutting depth and a large feed rate (v, = 115 m/min, f = 0.42 mm/r,
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ap = 2 mm, which are the cutting parameters used in the cutting production process), as
shown in Figure 3b; the workpiece is difficult-to-machine material with high hardness, and
its deformation coefficient is not as large as those of superalloy and titanium alloy. These
comprehensive factors determine that the tool-chip contact state is an area contact with a
certain length and width, as shown in Figure 7.

rs x10~3
o x10 9

0 0.005 0.01 < 0.015 0.02 0.025 0 0.005 0.01 0.015 0.02 0.025

Ideal region

0.02
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(b)

(a)

Figure 6. PD model of the CCMTT: (a) region 1 and (b) region 2.

Figure 7. Loaded area of CCMTT in cutting simulation.
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According to the discrete processing of the turning tool in the previous paper, the
number of material points in the loaded area on the rake face of the CCMTT is calculated,
which is defined as p. According to the PD theory, external loads are uniformly applied
to each material point in the loaded area. In the cutting process, the impact load applied
to the tool has a significant effect on the brittle damage of the CCMTT. The impact loads
collected from cutting experiments are taken as the input of the external loads in the PD
analysis. The impact loads on the CCMTT are defined as F. The other material points in
the unloaded area of the turning tool are not affected by external loads (the value of the
external load is 0), and the force on each material point in the loaded area can be expressed
as follows:

fi=" (35)

According to Equation (1) mentioned above and Newton’s second law, the initial
acceleration of all material points in the loaded area of the CCMTT can be obtained.

/R |
a= = s (36)

Then, the initial velocity and displacement of the corresponding material point can

be obtained. .
s; = EaiAtZ (37)

v; = a;At (38)

Through the numerical calculation of Equation (32) to Equation (38), the motion states
of all material points in the loaded area of the turning tool during the period from the
beginning of force application (t = 0) to the end of the first time step, namely, acceleration,
velocity and displacement, can be obtained. Based on the motion state of the material points
in this region, which is used as a new iteration input, the motion state of the material points
in the turning tool is solved again with the new iteration input. The motion states of all
material points in the turning tool can be figured out with the continuation of cyclic iteration.

2.4. Experimental Conditions

The collection experiment on the impact load was carried out on a CW6163C lathe. By
installing a Kistler three-dimensional dynamometer, the experimental platform was set up as
shown in Figure 8. The cutting conditions were v = 115 m/min, f = 0.42 mm/r and a, = 2 mm.
The workpiece was oil country tubular goods (OCTG) 40CrMnMo, which is a high-strength
alloy steel, as described above. The peak value of the cutting force of the CCMTT in three
directions (the main cutting direction, the feed direction and the cutting depth direction) was
measured and collected. The experiment was repeated five times, and the arithmetic mean
value was taken as the effective data. The tool angles are shown in Table 1, and the mechanical
properties of the tool and workpiece materials are shown in Table 2.

Charge amplifier] . Data acquisition software

P E

arrier ﬁ
Dynamometer .
W

Figure 8. Test platform of cutting force collection.

— Channel transmitter I
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Table 1. Geometric angles of the tool.

Geometric Tool Tip Clearance Main Cutting-Edge End Cutting-Edge Inclination Approach
Angle Angle &, Angle g Angle k, Angle k, Angle A, Angle ¢,
Value (°) 150 7 27.5 2.5 0 62.5

Table 2. Property parameters of tool and workpiece materials.

Tensile Bendin,

. . 3 g . P . .

Material ~ Density (g/cm®) Strength (MPa)  Strength (MPa) Hardness Poisson’s Ratio  Elastic Modulus (GPa)
Tool 13.8 784.5 >1180 91.8HRA 0.23 540-600

Workpiece 7.87 1080 \ 30HRC 0.28 212

After collecting and processing the impact load in the cutting process, the test results
were obtained, as shown in Table 3, which were used as the external input load of the PD
numerical analysis of the CCMTT. The measurement uncertainties of cutting forces in three
directions are all rather small, which illustrates that the test results are quite reliable.

Table 3. Impact force collected from cutting experiments.

Cutting Force Main Cutting Force Axial Thrust Force Radial Thrust Force
Test Number F. (N) Fe (N) Fp (N)

1 2104.58 953.21 1103.56

2 2235.12 980.43 1086.31

3 2085.75 897.65 1018.15

4 2116.23 958.32 1132.46

5 2201.87 962.54 1107.29

Average value 2148.71 950.43 1089.55
Uncertainty —9.0949E-14 4.55E-14 1.13687E-13

3. Analysis and Discussion

In the integrated environment of Microsoft Visual Studio 2015, using C++ program-
ming language as the mathematical model expression medium, the PD theory was applied
to analyze and predict the brittle damage of the CCMTT under an impact load in the cutting
process.

On the premise of satisfying the stability of a numerical solution and combining it
with the actual situation, the cycle index of the control program was controlled by defining
the time step At and the volume constant of the cubic lattice Ax. According to the research
needs, data were selectively exported. This paper focuses on the damage of the CCMTT, so
the spatial positions (three-dimensional coordinates) of all discrete material points of the
turning tool needed to be determined within certain calculation steps. The flow chart of the
PD numerical analysis program of the CCMTT is shown in Figure 9.

When an object is in a relatively static state without an external effect, all of the
material points inside it constitute an equilibrium system in a relatively static state. When
the system is subjected to external action, the original equilibrium state is broken. Starting
from the material point in the loaded area, there is obvious interaction among all material
points in the system. Because the external action is only applied to the material points in a
certain area of the system, the initial motion states of all material points in the system are
different. When t = 0, the material point in the unloaded area is still in a relatively static
state. The material points in the loaded area have acceleration, velocity and displacement,
so the interactions between two different material points are different. Based on the PD
model of the CCMTT, the time step of the numerical analysis was set to 3500. After the PD
calculation, the spatial positions of discrete material points were output at the time steps
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0, 1500, 2000, 2500, 3000 and 3500. The PD calculation was repeated three times, and the
results were the same. By visualizing the PD analysis results of the CCMTT, the analysis
results were obtained, as shown in Figure 10.

[ I [ |
[ Define variables and ] [ Define file pointer ] [ Calculate elastic ] [ Calculate the number of ]

initialization variables constants lattices in three directions

[ T I T
v

[ Define reference domain of point }

i according to object shape

Is it in the reference domain R?

Y

[ I I ]
[ Calculate the spatial ] [ Initialize interparticle } [ Define the action area } [ Calculate initial acceleration, }
Vi i

location of point i force of external load elocity and displacement at point
I 1 | |

Define the subdomain
of point i R ,p

Is the point j in the
subdomain of point i?

No operations

Calculate the spatial Calculate the relative position Calculate the relative displacement
location of point j i of point j in three directions i of point j in three directions

T T T
v
[ [ 1

[ Calculate elongation s, scalar ] [ Calculate interparticle J [ Calculate the final acceleration, }
fu,

nction x, volume reduction factor 8 force velocity and displacement of point i
I I T

coordinate of point i by multistep
A4
End

{Expon the final data file of thxee-dimensional]

Figure 9. Flow chart of PD numerical analysis program of brittle damage of a turning tool.
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Figure 10. PD analysis results after 3500 iterations of the CCMTT.
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The process of crack generation and propagation is expressed by the displacement of
material points in the near-field of the main cutting edge of the turning tool. Therefore, in
the whole calculation process, three representative material points were selected from the
external load area in the near-field of the cutting edge of the CCMTT to mark and track
material point 1 on the main cutting edge, material point 2 on the flank face close to the
main cutting edge and material point 3 on the neighboring layer downstream from the
rake face adjacent to the main cutting edge. The displacements of three marker points
above and near the cutting edge in the Y-direction (cutting depth direction), the Z-direction
(main cutting direction) and the X-direction (feed direction) were studied. After data
processing, the relationship curves between the displacements of three marked points in
three directions and the calculation time steps were obtained after a 3500-time-step PD
numerical solution for the CCMTT, as shown in Figure 11.
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Figure 11. Displacement changing with the time of material points marked in the near-field of the
cutting edge: (a) feed direction, (b) cutting depth direction and (c) main cutting direction.

This paper focuses on the particle displacement caused by the damage to bonds
between material points in the near-field of the cutting edge of the turning tool under the
combined action of the main cutting force, axial thrust force and radial thrust force. It can
be seen from Figure 11 that the displacements of the marked material points of the CCMTT
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in three directions do not just have a simple linear relationship with the calculation time,
and there are fluctuations, especially in the direction of the feed and cutting depth, but
the overall trend is that the displacement gradually increases with increasing calculation
time, and the growth margin of material point displacement in the main cutting direction
is the largest. The displacement of material points in the near-field of the cutting edge of
the turning tool in the direction of the main cutting edge is the largest and most obvious,
followed by the direction of the cutting depth, and the smallest in the direction of the
feed. The displacement of material points is the result of the comprehensive influence
of external loads and interaction forces between material points. From the phenomena
above, it can be seen that the effect of external loads on the displacement of material points
occupies the leading position. By analyzing the displacement of material points in three
directions of the turning tool, it can be seen that the maximum displacements of the three
marked material points of the CCMTT are 0.08431 mm, 0.007369 mm and 0.00444 mm,
respectively, after 3500 steps of PD calculations. It can also be seen from Figure 11 that
under the action of the external cutting loads generated under the given cutting conditions
(vc =115 m/min, f = 0.42 mm/T, a, = 2 mm), the material points in the near-field of the
cutting edge of the CCMTT only have microdisplacements, which lead to microcracks, but
the accumulation of microcracks at the material points has not reached the critical value
of transformation. So, there are no macrocracks. However, it can be predicted that the
corresponding microcracks will continuously accumulate according to the development
speed of the microdisplacements. When the microcracks accumulate to a critical value
of macro—micro transformation, macrocracks will be initiated, and the accumulation of
macrocracks will lead to tool damage.

Material points move due to the action of external loads, and the “bonds” between
material particles begin to deform, either compressing or stretching. When the elongation
of the “bond” in the stretching state is greater than the ultimate elongation of the material
sp, the “bond” will break, and the material particles at this point are more prone to relatively
large displacements. In the whole calculation process, the maximum displacements in
the Y-direction (direction of cutting depth), the Z-direction (main cutting direction) and
the X-direction (feed direction) were analyzed. At the same time, in order to compare the
displacements of material points in the near-field of the cutting edge in different directions,
three groups of data were integrated and processed, and the displacement curves of the
marked material point 1 in the X-, Y- and Z-directions were obtained, as shown in Figure 12.

-1
12X10 Feed direction
1.0X107  eeeennee Cutting depth direction
= g = = = = Main cutting direction
g 0.8X107! &
@
E 0.6X107!
T
2 0.4X107!
O
0.2X107 L -
0.0X 101 ”l WUTIPPPPRTITITS P i iiasaasadsizogssececeessilss
0 1500 2000 2500 3000 3500
Time step

Figure 12. Contrast curve of maximum displacement of material points in three directions.

From Figure 12, the same basic rule can be found: the maximum displacement occurs
in the Z-direction, i.e., the main cutting direction, followed by the Y-direction, i.e., the
direction of the cutting depth, and the minimum occurs in the X-direction, i.e., the feed
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direction. The margin increases with the increase in the load action time of the displacement
of material points in the near-field of the cutting edge in the main cutting direction; i.e., the
cutting time is significantly longer than those in the cutting depth and feed directions, and
the main cutting direction with large incremental displacement is just the direction of the
maximum load of the three-dimensional impact loads. The maximum displacement can
reach 0.08232 mm. Based on the above analysis results, the damage in the main cutting
direction of the CCMTT was further analyzed. Figure 13 shows the displacement of material
points in the near-field of the cutting edge at different calculation time steps.

o
0 0.005 0.01 0.015 0.02 0.025

0 0.005 0.01 0.015 0.02 0.025

0.01 0.015 0.02 0.025
Y

Figure 13. Position evolution in the main cutting direction of material points of the CCMTT: (a) the
first step of PD analysis of the CCMTT (initial state), (b) the 2000th step of PD analysis of the CCMTT
(microdisplacement), (c) the 3500th step of PD analysis of the CCMTT (further microdisplacement).

At the same time, a cutting experiment was carried out under the same cutting condi-
tions, and the flank face of the CCMTT was observed and measured. The micromorphology
of the flank face and the variation in the tool thickness in the near-field of the cutting edge
in three stages are shown in Figure 14.

636000 @ Dueeaend
l\

654000 12, 6.31845 2|5
l\

6.32000 Lo
2| T

6.30000 T | @
13, 6.27046 JESEEN

6.28000

6.26000

Thickness of the tool (mm)

6.24000

6.22000
L1 L2 L3

Cutting stage

Figure 14. Variation in tool thickness in the near-field of the CCMTT in different stages.
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Figure 13 shows the position change in the main cutting direction of material points
in the near-field of the cutting edge of the CCMTT at different stages of the whole PD
numerical analysis process. The material points in the near-field of the cutting edge of
the CCMTT have relatively obvious displacement in the main cutting direction under
three-dimensional impact loads compared with the other two directions, but no obvious
brittle cracks have occurred, which agrees well with the experimental results, as shown in
Figure 14. Figure 14 shows that the change in the tool thickness in the near-field is still very
small from the perspective of macrodeformation, that is, the displacement of the material
points in the near-field of the cutting edge in the main cutting direction. The maximum
displacement of material points in the main cutting direction in the cutting experiment
reached 0.07977 mm, and it is not difficult to calculate a relative error of 3.2%. Meanwhile,
from the total variation trend of the tool thickness shown in Figure 14, the experimental
measurement results are basically consistent with the PD numerical analysis results. With
the elapsing of the loading time, the number of integral “bonds” between material points
gradually decreases, and the ratio ¢(x,t) decreases accordingly. The damage extent of the
material at particle x also deepens correspondingly, and microcracks continue to initiate,
accumulate and propagate. When the proportion of integral “bonds” between material
particles in the near-field of the cutting edge decreases to the breakage limit of the tool
material, macroscopic breakage occurs.

4. Conclusions

The conclusions of this paper can be summarized as follows.

(1) The PD model of the CCMTT can be generated by establishing the boundary control
mathematical model of the CCMTT, and the PD modeling accuracy of the whole CCMTT
can be controlled within +3.4%. The displacements of marked material points in three
directions (the main cutting direction, the feed direction and the cutting depth direction)
of the CCMTT do not have a linear relationship with the computation time, and there
are fluctuations, especially in the directions of the feed and cutting depth. However, the
overall trend is that the displacement gradually increases with the increase in the time of
calculation, and the increment in the displacement of material points in the main cutting
direction is the largest.

(2) The displacement of material points in the near-field of the cutting edge of the
CCMTT is the largest and most obvious in the main cutting direction, followed by the
direction of the cutting depth, and the smallest in the feed direction. The displacement of
material points is the result of the comprehensive influence of the external load and the
interaction force between material points. From the above phenomenon, it can be seen that
the external load plays a dominant role in the displacement of material points.

(3) Under the given cutting conditions (v = 115 m/min, f = 0.42 mm/T, ap = 2 mm),
only microdisplacements of the material points in the near-field of the cutting edge of the
CCMTT take place. The accumulation of microcracks resulting from the microdisplacement
does not reach the critical point of transition, so a macrocrack is not formed. This agrees
well with the experimental results, and the relative error can be controlled within 3.2%.
It can be predicted that as the cutting process continues and the cutting load continues
to be applied, the corresponding microcracks will continuously accumulate according to
the development speed of the microdisplacement. When the microcracks accumulate to a
certain critical value of macro-micro transformation, macrocracks will be initiated, and the
continuous accumulation of macrocracks will lead to tool damage and failure.

(4) The simulation methodology is helpful to the numerical analysis and prediction of
a tool’s brittle damage under an impact load in the cutting process of various materials.
This research can provide a theoretical basis and reference for the selection and adjustment
of cutting parameters in the material-cutting process. However, the methodology still has
some limitations. It is insufficient for the universality of geometric modeling. At present,
it is only applicable to objects with relatively simple geometric structures. It is difficult



Processes 2023, 11, 520 18 of 19

to model complex irregular surfaces. This is also the expected direction of the field of
near-field dynamics in the future.
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