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Abstract: A new prediction method was proposed based on the positive feedback relationship
between tool geometry and tool wear rate. Dry orthogonal cutting of Inconel 718 was used as a case
study. Firstly, tool wear rate models and a tool wear prediction flowchart were proposed. Secondly,
the evolution of the tool geometry during tool wear was analyzed considering the combined effect
of tool crater wear and tool flank wear. Thirdly, the evolution of the cutting temperature, normal
stress and tool–chip relative sliding velocity on the tool wear surface was studied, the evolution of
the tool wear rate during tool wear was revealed. Finally, the evolution of the tool geometry and tool
wear rate during tool wear were applied to the tool wear prediction method to accurately predict the
tool wear. The prediction error of KT is less than 15% in comparison with the experimental results.
The tool wear prediction method in this paper is helpful to improve the prediction accuracy of tool
crater wear.

Keywords: tool wear rate; tool wear; tool geometry; orthogonal cutting; Inconel 718

1. Introduction

Tool wear is serious in the machining process. If the tool is not replaced in time
during the machining process, serious tool wear will deteriorate the surface quality of the
workpiece. However, replacing the tool too early will cause the tool failure to give full
play to the machining performance, leading to an increase in machining cost. Therefore, it
is necessary to accurately predict the tool wear and tool life in the machining process to
ensure the quality of the workpiece and reduce the machining cost.

Since Taylor [1] developed the empirical wear life equation in 1906, there have been a
variety of attempts to develop unified wear models which can accurately predict tool wear.
A large number of experiments are needed to establish an empirical model of tool wear rate,
and it is not universal. Tool wear is the result of multiple mechanisms, such as adhesion and
diffusion. The change in cutting parameters changes the temperature field and stress field of
the tool–workpiece contact zone, affects the degree of adhesion and diffusion, and indirectly
changes the tool wear rate. A universal tool wear rate model can be developed by revealing
the relationship between tool wear rate and cutting temperature, stress and relative sliding
speed. Li [2] designed polycrystalline cubic boron nitride (PCBN) tools embedded with
thin film thermocouples to test the relationship between cutting temperature and tool wear.
The results have shown that the increase in the cutting temperature can reflect the progress
of flank wear. Sharma [3] observed from the CRITIC method that a strong correlation
exists between the output response tool flank wear width VB and the cutting temperature.
Thangarasu [4] has found that when the tool wear increased, the tool–workpiece contact
was increased, which increased the cutting force. Therefore, the tool wear increases with the
increase in the load. The tool wear behavior of PCD and PCBN tools in high speed turning
equi-atomic NiTi shape memory alloys was studied by Kay’s experiments [5]. The cutting

Metals 2023, 13, 1225. https://doi.org/10.3390/met13071225 https://www.mdpi.com/journal/metals

https://doi.org/10.3390/met13071225
https://doi.org/10.3390/met13071225
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0002-4790-0052
https://doi.org/10.3390/met13071225
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met13071225?type=check_update&version=1


Metals 2023, 13, 1225 2 of 39

speeds were 70 m/min, 130 m/min, 190 m/min and 250 m/min. The experimental results
have shown that the tool wear caused by the adhesive Is sensitive to the cutting speed.
Olander [6] has found that higher cutting speeds result in crater wear of the rake face.

A variety of tool wear rate models have been proposed based on different tool wear
mechanisms. Archard [7] proposed basic wear models based on the adhesion wear between
the friction pairs. Usui [8] introduced the influence of diffusion in adhesion wear models.
The tool wear rate models were revised several times in subsequent studies. Amir [9]
considered tool flank wear to be independent of normal stress, the effect of normal stress
was ignored in the revised Usui tool wear rate model. Lung [10] revised the Usui tool wear
rate model to relate to shear stress considering the high stress in metal cutting. Haddag [11]
revised the Usui tool wear rate model for usage in a finite element simulation. The tool
wear rate model established the relationship between tool wear rate and state variables
(cutting temperature T, normal stress σn and relative sliding velocity Vr). The tool wear
rate model is the basis of tool wear prediction.

In the cutting process, tool wear usually occurs on the tool rake face and tool flank face.
The tool rake wear is crater-shaped, and the tool flank wear usually keep flat, as shown
in Figure 1. The tool crater wear depth KT and the tool flank wear width VB is usually
used as a standard to measure the degree of tool wear. The tool wear rate model is usually
transformed into the change rate of the tool crater wear depth KT or tool flank wear width
VB to realize the prediction of tool wear.
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Figure 1. Tool crater wear and tool flank wear. (a) Geometry of the worn tool; (b) cross section of the
worn tool.



Metals 2023, 13, 1225 3 of 39

The evolution process of tool flank wear is simpler than the tool crater wear, so the
prediction of tool flank wear is the most common. Matsumura [12] and Zhao [13] analyzed
the geometry evolution of tool flank wear. A theoretical model of tool flank wear rate
for orthogonal cutting was proposed based on the Usui tool wear rate model, and the
theoretical prediction of tool flank wear was realized. Sugar [14] compared the tool flank
wear rate model proposed by Matsumura and Zhao, and the result shows that Zhao’s
model has a lower prediction error. Elias [15] believes that the angle between the flank
wear surface and the cutting speed (tool flank rolling angle) affects the prediction accuracy
of the tool flank wear. The tool flank rolling angle was introduced to optimize Matsumura’s
model. Amir et al. [8] have also found the existence of the tool flank rolling angle via
experimental results of machining Inconel 718. Nooraie [16] found that the tool flank
rolling decreases with the increase in cutting time, and the evolution of the tool flank rolling
angle was introduced in the tool flank wear prediction. Huang [17] analyzed the evolution
of the three-dimensional geometry at the tool tip during the tool wear process. A prediction
model of the tool flank wear rate was established considering the influence of the tool
tip radius, and the prediction of the tool flank wear was extended to three dimensions.
Yue [18] developed a tool flank wear prediction model based on three main mechanisms:
abrasive wear, adhesive wear and diffusive wear. A normal stress model and a temperature
field model of the tool flank wear surface were established, and these two models were
incorporated in the tool flank wear model to obtain the tool flank wear rate.

The prediction of the tool crater wear Is less due to the evolution of the tool crater
wear geometry being more complex. In the prediction of tool crater wear, the crater profile
is usually simplified. For instance, Huang [19] and Zhuang [20] simplified the tool crater
wear profile as an arc, and the tool–chip contact length was assumed unchanged as the
tool wear progresses under the same cutting conditions. Olortegui-Yume [21] discretized
the tool crater wear profile into multiple micro-elements. Mishra [22] considered the effect
of crater wear geometry on the variation of local state variables such as normal stress.
Experimentally determined crater profiles at progressive wear stages were geometrically
replicated on the cutting tool models and used for FEM analysis. The prediction of tool
crater wear has been achieved by combining the evolution of the tool geometry and the
tool wear rate basic model.

However, the existing research only focuses on the tool crater wear or tool flank wear,
ignoring the interaction between the two, which deteriorates the prediction accuracy of tool
wear. Hence, it is necessary to analysis the interaction between the tool crater wear and tool
flank wear. Dry orthogonal cutting of Inconel 718 is used as a case study in this paper. The
tool wear rate model was developed by analyzing the node motion on the tool wear surface.
Considering the interaction between the tool crater wear and tool flank wear, the evolution
of the tool geometry during tool wear is studied, and the evolution of the tool wear rate
during tool wear is revealed by analyzing the evolution of the cutting temperature, stress
and tool–chip relative sliding speed, which is applied to the prediction of tool wear. An
accurate prediction of tool wear is achieved.

2. Tool Wear Rate and Tool Wear Prediction Method
2.1. Tool Wear Rate

According to the results reported by Kursuncu [23] and Banda [24], adhesion and dif-
fuse wear mechanisms were found to be the main wear mechanisms during the machining
of Inconel 718 in TiAlN-coated carbide tools. The Usui model was used to calculate the
tool nodal wear rate. The nodes are the projection points of a straight line perpendicular to
the relative sliding velocity direction of the tool–chip (tool–workpiece) on the tool wear
surface, as shown in Figure 2. The movement direction of the node is perpendicular to the
wear surface. On the tool wear surface, the motion length of the node per unit time ∆h

∆t
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was defined as the nodal wear rate
.

wn, which was represented by the Usui tool wear rate
model, as shown in Equation (1).

.
wn =

∆h
∆t

= AσnVr exp
(
−B

T

)
(1)

where σn is the normal stress,Vr is the relative sliding velocity between tool and workpiece,
and T is the cutting temperature. A and B are constants determined by the combination of
the tool–workpiece contact pairs.

Metals 2023, 13, x FOR PEER REVIEW 4 of 42 
 

 

expn n r
h B

w A V
t T

σ
Δ

= = −
Δ

 
 
 

  (1)

where 𝜎  is the normal stress, 𝑉  is the relative sliding velocity between tool and work-
piece, and T is the cutting temperature. A and B are constants determined by the combi-
nation of the tool–workpiece contact pairs. 

 
(a) 

 
(b) 

Figure 2. Schematic diagram of tool wear surface node and node movement. (a) Tool wear surface 
node; (b) node movement. 

By analyzing the node motion on the tool wear surface, the relationship between the 
nodal wear rate and the evolution of the tool geometry is established. The tool wear rate 
models of rake face and flank face were established. 
(1) Tool crater wear rate model 

The crater wear occurs on the tool rake face. The nodal wear rate of each node on the 
wear surface is different, and the motion of each node needs to be analyzed separately. In 
this paper, the motion direction of the rake face node was simplified to be perpendicular 
to the initial rake face, as shown in Figure 3. 

Figure 2. Schematic diagram of tool wear surface node and node movement. (a) Tool wear surface
node; (b) node movement.

By analyzing the node motion on the tool wear surface, the relationship between the
nodal wear rate and the evolution of the tool geometry is established. The tool wear rate
models of rake face and flank face were established.

(1) Tool crater wear rate model

The crater wear occurs on the tool rake face. The nodal wear rate of each node on the
wear surface is different, and the motion of each node needs to be analyzed separately. In
this paper, the motion direction of the rake face node was simplified to be perpendicular to
the initial rake face, as shown in Figure 3.
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Figure 3. Node movement on tool rake face and tool flank face.

In Figure 3, the dotted line is the tool wear profile at cutting time t1, and the solid line
is the wear shape at cutting time t2. The coordinate system X-Y was established with the
tool tip at cutting time t1 as the origin, and the X-axis direction was parallel to the tool
initial rake face. In coordinate system X-Y, the tool crater wear rate ∆KT

∆t at cutting time t1
can be expressed as the function shown in Equation (2).

∆KT
∆t

(x) =
.

wnc(x) = Aσnc(x)Vrc(x) exp
(
− B

Tc(x)

)
(2)

In Equation (2), x is the abscissa of the nodes on the tool crater wear surface in the X-Y
coordinate system.

.
wnc is the nodal wear rate of the tool crater wear surface.σnc, Vrc and Tc

are normal stress, tool–chip relative sliding velocity and cutting temperature on the tool
crater wear surface. The tool crater wear rate can be calculated via Equation (2).

(2) Tool flank wear rate model

In general, the tool flank wear face is flat. It can be assumed that the nodal wear
rate of the tool flank wear surface only has an equal distribution state based on the wear
morphology of the tool flank face. If the nodal wear rate is not equal, the tool flank wear
surface cannot remain flat, as shown in Figure 4.

Based on the nodal wear rate distribution on the tool flank wear surface, it was
obtained that each node on the tool flank surface moves the same length in the direction
perpendicular to the tool flank wear surface during the cutting time t1 to t2 (Figure 3). In
the process of cutting time t1 to t2, the moving length of the flank node is ∆h f , and the
tool flank wear width increased ∆VB, according to the geometric relationship shown in
Figure 3. The geometric relationship between the tool flank wear width increment ∆VB
and the node moving length ∆h f was obtained, as shown in Equation (3).

∆VB =
∆h f cos α

sin(α + β1)
(3)

where α is the tool relief angle, β1 is the tool flank rolling angle at cutting time t1, and tool
flank rolling angle β means the angle between the tool flank wear surface and cutting speed,
as shown in Figure 5. The tool flank wear rate model was obtained via the differential
operation of Equation (3).
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∆VB
∆t

=
∆h f

∆t
× cos α

sin(α + β1)
=

.
wn f ×

cos α

sin(α + β1)
= Aσn f Vs exp

(
− B

Tf

)
× cos α

sin(α + β1)
(4)

Metals 2023, 13, x FOR PEER REVIEW 6 of 42 
 

 

 
(a) 

(b) 

Figure 4. Distribution of the tool nodal wear rate of tool flank wear surface: (a) equal distribution; 
(b) uneven distribution. 

Based on the nodal wear rate distribution on the tool flank wear surface, it was ob-
tained that each node on the tool flank surface moves the same length in the direction 
perpendicular to the tool flank wear surface during the cutting time 𝑡  to 𝑡  (Figure 3). 
In the process of cutting time 𝑡  to 𝑡 , the moving length of the flank node is ∆ℎ , and the 
tool flank wear width increased ∆𝑉𝐵, according to the geometric relationship shown in 
Figure 3. The geometric relationship between the tool flank wear width increment ∆𝑉𝐵 
and the node moving length ∆ℎ  was obtained, as shown in Equation (3). 

( )1

cos

sin
fhVB

α

α β

Δ
Δ =

+
 (3)

where α is the tool relief angle, 𝛽  is the tool flank rolling angle at cutting time 𝑡 , and 
tool flank rolling angle 𝛽 means the angle between the tool flank wear surface and cutting 
speed, as shown in Figure 5. The tool flank wear rate model was obtained via the differ-
ential operation of Equation (3). 

( ) ( ) ( )1 1 1

cos cos cos
exp

sin sin sin
f

nf nf s
f

hVB B
w A V

t t T

α α α
σ

α β α β α β

ΔΔ
−

Δ Δ + + +

 
= × = × = ×  

 
  (4)

In Equation (4), 𝑤  is the nodal wear rate of the tool crater wear surface, 𝜎  is the 
average normal stress on tool flank wear surface, 𝑉  is the cutting speed, and 𝑇  is the 
average cutting temperature on the tool flank wear surface. The average normal stress of 
the flank wear surface and the average cutting temperature are used to calculate the flank 
node wear rate. 

Figure 4. Distribution of the tool nodal wear rate of tool flank wear surface: (a) equal distribution; (b)
uneven distribution.

Metals 2023, 13, x FOR PEER REVIEW 7 of 42 
 

 

 
Figure 5. Tool flank rolling angle. 

2.2. Tool Wear Prediction 
Tool wear is a real-time evolution process. In the process of tool wear, the tool geom-

etry is constantly updated, and the temperature field and stress field of the tool wear sur-
face are constantly changed. The temperature field and stress field determine the tool wear 
rate and further determine the tool geometry. Therefore, a positive feedback relationship 
exists between the tool geometry and the predicted tool wear rate. Figure 6 describes the 
positive feedback relationship. 

 
Figure 6. Positive feedback relationship between the predicted tool wear rate and tool geometry. 

A new tool wear prediction method was proposed by using the positive feedback 
relationship between the tool geometry and tool wear rate. Taking the process of tool flank 
wear width from 𝑉𝐵  to 𝑉𝐵  in Figure 3 as an example, the process is shown in Figure 
7. 

Figure 5. Tool flank rolling angle.

In Equation (4),
.

wn f is the nodal wear rate of the tool crater wear surface, σn f is the
average normal stress on tool flank wear surface,Vs is the cutting speed, and Tc is the
average cutting temperature on the tool flank wear surface. The average normal stress of
the flank wear surface and the average cutting temperature are used to calculate the flank
node wear rate.
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2.2. Tool Wear Prediction

Tool wear is a real-time evolution process. In the process of tool wear, the tool geometry
is constantly updated, and the temperature field and stress field of the tool wear surface
are constantly changed. The temperature field and stress field determine the tool wear rate
and further determine the tool geometry. Therefore, a positive feedback relationship exists
between the tool geometry and the predicted tool wear rate. Figure 6 describes the positive
feedback relationship.
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A new tool wear prediction method was proposed by using the positive feedback
relationship between the tool geometry and tool wear rate. Taking the process of tool flank
wear width from VB1 to VB2 in Figure 3 as an example, the process is shown in Figure 7.
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Firstly, the distributions of the cutting temperature, normal stress and tool–chip relative
sliding velocity on the tool crater wear surface and tool flank wear surface were solved
through theoretical modeling when VB = VB1. The tool crater wear rate was calculated via
Equation (2), and the nodal wear rate of tool flank wear surface (

.
wn f ) was calculated via
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the Usui tool wear rate model. Secondly, the cutting time (t2 − t1) of tool flank wear width
increasing from VB1 to VB2 was calculated via Equation (5).

t2 − t1 =
∆VB

.
wn f

× sin(α + β1)

cos α
(5)

Finally, the tool crater wear profile when VB = VB2 was obtained, and the tool geometry
was updated. The tool crater wear rate and tool flank wear rate can also be solved when
VB = VB2, and the steps in Figure 7 can be repeated to calculate the time required to reach
the next wear state. Then, the tool wear profile of the next wear state can be obtained.

The tool wear prediction method can be extended to the whole tool wear process, as
shown in Figure 8. The tool wear process can be divided into several tool wear stages:
taking the fresh tool as the initial state (the fresh tool can be regarded as a special worn
tool with VB = 0), the tool wear geometry of the first wear state can be obtained by using
the flowchart shown in Figure 7, and the tool wear profiles at different wear state can be
further obtained via stepwise iteration of the flowchart shown in Figure 7 until the tool
reaches blunting standards. Finally, the tool wear prediction can be achieved.
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3. Evolution of Tool Geometry during Tool Wear Progress
3.1. Evolution of Tool Tip Position

It is observed in Figure 3 that the tool tip position constantly changes during tool wear.
The change in the tool tip position affects the tool–chip contact behavior; therefore, the
influence of tool tip position change cannot be ignored in the tool wear prediction. The tool
flank wear caused the tool tip moving up x1 in the X-axis direction. When the cutting time
is t1, the nodes less than x1 from the tool tip on the tool crater wear surface can be regarded
as the part removed by the tool flank wear, as shown in Figure 9.
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of tool–chip contact zone. 
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Figure 9. Evolution of tool tip position.
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x1 can be expressed as:
x1 = ∆h f (6)

Considering the change in the tool tip position, the evolution of the tool crater wear
between cutting time t1 and t2 can be expressed as:

KT2(x) =
{

Worn 0 < x < x1
KT1(x) + (t2 − t1)

∆KT
∆t (x) x1 < x < lc

(7)

where KT1 and KT2 are the tool crater wear depth at cutting time t1 and t2. lc is the length
of tool–chip contact zone.

3.2. Tool Rake Angle

In the tool wear process, the tool rake angle increases with the deepening of the tool
crater wear. The tool rake angle of worn tool is shown in Figure 10, and the tool rake angle
of worn tool can be expressed as Equation (8).

γ = tan−1
(

KTmax

KM− KB

)
(8)
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Figure 10. The rake angle of the worn tool.

3.3. Tool Flank Rolling Angle

The tool flank rolling angle is the angle between the tool flank wear surface and the
cutting speed, as shown in Figure 5. Malakizadi et al. [7] found the existence of the tool
flank rolling angle in the experimental results of machining Inconel 718. Nooraie [18] found
the tool flank rolling decreases with the increase in cutting time. At present, there is a lack
of a prediction model for the tool flank rolling angle. In this paper, the tool flank rolling
angle was measured by conducting an orthogonal cutting experiment.

4. Evolution of Tool Wear Rate

By analyzing the distribution of the cutting temperature, normal stress and tool–chip
relative sliding velocity on the tool wear surface, the distribution of the nodal wear rate
on the tool wear surface was obtained, and the evolution of the tool wear rate during the
machining process was revealed.

4.1. Normal Stress Distribution on Tool Wear Surface

(1) Normal stress distribution on the tool crater wear surface

The distribution of normal stress and shear stress on the tool crater wear surface is
shown in Figure 11 as Zorev’s model [25]. In Figure 11, lc is the length of tool–chip contact
zone, and lp is the length of the sticking zone on the tool crater wear surface.
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The Zorev [25] model shows that the normal stress is exponentially distributed on the
tool rake face:

σn(x) = σn0

(
1− x

lc

)a1

(9)

In Equation (9), x is the abscissa of the nodes on the tool crater wear surface in the X-Y
coordinate system, σn0 is normal stress at the tool tip, and a1 is a constant.

The tool–chip contact zone can be divided into two parts: sticking zone and tool–chip
relative sliding zone. The friction behavior of sticking zone is different from tool–chip
relative sliding zone, and the shear stress has different distribution in sticking zone and
tool–chip relative sliding zone. The tool–chip friction behavior does not follow the Coulomb
friction law in the sticking zone, and the shear stress is always equal to the shear flow stress
k at the primary shear band. The shear stress of the tool–chip relative sliding zone can be
directly calculated via the Coulomb friction law. In addition, the distribution of shear stress
on tool–chip contact zone can be expressed as:

τ(x) =
{

kx < lp
µσn(x) lp < x < lc

(10)

where µ is the tool–chip friction coefficient. In order to obtain the distribution of normal
stress on the tool crater wear surface, σn0 and a1 need to be further calculated. Constant a1
can be calculated by combining Equations (11) and (12) [26].

τ0

σn0
=

a1 + 2
4(a1 + 1)

× sin(2(Φ + λa − γ))

cos2 λa
(11)

λa =
τ0

σn0

(
1 + a1

(
1−

(
τ0

µσn0

) 1
a1

))
(12)

In Equations (13) and (14), Φ is the shear angle, λa is the friction angle of the tool crater
wear surface, and τ0 is the shear stress at tool tip. According to Equation (10), τ0 is equal to
the shear flow stress k. The shear angle Φ can be calculated via Lee’s model [27]:

Φ =
π

4
− λa + γ (13)

The length of tool–chip contact zone lc and the length of sticking zone lp can also
be solved:

lc = 2tu
cos(γ−Φ)

sin Φ
(14)

lp = tu

√
2

2 sin Φ cos
(

π
4 + Φ− γ

) (15)
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where tu is the undeformed chip thickness. In Equations (11) and (12), the normal stress at
the tool tip σn0 is unknown. σn0 can be solved by analyzing the slip line field of the primary
shear band.

The slip line field of the primary shear band was established [28], as shown in Figure 12.
The profile of tool crater wear was simplified as an arc. The geometric relationship in the
slip line field and the equilibrium relation of force and torque were analyzed. The normal
stress σn0 at the tool tip expressed by shear flow stress k was obtained.

In Figure 12, J is the chip separation point. JU is a short edge near the tip, which can
be regarded as a built-up edge. According to Childs and Long’s results, the geometric
relationship in the slip line field can be expressed as:

√
2VB sin ζ J I sin

(
εN −

π

4
+ δ1

)
= VB sin β (16)

r1 = RNL

(
ζ J I +

δ3

2

)
(17)

δ5 = εN − εL (18)

pN = k(1 + δ1) (19)

γ1 + γ0 = δ4 + εL = εU (20)

pU = pL − 2kδ4 (21)

δ6 = ε J − εL (22)

r2 = r1

(
ζ J I +

δ3

2

)
(23)

δ4 = δ3 (24)

In Figure 12 and Equations (16)–(24), ζJI and ζUJ are the friction angles of the tool flank
wear surface BUE; δ1 and δ2 are the fan-zone angles under points N and J; δ3, δ4, δ5 and δ6
are the slip line angles of UK, UL, NL and LJ; ε J , εL, εK, εN , and εU are the angles of points
J, L, K, N and U with respect to the cutting direction; r1 and r2 are the radius values of
slip lines UK and KJ; RNL is the velocity jump across the slip line NL; and pN and pU are
hydrostatic stress of points N and U. The hydrostatic stress of point U can be regarded as
being equal to the normal stress at the tool tip, as shown in Equation (25).

pU = σn0 (25)

The force and torque balance in the main shear zone were analyzed to solve the
hydrostatic stress of point U, as shown in Figure 13.

The force FNML in the main shear zone of the worn tool is balanced with the force FLU
+ FUQP in the tool–chip contact zone. The forces FNML and FLU + FUQP were decomposed
into two directions of the X1 axis and Y1 axis. The X1 axis is parallel to the cutting direction.
The torque MNML in the main shear zone is balanced with the torque McLU + McUQ + McQP
in the tool–chip contact zone. The reference point of the torque is point L. Equilibrium
equations are listed according to Figure 13. The calculations of forces and momentum are
listed in reference [28].
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The distribution of normal stress on the tool crater wear surface (expressed by shear
flow stress k) can be solved, and the flowchart is shown in Figure 14. The fresh tool can be
regarded as a special worn stage KT = 0.
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Figure 14. Flow chart for solving normal stress distribution on tool crater wear surface.
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Shear flow stress k is an independent variable. The shear flow stress k needs to be
further calculated to determine the normal stress on the tool crater wear surface. The shear
flow stress was calculated via the J-C constitutive model.

k =
1√
3

(
A1 + B1(ε)

n)[1 + CIn

.
ε
.
ε0

][
1−

(
Ts − T0

Tm − T0

)m]
(27)

The J-C constitutive parameters of Inconel 718 are listed in Table 1 [29].

Table 1. J-C constitutive model parameters of Inconel 718, data from [29].

A1/MPa B1/MPa C m n Tm/K
.
¯
ε0

1200 895 0.016 1.55 0.526 1573 1.001

In Equation (27), ε is the strain of the main shear band, and
.
ε is the strain rate. ε and

.
ε

were calculated via Equations (28) and (29) [30].

ε =
cos α

2
√

3 sin Φ cos(Φ− γ)
(28)

.
ε = c

Vshear
lshear

(29)

where c is strain rate constant, lshear is the length of shear band, Vshear is the shear velocity,
and Ts is the average temperature of shear band.lshear, Vshear and Ts were calculated via
Equations (30)–(32).

lshear =
tu

sin Φ
(30)

Vshear =
Vs cos γ

cos(Φ− γ)
(31)

Ts = 0.754
(1− R1)qshear

λm

√
wtu csc Φ

Vshear
+ T0 (32)

In Equation (32), T0 is the environment temperature, and T0 = 20 °C; W is the cutting
width; Λm is the thermal conductivity of workpiece material; R1 is the shear band heat
distribution coefficient; and qshear is the shear band heat flux density. The calculations of R1
and qshear are shown in Equations (33) and (34).

R1 =
1

1 + 1.328
√

amε
Vstu

(33)

qshear =
FsVshear
wlshear

(34)

In Equations (33) and (34), am is the temperature coefficient of workpiece material,
and Fs is the shear force. The shear force is expressed by Equation (35).

Fs = kwlshear (35)

All in all, the solution of shear flow stress k and σn0 is shown in Figure 15.
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(2) Normal stress distribution on the tool flank wear surface

At present, there is no unified calculation method for the normal stress of the tool
flank wear surface. Waldorf et al. [31] considered the normal stress of the tool flank wear
surface as an exponential distribution without considering the tool flank roll angle. As
shown in Figure 16a, the maximum normal stress of the tool flank wear surface is located
at the tool tip. Zhou [32] introduced the influence of the tool tip radius and considered
that the normal stress of the tool flank wear surface is evenly distributed, as shown in
Figure 16b. Therefore, the finite element simulation was used to analyze the normal stress
distribution of the tool flank wear surface in the orthogonal cutting of Inconel 718 with
a TiAlN-coated carbide tool. In this paper, finite element modeling based on orthogonal
cutting experimental results is presented (Section 6).
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4.2. Tool–Chip Relative Sliding Velocity

The tool–chip relative sliding velocity of the tool flank wear surface is equal to the
cutting speed; therefore, only the tool–chip relative sliding velocity distribution needs to
be studied. The tool–chip relative sliding velocity distribution is affected by the length of
the sticking zone. The results of Zorev [33] and Tay [34] found that in the tool–chip contact



Metals 2023, 13, 1225 16 of 39

zone, the tool–chip relative sliding velocity in the sticking zone is exponentially related to
the length from the tool tip, as shown in Figure 17.
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The tool–chip relative sliding velocity Vr can be expressed as:

Vr(x) =

{ (
x
lp

)a1
Vchip 0 < x < lp

Vchip lp < x < lc
(36)

where x is the abscissa of the nodes on the tool crater wear surface in the X-Y coordinate
system. Vchip is the chip flow velocity, as shown in Equation (37).

Vchip =
Vs sin Φ

cos(Φ− γ)
(37)

4.3. Cutting Temperature Distribution on Tool Wear Surface

The cutting temperature of the tool surface comes from three heat sources: the primary
shear heat source, the tool–chip friction heat source and the tool–workpiece friction heat
source. The distribution of the heat source in the tool–workpiece contact zone is shown in
Figure 18.

(1) Cutting temperature distribution on the tool crater wear surface

The tool–chip friction heat source on the tool crater wear surface was simplified as
a plane heat source, and the change in tool–chip contact length caused by the deepening
of the tool crater wear was considered. The temperature rise in the tool crater wear zone
was mainly due to tool–chip friction and shear, and the tool–workpiece friction of the tool
flank wear surface also affected the cutting temperature of the tool crater wear surface. The
cutting temperature of the tool crater wear surface is shown in Equation (38).

Trake = Ttool− f irction + Tinduced−shear + Tinduced− f lank (38)

Ttool− f riction, Tinduced−shear and Tinduced− f lank are the temperature rise caused by the tool–
chip friction heat source, the primary shear heat source and the tool–workpiece friction
heat source, respectively. Assuming that the boundary is adiabatic, the heat cannot be
dispersed into the air. The coordinate system of the tool–chip and tool–workpiece contact
zone was established as shown in Figure 19.
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The temperature rise 𝑇  caused by the tool–chip friction heat source was 
obtained via Equations (39)–(42). Zhao [35] found that the tool–chip heat distribution co-
efficient between carbide and Inconel 718 (𝑅 ) is 0.45. The temperature rise in the tool 
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Figure 19. Schematic diagram of tool–chip friction interface/tool–workpiece friction interface coordi-
nate system.

The temperature rise in any point (X′,Y′,Z′) in the tool crater wear surface caused by
the tool–chip friction heat source is shown in Equations (39)–(41) [30].

Ttool− f irction
(
X′, Y′, Z′

)
=

(1− R2)

2πλT

lc∫
0

q f
(
x′
)
dx′

w
2∫

− w
2

(
1
Ri

+
1

Ri
′

)
dy′ (39)

Ri =

√
(X′ − x′)2 + (Y′ − y′)2 + (Z′)2 (40)



Metals 2023, 13, 1225 18 of 39

Ri
′ =

√
(X′ + x′ − 2lc)

2 + (Y′ − y′)2 + (Z′)2 (41)

where R2 is the heat distribution coefficient of the tool–chip contact zone. Λm is the thermal
conductivity of the tool material.q f (x′) is the tool–chip friction heat flux density, as shown
in Equation (42).

q f
(

x′
)
= τ

(
x′
)
Vr
(
x′
)

(42)

The temperature rise Ttool− f riction caused by the tool–chip friction heat source was
obtained via Equations (39)–(42). Zhao [35] found that the tool–chip heat distribution
coefficient between carbide and Inconel 718 (R2) is 0.45. The temperature rise in the tool
crater wear surface caused by the tool–workpiece friction (Tinduced− f lank) was further solved
by analyzing the tool–workpiece friction behavior of the tool flank wear surface. The
temperature rise Ttool−rubbing caused by the tool–workpiece friction heat source needs to
be calculated to obtain Tinduced− f lank. The tool crater wear surface and the tool flank wear
surface are in different coordinate systems, and the coordinate system transformation
shown in Equation (43) was required.

X′′ = VB/ cos β− Z′/ cos(γ− β)− lc sin(γ + β)
Y′′ = Y′

Z′′ = lc cos(γ + β)− X′ cos(γ + β)
(43)

Using the relationship between the tool crater wear surface coordinate system and the
tool flank wear surface coordinate system, the Tinduced− f lank can be obtained, as shown in
Equation (44) [30].

Tinduced− f lank = Ttool−rubbing

(
VB

cos β
−
(
lc − X′

)
sin(γ + β), 0,

(
lc − X′

)
cos(γ + β)

)
(44)

Ttool−rubbing is the temperature rise in the tool flank surface caused by the tool–
workpiece friction heat source, which can be calculated via Equations (45)–(47) [30].

Ttool−rubbing(X′′ , Y′′ , Z′′ ) =
1

2πλT

VB
cos β∫
0

(1− R3(x′′ ))q f 1(x′′ )dx′′

w
2∫

− w
2

(
1

Ri1
+

1
Ri1
′

)
dy′′ (45)

Ri1 =

√
(X′′ − x′′ )2 + (Y′′ − y′′ )2 + (Z′′ )2 (46)

Ri1
′ =

√(
X′ + x′ − 2

VB
cos β

)2
+ (Y′ − y′)2 + (Z′)2 (47)

q f 1(x′′ ) is the tool–chip friction heat flux density, as shown in Equation (48).

q f 1(x′′ ) = µσn0Vs (48)

R3(x′′′ ) is the tool–workpiece heat distribution coefficient between carbide and Inconel
718. At present, there is a lack of research on the tool–workpiece heat distribution coefficient
between carbide and Inconel 718. It is necessary to determine the R3(x′′′ ) by calculating
the temperature rise in the workpiece. The temperature rise in the workpiece is due to the
primary shear band and the tool–workpiece friction, as shown in Equation (49).

Tworkpiece = Tworkpiece−rubbing + Tworkpiece−shear (49)
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Tworkpiece−rubbing is the temperature rise in the workpiece caused by tool–workpiece
friction heat source, which can be calculated via Equation (50) [30].

Tworkpiece−rubbing

(
X
′′′

, Y
′′′

, Z
′′′
)
= 1

πλm

VB
cos β∫
0

R3

(
x
′′′
)

q f 1

(
x
′′′
)

exp

( (
X
′′′−x

′′′)
Vs

2am

)
×
[

K0

(
Vs

2am

√(
X′′′ − x′′′

)2
+
(
Z′′′
)2
)]

dx
′′′

(50)

Tworkpiece−shear is the temperature rise in the workpiece caused by primary shear heat
source, which can be calculated via Equation (51) [30].

Tworkpiece−shear =
qshear
2πλm

lshear∫
0

exp

(
−
(

X
′′′− VB

cos β−li sin(Φ−β)
)

Vs

2am

)
×

{[
K0

(
Vs
2ac

√(
−X′′′ + VB

cos β − li cos(Φ− β)
)2

+
(
Z′′′ + li sin(Φ− β)

)2
)]

+

[
K0

(
Vs
2ac

√(
−X′′′ + VB

cos β + li cos(Φ− β)
)2

+
(
Z′′′ − li sin(Φ− β) + 2tu

)2
)]}

dli

(51)

In Equation (51), ac is the temperature coefficient of tool material, and K0 is the zero-
order Bessel function of the second kind.

The relationship between Tf lank and Tworkpiece is shown in Equation (52). The tempera-
ture rise in the tool flank wear surface Tf lank can be solved based on Equation (52), and the
R3(x′′′ ) can also be calculated.

Tworkpiece = Tf lank (52)

(2) Cutting temperature distribution on the tool flank wear surface

The temperature rise in tool flank wear surface Tf lank is due to the tool–workpiece
friction heat source and tool–chip friction heat source, as shown in Equation (53).

Tf lank = Tinduced−rake + Ttool−rubbing (53)

In Equation (53),Tinduced−rake is the temperature rise in the tool flank wear surface
caused by the tool–chip friction, as shown in Equation (54).

Tinduced−rake = Ttool− f irction

(
lc, 0,

VB
cos β

− X
′′
+ li sin(γ + β)

)
(54)

Based on the relationship between Tf lank and Tworkpiece, the R3(x′′′ ) can be calculated
by combining Equations (53) and (54). Finally, the cutting temperature distribution on the
tool crater wear surface and tool flank wear surface can be solved, and the flow chart is
shown in Figure 20.
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Figure 20. Flow chart for solving the cutting temperature of tool rake face and tool flank face.

5. Orthogonal Cutting Experiment

Inconel 718 was used as the workpiece material. Inconel 718 was processed into disc
workpieces (Φ 125 mm, thickness of 2 mm). The physical properties of Inconel 718 are
shown in Table 2.

Table 2. Physical properties of Inconel 718.

Density (kg/m3)
Elastic Modulus

(GPa)

Thermal
Conductivity

(W/m·K)

Specific Heat
Capacity
(J/kg·K)

Temperature
Coefficient
(10−6 m2/s)

8240 206

13.4 (20 ◦C)
15.9 (200 ◦C)
21.2 (600 ◦C)

30.4 (1000 ◦C)

435 (20 ◦C)
460 (200 ◦C)
539 (600 ◦C)

707 (1000 ◦C)

3.74 (20 ◦C)
4.19 (200 ◦C)
4.77 (600 ◦C)

5.22 (1000 ◦C)

The tools were PVD TiAlN-coated carbide tools with a rake angle of 0◦ and 11 relief
angles. The tool width is 4 mm. The tool matrix material is WC-Co-cemented carbide. The
physical properties of WC are shown in Table 3. The thickness of TiAlN coating is 2 µm [35],
and the physical properties of TiAlN are shown in Table 4.

Table 3. Physical properties of WC.

Density (g/cm3)
Thermal

Conductivity
(W/m·K)

Specific Heat
Capacity
(J/kg·K)

Temperature
Coefficient
(10−6 m2/s)

14.32

92.42 (25 ◦C)
79.94 (100 ◦C)
75.33 (300 ◦C)
68.14 (500 ◦C)
68.12 (700 ◦C)
58.35 (900 ◦C)

0.45 (25 ◦C)
0.29 (100 ◦C)
0.32 (300 ◦C)
0.33 (500 ◦C)
0.56 (700 ◦C)
0.39 (900 ◦C)

13.93 (25 ◦C)
19.43 (100 ◦C)
16.41 (300 ◦C)
14.48 (500 ◦C)
8.05 (700 ◦C)

10.05 (900 ◦C)



Metals 2023, 13, 1225 21 of 39

Table 4. Physical properties of TiAlN.

Density (kg/m3)
Elastic Modulus

(GPa)

Thermal
Conductivity

(W/m·K)

Specific Heat
Capacity
(J/kg·K)

Temperature
Coefficient
(10−6 m2/s)

1892 370 15.41 769.46 10.59

Inconel 718 disc workpieces were subjected to an orthogonal cutting test at the CNC
turning center. The cutting speeds were Vs = 50 m/min and 70 m/min. The radial feed
f = 0.1 mm/r was equal to the thickness of the undeformed chip. The experimental setup
was illustrated in Figure 21. The outer edge of the disc workpieces were de-surfaced to
reduce the influence of the radial circular runout before the experiment, and the end of the
fixture was fixed by a thimble.
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Figure 21. Equipment for orthogonal cutting experiments.

Tools with different wear states were obtained by changing the cutting time. The rela-
tionship between cutting time and cutting parameters and the size of the disc workpieces
is shown in Equation (55).

t =
∆DπD
2tuVs

(55)

In Equation (55), t is cutting time, ∆D is the diameter removal amount of the disc
workpieces, D is the diameter of the disc workpieces, and tu is the thickness of undeformed
chip. The schematic diagram of the orthogonal cutting of the disc workpieces is shown in
Figure 22.

Under the two sets of cutting parameters, five groups of orthogonal cutting processes
with different cutting time were carried out. The cutting time is shown in Table 5.

Table 5. Cutting time under different cutting process parameters.

Cutting Speed
(m/min) Cutting Time (s)

Group 1 2 3 4 5
50 40 100 140 200 260
70 15 25 35 45 55

The diameter of the disc workpiece decreases during the orthogonal turning process.
Due to the constant spindle speed of the lathe, the linear speed (cutting speed) on the
surface of the disc workpiece is reduced. Therefore, intermittent turning was adopted to
make the diameter removal of once single turning disc workpiece less than 10 mm. The
spindle speed of the lathe was constantly changed to ensure that the linear velocity (cutting
speed) on the surface of the disc workpiece was constant. The experimental error caused
by the decrease in the cutting speed can be reduced.
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Figure 22. Schematic diagram of orthogonal cutting process with disc workpiece.

The tool crater wear morphology and the tool flank wear morphology were measured
using a laser confocal microscope and handheld microscope. The multi-file analysis func-
tion of the laser confocal microscope was used to measure the tool crater wear, and the tool
crater wear profile was drawn based on the measurement results. The relationship between
the tool flank wear width and the cutting time was obtained by measuring the tool flank
wear width VB with a handheld microscope.

The tool flank rolling angle β was measured using a laser confocal microscope. The
value of the tool flank rolling angle β was obtained by considering the profile of the
longitudinal section of the tool flank face. The angle γ′ between the tool flank face and
the tool wear zone can be obtained from the profile of the tool flank face (Figure 23). The
relationship between the angle γ′ and tool flank rolling angle β and tool clearance angle α
can be described as:

β = 180◦ −
(
α + γ′

)
(56)
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Figure 23. (a) Profile of the longitudinal section of the tool flank wear zone and included angle γ′.
(b) Angle γ′ (schematic).

Five sections were selected equidistantly on the tool flank wear zone to reduce risk,
and the obtained results were averaged to obtain the tool flank rolling angle β for this
group of tool flank wear widths VB.

6. Finite Element Simulation of Orthogonal Cutting

FE simulation of orthogonal cutting was carried out using the AdvantEdge software
version 7.0 (ThirdWave, Minneapolis, MN, USA) package. The transient orthogonal cutting
simulation of worn tool was carried out to obtain the cutting temperature and normal stress
of the wear surface. Firstly, the finite element modeling of the tool was carried out. The
worn tool was modeled based on the tool wear profile obtained from the orthogonal cutting
experiment, as shown in Figure 24. The tool crater wear profile was simplified to an arc
In the finite element modeling. The rounded corners were set at the front of the tool wear
zone to prevent mesh distortions. The corner radius R0 = VB/8. Due to the thin coating
thickness of the tool used in the experiment, the coating peels off quickly in the orthogonal
cutting process. In the tool wear zone, the tool matrix material is usually in direct contact
with the workpiece, so the influence of the coating is not considered in the modeling of the
worn tool.
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Figure 24. FE modeling of worn tool.

Secondly, the workpiece was modeled. Set the size of the workpiece, including the
height of the workpiece and the length of the workpiece. The height of the workpiece was
set to 3 mm, and the length of the workpiece was set to 5 mm. Figure 25 is the finite element
model of the TiAlN-coated carbide tool for the orthogonal cutting of Inconel 718.
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Figure 25. FE model of TiAlN-coated carbide tool orthogonal cutting of Inconel 718.

The cutting process parameters include cutting speed, feed rate, cutting width, cutting
length and ambient temperature. The cutting speed and feed rate were set based on the
orthogonal cutting experiment. The cutting speed was set to 50 m/min and 70 m/min, and
the feed rate was set to 0.1 mm/r. The cutting width in orthogonal cutting was equal to the
thickness of the disc workpieces (2 mm). The cutting length was set to 3 mm. The ambient
temperature was set to 20 ◦C. The material parameters of tool and workpiece were taken
from the online database of AdvantEdge.

The tool–workpiece friction coefficient is an important parameter in finite element
simulation. The tool–workpiece friction coefficient between WC and Inconel 718 was
affected by temperature, contact surface load and relative sliding speed of contact surface,
as shown in Figure 26 [36].
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It is observed in Figure 26 that the friction coefficient between WC and Inconel 718
decreases with the increase in temperature and load, and it increases with the increase in
sliding speed. The sensitivity of the friction coefficient to contact surface load and relative
sliding speed is low at room temperature, and the range of variation is limited to 0.5–0.55.
The sensitivity of friction coefficient to temperature is high. Therefore, the analysis of
friction coefficient in the process of tool wear only considers the influence of the cutting
temperature. Finite element modeling requires a preset friction coefficient. According
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to the output cutting temperature, the rationality of the preset friction coefficient can be
further judged.

7. Results and Discussion
7.1. Results of Orthogonal Cutting Experiment

The tool crater wear was measured using the multi-file analysis function of the laser
confocal microscope. The tool crater wear measurement results are shown in Figure 27. It
can be observed from the measurement results that under the two cutting conditions, with
the extension of cutting time, the tool crater wear profile deepens, and the deepest point of
the tool crater wear profile continues to approach the tool tip.
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70 m/min.

Using a hand-held microscope (magnification 250 times) to measure the tool flank
wear width VB of worn tools, the relationship between the tool flank wear width VB and
the cutting time was obtained, as shown in Figure 28.
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The tool flank wear rate is the derivative of the tool wear curve. The polynomial
fitting method was used to fit the tool flank wear curve shown in Figure 28. The derivative
operation of the fitted curve was carried out to obtain the tool flank wear rate at different
times of the orthogonal cutting experiment, as shown in Figure 29. The tool flank wear
width VB was 0.358 mm after cutting at 50 m/min for 260 s, which exceeded the blunt
standard VB = 0.3 mm, so this group was eliminated.
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Figure 29. Tool flank wear rate.

The measurement results of the tool flank rolling angle are shown in Tables 6 and 7. It
can be observed that the tool flank rolling angle decreases with the extension of cutting
time, and finally it approaches zero.

Table 6. Tool flank rolling angle of different worn tool (Vs = 50 m/min f = 0.1 mm/r).

Cutting Time/s 40 100 140 200 260

β/◦ (Vs = 50 m/min f = 0.1 mm/r) 1.9 1.2 0.9 0.5 -

Table 7. Tool flank rolling angle of different worn tool (Vs = 70 m/min f = 0.1 mm/r).

Cutting Time/s 15 25 35 45 55

β/◦ = 70 m/min (Vs f = 0.1 mm/r) 1.8 1.5 1.2 0.7 0.5

7.2. Results of Finite Element Simulation

The cutting temperature and normal stress of the tool flank wear surface cannot
be measured via the orthogonal cutting experiment. The wear state of each group was
simulated by finite element simulation, and the cutting temperature and normal stress
of the tool flank wear surface were obtained. The extraction of the cutting temperature
and normal stress on the tool flank wear surface is shown in Figure 30. In the middle
section of the tool flank wear surface, five nodes were selected at equal intervals, the cutting
temperature and normal pressure at each node were extracted, and the average value was
calculated to reduce the contingency. The tool–workpiece relative sliding velocity is equal
to the cutting speed.
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Figure 30. Extraction method of cutting temperature and normal stress on tool flank wear surface.

Figure 31 shows the extraction results of the cutting temperature and normal stress on
the tool flank wear surface of each worn tool at a cutting speed of 50 m/min and 70 m/min.
It can be observed that the smaller the node number, the closer it is to the tip. It can be
observed from the FE simulation results of Figure 31 that the cutting temperature of the
tool flank wear surface increases greatly with the increase in cutting speed, and the normal
stress of the flank changes less with the increase in cutting speed. At the same cutting
speed, with the extension of cutting time, the cutting temperature of the tool flank wear
surface increases continuously, and the normal stress of the flank surface decreases.
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face was calculated, and the finite element simulation cloud map was further observed, as 
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Figure 31. Cutting temperature and normal stress of tool flank wear zone. (a) Normal stress distribu-
tion on tool flank wear surface at cutting speed of 50 m/min. (b) Cutting temperature distribution on
tool flank wear surface at cutting speed of 50 m/min. (c) Normal stress distribution on tool flank
wear surface at cutting speed of 70 m/min. (d) Cutting temperature distribution on tool flank wear
surface at cutting speed of 70 m/min.
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The normal stress of the tool flank wear surface shows a tiny growth trend from the
tool tip. Therefore, the normal stress distribution of the tool flank wear surface can be
approximated as a uniform distribution. The average normal stress of tool flank wear
surface was calculated, and the finite element simulation cloud map was further observed,
as shown in Figure 32.
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It can be observed from the normal stress cloud map that the average normal stress of
the flank wear surface is equal to the σn0. The σn0 was extracted and compared with the
average normal stress of tool flank wear surface, as shown in Figure 33. Figure 33 shows
that the gap between average normal stress of the flank wear surface and the σn0 is small.
Therefore, the value of average normal stress of the flank wear surface was approximated
as being equal to σn0.

7.3. Solution of Usui Model Constants

The Usui tool wear rate model was logarithmically calculated, as shown in Equation (57).

In
( .

wn

σnVr

)
= In(A)− B

T
(57)

Equation (57) represents the linear relationship between ln
.

wn
σnVr

and 1
T , and the con-

stants A and B of the Usui tool wear rate model were obtained by solving the slope and
intercept of Equation (57). The tool flank wear rate at different times was obtained via the
orthogonal cutting experiment, and the tool flank wear rate was transformed into the nodal
wear rate by Equation (4). The cutting temperature and normal stress of the tool flank wear
surface were obtained via FE simulation.

The tool flank wear rate and the tool flank rolling angle at different times were obtained
from the results of the orthogonal cutting experiment, and the tool nodal wear rate of the
tool flank wear surface was calculated. The tool flank wear rate and tool flank rolling angle
obtained from the orthogonal cutting experiment were substituted into Equation (4), and
the nodal wear rate of tool flank wear surface was calculated. The calculation results are
shown in Figure 34.
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Figure 33. The comparison diagram of the normal stress at the tool tip (starting point of the tool
crater wear profile) and the average normal stress of the tool flank wear surface. Cutting speed:
(a) 50 m/min; (b) 70 m/min.
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The cutting speed, nodal wear rate, cutting temperature and normal stress were
substituted into Equation (4). The scatter plot between ln

.
wn

σnVr
and 1

T was obtained, and the
scatter plot was linearly fitted, as shown in Figure 35.
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The slope and intercept of the regression line were obtained via linear fitting, and the
constant of the Usui tool wear rate model under the condition of orthogonal cutting of
Inconel 718 using the TiAlN-coated carbide tool was calculated: A = 7.8 × 10−8, B = 4186.

7.4. Predicted Results of Tool Wear

The tool wear of the TiAlN-coated carbide tool in the orthogonal cutting of Inconel
718 was predicted using the proposed prediction method. The cutting parameters are the
same as those of the orthogonal cutting experiment.

In the prediction of tool wear, the tool wear process was discretized into six wear
states (the tool flank wear width VB = 0.04 mm, 0.08 mm, 0.12 mm, 0.16 mm, 0.20 mm and
0.24 mm), and the tool wear was predicted by calculating the time length between each
wear state. The tool wear prediction results include the tool crater wear profile and the tool
flank wear curve.

The predicted tool crater profiles are shown in Figure 36, and the predicted tool flank
wear curves are shown in Figure 37.

It can be observed from Figure 36 that the width of the tool crater wear profile decreases
continuously with the increase in tool wear, and the deepest point of the tool crater wear
profile is close to the tool tip. The evolution trend of the tool crater wear is consistent with
the experimental results.

The evolution of the tool crater wear profile is determined by the nodal wear rate
distribution of the tool crater wear surface, as shown in Figure 38. Figure 38 shows that the
highest point of the nodal wear rate coincides with the deepest point of the tool crater wear
surface. The highest point of the nodal wear rate is constantly close to the tool tip with the
increase in tool wear, which is the same as the evolution trend of the tool crater wear.

The distribution of the nodal wear rate is the combined effect of the evolution of
the tool tip position, tool–chip contact length and the length of the sticking zone. The
shear angle of the main shear area increases with the increase in tool wear, as shown in
Tables 8 and 9. The increase in the shear angle leads to the decrease in the tool–chip contact
length and the length of the sticking zone, and the inflection point of the tool–chip relative
sliding velocity is close to the tool tip. The inflection point of the tool–chip relative sliding
velocity determines the highest cutting temperature of the tool crater wear surface, as
shown in Figure 39. Figure 39 show that the highest point of the cutting temperature
coincides with the highest point of the nodal wear rate, and the forward movement of the
inflection point of tool–chip relative sliding velocity drives the highest point of node wear
rate close to the tool tip.
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Table 8. Evolution of shear angle, length of sticking zone, length of tool–chip contact zone and actual
rake angle (cutting speed of 50 m/min and feed rate of 0.1 mm/r).

Cutting Time (s) 0.0 35.8 63.2 91.4 114.7 140.4

Φ/◦ 30 34 35 36 38 42
lc/mm 0.34 0.30 0.30 0.29 0.28 0.26
lp/mm 0.146 0.130 0.128 0.124 0.118 0.110

γ/◦ 0 3 4 6 12 16

Table 9. Evolution of shear angle, length of sticking zone, length of tool–chip contact zone and actual
rake angle (cutting speed of 70 m/min and feed rate of 0.1 mm/r).

Cutting Time (s) 0.0 6.0 13.1 21.6 28.3 38.2

Φ/◦ 32 35 36 38 41 44
lc/mm 0.32 0.29 0.29 0.28 0.26 0.24
lp/mm 0.137 0.126 0.124 0.119 0.110 0.104

γ/◦ 0 3 5 8 13 18
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Figure 39. Distribution of tool–chip relative sliding velocity and cutting temperature on tool crater 
wear surface. (a) Cutting speed of 50 m/min and feed rate of 0.1 mm/r. (b) Cutting speed of 70 m/min 
and feed rate of 0.1 mm/r. 

Figure 39. Distribution of tool–chip relative sliding velocity and cutting temperature on tool crater
wear surface. (a) Cutting speed of 50 m/min and feed rate of 0.1 mm/r. (b) Cutting speed of
70 m/min and feed rate of 0.1 mm/r.

The maximum nodal wear rate of the tool crater wear surface increases continuously
during the tool wear process. However, when the cutting speed is 50 m/min, the maximum
value of the nodal wear rate of the tool crater wear surface is in a state of uniform rise. When
the cutting speed is 70 m/min, the maximum value of the nodal wear rate of the tool crater
wear surface rises sharply in the cutting time range of 13.1–21.6 s. It can be observed from
Figure 39 that the maximum cutting temperature of the tool crater wear surface increases
with the increase in tool wear, and its growth trend is the same as that of the maximum
nodal wear rate. When the cutting speed is 50 m/min, the cutting temperature of the
tool crater wear surface increases continuously. When the cutting speed is 70 m/min, the
cutting temperature of the tool crater wear surface rises sharply in the range of 13.1–21.6 s,
which is the same as the evolution trend of the nodal wear rate. The evolution of the cutting
temperature caused by tool wear is the decisive factor for the increase in the nodal wear
rate. In the tool wear process, the deepening of the tool crater wear profile increases the
tool rake angle, which leads to the increase in the tool–chip relative sliding velocity, as
shown in Tables 8 and 9. The increase in the tool–chip relative sliding velocity increases the
cutting temperature of the tool crater wear surface.

The normal stress of the tool–chip contact zone is exponentially distributed. The
normal stress in the sticking zone is larger than that in the tool–chip relative sliding zone,
as shown in Figure 40. The normal stress distribution caused the nodal wear rate to be
approximately symmetrical to the highest cutting temperature as the symmetry axis. The
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normal stress decreases slowly with the increase in tool wear, and the influence on the tool
wear rate is weak.
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The tool crater wear profile of some experimental groups in the wear state was pre-
dicted using the proposed tool wear prediction method, and the results of the orthogonal
cutting experiments were compared to verify the reliability of the prediction method. The
cutting speed Vs = 50 m/min, the tool flank wear width VB = 0.160 mm, 0.255 mm and
Vs = 70 m/min, and the tool flank wear width VB = 0.117 mm, 0.211 mm were selected to
predict the tool crater profile.

The existing research on tool wear prediction only focuses on tool crater wear or
tool flank wear, and the analysis of tool wear geometry evolution is less researched. In
the theoretical prediction of tool crater wear, Huang [18] simplified the tool–chip contact
length as a constant and ignored the evolution of the shear angle. Therefore, the tool wear
prediction results, without considering the evolution of the tool–chip contact length and
shear angle, were taken as the control group to prove the superiority of the proposed tool
wear prediction method.

It can be observed from Figure 41 that the two prediction methods can accurately
predict the maximum value of the tool crater wear depth. The prediction error of two
prediction methods is shown in Table 10. Error 1 is the prediction error of control group,
and Error 2 is the prediction error of the prediction results in this paper. Under the
tool wear state of cutting speed = 50 m/min and VB = 0.160 mm/0.255 mm, and cutting
speed = 70 m/min and VB = 0.211 mm, the prediction error of the tool crater wear maxi-
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mum depth predicted by the two methods is less than 15%. Under the tool wear condition
of cutting speed = 50 m/min and VB = 0.117 mm, the prediction error of the tool wear
prediction method proposed in this paper is 32.46%, which is 19.48% lower than that of
the control group. The prediction method proposed in this paper is consistent with the
experimental results in the prediction of the deepest point of the tool crater wear profile,
and the prediction error is less than 20%. The prediction results of the control group have
a large error in the prediction of the deepest point of the tool crater wear profile. The
tool wear prediction method proposed in this paper is helpful to improve the prediction
accuracy of tool crater wear.
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Table 10. Comparison of prediction errors.

Vs = 50 m/min
VB = 0.160 mm

Vs = 50 m/min
VB = 0.255 mm

Vs = 70 m/min
VB = 0.117 mm

Vs = 70 m/min
VB = 0.211 mm

KT Position of
KT KT Position of

KT KT Position of
KT KT Position of

KT

Error 1 0.55% 40.00% 13.45% 55.55% 51.94% 30.00% 2.30% 55.55%
Error 2 6.97% 10.00% 11.01% 11.11% 32.46% 20.00% 0.91% 11.11%

In particular, it can be observed from Figures 36 and 37 that the tool crater wear
depth KT and the tool flank wear width VB have a mapping relationship, as shown in
Figure 42. Therefore, the empirical model (orthogonal cutting of Inconel 718 using the
TiAlN-coated carbide tool) can be proposed. The empirical model adopts an exponential
function. KT = f (VB) can be described as:
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KT = 14.49
(

exp
(

VB
173.45

)
− 1
)

(58)

Metals 2023, 13, x FOR PEER REVIEW 38 of 42 
 

 

speed of 70 m/min and feed rate of 0.1 mm/r; VB = 0.117 mm. (d) Cutting speed of 70 m/min and 
feed rate of 0.1 mm/r; VB = 0.211 mm. 

Table 10. Comparison of prediction errors. 

 𝑽𝒔 = 50 m/min VB = 0.160 
mm 

𝑽𝒔 = 50 m/min VB = 0.255 
mm 

𝑽𝒔 = 70 m/min VB = 0.117 
mm 

𝑽𝒔 = 70 m/min VB = 0.211 
mm 

 KT 
Position of 

KT KT 
Position of 

KT KT 
Position of 

KT KT 
Position of 

KT 
Error 1 0.55% 40.00% 13.45% 55.55% 51.94% 30.00% 2.30% 55.55% 
Error 2 6.97% 10.00% 11.01% 11.11% 32.46% 20.00% 0.91% 11.11% 

In particular, it can be observed from Figures 36 and 37 that the tool crater wear depth 
KT and the tool flank wear width VB have a mapping relationship, as shown in Figure 42. 
Therefore, the empirical model (orthogonal cutting of Inconel 718 using the TiAlN-coated 
carbide tool) can be proposed. The empirical model adopts an exponential function. KT = 
f(VB) can be described as: 

=14.49 exp 1
173.45
VBKT

  −  
  

 (58)

 

  
(a) (b) 

Figure 42. Relationship between tool crater wear depth and tool flank wear width. (a) Cutting speed 
of 50 m/min and feed rate of 0.1 mm/r. (b) Cutting speed of 70 m/min and feed rate of 0.1 mm/r. 

The prediction results of the tool flank wear are shown in Figure 43. It can be ob-
served from Figure 43 that two prediction methods can accurately predict the tool flank 
wear. In addition, the tool flank wear in different cutting parameters can be predicted 
using the method in this paper, and the tool crater wear can be further predicted combin-
ing Equation (58). However, the predicted tool flank wear curves did not follow a conven-
tional tool wear pattern (rapid wear at the beginning and end of tool life), the tool wear 
rate model needs to be further optimized according to the specific machining conditions. 

Figure 42. Relationship between tool crater wear depth and tool flank wear width. (a) Cutting speed
of 50 m/min and feed rate of 0.1 mm/r. (b) Cutting speed of 70 m/min and feed rate of 0.1 mm/r.

The prediction results of the tool flank wear are shown in Figure 43. It can be observed
from Figure 43 that two prediction methods can accurately predict the tool flank wear.
In addition, the tool flank wear in different cutting parameters can be predicted using
the method in this paper, and the tool crater wear can be further predicted combining
Equation (58). However, the predicted tool flank wear curves did not follow a conventional
tool wear pattern (rapid wear at the beginning and end of tool life), the tool wear rate
model needs to be further optimized according to the specific machining conditions.
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8. Conclusions

In this study, a tool wear prediction method was proposed based on the positive
feedback relationship between the tool geometry and the predicted tool wear rate. The
evolution of the tool geometry during tool wear was analyzed by considering the combined
effect of the tool crater wear and tool flank wear, including the evolution of the tool
tip position, tool rake angle and tool flank rolling angle. The evolution of the cutting
temperature, normal stress and tool–chip relative sliding velocity on the tool wear surface
were studied. The evolution of the tool wear rate during tool wear was revealed. Based
the evolution of the tool geometry and tool wear rate in the tool wear process, the tool
crater wear and tool flank wear of TiAlN-coated carbide tool orthogonal cutting of Inconel
718 were predicted using the tool wear prediction method. The results of the tool wear
prediction were verified by experiments. The following conclusions were drawn:

(1) The predicted maximum depth of the tool crater wear profile and the deepest point
of tool crater wear profile are consistent with the experimental results. Considering
the real-time evolution of shear angle and tool–chip contact length with tool wear is
helpful to improve the prediction accuracy of rake face wear profile. The prediction
method proposed in this paper is consistent with the experimental results in the
prediction of the deepest point of tool crater wear profile, and the prediction error
is less than 20%. The prediction results of control group have a large error in the
prediction of the deepest point of the tool crater wear profile. The predicted results of
the tool flank wear are also consistent with the experimental results. The predicted
tool flank wear curves did not follow a conventional tool wear pattern, and the tool
wear rate model needs to be further optimized according to the specific machining
conditions.

(2) The nodal wear rate distribution of the tool crater wear surface determines the evolu-
tion of the tool crater wear profile. The distribution of the nodal wear rate of the tool
crater wear surface depends on the distribution of the cutting temperature and the
tool–chip relative sliding velocity. The highest point of the cutting temperature and
the inflection point of the tool–chip relative sliding velocity coincide with the highest
point of the nodal wear rate of the tool crater wear surface.

(3) The forward movement of the deepest point of tool crater wear profile is attributed to
the increase in tool wear. The consideration of the interaction between the tool crater
wear and tool flank wear can describe the evolution of the tool–chip contact length and
rake angle. The tool–chip contact length decreases with the increase in tool flank wear,
resulting in a decrease in the length of the sticking zone. The inflection point of the
tool–chip relative sliding velocity moves forward, and the highest point of the nodal
wear rate of the tool crater wear surface moves forward. The increase in the tool shear
angle and tool rake angle leads to the increase in the tool–chip relative sliding velocity.
The increase in the tool–chip relative sliding velocity increases the cutting temperature
of the tool crater wear surface, the highest point of the cutting temperature coincides
with the highest point of the nodal wear rate of the tool crater wear surface, and the
nodal wear rate increases. Therefore, the tool crater wear profile deepens.

The positive feedback relationship between the tool geometry and the predicted tool
wear rate was adopted in the prediction method. The attention to the real-time process
of tool wear further improved the accuracy of the tool wear prediction, including the tool
geometry and tool wear rate. This method fits in different machining conditions, with only
some cutting parameters and material parameters needing to be changed. This prediction
method can be used to guide the development of the tool wear database. However, part of
theoretical model can be further optimized according to the specific machining conditions
in the next step.
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