
ORIGINAL ARTICLE

A novel finite element method for the wear analysis of cemented
carbide tool during high speed cutting Ti6Al4V process

Yang Wang1
& Honghua Su1

& Jianbo Dai1 & Shubao Yang2

Received: 14 November 2018 /Accepted: 15 April 2019 /Published online: 27 April 2019
# Springer-Verlag London Ltd., part of Springer Nature 2019

Abstract
In the present research, three typical cutting tool wear mechanisms (abrasive wear, adhesive wear, and diffusive wear) were taken
into consideration in the FE simulation of cutting tool with a specific user-defined subroutine. Based on the influence of
temperature on the cutting tool wear form, a novel wear rate model was built integrating Usui, Takeyama, and Attanasio wear
rate equation. The high-speed cutting tests were carried out on Ti6Al4V to determine the proposed wear rate model constant. The
cutting forces and rack face wear morphologies obtained from FE simulation match well with those from experimental cutting
tests. Finally, the effect of cutting parameters on tool wear was studied by FEM. The simulation results show that the impact of the
cutting speed on the cutting tool life is more significant than that of feed rate, and the preferred ranges of cutting speed and feed
rate for extending cemented carbide cutting tool in high-speed dry cutting Ti6Al4V are 90–150 m/min and 0.10–0.20 mm/r,
respectively.
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1 Introduction

Recently, the titanium alloy has been widely used in the aero-
space industry due to superior physical and chemical proper-
ties [1, 2], such as low density, corrosion resistance, high
strength, good low-temperature resistance, high temperature
resistant [3–6]. The inherent disadvantages (low thermal con-
ductivity, high chemical activity, and low elastic modulus)
make the titanium alloy a typical difficult-to-machining mate-
rial [7–9]. High-speed cutting is the key technology for real-
izing high efficiency machining for this kind difficult-to-
machining titanium alloy. However, the rapid wear of the cut-
ting tool has become an obstacle to further improving the
machining efficiency and quality of these titanium alloy
materials.

Tool wear is an important aspect of the difficult-to-
machining materials cutting process, which has a significant
impact on the component quality, chip formation, and the
costs of the cutting process. Enormous efforts have beenmade
on the cutting tool wear mechanisms. Costes [10] studied the
mechanism of tool wear in cutting Inconel 718 process.
Through SEM and chemical analysis, he concluded that the
cutting tool failure was mainly caused by abrasive, adhesive,
and diffusive wear in the cutting process. Takeyama and
Murata [11] believed that mechanical wear and diffusive wear
effects should be considered in tool wear. Mathew [12] and
Attanasio [13] found that when the cutting temperatures are
below 700 °C, the cutting tool wear form includes abrasive
wear and adhesive wear, and once the temperatures exceed
700 °C, the diffusive equation becomes the main wear form.
Generally, during the high-speed cutting process, the cutting
tool wear occurs in the form of the combination of those wear
mechanisms, which is mainly influenced by the cutting
temperatures.

To improve the cutting efficiency and quality of titanium
alloy and prolong the cutting tool life, the accurate prediction
of tool wear in high-speed cutting of titanium alloys has be-
come a popular topic. Compared with the empirical formula
and theoretical calculation, numerical simulation is a cost-
effective method for the cutting tool prediction, which was
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widely used to study the various aspects of the machining
process, such as surface integrity [14], chip breakage [15], tool
wear, or dimension deviation caused by thermal elastic defor-
mation [16, 17]. Attanasio et al. [18] built a 3D numerical
model for predicting the tool wear in metal cutting operations
considering the diffusive wear mechanism through a specific
subroutine. Filice et al. [19] proposed an effective FE model
able to model both flank and crater, and discussed the limits of
numerical simulations as concerns thermal aspects; they pro-
posed the way that increase the heat transfer coefficient “h”
between tool and chips, quickly obtaining stable temperature
field. Binder et al. [20] introduced the thermos-mechanical
load to calculate the local adhesive wear rates and modify
the tool geometry accordingly with a wear subroutine.
However, as described above, the tool wear mechanisms in-
volved in the high-speed cutting titanium alloys include abra-
sive, adhesive, and diffusive wear, which may be the main
reason for the unpredictable error between the experimental

and numerical results. Hence, it is highly necessary to imple-
ment a novel wear rate model, able to take into account the
abrasive, adhesive, and diffusive wear mechanisms, into FEM
simulation of high-speed cutting titanium alloy process
through a specific subroutine.

The present work is devoted to building a reliable FE mod-
el of tool wear that can consider various wear mechanisms
(abrasive wear, adhesive wear, diffusive wear) occurring in
high-speed cutting Ti6Al4V process. A novel technique is
introduced to update the wear geometry of the cutting tool
by the user subroutine without manual intervention of the
numerical simulation. The validity of the model is verified
through experiments. The carbide tool life and wear morphol-
ogy in the titanium alloy machining process was predicted by
FEM, and the model predicts the location and depth of actual
tool wear. The reasonable range of cutting parameters was
determined, which provides important information for im-
proving the machining efficiency and reducing cost.

Fig. 2 Simulation sequence
conducted for every discrete time
step Δtwear in wear simulation

Fig. 1 Tool temperature changes
over time
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2 Implementation of the tool wear simulation

In the actual cutting test, a cutting tool life may last from
several seconds to hours or even weeks, and there is a big
contrast between the machining time required for reaching
thermal steady state conditions (usually about 10–20 s).
However, the machining time in the 2D simplified cutting
process simulation model just is of the order of 10−3, which
makes it almost impossible to realize a simulation of the entire
tool life due to the tremendous computing times. Hence, the
continuous progress of wear is discretized into finite steps for
the purpose of tool wear simulation.

The continuous progress of tool wear was approximated by
discretizing the cutting time in intervals. For each interval, the
tool wear simulation mainly focuses on the steady-state cut-
ting operations in continuous chip formation with reasonable
constant loads (pressure, temperature, sliding velocity, etc.).

In order to reach the steady state in each discrete step,
especially in the thermal aspects, some alternatives have been
proposed [21, 22]. Relevant importance is assumed by in-
creasing the global heat transfer coefficient “h” at the tool-
chip interface. Generally, considering the larger value of the
above coefficients, it is assumed that there are more effective
heat transfer conditions at the chip-tool interface. In this paper,
a large heat transfer coefficient h is 2000 kw/m2·K is adopted,

which causes a large amount of heat to transfer to the tool in a
short time, so that it can reach the thermally stable state rap-
idly. As shown in Fig. 1a, the temperature distribution of the
tool is obtained after increasing the heat transfer coefficient,
and four points (P1, P2, P3, P4) from the surface of the tool to
the interior can be used to see the temperature change in the
cutting process; the tool temperature quickly (10−4 s) reaches
the steady state as shown in Fig. 1b.

2.1 Procedures of tool wear simulation

The process of tool wear simulation in each discrete cutting
time (Δtwear) is depicted in Fig. 2. The assumption of the
underlying approach is to calculate the wear rates in a discrete
point ti, and between these points, it is assumed that the tem-
perature field and the stress field are not affected by the change
of the tool wear, and the wear rate of the tool is assumed to be
constant. The time interval between two consecutive points ti
and ti+1 is introduced as Δtwear. For every discrete time, step is
simulated. First, in the simulation, local temperature, stress,
and sliding velocity for the tool are transmitted to the user-
defined tool wear subroutine. Then, in the subroutine, the
local tool wear rate is calculated according to the tool wear
rate equation. Since tool wear is not only to be calculated, but
also to be realized in the tool geometry, the local tool wear rate

(a) Before remeshing (b) After remeshing

Fig. 3 The comparison of tool
morphology before and after
remeshing. a Before remeshing. b
After remeshing

Table 1 Material parameters for cemented carbide [23]

Temperature (°C) 20 200 400 600

Ultimate strength (MPa) 2600 2550 2350 2000

Young’s modules (GPa) 580 570 560 540

Density (kg/m3) 14,500

Thermal expansion (10−6 K−1) 5.4 5.4 5.4 5.6

Heat capacity (J/kg.K) 220 240

Thermal conductivity (W/m.K) 90

Poisson’s ration 0.22

Table 2 Johnson–Cook’
s law parameters and
their values

Parameter Value

A 553.1

B 600.8

C 0.0134

n 0.234

m 1

ε0˙ 1

Troom (K) 293.15

Tmelt (K) 1733
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is converted into the node displacement of each tool node.
Finally, the tool morphology is updated. This procedure con-
tinues iteratively until the total cutting time is reached.

During the tool wear simulation process, if the interior of
the tool model mesh does not have a corresponding adjust-
ment, it will lead to excessive distortion of the elements and
the uneven surface section of the tool after wear, which will
affect the convergence of the cutting process. This paper used
the strong automatic remeshing function in finite element soft-
ware to adjust the internal meshes of the tool to ensure the
smoothness of the tool surface.

According to the specification of the elements and the tool
wear rate in the simulation model, this paper establishes the
corresponding remeshing criterion. The elements on the tool
are remeshing every 20 incremental steps. The comparison of
tool morphology before and after remeshing is shown in
Fig. 3. It can be seen that Fig. 3a is the tool wear morphology
before remeshing, and after the remeshing, the tool wear mor-
phology is more smooth, as shown in Fig. 3b.

2.2 Finite element model of tool wear

2.2.1 Materials model

The simulation consists of two objects, the tool and the work-
piece, which are set as elastic-plastic bodies. The uncoated
WC–Co carbide tools (92% WC, 8% Co) are the Kenna
313. The material parameters for the tool at different temper-
atures are specified in Table 1 [23]. The flow stress of the work
material Ti6Al4V is calculated by the Johnson–Cook (J–C)
constitutive equation considering strain hardening, strain-rate
hardening, and thermal softening [13, 24]. The Johnson–Cook
model selected in this paper is expressed as:

σ ¼ Aþ Bε
n� �

1þ Cln
ε˙

ε0˙

 !
1−

T−T room

Tmelt−T room

� �m� �
ð1Þ

where A, B, C, m, n are the material constants of the Johnson–
Cook constitutive equation, T is the local temperature, Troom is
the reference value of the temperature, Tmelt is the melting

temperature, ε is the equivalent plastic strain, ε̇ is the equiv-
alent strain rate, and ε0˙ is the reference value of the strain rate.
The adopted model constants are listed in Table 2.

2.2.2 Two-dimensional FE model

The 2D orthogonal cutting finite element model is shown in
Fig. 4. The nose radius, rake angle, and flank angle of the
cutting tool are 0.8 mm, 5°, and 8°, respectively. The cutting
tool has 241 elements, and the mesh refinement is carried out
on the cutting area, which can reduce the computational cost.
The size of the Ti6Al4V workpiece is 2 mm× 0.8 mm, which
is divided into 21,000 elements. In the simulation, the tool
moves along the X-axis with the cutting speed of v m/min,
and the bottom of the workpiece is fixed. The initial temper-
ature of the workpiece and cutting tool is 20 °C, and the effect
of convection heat transfer with the environment is neglected.
The friction coefficient was 0.32 to simulate the low friction
condition between the cutting tool and workpiece [25]. The
simulation parameters are listed in Table 3, and the cutting
depth is set to a fixed value of 1 mm.

2.3 Tool wear rate equation

In the present research, the abrasive wear, adhesive wear, and
diffusive wear are taken account into the proposed wear mod-
el. The corresponding wear rate models of different tool wear
forms are listed in Table 4, respectively. In the proposed wear
rate model, it is assumed that there is no interrelationship
between the different tool wear forms and no abnormal wear

Fig. 4 Finite element geometry
model of orthogonal cutting

Table 3 The parameters of the cutting simulation

Cutting parameters Numeric value

Cutting speeds v (m/min) 90, 120, 150, 200, 250, 300

Cutting depth ap (mm) 1

Feed rate f (mm/r) 0.1, 0.15, 0.2

Cooling mode Dry machining
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(breakage, chipping edge, crack) occurring in the whole cut-
ting process. The total wear rate model considering the abra-
sive, adhesive, and diffusive wear could be calculated by [14]:

W ¼ Wr L;σað Þ þWa t; Tð Þ þWd t; Tð Þ ð2Þ
where W is the total wear, Wr is the abrasive wear, Wa is the
adhesive wear, Wd is the diffusive wear.

The cutting temperature, a key factor influencing the
wear forms occurring, was introduced in the total wear rate
model. Many literatures [12, 13] demonstrate that when the
temperature is below 700 °C, the tool wear form of the
cemented carbide tool is mainly the combination of abra-
sive wear and adhesive wear, and once the temperature
exceeds 700 °C, the tool wear form changes into the com-
bination of adhesive wear and diffusive wear. The tool

wear rate model considering the abrasive, adhesive, and
diffusive wear could be calculated by:

dW
dt

¼ Gvþ Aσtvsexp
−B
T

� �
T ≤Td

dW
dt

¼ Aσtvsexp
−B
T

� �
þ D Tð Þexp −E

RT

� �
T ≥Td

8>><
>>:

ð3Þ

In addition, the applied adhesive wear equation has two
constants A and B that need to be calibrated for a certain
combination of material-cutting material.

2.4 Tool wear subroutines

The function of the user-defined subroutines is to extend the
functions of the software by self-defined methods. The sub-
routines for finite element analysis software Marc are written
in Fortran. The subroutine used for tool wear simulation is
called “uwearindex” and enables the programmer to use a
wide set of internal variables. The implemented routines are
called and executed after every simulation step in the
simulation.

Figure 5 gives an overview of the processes executed in the
user subroutine. First, the tool temperature and stress in dis-
crete time are calculated by the simulation. Then, the user-
defined subroutine reads these parameters of the node on the
tool surface in real time, determines whether the temperature
reaches Td, determines the form of tool wear, calculates the

Fig. 5 The processes executed in the user subroutine

Table 4 Tool wear rate models [18]

Types of tool wear Models of tool wear rate Comments

Abrasive wear [11] dWr
dt ¼ Gv G is the constant, G= 2.37 × 10−11

v is the cutting speed, t is cutting time.

Adhesive wear [26] dWa
dt ¼ Aσtvsexp −B

T

� 	
vs is the relative sliding velocity, σt is the normal stress on the contact surface of cutter

and chip, T is the cutting temperature, A and B are the material constants.

Diffusive wear [13] dWd
dt ¼ Dexp − E

RT

� 	
E is the activation energy in the diffusive process, R is the gas constant, D is the function

of temperature: D(T) = aT3 + bT2 + cT + d.a = 1.637 × 10−9, b = −5.5373 × 10−6,
c = 6.1161 × 10−3, d = −2.251

A-A

KT: Crater depth

KB: Crater width

KM: Crater centre distance

Fig. 6 Schematic diagram of the tool crater wear
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nodal displacement, and updates the tool geometry based on
wear rate equation. Finally, the amount of the tool wear ob-
tained at different Δtwear is superimposed to achieve the sim-
ulation of the whole tool wear process. If the tool wear is not
up to the critical value of KTmax, then cycling the above steps
is continued until the tool fails. According to international
standard ISO3685-1977(E), the tool failure of carbide tool is
recommended: KTmax = (0.06 + 0.3f) mm, where f is the feed
rate, and KTmax = 0.1 mm is set as the critical value of tool
failure in this paper. As displayed in Fig. 6, the parameters of
crater depth (KT), crater width (KB), and crater center dis-
tance (KM) were introduced to describe the carter wear con-
dition of the rake surface.

3 Calibration of the tool wear rate equation

The proposed tool wear rate model has two constants A and B
that need be calculated for a certain combination of cemented
carbide tool and Ti6Al4V workpiece. The constants are deter-
mined by a hybrid approach using the above 2D orthogonal
cutting FE model to obtain the normal stress and relative slid-
ing velocity on the tool-chip interface and cutting experiments
to attain the corresponding wear rate and the cutting tempera-
ture T, as displayed in Fig. 7.

3.1 Experimental setup

All the cutting experiments were carried out on the CA6140
turning lathe without coolant. The material of workpiece cho-
sen for this study was Ti6Al4V alloy, which consisted of
equiaxed α phase and β transformed microstructure. The de-
tailed information about the chemical Ti6Al4Valloy is shown
in Table 5. The material of KENNA K313 tool is uncoated

WC–Co carbide, with the nose radius of 0.8 mm, rake angle of
5°, and flank angle of 8°.

As shown in Fig. 8, the temperature of the cutting tool is
measured by the tool-work (dynamic) thermocouple [27] in
the experiments. The technique is based on the thermo-electric
effect that the different materials (tool and workpiece) gener-
ate an electric potential difference between cold junction B
and the hot junctionA in the closed loop. In the present cutting
process, the hot junction A is the area of contact between the
tool and the workpiece and the cold junction B is formed by
the remote sections of the tool and the workpiece, connected
by lead wires. The temperature value can be obtained accord-
ing to the corresponding relationship between the measured
electromotive force and the temperature in the thermocouple
calibration system. The details of the experimental condition
are listed in Table 6.

The single factor experiment method was used in the pres-
ent cutting experiments. The cutting speed v and the feed rate f
were changed respectively to analyze the influence of these
two parameters on tool wear. The process parameters used for
the experiment are listed in Table 7.

3.2 Determination of tool wear rate equation
coefficient

As shown in Figs. 7 and 8, on the one hand, cutting experi-
ments were conducted in section 3.1, the cutting temperature T
of the cutting tool was measured, the depths of the crater wear
of the tools were tracked with the 3D microscope Hirox
KH7700, as shown in Table 8, and the wear rate (tool wear
per unit time) was calculated.

On the other hand, as shown in Fig. 9, the measured tool
wear morphology was imported into AutoCAD to reconstruct
the tool geometry model manually, the calculation results of
the previous step were taken as boundary conditions, and the
simulation is continued with the worn tool to obtain the nor-
mal stress and relative sliding velocity for the corresponding
time. The friction behavior of the tool-chip interface and the
material constitutive model are consistent as shown in section
3.3. As shown in Fig. 10a, b, the average value of the cutting

Fig. 7 The process of
determining the parameters of the
tool wear rate model

Table 5 The main chemical composition of the Ti6Al4Valloy [8]

Elements Ti Al V C Fe O N

Content (%) Bal. 5.5~6.8 3.5~4.5 0.08 0.3 0.2 0.05
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force signals measured by the experiments and simulations is
taken as the cutting force, the main cutting force Fx as the
research object in this paper. The accuracy of the simulation
model was proved by comparing the cutting force obtained
from the experiments with the simulation results. As shown in
Fig. 10c, the cutting force obtained by the two methods has a
similar trend with the change of cutting speed. After compar-
ison, it is found that the maximum error between the experi-
mental results and the simulation results does not exceed 8%,
indicating that the simulation model is accurate. Finally, the
normal stress σt and relative velocity vs were obtained from
the post-processing files. Substitute the formula for fitting, and
obtain the specific value of A and B for A = 4.8 × 10−3, B =
8500. Substituting A and B values into Eq. (3), the total wear
rate model considering the abrasive, adhesive, and diffusive
wear could be calculated by:

dW
dt

¼ Gvþ 4:8e−3σtvsexp
−8500
T

� �
T ≤Td

dW
dt

¼ 4:8e−3σtvsexp
−8500
T

� �
þ D Tð Þexp −E

RT

� �
T ≥Td

8>><
>>:

ð4Þ

4 Experimental validation and numerical
results

4.1 Validation of tool wear model

Figure 11 shows the tool wear mode and the morphology of
the cutting tool at different moments when the cutting speed is
120 m/min, the feed rate is 0.1 mm/r, and the cutting depth is
1 mm. In the initial wear stage, the tool wear part mainly
occurs at the tip of the tool, and the wear form of the rake face
is characterized as the broad crater at the end of tool wear. As
the cutting process is carried out, the depth and the width of
the crater wear are increased. At 4 min, the KT value has
reached 0.041 mm, while at 7.5 min, the tool KT value has
reached 0.1 mm and the tool fails.

Hirox KH7700 was used to track the crater wear of the
rake face of the tools in the experiments. The tool wear
mode and the morphology of the cutting tool at different
moments are shown in the Table 8; the cutting speed is
120 m/min, and the feed rate is 0.1 mm/r and the cutting
depth is 1 mm.

Figures 12 and 13 show the tool wear experimental re-
sults compared with the simulation results. When the

Fig. 8 The schematic diagram of
tool wear experiment

Table 6 The experimental conditions

Machine tool CA6140 turning lathe

Cutting tool Kenna K313

Workpiece Ti6Al4Vφ65mm, length 240 mm

Microscopy Hirox KH7700

Dynamometer Kistler 9265B

Charge amplifier Kistler 5059A

Signal acquisition card NI USB-6008

Table 7 Process parameters for cutting experiment

Machining conditions Parameter value

Cutting speeds v (m/min) 90, 120, 150

Cutting depth ap (mm) 1

Feed rate f (mm/r) 0.1, 0.2

Cooling condition Dry machining
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cutting speed is 120 m/min, the feed rate is 0.1 mm/r, and
cutting depth is 1 mm, the simulation values with the ex-
perimental values in the same change trend. In general, the
difference between the simulation estimate and the mea-
sured value is small, and the error is less than 15%. It is
shown that the simulation can reflect the actual wear pro-
cess of the tool and fully verifies the effectiveness of the
tool wear simulation model.

4.2 Analysis of the numerical results of tool wear

4.2.1 Impact of cutting speed on tool wear

Cutting speed is the most active factor affecting tool wear in
all cutting parameters and the increase of cutting speed will
lead to the increase of the cutting temperature, which will
advance the adhesive wear and diffusive wear. The depth of
crater wear KT (on the rack face of the cemented carbide tool)
against the time under different cutting speeds is shown in

Fig. 14. As the cutting speed increases, the slope of the tool
wear curve increases sharply, and the time needed to reach
wear dulling standard (KT = 0.1 mm) is also getting shorter
and shorter, indicating that the tool life will decrease with the
increasing speed. For example, when the cutting speed is
90 m/min, the time required to meet the wear dulling standard
of the tool rake face is 13.5 min. However, if the speed is
increased to 120 m/min, the time required to meet the wear
dulling standard of the tool rake face is 13.5 min; when the
speed is increased to 150 m/min, the time is 5 min; when the
cutting speed is increased to 200 m/min, 250 m/min, and
300 m/min, the curve in the graph rises in a straight line, and
the cutting tool reaches the wear dulling standard within
2 min.

The simulation results show that the crater wear on the rake
face is predominant under high-speed cutting of Ti6Al4V. The
variances of the depth of crater wear with the distance from the
tip of the tool under the different cutting speed are illustrated
in Fig. 15. For example, as shown in Fig. 15a, under the

Table 8 Change of tool wear quantity at different times in the experiments (v = 120 m/min)

Cutting time Crater wear Depths of the crater wear

2min

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

0.016

0.018

0.020

C
ra

te
r 

d
ep

th
/m

m

The distance from the tip of the tool /mm

v=120m/min

4min

0.00 0.05 0.10 0.15 0.20

0.00

0.01

0.02

0.03

0.04

0.05

C
r
a
te

r
 d

e
p

th
 /

m
m

The distance from the tip of the tool /mm

v=120m/min

6min

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

cr
a
te

r 
d

ep
th

/m
m

The distance from the tip of the tool /mm

v=120m/min

8min

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

0.00

0.02

0.04

0.06

0.08

0.10

0.12

C
ra

te
r 

d
ep

th
/m

m

The distance from the tip of the tool /mm

v=120m/min

Measuring 
direction

2802 Int J Adv Manuf Technol (2019) 103:2795–2807



0 2 4 6 8 10 12

0

100

200

300

400

500

600

C
ut

tin
g 

fo
rc

e 
(N

)

Cutting time (s)

Fx

Fy

v=90m/min

f=0.1mm/r

0.0000 0.0005 0.0010 0.0015
0

100

200

300

400

500

Fy

Fx

C
ut

tin
g 

fo
rc

e
N

)

Cutting time (s)

v=90m/min

f=0.1mm/r

(a) Experimental cutting force at v=90m/min    (b) Simulated cutting force at v=90m/min    

90 120 150 180
250

300

350

400

450

v

C
u

tt
in

g
 f

o
rc

e

v=90 m/min

f=0.1mm/r

(c) Comparison between experiments and estimated value 

Fig. 10 Cutting force
verification. a Experimental
cutting force at v = 90 m/min. b
Simulated cutting force at v =
90 m/min. c Comparison between
experiments and estimated value

(a) Normal Stress distribution of the tool (KT=0)     (b) Normal Stress distribution of the tool (KT=0.05)

(c) Relative sliding velocity distribution (KT=0)       (d) Relative sliding velocity distribution (KT=0.05)

Fig. 9 The distribution of the normal stress and relative sliding velocity of the tool. a Normal stress distribution of the tool (KT = 0). b Normal stress
distribution of the tool (KT = 0.05). c Relative sliding velocity distribution (KT = 0). d Relative sliding velocity distribution (KT = 0.05)
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cutting speed of 90 m/min, it shows that the depth KT and
width KB of crater wear increase along with time. When cut-
ting continues from 7 to 12 min, the KT rises by 0.08 mm, and
the KB is raised by 0.2 mm. In the meantime, the distance
from the center of crake wear to the tip of the tool to remains
stable, i.e., 0.1 mm. It bears a resemblance under other cutting
speed to the cutting speed of 90 m/min. Along with the cutting
process, the crater wear moves toward the tool tip, which
deteriorates the strength of the tool and brings about the con-
centration of stress and tipping. Accordingly, the tool fails
easily.

Moreover, as shown in Fig. 15, the crater morphology
can be found under different cutting speed. The higher the
speed, the shorter the time a cutting tool reaches the stan-
dard of wear dulling, and the cutting speed will also affect
the distance between the center of the crater wear and the
tip of the tool (KM). Although it does not change much, it
can be seen that the larger the speed, the smaller the KM
value, and the center of the crater will lean toward the
cutting edge. When the speed is 120 m/min, KM is
0.12 mm, and when the speed increases to 300 m/min,

KM is reduced to 0.08 mm. The change of KM is accom-
panied by the change of KB value, which means that the
center of the crater is tilted toward the tip of the blade, and
the width of the crater is decreasing.

4.2.2 Impact of feed rate on tool wear

As shown in Fig. 16, for the speed of 120 m/min, depth of
1 mm, and the feed rate is 0.1 mm/r, 0.15 mm/r, and 0.2 mm/
r respectively, the depth of KT value of the rack face of the
tool is with the curve of the cutting time. As can be seen
from the curve in Fig. 16, the increase of supply will speed
up the tool wear, but its effect is much smaller than the
cutting speed. When feed rate from 0.1 mm/r increases to
0.2 mm/r, the time used to reach wear dulling standard for
the tool is reduced by less than 2 min. Therefore, it is sug-
gested that the impact of feed rate on tool wear is much
smaller than speed.

Under the same conditions, the depth of crater wear KT (on
the rack face of the cemented carbide tool) against the time
under the different feed rate is shown in Fig. 17. Figure 17
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Fig. 11 Change of tool wear quantity at different times in the simulations (v = 120 m/min) a 2 min, b 4 min, c 6 min, and d 7.5 min



shows that the depth KTand width KB of crater wear increase
along with time. Along with the cutting process, the crater
wear moves toward the tool tip, which deteriorates the
strength of the tool and brings about the concentration of stress
and tipping. Accordingly, the tool fails easily.

Similar to cutting speed, as shown in Fig. 17, the crater
morphology can be found under different feed rates, the cut-
ting speed will affect the distance between the center of the
crater wear and the tip of the tool (KM). When the feed rate

increased from 0.1 to 0.2 mm/r, the KM value increased from
0.15 to 0.25 mm. The change of feed rate will directly affect
the tool-chip contact length; the tool-chip contact length in-
creases as the feed rate increases. This means that as feed rate
increases, and the deepest point of the crater is farther from the
tip of the tool. As is shown in Fig. 17, when the feed rate
increased from 0.1 to 0.2 mm/r, the KB value increased from
0.375 to 0.47 mm, it can be seen that the width of the crater
also increases with the increase of feed rate.
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4.3 The determination of the tool life

By analyzing the influence rule of different parameters on tool
wear, the formula of tool life is:

T ¼ CT

va f b
ð5Þ

where T is the tool durability, v is the cutting speed, f is the
feed quantity, CT is the durability factor (related to cutting
tools, workpiece materials and cutting conditions), and a and
b are indices. By the linear fitting of the data from the results
of the simulations (Figs. 15, 17), the formula a is 2.21, b is
0.63, and CT is e

11.03.
Through comparison and analysis, the influence of differ-

ent cutting parameters on tool wear and access to the tool life
of formula shows that the effects of speed on tool wear effect
are remarkable, and the feed rate for the influence of tool wear
is relatively small. Because the simulation using the orthogo-
nal cutting and the cooling way is dry cutting, the working
condition is bad, and tool wear is faster. When cutting speed is
lower than 200 m/min, the speed of tool wear is relatively
smooth. Therefore, it is recommended that the reasonable pa-
rameter range of cemented carbide cutting tool in high-speed
dry cutting Ti6Al4V is 90–150 m/min, and the feed rate is
0.10–0.20 mm/r.

5 Conclusion

In this paper, a novel finite element method for the wear anal-
ysis of cemented carbide tool during high-speed cutting
Ti6Al4V alloy was proposed. The high-speed cutting tests
were carried out on Ti6Al4V to verify the tool wear prediction
FEM model. The main conclusions are as follows:

(1) A novel technique has been introduced to update the
geometry of the rake face of the cutting tool without
the manual intervention of the numerical simulation.

This step is an inevitable condition for analyzing the tool
wear geometry.

(2) The reliable FEM model of tool wear is built that can
consider various wear mechanisms (abrasive wear, adhe-
sive wear, and diffusive wear) occurring in high-speed
cutting Ti6Al4V process. The tool wear model,
predicting the depth and width of tool wear at any given
cutting conditions, was verified by experiments.

(3) The influence of cutting speed and feed rate on the tool
wear was predicted by the proposed FEM model. The
significant impact of the feed rate on the tool life that is
less than the impact of the cutting speed was observed.
The influence of different machining parameters on tool
wear morphology is analyzed. The reasonable parameter
range of cemented carbide cutting tool in high-speed dry
cutting Ti6Al4V is 90–150 m/min, and the feed rate is
0.10–0.20 mm/r.
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