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ABSTRACT

In the process of machining titanium alloy, the high temperature and intensive stress at the tool/chip
interface may activate atomic diffusion, which causes the tool to wear. In this paper, the temperature and
stress at the interface were investigated using finite-element simulation. The diffusion behaviour of the
Co/Ti interface at the atomic level was studied using molecular dynamics simulations. The results show
that the cutting speed plays a notably important role in diffusion at the Co/Ti interface. The atomic
diffusion across the interface becomes more significant with the increase in cutting speed, and a higher
cutting speed corresponds to a thicker diffusion layer. The interfacial region exhibits an amorphous
structural order at a high cutting speed; simultaneously, it was easier for the Ti atoms to penetrate into
the Co atom side because of the larger interstices among the Co atoms. Turning tests were performed.
The element diffusion was analysed based on the Auger electron spectroscopy depth profile. The si-
mulation results were experimentally verified. The microscopic mechanism of the diffusion wear of the
tool was revealed. This study contributes to a better understanding of the wear mechanisms of cutting

tools in titanium alloy machining.

© 2016 Elsevier Ltd and Techna Group S.r.I. All rights reserved.

1. Introduction

Titanium alloys have been extensively used in aerospace and
related engineering fields because of their unique properties such
as a high specific strength (strength-to-density ratio) that is
maintained at elevated temperatures, high fracture resistance, and
good corrosion resistance [13]. They are also attractive candidate
materials for sports and biomedical equipment because of their
good biocompatibility [3,15]. Despite the increased usage and
outstanding qualities, the low thermal conductivity may cause
difficulties in heat dissipation during the cutting process. The
cutting temperature peak, which is the key factor for the diffusion,
appears in the second deformation zone. The extremely high
pressure in this area can result in complete contact between the
chip underside and the tool rake face. The tool and work surfaces
are mechanically interlocked and metallically bonded. Therefore,
sliding between two surfaces at the immediately bonded regions
will not occur, and the macroscopic chip flow along the rake face
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introduces severe shear into the bottom layer of the chip [27].
After the workpiece material adheres to the rake face, an element
diffusion couple is formed, which may cause a loss of element
from the tool and microstructural damage. The schematic diagram
of the main diffusion zone in the cutting process is illustrated in
Fig. 1. The high temperature and high pressure at the interface
significantly affect the element diffusion, which affects the cutting
performance of the tool.

Element diffusion between the tool and the workpiece in tita-
nium alloy machining has attracted great interest from the in-
dustries and researchers. Numerous studies were performed on
tool-workpiece diffusion when titanium alloy is machined. Jawaid
et al. [19] reported that the diffusion occurred through the smooth
wear regions on the rake face of the tool. Similar results were
found by Su et al. [26]. Deng et al. [11] detected the chemical
composition in several zones of the tool's worn surface. Elements
of the workpiece material were found in the crater wear zone,
which demonstrates the existence of diffusion. Armendia et al. [1]
also observed the element diffusion by a direct composition ana-
lysis on the worn surface. To elaborate the diffusion behaviour, the
cutting tools that adhered with the workpiece material were
sectioned perpendicularly to the cutting edge in more
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Fig. 1. Schematic diagram of the main diffusion zone in the cutting process.

experiments. The diffusion across the tool/chip interface was
generally detected using a line-scanning energy dispersive spec-
troscopy (EDS) analysis [2,22,14,21].

Although the diffusion behaviour between the tool and the
workpiece attracts extensive attention, studies on the diffusion
were almost confined to the phenomenon description based on
the experimental analysis at the macro level or direct composition
detection on the worn surface. Detailed investigations on the dif-
fusion behaviour of the main elements between the cutting tool
and the workpiece at the atomic scale during machining and the
dynamic characteristics of the diffusion process were rarely re-
ported, and the diffusion mechanism at the interface is not com-
pletely clear. Accurate detection of element diffusion across the
interface had also scarcely been implemented.

The objective of the present work is to study the diffusion
across the Co/Ti interface at the atomic level using molecular dy-
namics (MD) simulations. The temperature and pressure fields at
the tool/chip interface were analysed with the finite-element
method (FEM). In the MD simulation process, the atomic diffusion
motion can be expressed in a dynamic form. The diffusion features
at the interface were investigated in detail. Turning tests were
performed at different cutting speeds. The diffusion of various
elements across the interface was analysed based on the Auger
electron spectroscopy depth profile. The experimental results were
used to verify the simulation analysis and demonstrate that the
MD simulation to investigate the diffusion of the main elements
(Co and Ti) between the tool and the workpiece could reveal the
microscopic mechanism of the diffusion wear of the tool. A better
understanding of the tool wear mechanisms will facilitate im-
provement in tool material/structure design and optimization of
machining parameters.

2. FEM and MD studies on the atomic diffusion behaviour
2.1. Finite-element simulation of the cutting process

In machining, it is notably difficult to experimentally obtain a
detailed 3-D distribution of temperature and stress. Thus, a pre-
liminary finite-element (FE) simulation of cutting was performed
using Third Wave AdvantEdge software to analyse the temperature
and pressure fields at the tool/chip interface, which are essential to
establish the environment of the diffusion regions. To save com-
puting time, the FE simulation of oblique cutting was conducted,
which most simplified an actual turning process. The FE simula-
tion model is shown in Fig. 2. The cutting parameters (depth of cut,
feed rate, and cutting speed) are listed in Table 1. The temperature
and pressure fields on the rake face are shown in Fig. 3. The cut-
ting speed was 120 m/min, the feed rate was 0.05 mm/r, and the
depth of cut was 3 mm. The required parameters (see Table 1) to
study the diffusion at different cutting speeds are the maximum
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Fig. 2. Model of the FE simulation.

Table 1
Maximum temperatures, pressure, and shear stress at the tool/chip interface at
different cutting speeds.

Depth of  Feed Cutting Temperature (K) Pressure Shear
cut (mm) rate speed (m/ (MPa) stress
(mm/r) min) (MPa)

3 0.05 60 905 1019 330

80 990 1024 284

100 1063 1100 187

120 1142 1167 131

temperature at the tool/chip interface, the average pressure
around the location with the highest temperature, and the shear
stress at the zone of seizure, where the material movement is
actually the plastic shear flow in the chip. Therefore, the resistant
force is the plastic deformation force in the shearing process,
which should be approximately constant in the seizure zone for a
given material when strain hardening is not considered [27] but
can decrease with an increase in temperature [25].

2.2. MD simulation modelling and procedure

The WC/Co tools were considered a suitable material to ma-
chine titanium alloys [10,18,9]. The Co element, which is a binder
in the WC/Co tools, is essential in maintaining the strength of the
cutting tools. Co diffusion dominates the crater wear of the tool
[17,29]. Ti has the highest content in the titanium alloy (see Ta-
ble 4). Thus, this study mainly focuses on the diffusion between Co
and Ti. In the MD simulation, the inter-atomic potentials play a
notably important role. Considerable efforts were made in recent
years to develop empirical and semi-empirical models that de-
scribed many-body potentials. The well-established embedded
atomic method (EAM) [16,8] was successfully used to model the
elastic properties, defect formation energy, and fracture mechan-
ism of various close-packed bulk metals. The atomic interactions
are described by the generalized embedded atom method (GEAM)
[30].

First, an MD model about diffusion between Co and Ti was
built. In the unit cell, a, b, and c represent three side lengths, and «,
B, and y are the angles between each pair of edges. The space
group represents the symmetric relationship of atoms and ions in
the crystal structure. Both Ti and Co have a simple hexagonal
crystal structure. The sequence number of the space group is 194.
The specific parameters in the model are listed in Table 2. The
system consisted of Co and Ti slabs, which were put in a simula-
tion box. There was no distance between them. To avoid the
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Fig. 3. FE simulation at a cutting speed of 120 m/min, a feed rate of 0.05 mm/r and a depth of cut of 3 mm: (a) temperature field and (b) pressure field.

Table 2
Specific parameters in the model.

Element Name Crystal Structure Space Group Lattice parameters

a=0.29508 nm
b=0.29508 nm
c=0.46855 nm
a=90°

p=90°

y=120°

a=0.25071 nm
b=0.25071 nm
¢=0.40695 nm
a=90°

p=90°

y=120°

Ti Simple Hexagonal 194

Co Simple Hexagonal 194

Shear stress

Pressure

Pressure

. Shear stress

z |
i

Fig. 4. Schematic diagram of the configuration at the main diffusion zone.

surface effect, periodic boundary conditions in all directions were
considered. The initial velocities of the atoms were assumed to
follow a Maxwell distribution. Newton's equations of motion for
the atoms in the structure were numerically integrated using the
Leap-Frog algorithm with a fixed time step of 1 fs. Using a Nose-
Hoover thermostat [12], the model was optimized using relaxation
at 300K to keep the system energy steady and the molecular
configuration stable. In the relaxation process, an NVT (constant
number of particles, constant system volume, and constant tem-
perature) ensemble was used. The time step was set at 2 fs. The
length of the run was 5000 steps, and the frame output was every
10 steps. The basic model for further MD simulation was gener-
ated. All interfaces were assumed to be ideal crystal planes. Then,
the temperatures, pressures, and shear stresses at the tool/chip
interface at different cutting speeds, which were obtained from
the FEM, were applied to the MD simulation process. The para-
meters are listed in Table 1. The schematic diagram of the con-
figuration at the main diffusion zone is shown in Fig. 4. In the
simulation, an NPT (constant number of particles, constant system
pressure, and constant temperature) ensemble was used. The time

step was set at 1 fs. The length of the run was 100,000 steps, and
the frame output was every 10 steps.

2.3. Basic algorithm of the diffusion coefficient in the MD simulation

The atoms in the MD simulation perform a non-stop transla-
tional motion, where the locations of the atoms vary with time.
The mean value of square displacement of a particle is defined as
the mean square displacement (MSD) [5] as follows,

— — 2
MSD <’r(t) r(O)’ > O
where () is the mean value, 7(0) is the initial position, and 7(¢t) is
the location of atom at time t. Eq. (1) shows that the MSD value is
the moving activity of a particle. A larger MSD value corresponds
to a longer distance that the particle travels in a certain time
period.
According to Einstein's diffusion law [7]

1im<]?(t) - ?(o)\2> — 6Dt
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where D is the self-diffusion coefficient.
In the MD simulation, the diffusion coefficient is calculated as
follows,

b= gulmge ([0~ w0 &

where N is the number of atoms that diffusively move in the
system.

3. Experiments

Turning tests were performed on a CGK6125A CNC lathe, which
was manufactured by Beijing GYDCH CNC Machine Tools Works of
China (Fig. 5). The combination of a KYOCERA SNGA120408 tool
insert in a ZCCCT CSRNR2525M12 tool holder produced the fol-
lowing geometry: rake angle y = - 6°; clearance angle q, = 6°;
inclination angle 1; = — 4°; major cutting edge angle K, = 75°. The
composition, physical and mechanical properties of the tool in-
serts are listed in Table 3. The workpiece materials were Ti-6Al-4V
in the form of a round bar. The chemical composition and me-
chanical properties of Ti-6Al-4V are listed in Tables 4 and 5, re-
spectively. Tests were performed with the following parameters:
cutting speed v = 60 — 120m/ min; feed rate f= 0.05mm/r; depth
of cut a, = 3mm, which were consistent with those in the finite-
element simulation (Section 2.1).

During the turning tests, the worn surfaces of the cutting tools
were examined using a 3D measuring laser microscope (OLYMPUS,
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Fig. 5. Experimental set-up for the turning tests.

Table 3
Properties of the tool inserts.

Composition Density (g/ Hardness Fracture tough- Flexural
(wt%) cm?) (GPa) ness (MPa) strength
(MPa)

WC+6%Co 14.89 16.2 10.1 1446

Table 4

Chemical composition of Ti-6Al-4V alloy (wt%).
Ti Al \Y (0] Fe Si C H
>89 6.2 44 0.18 0.1 0.04 0.01 0.003

Table 5
Properties of Ti-6Al-4V alloy.

Ultimate ten-  Yield Modulus of Density (g/ Thermal con-
sile strength strength elasticity cm?) ductivity (W/
(MPa) (MPa) (GPa) m-K)

1100 1000 110 4.42 6.6

0LS4100) (Fig. 6). To investigate the diffusion of various elements
across the interface between the tool material and the workpiece
material, the chemical composition variation was detected using
Auger electron spectroscopy (AES) (ULVAC-PHI, PHI-700) (Fig. 7),
which is a surface analysis technique that uses a high-energy
electron beam as the excitation source. The element concentration
across the tool-work interface is commonly detected with line-
scanning EDS technology, which can generate errors because of a
geometric slope at the tool/chip joint and cause wrong energy
dispersion readings. The slope is produced in the polishing process
on the tool/chip border, which usually exhibits a hardness differ-
ence at two sides, whereas AES can eliminate this problem. The
qualitative and quantitative results of the surface elements can be

obtained by characteristically analysing the auger electron energy
excited by the electron beam. This technique, which is an im-
portant surface composition analysis method, can obtain the ele-
ment distribution state of the material surface along the depth
direction via ion-etching technology.

4. Results and discussion
4.1. Discussion about the MD simulations

The relation between the diffusion coefficients of Co and Ti and
the cutting speed is shown in Fig. 8. Both diffusion coefficients of
Co and Ti atoms increased with the increase in cutting speed. The
Co and Ti atoms diffused more significantly when the cutting
speed exceeded 80 m/min. Co atoms had a larger diffusion coef-
ficient than Ti atoms at cutting speeds of 60-120 m/min, which
indicates that the Co atoms, which escape from the initial position
and randomly move around, are more active than Ti atoms in this
diffusion model.

The effect of the cutting speed on the diffusion coefficient can
be attributed to the increase in temperature and pressure at the
interface between the tool and the chip with the increase in cut-
ting speed (see Table 1). According to Arrhenius relationship [24],

D = Dye”URT @)

where D, is the diffusion constant, D is the diffusion coefficient, Q
is the activation energy of diffusion, R is the gas constant, and T is
the absolute temperature. The diffusion coefficient increases with
the increase in temperature. The lattice distortion at the interface
becomes more severe when the pressure increases, which
strengthens the atomic energy and facilitates the diffusion.
Therefore, the atoms easily escape the initial position and ran-
domly move around under the high-temperature and high-pres-
sure conditions.

The atomic diffusion behaviour at different cutting speeds has
different features. The configurations of the Co/Ti diffusion inter-
face at different cutting speeds are shown in Fig. 9. When the
cutting speed was 60 m/min, the Co and Ti atoms vibrated around
the initial position under the action of temperature and stress. Few
atoms diffused across the Co/Ti interface, which could be ne-
glected. The thickness of the diffusion layer was notably small
(Fig. 9(a)). When the cutting speed was 80 m/min, several Ti atoms
began to penetrate into the Co atom side, and only a few Co atoms
diffused into the Ti atom side. The Co atom side and the interface
exhibited an amorphous structure, whereas the Ti atom side re-
tained a relatively dense structure. The diffusion layer thickness
slightly increased at this speed (Fig. 9(b)). The penetration of Ti
atoms into the Co atom side intensified, and the Co atoms also
began to gradually diffuse into the Ti atom side at cutting speeds
of 100 m/min and 120 m/min. Both atom sides and the interface
became amorphous, and the diffusion layer thickness increased
more significantly at this moment (Figs. 9(c) and (d)).

Figs. 9(a-d) show that the Co atom side and the interface be-
came amorphous first, and the Ti atom side followed with the
increase in cutting speed. The interfacial region exhibited an
amorphous structural order at high cutting speed, which is con-
sistent with the observation of a similar disordered interface in a
Cu-Al system at high temperatures [6]. In the diffusion process,
more Ti atoms diffused than Co atoms, and the Ti atoms also tra-
velled longer distances than the Co atoms, which indicated that
the Ti atoms more easily penetrate into the Co atom side.

The cutting temperature increased with the increase in cutting
speed. The thermal energy accumulated, and the number of va-
cancies and interstices among the atoms increased. The atomic
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Fig. 6. 3D measuring laser microscope.

Fig. 7. Auger electron spectroscopy.
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Fig. 8. Curves of the diffusion coefficients of Co and Ti atoms at different cutting
speeds.

kinetic energy also increased accordingly, which facilitated the
atoms to escape from the initial position and diffuse into one
another. Metal atoms are held together through the Coulomb at-
tractive forces between the metal cations and the free valence
electrons in the metal crystal. This binding mode is called the

metallic bond whose strength is determined essentially by the
number of the valence electrons and the size of the atoms, and
generally has a positive correlation with the number of the valence
electrons and an inverse correlation with the radius of the metal
cation [4,23]. The number of the Co valence electrons is less than
that of Ti. Meanwhile, the radius of the Co metal cation is larger
than that of Ti. The Co atoms have longer interatomic distances
accordingly. Therefore, the strength of metallic bond among the Co
atoms is weaker than that among the Ti atoms. The Co atoms more
easily escape from the initial position. Thus, the diffusion coeffi-
cient of Co atoms is larger than that of Ti atoms in Fig. 8. The Co
atoms more easily escape from the original closely-packed posi-
tion and randomly move. The number of remaining vacancies and
interstices among the atoms increases on the side of Co atoms. The
Co atom side exhibits an amorphous structure. However, it is more
difficult to break the bonds among the Ti atoms than those among
the Co atoms because the strength of metallic bond in Ti is larger
than that in Co. The Ti atom side largely retained a relatively dense
structure, and a few Ti atoms at the interface escaped from the
initial position at this time. In general, the interstices among the
atoms and the number of remaining vacancies remained small on
the Ti atom side when small Ti atoms left the original positions.
The large Co atoms were difficult to diffuse into the Ti atom side
through the small atomic interstices, and there were few va-
cancies. The diffusion of Co atoms into the Ti atom side might be
hampered by the dense Ti atoms. However, the small Ti atoms at
the interface easily penetrated into the Co atom side via the large
interstices among the Co atoms, and there were more vacancies
(Fig. 9(b)). With the increase in temperature, the number of va-
cancies of the Co atom side further increased, and the interstices
among the Co atoms became larger. The penetration of the Ti
atoms into the Co atom side through the interstices and vacancies
became more active. Meanwhile, the bonds among the Ti atoms
also weakened. The vacancies were likely generated because the Ti
atoms left the original position. The interstices among the Ti atoms
increased. The Co atoms began to gradually diffuse into the Ti
atom side (Figs. 9(c) and (d)). The diffusion of the main elements
(Co and Ti) across the interface between the tool material and the
workpiece material causes element loss and microstructural da-
mage of the severely stressed tool substrate, which causes tool
wear and reduces the tool life.

4.2. Experiment analysis

It is known that the diffusion phenomenon is more remarkable
at high cutting speeds. Therefore, in the present work, the AES
depth profile was used to analyse the diffusion behaviour at the
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Fig. 9. View of the Co/Ti diffusion interface at different cutting speeds: (a) 60 m/min; (b) 80 m/min; (c) 100 m/min; (d) 120 m/min.

Fig. 10. (a) AES analysis area of the tool wear; (b) enlarged view of the ellipse in the image.
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Fig. 11. Depth concentration profiles along the depth direction using the AES sur-
face analysis; the cutting conditions: cutting time=8 min; v.=120 m/min;
f=0.05 mm/r; ap=3 mm.

highest cutting speed (120 m/min). The analysis area was the
lowest position of the crater wear on the rake face of the cutting
tool (Fig. 10(a)), where the diffusion should be the most

remarkable because of the high temperature and high pressure.
The specific scanning area was a square (5 pm x 5 um) (Fig. 10(b)).
The distributed element along the depth direction by the ion-
etching technology was obtained. The ionic sputter rate was
30 nm/min. The concentration evolution of the chemical species
(Co and Ti) was obtained from the adhered material on the tool
surface to some distances in the tool substrate in the depth di-
rection (Fig. 11). Fig. 11 shows obvious gradient distributions of Co
and Ti elements at the interface between the tool and the chip,
which indicate the diffusion of the Ti element into the Co element
side and the diffusion of the Co element into the Ti element side
during machining.

In this study, the diffusion distance indicates the diffusion. A
longer diffusion distance corresponds to greater diffusion. Fig. 11
shows that Ti had a longer diffusion distance than Co, which in-
dicates that Ti more significantly diffused than Co and that the
penetration of Ti atoms into the Co atom side was easier than the
penetration of Co atoms into the Ti atom side. This experimental
result is consistent with the MD simulation analysis. In addition to
the experimental results in this work, the results in the literature
are consistent with the MD simulation analysis result [28,20].

The diffusion of the main elements (Co and Ti) between the
workpiece and the cutting tool during machining will produce a
crater wear on the rake face of the cutting tool. As shown in Figs. 9
(a) and (b), weak diffusions occurred among the Co and Ti atoms at
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Fig. 12. Observation of the tool rake face under the following cutting conditions: v=60 m/min; f=0.05 mm/r; a,=3 mm. (a) 3D profile of the rake face by the measuring
laser microscope; (b) micrograph of the worn rake face; (c) line profile sectioned along line L1, which was perpendicular to the rake face.
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Fig. 13. Observation of the tool rake face under the following cutting conditions: v=80 m/min; f=0.05 mm/r; a,=3 mm. (a) 3D profile of the rake face by the measuring
laser microscope; (b) micrograph of the worn rake face; (c) line profile sectioned along line L2, which was perpendicular to the rake face.

these cutting speeds. The initial surface strength of the cutting tool The adhesion phenomenon occurred on a large scale at such cut-
was almost retained because the loss of the binder element Co and ting speeds (Figs. 12 and 13). The average height of the adhered
microstructural changes were slight. Thus, there was no visible workpiece material, which was measured using a 3D measuring
crater wear when the chip flowed over the rake face of the tool. laser micrograph, decreased from 2.86 um to 1.99 um when the
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Fig. 14. AES surface analysis of the adhered material on the worn rake face.

cutting speed increased from 60 to 80 m/min.

The maximum temperature at the tool/chip interface and
average pressure around the location of the maximum tempera-
ture increased when the cutting speed increased (see Table 1).
Bright white materials, which contained Ti according to the AES
surface analysis (Fig. 14), bonded to the zone of the crater wear on
the rake face of the cutting tool. A diffusion couple formed be-
tween the workpiece and the cutting tool. Under the high-tem-
perature and high-pressure conditions, the atoms begin to mas-
sively diffuse into one another across the tool/chip interface. As
illustrated in Figs. 9(c) and (d), the loss of binder atoms Co gra-
dually occurred, which reduced the surface strength of the tool.
The compositions changed in the tool surface after many Ti atoms
diffused to the Co atom side, which damaged the initial dense

(a)

tissue and binders of the tool surface. Subsequently, embrittle-
ment or softening of the tool was likely to occur. At some points,
the tool surface, which was weakened by diffusion, was worn off
and taken away by the fast flowing chip; then, tool wear occurred
(Fig. 15). The maximum depth of the crater wear on the rake face
of the cutting tool was approximately 6.85 um at a cutting speed of
100 m/min for 8 min. One diffusion process finished when the
adhering layer was removed from the tool rake face because of the
continuous chip flow. Subsequently, a new diffusion process might
begin when the workpiece material adhered to the rake face. The
aforementioned cyclical phenomenon would cause serious crater
wear of the cutting tool, which is more remarkable, particularly at
high cutting speed (Fig. 16). The maximum depth of the crater
wear on the rake face of the cutting tool was approximately

2% LStrart

Fig.15. Observation of the tool rake face under the following cutting conditions: v=100 m/min, f=0.05 mm/r, and a,=3 mm. (a) 3D profile of the rake face by the measuring
laser microscope; (b) micrograph of the worn rake face; (c) line profile sectioned along line L3, which was perpendicular to the rake face.
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Fig. 16. Observation of the tool rake face under the following cutting conditions: v=120 m/min, f=0.05 mm/r, and a,=3 mm. (a) 3D profile of the rake face by the measuring
laser microscope; (b) micrograph of the worn rake face; (c) line profile sectioned along line L4, which was perpendicular to the rake face.

50.99 um when the cutting speed was 120 m/min for 8 min.

The experimentally verified MD simulation on diffusion wear
can proceed to apply in such research directions as tool material
and coating design to delay the diffusion or cutting parameter
optimization to work at a suitable cutting temperature. Con-
ventionally, these processes are performed in series cutting tests
with massive time and material consumption.

5. Conclusions

The diffusion behaviour of the main elements between the tool
and the workpiece at the atomic level was studied using molecular
dynamics simulation. The diffusion process at the interface and the
microscopic mechanism of the diffusion wear of the tool were
revealed. The conclusions are summarized as follows:

1. Based on the comparison between simulation and experimental
results, the molecular dynamics simulation was proven to be an
effective method to analyse the diffusion of the main elements
(Co and Ti) between the cutting tool and the workpiece. The
wear mechanisms were analysed at the atomic scale and can be
used as a basis for tool material design and cutting-parameter
optimization.

2. Co in the cutting tool generally has a more sensitive diffusion
coefficient than Ti in the workpiece with the increase in cutting
speed.

3. The cutting speed plays a notably important role in the diffusion
behaviour between Co and Ti. A higher cutting speed corres-
ponds to a thicker diffusion layer. The interfacial region exhibits
an amorphous structural order at high cutting speed.

4. Although Co atoms have a larger diffusion coefficient than Ti
atoms, it is relatively easier for the Ti atoms to penetrate into
the Co atom side because of the larger interstices among the Co

atoms.

5. The crater wear on the rake face is caused by the diffusion be-
tween Co and Ti, which causes the binder loss and damage of
the initial dense tissue on the tool surface.
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