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Abstract
It is indispensable to explore the appropriate level of surface residual stress to enhance the wear resistance of coated tools. 
TiAlSiN-coated carbide tools with dissimilar surface residual compressive stresses (− 300 ~  − 600 MPa) are acquired via 
micro-sandblasting, which are used in the high-speed sliding friction experiments and turning experiments. The influence of 
residual stress on the sliding wear and cutting wear performance of TiAlSiN coated tools is investigated. The results show 
that with the improvement of surface residual compressive stress (absolute value), the friction coefficient and wear rate are 
reduced. The sliding wear resistance of the coated tool is enhanced. In addition, the cutting performance of the tool is also 
improved with the increase of residual compressive stress (absolute value). However, the excessive surface residual com-
pressive stresses (absolute value) can lead to severe coating peeling, which in turn impairs the capability of wear resistance. 
The TiAlSiN-coated carbide tool with the stress of − 500 MPa presents the best wear resistance in the high-speed sliding 
wear and cutting wear process.
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1  Introduction

Coated carbide tools are extensively used in machining and 
manufacturing because of great hardness, temperature resist-
ance, and low friction coefficient [1, 2]. However, coated 
tools are prone to problems such as large fluctuations in 
cutting force and excessive cutting temperature when cut-
ting titanium alloys, superalloys, and other difficult-to-
machine materials in high-speed and dry condition, leading 
to increased tool wear and reduced tool life [3, 4].

The increase of energy consumption will inevitably cause 
more damage to the ecological environment, and the energy 

consumption and environmental problems in the cutting 
process have become the focus of researchers [5, 6]. High-
speed cutting and dry cutting are considered green machin-
ing processes that help reduce energy consumption and pre-
vent environmental pollution [7]. For improving processing 
efficiency to reduce energy consumption and environmental 
pollution, it is important to enhance the wear resistance of 
coated tools, which has an enormous influence for the tool 
life.

Surface residual stress has a momentous effect on the 
cutting performance of the coated insert. Because of the 
stress and thermal alternating loads during the cutting 
process, residual compressive stress is beneficial to the 
coated insert [8, 9]. In the literature related, the residual 
stress of coated tools has an important effect on tool wear 
in turning of AISI4140 and Ti6Al4V [10]. Increasing the 
residual compressive stress of the PVD-TiAlN coating, the 
ability of coated tools to resist adhesive wear and chipping 
is improved accordingly. In addition, during milling of 
HSS HS6-5-3C with TiAlCrSiN-coated tools, the increase 
in compressive residual stress can prevent the propaga-
tion of cracks and enhance the cutting capability of coated 
tools. However, excessive residual compressive stress may 
lead to the separation of the TiAlCrSiN coating from the 
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carbide substrate [11]. Either the residual compressive 
stress is too low or too high, it will lead to increased abra-
sive wear. Moreover, the wear of ZrCN and TiN-coated 
tools is directly related to the coating stresses. Excessively 
high stresses may lead to high tool flank wear, resulting in 
shortening of tool life [12].

In addition, the surface residual stress has crucial influ-
ence on the capability of sliding friction and wear of coated 
carbide tools. For PVD-TiAlN coatings, the increase in 
residual stress can promote the wear resistance of the tool 
[13]. The surface residual stress of the WC-CoCr-based 
high-velocity oxy fuel (HVOF) coatings increases after 
grinding, resulting in an increase in the microhardness of 
the coating, which further enhances the wear resistance [14]. 
There is also a literature finding that the sliding wear of 
HVOF Inconel 625 coating is related to the compressive 
residual stress [15]. However, one study indicates that high 
residual stress will reduce the adhesion strength of PVD-
AlTiSiN + TiSiN coating tools, which leads to coating peel-
ing, and the tool wear resistance will decrease [16]. Thus, an 
appropriate level of residual stress can significantly reduce 
tool wear. It is necessary to optimize the surface stress state 
of coated tools.

The residual stress of coated carbide tools is formed after 
a series of surface treatment processes, and each process step 
has an impact on the residual stress state [17]. Surface treat-
ment of the substrate before coating deposition can change 
the residual stress of the coated tool. Grinding and polishing 
treatment processes produce residual compressive stress in 
the cemented carbide substrate but damage the thin coat-
ing layer [18]. Similarly, high residual compressive stress 
is induced after shot peening [19]. On the contrary, laser 
processing causes residual tensile stress on the surface of 
cemented carbide [20].

Physical vapor deposition (PVD) is a popular tool coat-
ing method. Because of the thermoelastic effect and grow-
in defects of high kinetic energy particles during PVD, the 
coated layer usually has high residual stress, and the magni-
tude of residual stress depends on coating parameters, such 
as deposition speed, deposition temperature, and bias pres-
sure [21]. Subsequent surface treatment will also change the 
magnitude of residual stresses.

Micro-sandblasting surface treatment technology is an 
effective method of improving coating performance by using 
abrasive particles to impact the coating [22–24]. For PVD-
TiAlN coatings, after wet micro-sandblasting treatment, the 
hardness and fatigue life of the coating are improved with 
the increase of compressive stress. Particularly, the micro-
sandblasting with Al2O3 abrasives leads to a significant 
increase in residual compressive stresses. The micro-sand-
blasting process parameters also affect the stress state of the 
coating. As the increase of blasting time and pressure, the 
surface residual stress of coated tools increases accordingly.

At present, the dissimilar levels of coating residual stress 
are acquired mainly with controlling the coating deposition 
parameters. There are few researches on the surface residual 
stress of TiAlSiN coated tools, and the appropriate residual 
stress level for TiAlSiN-coated tools needs to be revealed. 
This work aims at clarifying the cutting performance of 
PVD-TiAlSiN coated tools which have different surface 
residual stress states acquired through micro-sandblasting 
surface treatments, and revealing the appropriate surface 
residual stress level for PVD-TiAlSiN coated tools to obtain 
high wear resistance. The effects of surface residual stress on 
capability of wear resistance are elucidated via high-speed 
sliding friction turning of Ti6Al4V. This work will supply 
useful information for surface strengthening of coated tools 
and high-efficient machining using the coated tools.

2 � Material and methods

2.1 � Tool and workpiece material

The coated carbide cutting tool (Model CNMG120408-NM) 
was adopted, which was manufactured by Zhuzhou Diamond 
Cutting Tool Co., Ltd. The coating material was the TiAlSiN 
coating produced by physical vapor deposition (PVD) with a 
WC–Co cemented carbide substrate. The workpiece material 
was Ti6Al4V. The workpiece was a cylinder with a diameter 
of 100 mm and a length of 250 mm. Table 1 exhibits the 
main mechanical parameters of Ti6Al4V. Table 2 displays 
the elemental components of Ti6Al4V.

2.2 � Micro‑sandblasting experiment

The micro-sandblasting surface treatment of TiAlSiN coated 
tools was conducted. The surface integrity of the tool and 
micro-sandblasting parameters are shown in Table 3. Four 
kinds of coated tools S1, S2, S3, and S4 with different sur-
face residual stress levels were obtained by micro-sand-
blasting. According to X-ray diffraction method, the surface 
residual stress of different coated tools was measured. The 
measuring instrument was an X-ray residual stress tester 
(Model X-stress 3000, Finland). During the measurement, 
the tube voltage and tube current were 20 kV and 2 mA, 
respectively. A collimating tube with a diameter of 2 mm 
was used. In addition, the X-ray wavelength was 0.2291 nm. 

Table 1   Main mechanical parameters of Ti6Al4V

Hardness 
(HRC)

Impact 
toughness  
(J/cm2)

Yield 
strength 
(MPa)

Tensile 
strength 
(MPa)

Elastic 
modulus 
(GPa)

35 ± 5 400 834 932 114
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Moreover, the Ti element was used as the target material 
and the exposure time was 15 s. The surface residual stress 
of each coated tool was measured 5 times and averaged. For 
the four tools, the surface residual stress level was different. 
At the same time, the surface morphology and roughness of 
the tool can reduce the interference of other surface integrity 
on the wear resistance.

2.3 � High‑speed friction and wear experiment

Figure 1 presents the diagrammatic sketch of high-speed 
friction and wear experimental setup. The friction and wear 
experiment were conducted on the CDK6136i CNC lathe. 
The experiment tool and workpiece material were the same 
as the high-speed dry cutting experiment. The ring-block 

line contact friction method was used. The friction envi-
ronment was dry condition, and the ambient temperature 
was room temperature. In order to avoid burning the coat-
ing at high temperature caused by high-speed rotating fric-
tion, the rotating speed of workpiece n = 300 r/min. Dur-
ing the experiments, the friction load was varied between 
20 and 200 N. Preliminary experiments indicated that in 
the initial stage of direct contact between TiAlSiN coat-
ing and Ti6Al4V titanium alloy, the load changed greatly 
and was unstable. If the friction contact time was too long, 
the coating would be severely damaged and peeled off in a 
large area, leading to the exposure of substrate. Subsequent 
observation and analysis cannot be carried out normally. So, 
the sliding wear time was set to 30 s in the experiment. In 
the experiment, the fixed tool holder was used to apply the 

Table 2   Elemental components 
of Ti6Al4V (wt%)

Al V Fe C N H O Ti

5.5–6.8 3.5–4.5 0.30 0.10 0.01 0.015 0.2 Balance

Table 3   Surface integrity of 
the coated tools and micro-
sandblasting parameters

Tools Surface integrity Micro-sandblasting

parameters

Residual 

Stress

(MPa)

Surface

Hardness

(HV)

Surface

roughness

Ra (µm)

Surface morphology Pressure

p (Mpa)

Time

t (s)

S1 -322±10 2230 0.205 0.2 5

S2 -414±16 2381 0.212 0.1 9

S3 -519±20 2440 0.209 0.3 3

S4 -631±18 2344 0.215 0.4 3
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load F and the Kistler 9257B three-way dynamometer was 
applied to gauge and control the load Fx. The friction force 
was recorded using the dynamometer, and then, the friction 
coefficient was calculated.

The wear rate was calculated using the Coulomb friction 
and wear formula (1).

where μ represented the friction coefficient, f represented the 
sliding friction force Fy (N), and N represented the pressure load 
Fx (N). In order to reduce the error interference, each group of 
friction coefficient was gauged three times and averaged.

Comparison of wear rates was achieved by the tool wear 
volume. Figure 2 exhibits the schematic diagram of the defi-
nition of tool wear volume. The formula for computing the 
tool wear volume is shown in formula (2).

where V represented the wear volume (mm3), l represented 
the length of worn area (mm), L represented the arc length of 
section of worn area, r represented the radius of the workpiece 

(1)� = f∕N

(2)V = l
[

Lr∕2 − (r − d)w∕2
]

(mm), d represented the depth of worn area (mm), and w rep-
resented the width of worn area (mm). Each parameter was 
gauged three times and averaged.

In actual experiments, l was much larger than d, which 
was like L. Therefore, the value of L could be approximately 
regarded as l. So, formula (2) can be simplified to formula (3).

After the friction and wear experiment, the coated tool 
was cleaned with ultrasonic alcohol solution for 30 min. 
The morphology of the wear surface was obtained by 
the QUNTA250 scanning electron microscope, by which 
the average length and width of the worn area was also 
measured. The average depth of worn area was gauged 
by the UP-WLI white light surface profiler. According 
to formula (Eq. 3), the tool wear volume was calculated.

2.4 � High‑speed cutting experiment

The high-speed dry cutting experiment was implemented 
on a CDK6136i CNC lathe. Table 4 presents the cutting 

(3)V = wld∕2

Fig. 1   Diagrammatic sketch of 
high-speed friction and wear 
experimental setup

Fig. 2   Schematic diagram of the 
definition of tool wear volume
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geometry parameters of TiAlSiN-coated tools. The model 
of the tool holder was TCLNR2020K12. The photographs 
of the high-speed turning setup are displayed in Fig. 3. 
The cutting method was continuous dry turning. The cut-
ting speed v = 120 m/min, the feed rate f = 0.2 mm/r, and 
the cutting depth ap = 0.3 mm.

A USB200 portable digital microscope was used to 
observe flank wear in the turning experiment. The aver-
age value of five measurement was selected. When the 
flank tool wear VB = 0.3 mm, the tool was considered as 
failure. The cutting force was gauged by the three-way 
dynamometer Kistler 9257B. The cutting temperature 
was gauged by the FLIR A615 infrared thermal imager, 
of which the measuring range was − 50 ~ 1200 °C. After 
cutting experiments, the wear morphology of the coated 
tools was obtained by the QUNTA250 scanning electron 
microscope (SEM). Chips in the rapid wear stage of the 
coated inserts were collected, and the chip morphology 
was also observed.

3 � Results and discussion

3.1 � Sliding wear performance

3.1.1 � Friction coefficient

The variation of the friction coefficient with sliding 
time is illustrated in Fig. 4. The friction coefficient of 
S1 with small compressive stress is larger among four 
coated tools. For S1, the fluctuation of friction coeffi-
cient is obvious. The smaller surface residual compres-
sive stress leads to smaller hardness, which causes large 
friction coefficient of S1. The fluctuation phenomenon 
of S2 is significantly reduced, compared with S1. The 

Table 4   Geometry parameters of the coated tool

Nose radius 
rε (mm)

Cutting edge 
angle κr (°)

Inclination 
angle λs (°)

Rake angle 
γo (°)

Clearance 
angle αo (°)

0.8 95 -5.5 6 7

Fig. 3   Photographs of the high-
speed turning setup

Fig. 4   Variation of the friction coefficient with sliding time
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high surface compressive stress conduces to the intensi-
fication of wear resistance. So, the friction coefficient of 
S2 is less than that of S1.

During the initial and middle of sliding friction process, 
the friction coefficient of S3 is also significantly decreased. 
For S4 with compressive stress of − 600 MPa, the friction 
coefficient remains small in the initial sliding wear stage. 
With time increases, however, the size and fluctuation extent 
of the friction coefficient is gradually promoted. For tool 
S4, the relatively larger micro-sandblasting parameters 
inevitably reduces the coating thickness which affect the 
micro-hardness of coated tools. In addition, a larger coat-
ing compressive stress can result in the coating to separate 
from the substrate, making the tool friction coefficient and 
fluctuation range larger.

The average friction coefficient of the TiAlSiN coating 
with dissimilar surface residual stresses is expressed in 
Fig. 5. In general, the friction coefficient declines with the 
improvement of the surface compressive stress. Although the 
average friction coefficient of S3 and S4 tools are close, the 
friction coefficient and fluctuation extent of S4 is enhanced 
in the late of sliding friction process. Moreover, the sliding 
friction process is not stable. Therefore, the S3 tool with the 
residual compressive stress level of − 500 MPa has the best 
capability of resisting sliding wear.

3.1.2 � Wear rate

The friction and wear rate of the TiAlSiN coating with dis-
similar surface residual stresses is displayed in Fig. 6. The 
wear rate reflects the wear resistance of the tool. Under 
the same conditions, the smaller the wear rate of the tool 
means the smaller the amount of tool wear. Accompanied 
by the improvement of surface residual compressive stress, 
the wear rate decreases first and then increases (Fig. 6). 
The increase in surface residual compressive stress leads 

to high microhardness, which enhance the wear resist-
ance of the tool. Thereby, the tool wear rate is reduced. 
The coated tool S3 with the surface residual compressive 
stress level of − 500 MPa has the lowest wear rate. This 
is consistent with the alter trend of the average friction 
coefficient (Fig. 5). From the wear rate of S4, however, 
excessive surface residual compressive stress can affect 
the bonding strength between the substrate material and 
the coating, causing the coating to peel off and take away 
the substrate material, thereby increasing the amount of 
tool wear. So, the wear rate of S4 increases instead. In 
summary, the increase of residual stress within a certain 
range is advantageous to ameliorate the wear resistance 
of coated tools.

3.1.3 � Sliding wear mechanism

The SEM micrographs of the sliding wear on TiAlSiN coat-
ing with dissimilar surface residual stresses is exhibited in 
Fig. 7. During the friction wear process, a large amount of 
flake adhesion is distributed along the direction of the rela-
tive movement of the tool and the workpiece. The boundary 
of the wear area is obvious. Figure 8 exhibits the EDS of 
worn area A in Fig. 7a, where the presence of the coating 
material element V indicates that the Ti6Al4V material is 
bonded to the wear surface. The Ti6Al4V material has infe-
rior capacity of heat-transmission. So, the workpiece and 
tool surface generate a lot of frictional heat on the contact 
surface. Moreover, the frictional heat is not easy to disperse. 
Thus, the high temperature promotes the mutual diffusion 
of active Ti elements and elements in coating, due to the 
high chemical activity of titanium alloy. Then, the adhesion 
points and aggravate wear is easy to form. Simultaneously, 
the elevated temperature will also soften the workpiece to 
produce plastic deformation, resulting in more titanium 

Fig. 5   Average friction coefficient of the TiAlSiN coating with dis-
similar surface residual stresses

Fig. 6   Wear rate of the TiAlSiN coating with dissimilar surface resid-
ual stresses
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alloy material bonded to the tool surface under the impact 
of unstable friction load.

Under the impact of friction load, the adhesion layer on 
the contact surface of Ti6Al4V and TiAlSiN coating is eas-
ily peeled off. The spalling of the adhesion layer will concur-
rently remove part of the TiAlSiN material. So, the surface 
of all four coated tools shows coating peeling and a small 

number of pits (Fig. 7). The decrease of coating thickness 
reduces the thermal conductivity of the coated tool, resulting 
in a higher temperature in the peeling area of the coating. 
It is more likely to produce new adhesion and then fall off 
again. This repeated cycle will cause a large area of coating 
to peel off. When the adhesion peels off, the adhesive layer 
and coating material sheds off in the form of particles. These 

Fig. 7   SEM micrographs of 
the sliding wear on TiAlSiN 
coating with dissimilar surface 
residual stresses, a S1, b S2, c 
S3, and d S4
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hard particles can scratch the coating surface, resulting in 
scratches and abrasive wear.

During the normal wear stage, a numerous cumulation 
of friction heat leads to a rapid increase in temperature. 
And the workpiece begins to bond on the coating surface, 
due to thermal softening and plastic flow. As the adhe-
sion increases and the coating peels off, the influence of 
surface roughness on tool wear resistance gradually is 
reduced. Meanwhile, the surface residual stresses gradu-
ally dominate.

The cemented carbide elements such as W, C, and Co 
appear in the area A (Fig. 8), which further proves that the 
S1 tool has a wide range of exposed cemented carbide. 
This indicates that the adhesion strength between the coat-
ing and the substrate is low at the surface residual stress 
of − 300 MPa and the coating is prone to spalling along with 
adhesion. With the reduction of the wear area, the exposed 
area of the substrate of S2 decreases. Moreover, the friction 
area overlaps plenty of adhesion (Fig. 7b). In contrast, the 
wear area of S3 with the surface residual stress of − 500 MPa 
is further reduced, with a small amount of coating peeling 
and adhesion (Fig. 7c). The “bonding-shedding” cycles of 
S3 are the fewest. It is indicated that the wear resistance of 
S3 tool is the best. Compared to S3, the area of the friction 
of S4 is similar (Fig. 7d). However, the coating peeling of 
S4 is intensified. Thus, the excessive surface residual com-
pressive stress detrimentally affects the wear resistance of 
the coated tool.

The wear surface contains plenty of Ti and W elements is 
indicated in Fig. 8. A small amount of O, Al, and Si elements 
are also found. For one thing, the appearance of O element 
may cause oxidative wear and reduce the wear resistance of 
coated tools. For another, O element can form the products, 

such as TiO2, SiO2, or Si(OH)2, which has the function of 
self-lubricate, therefore reduce friction coefficient.

The results of above experiments indicate that the main 
wear forms of TiAlSiN coating include flake adhesion accu-
mulation and coating peeling. With the improvement of sur-
face residual compressive stress, the adhesion accumulation 
and coating peeling are reduced, resulting in the enhance-
ment of wear resistance. However, the excessive surface 
residual compressive stress will adversely affect the wear 
resistance of the tool.

3.2 � Cutting performance

3.2.1 � Chip morphology

The chip morphology of TiAlSiN-coated tools with dis-
similar residual stresses when the tool flank wear reaches 
0.3 ± 0.02 mm is displayed in Fig. 9. With the enhancement 
in residual compressive stress, the chip curling degree is 
reduced, as can be seen from the chip macro morphology 
(Fig. 9a1, b1, and c1). However, the chip curling degree 
is increased when the surface residual compressive stress 
is excessive (Fig. 9d1). During high-speed cutting process, 
plenty of cutting heat is created at the tool tip. The cut-
ting temperature is different between the chip surface fol-
lowing from rake face and the chip surface away from rake 
face, which causes the chip curling. Increasing the surface 
residual compressive stress within a certain range can reduce 
the generation of cutting heat, thereby reducing the degree 
of chip curling.

As can be seen in the chip surfaces away from rake face 
(Figs. 9a2, b2, c2, and d2), the severe plastic deformation 
is presented. Moreover, the shear banded is arranged in the 

Fig. 8   EDS of worn area A in Fig. 7a
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direction of chip flowing. The creation of shear bands is 
an important feature that marks the formation of serrated 
chips. The serration is caused by the initiation of shear 
cracks and the expansion of the sliding surface, owing to 

the plastic deformation of the chips at elevated tempera-
tures [25]. In pace with the increase in surface residual 
compressive stress of coated tools, the chip serration 
spacing first increases and then decreases. This indicates 

Fig. 9   Chip morphology of the coated tools with dissimilar surface residual stresses at the rapid wear stage, (a) S1, (b) S2, (c) S3, and (d) S4
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that the cutting temperature of the four coated tools first 
decreases and then increases. The high temperatures will 
reduce the stress threshold for sawtooth formation in the 
adiabatic shear band. The degree of thermal softening of 
the workpiece is more likely to be higher than the degree 
of strain hardening, which results in more frequent appear-
ance of serrations.

The chip surface following from rake face is direct con-
tact with the tool and can reflect the extent of tool wear 
and the machining quality [26]. The chip surface following 
from rake face of the coated tools S1 and S2 is rougher, 
which may lead to a reduction in the surface integrity of the 
machined surface (Figs. 9a3, b3). Compared with Figs. 9a3, 
b3, c3, and d3, the chip surface following from rake face 
becomes smoother, of which the roughness is also reduced. 

It indicates that increasing the residual compressive stress on 
the tool surface within a certain range can effectively reduce 
the tool wear and improve the quality of the machined 
surface.

3.2.2 � Cutting force

The variations of cutting force with tool wear are illustrated 
in Fig. 10. Fz is the main cutting force, which plays the lead-
ing role in the cutting force. It can be found that the cutting 
force of the TiAlSiN-coated tools has a large change in the 
initial and normal wear stages. It appears to increase first, 
then decrease and then increase. In the early stages of cutting 
process, the impurities and hard particles exist on the sur-
face of both the tool and the workpiece, which enhance the 

Fig. 10   Variations of cutting force with tool wear. a S1, b S2, c S3, and d S4
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friction. As cutting process proceeds, the hard particles are 
continuously removed. The rough surface of the workpiece 
disappears and the friction force is reduced. So, the cutting 
force appears to decrease. During the rapid wear stage, the 
surface coating is continuously removed, resulting in the 
impairing of the high temperature resistance of the coating 
and the quick accumulation of cutting heat. Additionally, the 
adhesion or built-up edge is presented on the surface of the 
tools, which can aggravate the frictional force and the flank 
wear of coated tools.

During the initial and stable wear stage, coated tool S1 
has the highest cutting forces among the four coated tools 
(Fig. 10a), which is attributed to the lowest residual sur-
face stresses of S1. And the high cutting force can incur 
the low surface hardness and lower wear resistance. With 
the increase of surface residual compressive stress, the 
hardness of coated tools can be enhanced. Therefore, the 
cutting force of S2 is declined (Fig. 10b). The fluctuation 
of the cutting force is weakened, while the cutting process 
is more stable. When surface residual compressive stress 
raises up to the level of − 500 MPa, the cutting force of S3 
is significantly declined (Fig. 10c). The increase in surface 
residual compressive stress can restrain the generating and 
expansion of flaws, which can reduce the coating peeling. 
It also ensures a small friction coefficient between the tool 
and the chip, bringing about reduction of the cutting force. 
As the surface residual compressive stress further increases, 
the cutting force of S4 increases instead (Fig. 10d). The sur-
face residual compressive stress will also affect the adhesion 
strength between the coating and the substrate. Excessive 
surface residual compressive stress can impair the adhe-
sion strength and intensify the peeling of the coating, which 
brings about the raise of cutting force.

The cutting forces of four coated tools maintain a steady 
upward trend in the rapid wear stage. The surface hardness 
of the coated tools is enhanced at the high surface resid-
ual compressive stress, leading to the gradual reduction of 

cutting forces of coated tools S1, S2 and S3 (Fig. 10a, b, 
and c). The magnitude of the change in cutting forces is 
decreased and the cutting process becomes more stable. 
However, the cutting force of S4 exceeds that of S2 and 
S3, which is close to that of S1. Excessive surface residual 
compressive stress can cause the brittleness of the coating, 
which is able to easily incur the chipping and expand the 
friction area between the tool flank face and the workpiece. 
Therefore, the cutting force of S4 increases significant.

It is concluded that the surface residual compressive 
stress of coated tools has a considerable effect on the cut-
ting force. The high compressive stress can potently decrease 
and stabilize the cutting force, especially in the normal wear 
stages. However, the excessive surface residual compressive 
stresses can weaken the protectiveness of the coating and 
increase the overall cutting forces tool, which make the cut-
ting process unstable.

3.2.3 � Cutting temperature

The variations of cutting temperature with tool wear and 
infrared thermal image is exhibited in Fig. 11. In the ini-
tial and normal wear stage, the cutting temperatures of four 
coated tools rise rapidly with little difference in values. The 
severe work hardening of Ti6Al4V incurs high cutting force. 
So, a lot of cutting heat is generated. The low thermal con-
ductivity of Ti6Al4V means that the relatively little cutting 
heat is dispersed out through the workpiece and the chip. 
The better the initial surface roughness and surface morphol-
ogy of the coated tool can bring about the less friction force, 
which causes the less cutting heat and the lower the cutting 
temperature. The initial surface roughness and surface mor-
phology of four coated tools is relatively similar (Table 3). 
Therefore, the cutting temperatures of the four coated tools 
is close during the initial and normal wear stage.

Due to the high cutting deformation and friction, the 
cutting temperatures of S1, S2, and S4 is sharp enhanced 

Fig. 11   a Variations of cutting 
temperature with tool wear and 
b infrared thermal image
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with tool wear during the rapid wear stage. However, the 
increase rate of cutting temperature of S3 is small. The 
advantage of proper compressive stress of S3 is shown 
in the stage of rapid wear, which can effectively reduce 
chip deformation and the cutting force. Therefore, in the 
rapid wear stage, the lowest cutting temperature of S3 is 
obtained.

3.2.4 � Tool life

The variation of tool flank wear with cutting time is pre-
sented in Fig. 12. With the increase in residual compres-
sive stress of the coating, the cutting life of TiAlSiN-
coated tools first increases and then declines. At the 
surface residual compressive stress level of − 500 MPa, the 
maximum cutting life of the coated tool can be achieved 
to 26 min.

During the initial wear stage, the initial surface rough-
ness and morphology of coated tools are the main fac-
tors affecting tool wear. According to Table 3, the surface 
roughness and morphology of four coated tools are similar. 
Therefore, the tool wear is close. As the wear intensifies, 
the cutting force and cutting temperature increase sharply 
(Figs. 10 and 11). The surface defects of the coating occur 
cracks under the impact of the load, which affect the coat-
ing peeling. The thermal barrier and protection of the coat-
ing is reduced, which results in the intensified tool wear 
and reduced tool life.

The increase of surface residual compressive stress of 
coating can inhibit the expansion of surface cracks and 
protect the coating. What is more, it can also prolong the 
protection time of the coating on the tool, thereby prolong-
ing the normal wear stage of coated tools and improving 
the cutting life. Moreover, the surface residual compres-
sive stress can affect the adhesion strength. When the sur-
face residual compressive stress of coating is too large, 
the impact of the reduction of the adhesion strength on 

the coating exceeds the suppression of crack propagation, 
which instead aggravates the coating peeling and incur the 
reducing of tool life.

3.2.5 � Wear mechanism

The rake wear morphology of the TiAlSiN-coated inserts 
with dissimilar residual stresses is exhibited in Fig. 13. Fig-
ure 13a shows that massive crater wear can be observed, and 
a large-scale adhesion layer is formed by adhesion accumu-
lating. The range of the crater is related to the high tempera-
ture and high pressure of the contact surface between the 
chip and the rake face. The maximum depth position is the 
place in which the cutting temperature is the highest. There-
fore, the smaller the cutting force and the cutting tempera-
ture signifies the smaller the extent and depth of the crater 
wear. So, the crater wear extent of S2 is smaller than that of 
S1. Moreover, the large-area adhesion layer is reduced and 
the built-up edge is formed (Fig. 13b).

The adhesion of S3 is reduced (Fig. 13c), and the cra-
ter boundary shrinks and gradually becomes blurred. The 
further increase of residual compressive stress improves 
the micro-hardness and the wear resistance of coated 
tools. Thereby, the wear degree of the insert is weakened. 
As a result, the cutting performance of S3 is the best. The 
adhesion accumulation at the cutting edge of S4 is further 
reduced (Fig. 13d). However, the depth of the crater is sig-
nificantly increased. The coating peeling is obvious, and 
part of the cemented carbide substrate is exposed. For one 
thing, the high cutting force and cutting temperature of S4 
are obtained during the rapid wear stage (Figs. 10d and 11), 
which leads to the deeper crater wear. For another, the exces-
sive surface residual compressive stress of the coating can 
decrease the adhesion strength, which aggravates the coating 
peeling and causes the serious rake wear.

The flank wear morphology of the TiAlSiN coated 
tools with dissimilar surface residual stresses is displayed 
in Fig. 14. Because of the low modulus of elasticity of 
Ti6Al4V, the workpiece rebounds greatly during cutting. 
The cutting state is unstable and the cutting edge of S1 
appears micro-chipping (Fig. 14a). Because of the low ther-
mal conductivity and high cutting temperature of Ti6Al4V, 
the coated tool is prone to bonding with the Ti6Al4V, result-
ing in a large area of adhesion on flank face. The scoring 
effect on the tool surface by hard points and the hardened 
layer on the machined surface causes scratches of varying 
depths on the flank face (Fig. 14a). Contrasted to the wear 
morphology of S1, the chipping phenomenon of S2 dimin-
ishes and the number of scratches decreases. Moreover, a 
large-scale adhesion accumulation occurs on flank face of 
S2 and the width of flank wear band is decreased (Fig. 14b).

The cutting edge of S3 is relatively intact and the 
chipping phenomenon almost disappears (Fig. 14c). In Fig. 12   Variation of tool flank wear with cutting time
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addition, the adhesion accumulation and coating peeling 
are significantly reduced. The wear area on the flank face 
is uniform. This demonstrates that the cutting process is 
stable without large cutting vibration at surface residual 
stress of -500 MPa. For the coated tool S4, the significant 
chipping is observed (Fig. 14d). The number of scratches 
and the exposed area of the cemented carbide substrate 

is also obviously improved. The flank face is severely 
worn, which indicates that excessive surface residual 
compressive stress can aggravate the occurrence of chip-
ping and coating peeling.

By contrasting the wear morphology of S1-S4, the 
main wear forms of rake face of TiAlSiN coated tools 
are craters, adhesion, and adhesion layer. The main 

Fig. 13   Rake wear morphology 
of the TiAlSiN-coated tools 
with dissimilar surface residual 
stresses: a S1, b S2, c S3, and 
d S4
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wear forms of flank face are micro-chipping, adhesion, 
scratches, and coating peeling. In the wake of the increase 
of surface residual compressive stress, the adhesion accu-
mulation, crater wear and micro-chipping is reduced. 
However, the excessive surface residual compressive 
stress (> − 500  MPa) can result in the severe micro-
chipping, expand the range of abrasive wear and coating 
peeling. The capability of cutting of the coated insert will 
be deteriorated.

4 � Conclusions

(1)	 During high-speed sliding wear process, an appropri-
ate surface residual compressive stress can effectually 
decrease the friction coefficient and wear rate, which can 
enhance the wear resistance of the TiAlSiN coating.

(2)	 An appropriate residual compressive stress in the 
coating layer can reduce the cutting temperature and 
prevent chip curling. And then, the chip adhesion is 

Fig. 14   Flank wear morphol-
ogy of the TiAlSiN-coated tools 
with dissimilar surface residual 
stresses. a S1, b S2, c S3, and 
d S4

3898 The International Journal of Advanced Manufacturing Technology (2022) 123:3885–3900



1 3

reduced in high-speed dry turning of Ti6Al4V. It also 
significantly reduces the cutting forces and improves 
process stability. However, an excessively high com-
pressive stress leads to an increase in cutting tempera-
tures and cutting forces.

(3)	 The main wear form of TiAlSiN coating is coating layer 
peeling and adhesion in the sliding wear process. In 
contrast, crater wear, adhesion accumulation, coating 
peeling, and micro-chipping occurred in the high-speed 
turning process. An appropriate surface residual com-
pressive stress can reduce adhesion accumulation and 
micro-chipping.

(4)	 For PVD-TiAlSiN coated tools, the highest wear resist-
ance can be obtained at a surface residual compressive 
stress of around − 500 MPa.

The wear resistance of coated tools can be improved by 
optimizing the coating surface treatment process. There 
observation will facilitate further investigation on the more 
types of coated tools and surface treatment process.
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