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Abstract Al2O3/TiN-coated tungsten carbide tools were
used for finish-turning of NiCr20TiAl nickel-based alloy
under various cutting conditions. The cutting forces, surface
integrity, and tool wear were investigated, and their
formation mechanisms were discussed. The inter-diffusing
and transferring of elements between Al2O3/TiN-coated
tungsten carbide tool and NiCr20TiAl nickel-based alloy
were studied during machining. The plastic flow of
NiCr20TiAl alloy was present on the machined surface by
the lower cutting forces. The flaking of coating and matrix
of tools and the heavier plucking and cavities of the
machined surface were induced by the higher cutting forces
at higher cutting parameters. The tensile residual stress was
engendered on the machined surface and increased with the
cutting parameters. In view of surface quality and tool wear,
the cutting speed of 60 min and feed of 0.15 mm/r are
recommended, and depth of cut should not exceed 0.4 mm

when Al2O3/TiN-coated carbide tools are used for the
finish-turning of the NiCr20TiAl alloy.
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1 Introduction

Nickel-based alloys play an import role in aerospace
industry and steam power because they exhibit a good
combination of the mechanical properties and heat resis-
tances at high temperature. In order to satisfy the
production and integrity requirement of engineering, some
alloying elements were added to nickel-based alloys such as
Ti and Cr [1]. Some methods of heat treatments such as
solution treatment, precipitation treatment, and dispersion
hardening treatment were also applied for nickel-based
alloys [2]. Nickel-based alloys contain a high percentage of
Ni and Cr elements, and a continuous face-centered cubic
austenitic phase with poor thermal diffusivity is formed
after the solution and precipitation treatments. The austen-
itic phases contribute to the high yield strength as well as
result in the poor machinability of nickel-based alloys.
Metal cutting is one of the most important methods of
removing unwanted material in the manufacturing of
nickel-based alloy parts [2, 3]. However, metal cutting is
also a complex process that is involved with the interaction
of tools and machined surfaces. The coated tool is one of
the important cutting tools for metal cutting and brings a
new development to the traditional cemented carbide tool.
Because the coated tool had a lower friction coefficient than
an uncoated one under similar cutting conditions, it
exhibited good cutting performance and economies [4].
Though the coated tool widened the application of cutting
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tools in industry, the short tool life and poor surface
qualities were still the basic problems in the machining of
nickel-based alloys because of a higher chemical activity of
nickel-based alloys at higher cutting forces and temperature
[5, 6]. Most of the coatings (TiN, TiC, TiCN, and
multilayer) had a higher chemical affinity with nickel-
based alloys [7, 8]. Thus, the chemical diffusion of the
coated tool and machined surface takes place in the
machining of nickel-based alloys, which influences the tool
life and machined surface quality.

The tool life and wear mechanism in the machining of
Inconel 718 were investigated widely by many studies [5,
6, 9, 10]. However, NiCr20TiAl nickel-based alloy is
involved with the solution and precipitation treatments in
this work and contains a higher percentage of Ni than
Inconel 718. This alloy is used for the key parts of the
large-scale power steam turbine at an atmosphere with high
temperature, high pressure, and water vapor. The surface
integrity of alloy parts is important to the performance of
the steam turbine. Damages of the machined surface can
reduce the wear resistance of part surfaces and result in
stress corrosion cracking and distortion of components.
Therefore, care must be taken to ensure the surface integrity
of components during machining [10, 11]. The cutting tool
can alter the quality of the machined surface under
optimum cutting conditions [1, 2, 9–12]. Al2O3 and TiN
have lower conductivity and higher fracture toughness,
respectively. Thus, Al2O3/TiN coating can protect the tool
from thermal damage and improve its wear resistance. The
cutting parameters are also important to the metal cutting.
Iabal [13] found that the tool–chip contact length varied
with the cutting parameters in the turning of AISI 1045
steel and Ti6Al4V and influenced the tool life. Gopalsamy
[14] studied the cutting parameters for hard machining
through the grey relational theory and ANOVA, and the
cutting efficiency was improved in hard machining. In this
work, Al2O3/TiN-coated WC tools were used for the finish-
turning of the NiCr20TiAl alloy under various cutting

conditions. The cutting forces, tool wear, and machined
surface integrity of NiCr20TiAl alloy were investigated by
a dynamometer, scanning electronic microscope (SEM),
energy-dispersive spectrometry (EDS), X-ray diffraction
analyzer, and inverted metallurgic microscope. Based on
these investigations, the mechanisms of tool wear and
damages of the machined surface of NiCr20TiAl alloy were
discussed. The objective of this work is to provide a
combination of the theoretical and practical information for
finish-machining of NiCr20TiAl nickel-based alloy.

2 Experimental procedures

The machining material was a NiCr20TiAl nickel-based
alloy with solution and precipitation treatments. The
chemical composition and mechanical properties of
NiCr20TiAl alloy were given in Tables 1 and 2. The
cutting tool is Al2O3/TiN-coated tungsten carbide prismatic
inserts. The whole experimental setup is shown in Fig. 1.
The machining trails were carried out on an Index G200
CNC Centre Lathe, employing a continuously variable
spindle speed with a range from 20 to 6,000 rpm. The
machining bars of NiCr20TiAl alloy had a diameter of
50 mm and length of 300 mm. All the inserts had an
identically effective geometry after the rigid clamping in
the tool post, i.e., approach angle of 50°, rake angle of 9°,
clearance angle of 6°, and nose radius of 0.8 mm. The
cutting forces were measured by a Kistler 9272 three-
component piezoelectric dynamometer and associated with
a 5070 multichannel charge amplifier connected to a PC
employing the Kistler force measurement software. Prior to
measurement, an approximately 3-mm thickness of the top
surface of each bar was removed in order to eliminate any
surface defect that affected the measurement results. Each
measurement of cutting force was taken using a new insert
at the cutting distance of 100 m. The tool wear and
machined surface integrity were observed by scanning

Table 1 The chemical compositions of NiCr20TiAl nickel-based alloy

Chemical composition C Si Mn P S Al B

Content (wt.%) 0.04–0.10 ≤0.30 ≤1.00 ≤0.010 ≤0.010 1.00–1.80 ≤0.008
Chemical composition Cr Ni Cu Co Ti Fe Ti +Al

Content (wt.%) 18.0–21.0 Balance ≤0.20 ≤1.00 1.80–2.70 ≤1.50 ≥3.50

Table 2 The mechanical properties of NiCr20TiAl nickel-based alloy

Mechanical properties Yield strength
(MPa)

Tensile strength
(MPa)

Elongation (%) Reduction of
area (%)

Impact energy (J) Hardness
(HB)

NiCr20TiAl ≥600 1,000–1,300 ≥12 ≥12 ≥20 310–400
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electronic microscope (JEOL JSM-6460, Hitachi, Japan),
energy-dispersive spectrometry (PV9900, Philips, Nether-
lands), and inverted metallurgic microscope. All of the tool
wear was observed after a cutting distance of 1 km.

The ideas of the experimental methods for this study were:
the full factor experiment including the 18 cutting parameters
was designed (cutting speed of 30, 60, and 80 m/min, feed of
0.15 and 0.20 mm/r, and depth of cut of 0.2, 0.4, and 0.6 mm),
and all tests were performed under dry conditions. At first, the
cutting forces for these 18 cutting parameters were measured,
and the effects of the cutting parameters on the cutting forces
were investigated. Secondly, the effects of the cutting speed
and depth of cut on the surface integrity were investigated.
The high cutting speed and depth of cut should be investigated
preferentially because they could realize the high cutting
efficiency. The cutting parameters that led to the bad surface
integrity would be not considered in the subsequent investi-
gation of tool wear. Thirdly, the effects of the cutting
parameters on the tool wear were investigated on the premise
that these cutting parameters could not cause the very bad
surface integrity in the finish-turning of NiCr20TiAl nickel-
based alloy. Lastly, based on this analysis, the optimum
cutting condition and mechanisms were given.

3 Results and discussion

3.1 Cutting forces

The cutting force was an important factor that influenced
the tool wear and machined surface integrity [4, 11].
Figure 2 showed three components of cutting force when
NiCr20TiAl nickel-based alloy was turned under various
cutting conditions (Ff = feed force, Fp = thrust force, Fc =
main cutting force). It was seen from Fig. 2a–c that the
main cutting force (Fc) was higher than the thrust force (Fp)
and feed force (Ff) at all the cutting conditions. The
resultant cutting forces and their three components de-
creased slightly with an increase of the cutting speed but

increased with feed and depth of cut. Shaw [15] found that
an increase in the cutting speed caused the cutting
temperature to be improved, and the cutting forces were
reduced when the cutting temperature reached the softening
temperature of workpiece. The main cutting force (Fc)
increased more rapidly than feed force (Ff ) and thrust force
(Fp ) when the feed and depth of cut were improved as
shown in Fig. 2a–c. Compared with the feed, an increase of
the depth of cut led to an obvious improvement of the
cutting forces, indicating that the depth of cut had a great
effect on the main cutting force. The resultant cutting force
reached a maximum value at the cutting speed of 30 m/min,
feed of 0.2 mm/r, and depth of cut of 0.6 mm for all testing
cutting parameters as shown in Fig. 2d.

3.2 Machined surface quality

3.2.1 Surface topography

At first, the effect of the cutting speed on the surface
topography was investigated. Because more cutting heat
was generated when the cutting speed was improved [13],
the cutting parameters that caused the lower cutting forces
should be studied preferentially. According to the cutting
forces shown in Fig. 2, two cutting parameters (one is the
cutting speed of 30 m/min, feed of 0.15 mm/r, and depth of
cut of 0.2 mm; another is the cutting speed of 80 m/min,
feed of 0.15 mm/r, and depth of cut of 0.2 m) were studied
comparatively. Figure 3 showed the effect of the cutting
speed on the machined surfaces topography of NiCr20TiAl
alloy (Vc=30 m/min, f=0.15 mm/r, and ap=0.2 mm as seen
in Fig. 4a and Vc=80 m/min, f=0.15 mm/r, and ap=0.2 mm
as seen in Fig. 3b). The plastic flow of the machined
surface was observed at the cutting speed of 30 m/min, feed
of 0.15 mm/r, and depth of cut of 0.2 mm (seen in Fig. 3a).
It was seen from Fig. 3b that there were plucking and
sphere particles on the machined surface when the cutting
speed was increased from 30 m/min to 80 m/min. EDS
analyses were used to examine the marked regions on the

Fig. 1 Diagram of experimental
setup for the finish-turning of
the NiCr20TiAl alloy
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(a) Cutting force components at depth of cut of 0.2mm 

(c) Cutting force components at depth of cut of 0.6mm 

(b) Cutting force components at depth of cut of 0.4mm 

(d) Resultant cutting force in different cutting conditions.

Fig. 2 Cutting forces in the finish-turning of the NiCr20TiAl alloy under various conditions

Fig. 3 SEM micrograph of the
machined surfaces topography
of NiCr20TiAl nickel-based al-
loy at a a cutting speed of 30 m/
min, feed of 0.15 mm/r, and
depth of cut of 0.2 mm and b
cutting speed of 80 m/min, feed
of 0.15 mm/r, and depth of cut
of 0.2 mm, and c EDS analysis
which detected the marked
regions of 1, 2, 3, and 4 on the
machined surface of a and b
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machined surfaces in Fig. 3a, b. Curve 1 of EDS (seen in
Fig. 3c) revealed that it contained a higher percentage of Ni
and Cr in the zones of plastic flow. This indicated that no
elements of the tool adhered to the machined surface at the
cutting speed of 30 m/min, feed of 0.15 mm/r, and depth of
cut of 0.2 mm. EDS analyses also confirmed that the
components of plucking in region 2 (seen in Fig. 3b) were
consistent with those in region 1 (seen in Fig. 3a). Ti and Al
were contained beside Ni and Cr in region 3 and the sphere
particle in region 4 was a tungsten compound (seen in
Fig. 3b, c). The plastic flow and plucking of the machined
surface were ascribed to the higher strength and plasticity
of NiCr20TiAl alloy as well as the cutting forces. Many
studies found that the higher cutting speed induced the
higher cutting temperature and thermal softening of the
machined surface [15, 16]. Therefore, the machined surface
was subject to plastic flow and plucking in Fig. 3b. The
sphere particles on the machined surface were the coating
and substrate of the tool because a high percentage of Ti,

Al, and W were identified by curve 3 of EDS (seen in
Fig. 3c). At higher cutting speed, the coating and substrate
were flaked from the tool and adhered to the machined
surface due to the higher cutting temperature. Thus, it was
suggested that the cutting speed of 80 m/min could not be
adopted in the finish-turning of the NiCr20TiAl alloy using
Al2O3/TiN-coated tungsten carbide tools.

Secondly, the effect of the depth of cut on the surface
topography was studied. According to the cutting forces
shown in Fig. 2, there cutting parameters (the depth of cut
of 0.2, 0.4, and 0.6 mm at the cutting speed of 60 m/min
and feed of 0.15 m/min) were investigated comparatively.
Figure 4 showed that the effect of the depth of cut on the
machined surfaces topography of NiCr20TiAl alloy (Vc=
60 m/min, f=0.15 mm/r, and ap=0.2 mm in Fig. 4a, b, Vc=
60 m/min, f=0.15 mm/r, and ap=0.4 mm in Fig. 4c, d, and
Vc=60 m/min, f=0.15 mm/r, and ap=0.6 mm in Fig. 4e, f).
When the depth of cut increased, many plucking were
generated on the machined surface, but the volume of

Fig. 4 SEM and EDS micro-
graph of the machined surface
topography of NiCr20TiAl alloy
at a, b the cutting speed of
60 m/min, feed of 0.15 mm/r,
and depth of cut of 0.2 mm, c, d
the cutting speed of 60 m/min,
feed of 0.15 mm/r, and depth of
0.4 mm, and e, f the cutting
speed of 60 m/min, feed of
0.15 mm/r, and 0.6 mm
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plucking became small. The EDS observations showed that
these plucking belonged to the workpiece material. At the
depth of 0.6 mm (seen in Fig. 4c), the severe plastic plow
and many plucking were caused on the machined surface.
However, the quantity of plucking was relatively small at
the depth of 0.2 and 0.4 mm. Thus, the depth of 0.6 mm
was not recommended in the finish-turning of the NiCr20-
TiAl alloy using Al2O3/TiN-coated carbide tools.

Thirdly, the effect of feed on the surface topography was
investigated in Figs. 4, 5, 6, and 7. Compared with Fig. 4a,
b (Vc=60 m/min, f=0.15 mm/r, and ap=0.2 mm), Fig. 5
showed SEM micrograph and EDS analyses of the
machined surface topography at the cutting speed of
60 m/min, feed of 0.2 mm/r, and depth of cut of 0.2 mm.
It was seen from Fig. 5a that the small plucking was present
on the machined surface of the NiCr20TiAl alloy. The EDS
analysis (seen in Fig. 5b) revealed that these plucking

contained a higher percentage of Ni and Cr, indicating that
no tool material adhered to the machined surface. Com-
pared with the cutting condition (f=0.15 mm/r and ap=
0.2 mm), the increased cutting forces (Vc=60 m/min, f=
0.2 mm/r, and ap=0.2 mm) contributed to these plucking.
Our previous work had demonstrated that surface plucking
was related with the plastic flows and cavities of machined
surface when NiCr20TiAl alloy was cut by the uncoated
tools [17]. However, the higher cutting forces urged more
serious plastic flow to occur, and the plastic flow was
converted into the plucking of the machined surface as the
cutting shear stress exceeded the tensile strength of the
NiCr20TiAl alloy. Some materials were removed with chips
and others adhered onto the machined surfaces to become
plucking. Compared with Fig. 4c, d (Vc=60 m/min, f=
0.15 mm/r, and ap=0.4 mm), Fig. 6 showed SEM micro-
graphs and EDS analyses of the machined surface topog-

Fig. 5 a SEM micrograph of
the machined surface topogra-
phy of NiCr20TiAl nickel-based
alloy at the cutting speed of
60 m/min, feed of 0.2 mm/r, and
depth of cut of 0.2 mm and b
EDS analysis which detected the
marked regions on the machined
surface of a

Fig. 6 a SEM micrograph of
the machined surface topogra-
phy of NiCr20TiAl nickel-based
alloy at the cutting speed of
60 m/min, feed of 0.2 mm/r, and
depth of cut of 0.4 mm and b
EDS analysis which detected the
marked regions s of 1, 2, 3, and
4 on the machined surface of b
and c
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raphy at the cutting speed of 60 m/min, feed of 0.2 mm/r,
and depth of cut of 0.4 mm. The cutting force at the depth
of cut of 0.4 mm was twice as much as that of 0.2 mm in
Fig. 2, and this resulted in the different machined surface
topography. It was seen from Fig. 6a that a great deal of
surface plucking with the short spacing intervals was
distributed on the machined surface. It indicated that the
heavy interaction of tool and machined surface generated
more surface plucking. The surface plucking could lead to
the catastrophic fracture of the insert edge in the further
machining [11, 18]. Besides surface plucking, many
different sphere particles were found on the machined
surface, and three representative particles were given at a
higher magnification (seen in Fig. 6b, c). Particle 2 in
Fig. 6b was different from surface plucking in Fig. 6a and
contained a higher percentage of Ti, Al, and O. Particle 3 in
Fig. 6b was a tungsten carbide compound. These two kinds

of particles (particles 2 and 3) were derived from the tool.
The third kind of particles was also observed on the
machined surface (particle 4 in Fig. 6b), and EDS analyses
indicated that it was a ferrous compound. This ferrous
compound on the machined surface was related to the
cutting temperature. Investigations on the cutting tempera-
ture [4, 9, 12] showed that temperature in the cutting area
was much higher in the machining of nickel-based alloys
than the conventional steels at the higher cutting parame-
ters. The higher cutting temperature made some elements of
NiCr20TiAl alloy to be oxidized into oxides. However,
these particles usually had a higher hardness and could
score the machined surface, which was detrimental to
the wear and corrosion resistances of the machined
surface. Figure 7 shows SEM micrographs and EDS
analyses of the machined surface topography at the cutting
speed of 60 m/min, feed of 0.2 mm/r, and depth of cut of

Fig. 7 a, b SEM micrograph of
the machined surface topogra-
phy of NiCr20TiAl alloy at the
cutting speed of 60 m/min, feed
of 0.2 mm/r, and depth of cut of
0.6 mm and c EDS analysis
which detected the marked
regions s of 1 and 2 on the
machined surface of b

Surface cavities 

a bFig. 8 Metallographic micro-
graph of cross-section of the
machined surface after the
NiCr20TiAl alloy was turned a
at the cutting speed of 60 m/
min, feed of 0.15 mm/r, and
depth of cut of 0.2 mm and b at
the cutting speed of 80 m/min,
feed of 0.15 mm/r, and depth of
cut of 0.2 mm
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0.6 mm. The cutting forces at the depth of cut of 0.6 mm
were much higher than 0.4 mm in Fig. 2. The higher
cutting forces gave rise to a cutting vibration of machines
and clamping fixtures during machining. This made the
cut condition vary with the cutting vibration during
machining. The machined surface topography with many
chatter marks (seen in Fig. 7a) resulted from the cutting
vibration. Some surface plucking and sphere particles
were also found on the machine surface (seen in Fig. 7b).
According to Figs. 4, 5, 6, and 7, the depth of 0.4 and
0.6 mm was not recommended if the feed of 0.2 mm/r was
adopted.

3.2.2 Subsurface topography

The subsurface topography was observed on the cross-
section of the machined surface by the metallurgic
microscope. Figure 8 showed the metallographic micro-
graph of cross-section of the machined surface after
NiCr20TiAl alloy was turned at: (a) the cutting speed of
60 m/min, feed of 0.15 mm/r, and depth of cut of 0.2 mm
and (b) the cutting speed of 80 m/min, feed of 0.15 mm/r,
and depth of cut of 0.2 mm. The machined surface was very
straight on the cross-section view in Fig. 8a. Some smaller
cavities were induced in the subsurface when the cutting

speed was increased to 80 m/min in Fig. 8b. A metallo-
graphic micrograph of the subsurface is shown in Fig. 9
after the NiCr20TiAl alloy was turned at the cutting speed
of 60 m/min, feed of 0.2 mm/r, and depth of cut of 0.2 mm.
The smaller surface cavities and cracks were found in the
subsurface as shown in Fig. 9a and surface plucking was
present on the machined surface as shown in Fig. 9b. The
surface cavities and cracks in the subsurface were related
with the plucking on the machined surface. If the plucking
was removed from the machined surface, some materials
were pulled out from the machined surface, and then
cavities and cracks were left in the subsurface. Figure 10
shows the metallographic micrograph of subsurface after
NiCr20TiAl alloy was turned at the cutting speed of 60 m/
min, feed of 0.2 mm/r, and depth of cut of 0.2 mm. Some
bigger surface cavities were generated in the subsurface
(seen in Fig. 10a). According to the machined surface as
shown in Fig. 6a, the bigger plucking was present on the
machined surface. If the bigger plucking was removed from
the machined surface, some pull-off plucking formed the
bigger cavities in the subsurface. The grains of NiCr20TiAl
alloy were distorted severely and some dislocations piled
up in Fig. 10b. The subsurface damages of NiCr20TiAl
alloy resulted from the higher cutting forces at the cutting
speed of 60 m/min, feed of 0.2 mm/r, and depth of cut of

Surface plucking 

a b

Surface cavity 
Crack 

Fig. 9 Metallographic micrograph of cross-section of the machined surface after NiCr20TiAl alloy was turned at the cutting speed of 60 m/min,
feed of 0.2 mm/r, and depth of cut of 0.2 mm: a surface cavities and crack and b surface plucking

Severe grain distortion 

Pile-up of dislocation 

Surface cavities 

a bFig. 10 Metallographic micro-
graph of cross-section of the
machined surface after NiCr20-
TiAl alloy was turned at the
cutting speed of 60 m/min, feed
of 0.2 mm/r, and depth of cut of
0.4 mm: a surface cavities and b
severe grain distortion and pile-
up of dislocation
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0.4 mm. However, these damages do not have a good effect
on the quality and performance of the machined surface
quality. Therefore, for the subsurface of the NiCr20TiAl
alloy after the finish-machining, the depth of cut should not
exceed 0.4 mm.

3.2.3 Residual stress

The residual stress of machined surface caused by the
finish-turning of the NiCr20TiAl alloy is given in Fig. 11. It
can be seen that the depth of cut had a greater influence on
the residual stress of the machined surface than the cutting
speed and feed. As the depth of cut was increased, the
tensile residual stress was improved rapidly as shown in
Fig. 11c. Especially the residual stress was enhanced by
approximate three times at the depth of cut of 0.6 than
0.2 mm. For all the cutting conditions in this work, the
tensile residual stress of the machined surface was produced
(no compressive residual stress was found), and there was
no drop in the residual stress when increasing the cutting
speed and feed. It was not in agreement with Wardany [20]
who found that an increase of the cutting speed could
reduce the tensile residual stress because of the increased
chip flow rate, and an improvement of the feed could result
in a trend toward the higher compressive stress. In our
work, increasing the cutting speed gave rise to an
improvement of the tensile residual stress even if the
cutting forces decreased slightly. However, the residual
stress state of the machined surface after machining was a
combination of the effects of the thermal and mechanical
loads [10]. Especially the thermal load was responsible for
the tensile residual stress of the machined surface. Further-
more, the coating of the tool had a strong effect on the

Fig. 11 Residual stress of machined surface induced by the
interaction of Al2O3/TiN-coated WC tool and machined surface of
NiCr20TiAl alloy in the various cutting conditions. σc and σf denote
the residual stresses along the cutting direction and feed direction,
respectively

Fig. 12 SEM micrograph of flank wear of Al2O3/TiN-coated WC tool
at the cutting speed of 60 m/min, feed of 0.15 mm/r, and depth of cut
of 0.2 mm
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thermal load on the machined surface. During machining,
the multilayer Al2O3/TiN coatings could prevent the cutting
heat dissipating into the bulk of the tool due to the lower
conductivity of Al2O3 (as the thermal barrier layer on the
surface of tool [21]). An amount of heat is centralized at the
contact area and induced the higher tensile stress to be
improved. However, for the cutting conditions (one is
cutting speed of 60 m/min, feed of 0.2 mm/r, and depth of
cut of 0.6 mm; another is cutting speed of 60 m/min, feed
of 0.2 mm/r, and depth of cut of 0.4 mm), the residual stress
in the direction of cutting speed approached to the yield
strength of the NiCr20TiAl alloy at the depth of 0.6 mm.
Therefore, in view of the residual stress, the depth of
0.6 mm or feed of 0.2 mm/r was not recommended when
Al2O3/TiN-coated WC tool was used in the finish-turning
of the NiCr20TiAl alloy.

3.3 Tool wear

At the cutting speed of 60 m/min, feed of 0.15 mm/r, and
depth of cut of 0.2 mm, a non-uniform wear was dominated
as shown in Fig. 12. The maximum of tool wear approaches
to 0.25 mm. Figure 13 showed the SEM micrographs and
EDS analyses of tool wear at the cutting speed of 60 m/min,
feed of 0.15 mm/r, and depth of cut of 0.4 mm. It was seen
from Fig. 13 that the cutting tool edge was worn out and
some materials adhered to the worn tool. An EDS detector
was used to examine two regions of the tool flank (regions

A and B in Fig. 2). Region A was an unworn one and EDS
analyses showed that the coating of the tool consisted of Ti
and Al. Region B was a worn one including Ni and Cr as
shown by EDS analyses, indicating that there was a strong
chemical affinity of the NiCr20TiAl alloy with the tool
during finish-machining. Wang and Ezugwu [19, 21]
considered that the adhesive workpiece materials remained
on the tool in the cutting process. Before the adhesive stress
reached a sufficiently high level to detach it from the
reaction layer, this diffusion layer could inhibit the transport
of tool material into workpieces and reduce the rate of tool
wear to a certain extent. However, the adhesive layer would
cause the quick tool wear if it detached from the tool in
machining. In this work, the high affinity of Ni and Cr (in
the NiCr20TiAl alloy) with W and Ti (in the Al2O3/TiN-
coated WC tool) induced the formation of the adhesive
layer containing Ni and Cr on the worn tool during
machining, but a crack was found in the adhesive layer of
the worn tool (seen in Fig. 13), which meant that the
adhesive layer would be detached from the tool if the tool
continued to cut the NiCr20TiAl alloy. However, the tool
wear was acceptable at the cutting speed of 60 m/min, feed
of 0.15 mm/r, and depth of cut of 0.4 mm because it did not
exceed 0.3 mm after a cutting distance of 1 km.

Figure 14a, b shows SEM micrographs of the worn tool
at the cutting speed of 60 m/min, feed of 0.2 mm/r, and
depth of cut of 0.4 mm and the cutting speed of 60 m/min,
feed of 0.2 mm/r, and depth of cut of 0.6 mm, respectively.

Fig. 13 SEM and EDS analyses of flank wear of Al2O3/TiN-coated WC tool at the cutting speed of 60 m/min, feed of 0.15 mm/r, and depth of
cut of 0.4 mm
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It was seen from Fig. 14 that some cracks were generated
on the worn tool and that tool breakage took place.
However, the higher cutting force was liable to encourage
the vibration of the machining system and caused the tool
to undergo an alternate stress with high frequency at a
higher cutting speed. It was responsible for the tool
breakage. However, the tool breakage during machining
had a more severe influence on the machined surface
topography. Thus, the depth of 0.6 mm or feed of 0.2 mm/r
could hardly be adopted due to the heavy tool wear in the
finish-turning of the NiCr20TiAl alloy.

4 Conclusion

Al2O3/TiN-coated tungsten carbide tools were used for the
finish-turning of the NiCr20TiAl nickel-based alloy under
various conditions. The following conclusions are derived
from this investigation:

1. The cutting forces decreased slightly with an increase
of the cutting speed and increased with feed and depth
of cut. The depth of cut had a great effect on the
increase of cutting forces.

2. In the finish-turning of the NiCr20TiAl alloy, the
plastic flow of the machined surface was produced at
a low cutting speed. The increased cutting forces urged
the plastic flow to be converted into plucking. At
higher cutting speed and depth of cut, a great deal of
surface plucking, coating, and matrix of tool and
ferrous compounds were produced on the machined
surface of NiCr20TiAl alloy. The chemical diffusion
happened when Al2O3/TiN-coated WC tool was used
for the finish-turning of the NiCr20TiAl alloy. Due to
the strong bonding between the tool and the adhesive
layers, some substrate and coating particles were
detached from the tool and attached onto the machined
surfaces of the NiCr20TiAl alloy.

Few damages happened in the subsurface at the lower
cutting speed and depth of cut. Some bigger surface

cavities, severe grain distortion, and pile-up of dislocation
were generated in the subsurface at the higher feed and
depth of cut. If the bigger plucking was removed from the
machined surface, some pull-off plucking formed the
bigger cavities in the subsurface. However, these serious
subsurface damages resulted from the higher cutting forces
and had a bad effect on the quality and performance of the
machined surface quality.Increasing the cutting speed gave
rise to an improvement of the tensile residual stress. No
compressive residual stress was found on the machined
surface. The residual stress in the direction of cutting speed
approached to the yield strength of the NiCr20TiAl alloy at
the depth of 0.6 mm.

3. During the finish-turning of the NiCr20TiAl alloy, Ni
and Cr of the NiCr20TiAl alloy adhered to the tool
because of a strong chemical affinity of the NiCr20TiAl
alloy with the Al2O3/TiN-coated tool. The adhesive
layer could inhibit the diffusion of tool material as a
diffusion boundary and reduce the rate of tool wear to a
certain extent, but the quick tool wear was induced if
the adhesive layer was detached from the tool. The tool
breakage happened at the depth of cut in excess of
0.4 mm because the higher cutting forces encouraged
the vibration of the machining systems. However, the
tool wear was acceptable at the cutting speed of 60 m/
min, feed of 0.15 mm/r, and depth of cut of 0.4 mm
because it did not exceed 0.3 mm after a cutting
distance of 1 km.

4. In view of surface quality and tool wear, the cutting
speed of 60 m/min and feed of 0.15 mm/r were
recommended, and depth of cut should not exceed
0.4 mm when Al2O3/TiN-coated carbide tools are used
for the finish-turning of the NiCr20TiAl alloy.
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feed of 0.2 mm/r, and depth of
cut of 0.6 mm
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