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Abstract

Titanium alloys are widely used in the aviation field due to the excellent properties, such as high specific-strength and high-
temperature resistance. But the poor machinability of titanium alloys has brought the great difficulty to its machining process. In
the cutting process of titanium alloys, tool wear is very serious, and the machining quality is difficult to be guaranteed. As a new
type titanium alloy, TC21 alloy has the higher strength and its machinability is less than other titanium alloys. Aiming at the
cutting defects in the cutting process of TC21 alloy, three different microstructures, including parallel, perpendicular and wavy
grooves, are presented and cut on the rake surface of tools by the laser texturing method. A series of precision turning process of
TC21 alloy are implemented on the precision machine using the inserts with different microstructures. The effects of the different
microstructures on the chip morphology, turning force, surface morphology, and surface roughness are investigated deeply. The
results demonstrates that the tool microstructures have very important role on the turning process of titanium alloys and the wavy

microstructure has the best effect in improving the machinability of titanium alloy TC21.
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1 Introduction

Titanium alloys have the characteristics of high-strength,
small density, high fatigue life, excellent corrosion resistance,
and heat resistance, which can greatly reduce structure weight
and reduce cost and improve the structure efficiency. So tita-
nium alloy has become one of the most important aviation
materials [1-3]. Nevertheless, titanium alloys are very diffi-
cult to cut due to low thermal conductivity, strong chemical
activity, and low elastic modulus [4-6]. In the machining of
titanium alloys, the cutting temperature is high, the tool wear
is fast, and the precision is difficult to be ensured, so the poor
machinability of titanium alloys limits their application [7-9].

Poor cutting quality is one of the most serious defects in the
machining of titanium alloy materials because of the high
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chemical activity and low thermal conductivity [10-12]. A
lot of research methods have been presented to improve the
machinability of titanium alloys [13-23]. Dandekar et al. [13]
used the laser-assisted machining to extend the tool life and
the material removal rate in the cutting of Ti-6Al-4 V alloy.
Lou and Wu [14] adopted the electro-pulsing treatment to
change the surface properties for improving the machinability
of titanium alloy in ultra-precision cutting. An et al. [15] pre-
sented the cold water mist jet cooling method for decreasing
cutting temperature in the turning process of titanium alloy
TC9. Ganguli and Kapoor [16] investigated the effect of the
atomization-based cutting fluid spray equipment in end-
milling process of titanium alloy Ti6Al4V. Che-Haron [17]
found that the tool life of uncoated cemented carbide tools
with finer grain size is longer in the turning process of titanium
alloy.

In recent years, many researchers found that the suitable
microstructure on the rake surface of tools can improve the
machining performance of metal materials [24—31]. Obikawa
et al. [24] described the influence of microstructure on the
friction conditions on the rake surface in the machining of
aluminum alloy. Sugihara and Enomoto [25] proposed various
textured surfaces on the cutting tools to extend the tool life in
the face milling of steel materials. Enomoto and Sugihara [26]
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Table 1 Mass percentage of various elements of TC21
Ti Al Mo Nb Sn Zr Cr
85.6 5.8 2.4 1.8 23 1.9 1.2

developed the cutting tool with microstructures obtained by
the laser machining in the face-milling of aluminum alloy
composites. Chang et al. [27] investigated the different micro-
structures on tool wear in the micro-milling process of
NAKSO alloy. Kawasegi et al. [28] developed the new tools
with microscale and nanoscale structures on the rake surfaces
to control the frictional characteristics of tools in the cutting of
aluminum alloy. Koshy and Tovey [29] presented the novel
application of electrical discharge machining to generate the
isotropic structure on the rake surface of tools for improving
the cutting quality.

In addition, many scholars have tried to use the tools with
microstructure to cut titanium alloys for improving the ma-
chinability [32-35]. Rathod et al. [32] presented the new mi-
crostructure tools to improve the cutting quality of titanium
alloy. Xie et al. [33] proposed a micro grinding approach to cut
micro groove array on rake surface of tools for rapidly dissi-
pating the chips and heat from the shear zone in cutting of
titanium alloy without any coolant. Olleak and Ozel [34]
established 3D finite element model to investigate the influ-
ence of microstructure tools on the dry cutting of titanium
alloy. Yang et al. [35] investigated the effectiveness of the
different micro-grooves on the cutting properties between tool
and chip interface in cryogenic minimum quantity lubrication
and dry cutting of titanium alloy.

As anew titanium alloy, TC21 alloy has the higher strength
and the tool wear in cutting process is more serious than other
titanium alloys. At present, the cutting research of this alloy is
less. Shi et al. [36] investigated the influence of the cutting
parameters, tool wear, and tool material on the milling forces
of TC21 alloy in the milling process. Sun et al. [37] analyzed
the effectiveness of cutting parameters on cutting temperature,
cutting forces, and tool life in the plunge milling of TC21 alloy
through a series of experiments. Wu and To [38] established
the constitutive material model of TC21 alloy based on the
split Hopkinson press bar equipment in high-speed cutting
and analyzed the serrated chip formation.

Table 2 Physical properties of TC21 alloy

Properties Value
Hardness (HRC) 42
Density (Kg/m3) 4650
Elastic modulus (GPa) 127
Yield strength (MPa) 1190
Melting point (°C) 1755
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Fig. 1 Schematic of the precision turning of titanium alloy

In this paper, in order to reveal the effects of the different
microstructures on cutting process of TC21 alloy, three micro-
structures are cut on the rake surface of tool by the laser ma-
chine. A series of precision turning process of TC21 alloy are
implemented on the precision lathe machine with these tools.
The effects of the microstructures on the chip morphology,
turning force, and surface roughness are investigated.

2 Experimental setup

In the research, the material of the samples is titanium alloy
TC21. The alloy is made of alpha and beta phase and the phase
transition temperature is about 950-960 °C. The

STEREOSCAN 600 X-ray photoelectron spectroscopy equip-
ment is used to obtain the chemical composition of TC21

Insert

Fig. 2 Experimental setup of precision turning for TC21 alloy
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Table 3 Parameters in the precision turning of TC21 alloy
Parameters Values

Cutting speed, v 350 m/min

Feeding speed, f 0.0013 mm/rev
Depth of cut, h 0.012 mm

Tool material Carbide without coating

Tool geometric angle, Rake angle 0°, clearance angle 5 °

Radius of tool tip, 0.5 mm
Wavy angle, a 60°

Step, s 40 um
Height, A 40 um
Cutting environment Dry cutting

alloy. The dimension of the samples is 10 mm % 10 mm X
2 mm, and the measured surface is polished. The measure-
ments are carried out 5 times at the different positions on the
sample surface. The mass percentages of the chemical ele-
ments are listed in Table 1.

TC21 alloy is one new titanium alloy with high-strength
and high toughness. This material can be used in the structural
parts of aircraft wing joints, fuselage, and connection frame of
landing gear, and important or key load-bearing components
requiring high-strength and durability. Its detailed mechanical
properties are listed in Table 2.

The schematic of the turning process for TC21 alloy with
the tool microstructures is shown in Fig. 1. The practical pre-
cision turning experiments of titanium alloys have been per-
formed on a CNC precision machine PD/C-TMC as shown in
Fig. 2. The TC21 samples are cylindrical with a diameter of
14 mm and a length of 30 mm in these precision turning
experiments. The precision turning parameters of TC21 alloy
are listed in Table 3. These parameters are based on the con-
sideration of precision CNC lathe stability and tool durability
optimization.

Low thermal conductivity of titanium alloy leads to cutting
temperature is higher in the cutting. At high-temperature, the
chemical activity of titanium alloy increases greatly and chip
is easy to stick to the rake surface. In the turning of titanium
alloys, high thermal conductivity, good bending strength,
small grain size, and titanium affinity of cemented carbide is
often selected as tool material. In this research, the material of
inserts is cemented carbide. There are three different micro-
structures cut on the rake surface of inserts by a 5 axis numer-
ical control laser machine. The power of laser is 200 W, the
pulse width is 5 ms and the impulse frequency is 5 Hz. These
microstructures are made of many grooves. The schematic of
microstructures on the rake face is shown in Fig. 3. And the
width and depth of the grooves are both 20 um. The other
parameters of microstructures are listed in Table 3. The prac-
tical images of microstructures on the rake surface are shown
in Fig. 4.
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Fig 3 Schematic of the microstructures on the rake surface of tools for
titanium alloy cutting. a No microstructure, b Parallel microstructure, ¢
Perpendicular microstructure, d Wavy microstructure
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(c) Wavy microstructure

Fig. 4 Practical microstructures on the rake surface of tools. a Parallel
microstructure, b Perpendicular microstructure, ¢ Wavy microstructure

3 Results and discussion

3.1 Effect of tool microstructures on the chip
morphology

A series of precision turning experiments for titanium alloy
TC21 have been carried out. In the cutting tests, four samples
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Fig. 5 Surface morphology of chip contacted with rake surface. a
Without microstructure, b Horizontal microstructure, ¢ Perpendicular
microstructure, d Wavy microstructure
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Fig. 6 Surface morphology of chips under the different tool
microstructures. a Without microstructure, b Parallel microstructure, ¢
Perpendicular microstructure, d Wavy microstructure

Table 4 Morphology comparison of serrated chip

PitCh, phz/h]

Without microstructure 0.45 um0.38
Horizontal microstructure 0.33 um0.32
Perpendicular microstructure 0.23 um0.28
Wavy microstructure 0.19 um0.23

and four different inserts are prepared, and each sample is cut
5 times with the same insert, and parameters. The cutting
length of each cutting is 20 mm. The surface morphology of
chips and the machined surface were measured by the scan-
ning electron microscopy (SEM) after the turning experi-
ments. The SEM images of the chip surfaces contacted with
the tool rake surface are shown in Fig. 5. Fig. 5a shows that the
chip material is torn into pits and adheres to the rake surface,
and there are many scratches on the surface at the same time.
While the chip surfaces obtained with three microstructures
are smoother than it without microstructure. In addition, al-
though the horizontal and perpendicular microstructure can
reduce the defect of chip surface, the surface quality is worse
than it with wavy microstructure. Fig. 5d shows that the chip
surface is very smooth and the chip flow is very smooth. The
results prove that there is little chip material adhering to the
rake face and the wavy microstructure can improve the contact
between chip and rake face.

The SEM images of outer chip surface are shown in Fig. 6.
The figure shows that the chips are all serrated. It can be seen
that the chip surface obtained by the wavy microstructure has
the least fluctuation, which will cause less vibration in the
cutting force. In Fig. 6a, the serrated pitch is the largest and
the degree of serrated is the most significant. While in Fig. 6b,
Fig. 6¢c and Fig. 6d, chips have the lower serration. Among
them, the serration of chip is the lowest and chip pitch is the
smallest in Fig. 6d. Experimental results confirm that the tool
structure changes the chip shape and flow state. This change is
due to the change of contact state between the tool rake face
and chip. The degree of chip serration can be indicated by 42/
h1.And the larger the specific value, the more obvious the
serrated. The shape data of the serrated chips are listed in
Table 4. It shows that the tool microstructure can reduce the
degree of chip serration. And the wavy structure is the most
effective, with a 57% reduction in serrated pitch and the
39.5% in the hz/h].

3.2 Effect of tool microstructures on surface
morphology and roughness

The SEM images of surface morphology of TC21 alloy sam-
ples after the precision turning with the different tool micro-
structures are shown in Fig. 7. It confirms that the surface
quality obtained with microstructures is better than without
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(d) Wavy microstructure

Fig. 7 Comparison of surface morphology after the precision turning. a
Without microstructure, b Parallel microstructure, ¢ Perpendicular
microstructure, d Wavy microstructure
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Table 5 Comparison of surface roughness
Mean value of surface roughness, Ra
Without microstructure 0.36 um
Horizontal microstructure 0.31 pm
Perpendicular microstructure 0.28 pum
Wavy microstructure 0.22 pm

microstructure and there are few burrs and defects on the
machined surface. And the results demonstrate that the surface
quality obtained by the wavy microstructure is the best. This is
because the wavy microstructure on the rake face can reduce
the adhesion of chip and make chip flow smooth, which will
eventually result in smooth material removal, less burrs, and
better surface quality.

The surface roughness (Ra) measured by a precision sur-
face roughness measuring device JB-4C after the precision
turning experiments. And the measure length is 4 mm.
Because five cutting experiments have been carried out with
the same cutting parameters for each sample, the mean value
of surface roughness is listed in Table 5. The table shows that
the surface roughness obtained using the tools with micro-
structure is better than it without microstructure. The values
of Ra with different structures decrease 13.8%, 22.2%, and
38.8%, respectively. The results confirm that the wavy micro-
structure on the rake face can greatly reduce the value of
surface roughness in the precision turning of TC21 alloy.

3.3 Effect of tool microstructures on the turning force

The cutting forces in the precision turning experiments of
TC21 alloy are obtained by the dynamometers Kistlers
9255B. The primary cutting force curves Fx under the differ-
ent microstructures are shown in Fig. 8. It shows that the
cutting force vibrated around the average value. The mean
value of cutting force is listed in Table 6. It can be seen that
the cutting forces with microstructure inserts are smaller than
without microstructure insert. The tool microstructure can de-
crease the cutting force which can be confirmed in the paper
[27]. The wavy structure can reduce the cutting force by
18.6%, the vibration amplitude by 45.9%, and the cycle
69.4%. In addition, the cutting force obtained using the wavy
microstructure has the least fluctuation and the smallest cycle.
And it shows that the degree of serrated chip is minimal with
wavy microstructure.

4 . Conclusions
Poor machinability is one of the primary factors restricting the

application of titanium alloys. In this paper, to improve the
machinability of titanium alloy TC21 in the cutting process,
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Fig. 8 Comparison of turning force with different tool microstructures. a
Without microstructure, b Parallel microstructure, ¢ Perpendicular
microstructure, d Wavy microstructure

Table 6 Comparison of cutting force

Fxac

Without microstructure 23.6 N 6.1 N 0.85 pus
20.3 N 5.6 N 0.62 ps
197N 49N 043 us

192 N33 N0.26 us

Horizontal microstructure
Perpendicular microstructure
Wavy microstructure

three different microstructures are presented and cut on the
rake surface of tools by the laser cutting. A series of precision
turning experiments of TC21 alloy have been carried out on
the precision lathe machine with these tools. The effects of
tool microstructures on chip morphology, turning force, sur-
face morphology, and surface roughness of the machined sam-
ples have been investigated. The results show that the tool
microstructure has very important role on the turning process
of titanium alloy. In addition, the results confirm that the wavy
groove has the best effect in the three tool microstructures for
the cutting of TC21 alloy. The wavy microstructure can re-
duce the degree of chip serration, decrease the fluctuation of
cutting force and improve the surface quality of TC21 alloy.
The advantages of wavy structure are mainly reflected in the
following aspects:

(1) The value of the surface roughness Ra decreases 38.8%.

(2) The tool microstructure can reduce effectively the de-
gree of the chip serration, with a 57% reduction in ser-
rated pitch and the 39.5% in the serrated degree of chips.

(3) The wavy structure can reduce the cutting force by
18.6%, the vibration amplitude by 45.9%, and the cycle
69.4%.
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