MATEC Web of Conferences 142, 03002 (2018)
ICMAE2017

https://doi.org/10.1051/matecconf/201814203002

Technics Research on Polycrystalline Cubic
Boron Nitride Cutting Tools Dry Turning Ti-6AL4V Alloy Based on Orthogonal Experimental
Design
Yunhai Jia1,2 *, Lixin Zhu2
1
2

Beijing Institute of Electro-machining, 100191 Beijing, China
Beijing Key Laboratory of Electrical Discharge Machining Technology, 100191 Beijing, China
Abstract. Ti-6Al-4V components are the most widely used titanium alloy
products not only in the aerospace industry, but also for bio-medical
applications. The machine-ability of titanium alloys is impaired by their
high temperature chemical reactivity, low thermal conductivity and low
modulus of elasticity. Polycrystalline cubic boron nitride represents a
substitute tool material for turning titanium alloys due to its high hardness,
wear resistance, thermal stability and hot red hardness. For determination
of suitable cutting parameters in dry turning Ti-6AL-4V alloy by
Polycrystalline cubic boron nitride cutting tools, the samples, 300mm in
length and 100mm in diameter, were dry machined in a lathe. The turning
suitable parameters, such as cutting speed, feed rate and cut depth were
determined according to workpieces surface roughness and tools flank
wear based on orthogonal experimental design. The experiment showed
that the cutting speed in the range of 160~180 m/min, the feed rate is 0.15
mm/rev and the depth of cut is 0.20mm, ideal workpiece surface roughness
and little cutting tools flank wear can be obtained.

1 Introduction
Titanium alloys find wide application in many industries. Titanium after being alloyed with
aluminum, vanadium and other elements is highly suitable to be used in aircraft, naval ships,
armor plating, missiles and aircrafts, due to their unrivalled and unique combination of high
strength-to-weight ratio and high resistance to corrosion. Most importantly, it resists the
crack growth and creep elongation even at high temperatures. Ti-6Al-4V is the mostly used
alloy in aircraft applications, almost 50% of all alloys [1,2]. The machinability of titanium
alloys is impaired by their high temperature chemical reactivity, low thermal conductivity
and low modulus of elasticity [3]. The machine-ability of Ti-6Al-4V has been investigated
actively worldwide since 1980s and most researchers have found that polycrystalline cubic
boron nitride (PcBN) and polycrystalline diamond (PCD) tools can be used to machine Ti6Al-4V effectively [4]. The development of new tool materials in the past ten years, such as
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Polycrystalline cubic Boron Nitride (PcBN), makes precision hard turning possible, in
which the hardness of the workpiece is up to 58–62 HRC[5]. Parts with hardness exceeding
45 HRC can be machined by hard turning, which provides surface roughness, dimensional
and shape tolerances similar to those achieved in grinding. The grinding process, of surface
finishing, is now replaced by the hard turning as it owns some of the benefits [6], i.e.,
capability to produce, complex parts, reduced cycle time, low cost, higher productivity, etc.
PcBN (polycrystalline cubic boron nitride) is the material most commonly used in tools for
hardened steel turning applications due to its high hardness, wear resistance and thermal
stability [5].
There have been many valuable research results from Ti-6AL-4V alloy machining.
Bouacha et al. optimized hard turning operation in respect of cutting speed, feed rate, depth
of cut and machining time. The tool wear, surface roughness, cutting forces, and metal
volume removed were the responses. The cutting speed and feed rate were the most
significant factors for surface roughness; specifically, the higher cutting speed produced a
better surface finish [7]. In DA Fadare study, the steepest descent method was used to study
the effects of cutting parameters on surface roughness of machined Ti-6Al-4V alloy
workpiece at high-speed conditions. The results revealed that surface roughness was more
sensitive to variation in feed rate followed by cutting speed and depth of cut [8]. SK Goyal et
al analyze the performance of precision turning using conventional lathe on Ti6Al4V under
dry working conditions. Various parameters that affect the machining processes were
identified and a consensus was reached regarding its values [9]. In ZQ Liu study, the cutting
forces and roughness for turned surfaces were measured and analyzed by using singlefactor turning experiments. They pointed that PcBN tools at the cutting conditions of higher
cutting speed, lower feed rate and lower depth of cut have a longer tool life, lower cutting
force, better surface roughness, which means that PcBN tools are adapted in precision
processes of machining the titanium alloy TC4 [10].
The aim of this investigation was to study the suitable turning parameters, such as
cutting speed (v), feed rate (f) and depth of cut (ap), which were determined according to
workpieces surface roughness (WRa), average cutting tool flank wear (VB) when using
PcBN cutting tools dry turning Ti-6AL-4V alloy.

2 Experimental equipment and method
Workpiece materials selected for investigation were the Ti-6AL-4V alloy rod with the
composition given in Table 1. The size of the workpiece used for experimentation was
round rods with dimension 100mm diameter and 300mm long. The physical and
mechanical properties of the Ti-6AL-4V alloy were listed in Table 2. They were machined
by Polycrystalline cubic Boron Nitride cutting tools (BZN 9100 produced by DI
Corporation) in dry turning in a lathe (CAK6150). The cutting tool geometry parameters
were shown in Table 3. The TR240 surface roughness tester, 19JPC-V universal tool
maker’s microscope and S-4800 scanning electron microscope (SEM) are selected as
experimental analyzer.
Table 1. Composition of workpiece (Φ100×300 mm) material (%).
Workpiece material

C

AL

V

Si

Fe

N

H

O

Ti

Ti-6AL-4V

0.1

6.2

4

0.15

≤0.25

0.05

0.0125

≤0.2

Others

2
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Table 2. Physical and mechanical properties of the Ti-6AL-4V alloy.
Density
(g/cm3)

Melting
point
(℃)

Specific
heat
capacity
(J/Kg ℃)

Thermal
conductivity
(W/mK)

4.43

1649

526.3

6.7

Electric
resistivity
(ohm.cm)
1.78×104

Fracture
Toughness
(MPam1/2)

Elastic
modulus
(GPa)

Hardness
(HRC)

75

113.8

38

Table 3. Cutting tool geometry parameters.
Rake
angle
0(°)
3

Flank
angle
0(°)
8

Blade
angle
s(°)
0

Edge
angle
kr(°)
80

Nose
radial r
(mm)
0.5

Vice chamfering
width br1(mm)
0.2

Vice
chamfering
angle 01(°)
10

Surface roughness is used as the critical quality indicator for the machined surface.
Formation of a rough surface is a complicated mechanism involving many parameters. The
quality of the workpiece (either roughness or dimension) is greatly influenced by the
cutting conditions, tool geometry, tool material; machining process; workpiece material and
tool wear during cutting.
Orthogonal experimental design has been used to analyze relationships between the
turning parameters and workpiece surface quality. The combinations of the factors at their
different levels and the corresponding measured values of the surface roughness generated
after the machining operations are given in Table 4.
Table 4. Orthogonal experimental design and experiment results (continue turning 2 minute).
S/N
1
2

Cutting
speed
v (m/min)
120
120

Feed rate
f
(mm/rev)
0.10
0.15

Depth of cut ap
(mm)

Workpiece surface
roughness WRa (um)

0.15
0.20

0.45
0.49

Flank face
wear
VB (mm)
0.012
0.009

3

120

0.20

0.25

0.95

0.090

4

160

0.10

0.20

0.39

0.011

5

160

0.15

0.25

0.45

0.019

6

160

0.20

0.15

0.47

0.029

7

200

0.10

0.25

0.60

0.035

8
9

200
200

0.15
0.20

0.15
0.20

0.41
0.46

0.026
0.085

3 Study on relationship between turning parameters and
workpiece surface roughness
The values of workpiece surface roughness were compared in Fig. 1(a) on the condition of
the feed rate of 0.15 mm/rev, cutting speeds from 80 to 220 m/min, three different depths of
cut 0.15, 0.20 and 0.25mm. From this figure, it can be known that with increasing of cutting
speed, workpiece surface roughness values decreased until a minimum value was reached,
after that surface roughness values increased. The lowest average value of workpiece
surface roughness got obtained at 180 m/min cutting speed. The values of workpiece
surface roughness were compared in Fig. 1(b) in the condition of depth of cut 0.20, feed
rate from 0.05 to 0.40 mm/rev, three different cutting speeds 120, 160 and 200 m/min.
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From this figure, it can be known that with increasing feed rate, workpiece surface
roughness values increase. Fig. 1(c) shows the relationship between depths of cut with
workpiece surface roughness. It can be seen in this figure that workpiece surface roughness
with the increase of cutting depth, slightly reduced then increased, because of the low
elastic modulus of titanium alloy, so when the cutting depth is less than 0.05mm,
processing produced the spring-back deformation, so that the processing quality rather than
cut deep 0.15mm. With the further increase of the cutting depth, the dynamic cutting force
also increases, which leads to the deformation of the titanium alloy and the vibration of the
machining system, and the surface roughness increases.

Fig. 1. Relation curve between turning parameters and workpiece surface roughness.

4 Research on cutting tool’s flank wear
Fig. 2(a) shows the worn surface of PcBN cutting tools rake face after using PcBN continue
dry turning Ti-6AL-4V alloy rod ten minutes. Fig. 2(b) shows the worn surface of PcBN
cutting tools flank face after using PcBN continue dry turning Ti-6AL-4V alloy rod ten
minutes.

Fig. 2. SEM of PcBN cutting tools face.

The effects of cutting speed and feed rate values on the cutting tools flank wear were
given in Fig. 3(a) and (b). From Fig. 3(a), it can be seen that flank face wear slow vary with
the cutting speed increase when cutting speed is below 180 m/min, after that flank wear
huge increase. From Fig. 3(b), it can be seen that flank face wear slow increase in the feed
rate increase when the feed rate is below 0.15 mm/rev, after that flank wear huge increase.
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Fig. 3. Relation curve between turning parameters and cutting tools flank wear.

5 Conclusions
Through the test and analysis of the above, the conclusion can be obtained as follow:
(1) The surface roughness was more sensitive to variation in cutting speed than the depth of
cut when the feed rate is below 0.20 mm/rev.
(2) The effect of feed rate and depth of cut on flank wear was higher than that of cutting
speed during PcBN cutting tools dry turning Ti-6Al-4V alloy workpiece.
(3) Good surface quality can be achieved at low feed rate and depth of cut with high cutting
speed in using PcBN cutting tools dry turning Ti-6Al-4V alloy. It can be obtained ideal
workpiece surface roughness and little cutting tools flank face wear, the cutting speed in the
range of 160–180 m/min, the feed rate is 0.15 mm/rev and the depth of cut is 0.20mm.
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