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Abstract
Extreme tool wear resulting in short tool life is one of the main issues in the cutting process of near-beta Ti alloys. This study
provides extensive experimental results and new findings that help to understanding progressive tool wear and the corresponding
measures in high speed machining of Ti-5553 alloy under various coolant and lubrication (dry, flood, high-pressure coolant,
MQL, and Cryogenic cooling) conditions at finish and semi-finish cutting. Cutting temperature, progressions of tool wear, and
tool life are presented. Besides, cutting forces, frictional conditions, and chip morphology are studied. This current work provides
evidence that supports the argument that the feasibility of high speed machining of near-beta titanium alloys that depends on
cutting conditions, namely coolant and lubrication used during machining. It was found that tool wear is developed by an
abrasive and adhesive mechanism, and built-up-edge formation is a common problem in the machining of this alloy. A high
pressure coolant supply with its cooling and lubrication ability was found to be very helpful for decreasing the coefficient of
friction and temperature during the process, consequently lowering progression of wear and cutting force components when
compared to other cooling and lubrication conditions tested in this study. The greatest tool life is achieved by high-pressure
coolant supply, and cryogenic cooling achieves the second greatest tool life. Minimum quantity lubrication is found to be
inefficient for improving the machining performance of this alloy. Finally, it is found that the selected depth of cut has vital
effect on the penetration capability of cooling and lubrication in between tool and chip, and consequently, it plays a significant
role in the contribution of cooling and lubrication to the machining performance of this alloy.
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1 Introduction

Titanium alloys are widely preferred in various industries be-
cause of their perfect combination of strength-to-weight ratio
even at elevated temperature [1–3]. While they have such
exceptional properties, they have some additional aspects such
as low conductivity, high chemical reactivity, and low modu-
lus of elasticity that leads to difficulties occurring in forming
these alloys in plastic deformation processes particularly in a
machining process [1, 2, 4–6]. Because of these properties,
cutting tools are subjected to various wear mechanisms during
the machining process of titanium alloys, and consequently,

tool life becomes short. Furthermore, other properties such as
low Young’s modulus leads to reducing the machining perfor-
mance of these materials [7]. Unstable chip breakability is an-
other problem in the machining of titanium alloys which causes
low surface quality and fractures on cutting inserts due to chip
hammering [8]. All these problems increases the manufacturing
cost of the components made of titanium alloys [9].

There are many strategies to improve the machinability and
thus to reduce the manufacturing cost, such as enhancing the
effectiveness of the machining, improving insert materials,
effective programming of the machining center, improving
the tool life via machining condition strategies, and decreasing
the energy by implementing lubrication or heating the work
material [10–12], but among these solutions, using cooling
and lubrication strategies attracts more attention. Improving
the machining performance of such alloys has been achieved
through using high-pressure coolant (HPC), minimum quan-
tity lubrication (MQL), and application of cryogenic cooling
[13–18]. Many studies reported that utilizing cryogenic cool-
ant and high-pressure coolant is helpful to eliminate/reduce
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the aforementioned difficulties in the machining of Ti-6Al-4V
alloy [9, 17, 19, 20]. Limited studies reported the examination
of the influence of the coolant and lubrication on the machin-
ability of near-beta alloys in particular Ti-5553 alloy [21–24].
These studies underlined that near-beta Ti-5553 alloy has
much superior properties, such as high yielding stress, and
endurance, and consequently, it has much lower machining
performance compared with Ti-6Al-4Valloy [22]. When ma-
chining this near-beta alloy, much lower cutting speed is pre-
ferred, but tool life is still much shorter in machining this alloy
compared with Ti-6Al-4V [25]. Our recent study showed that
HPC provides obvious benefit for reducing tool wear, force
components, and chip thickness. Furthermore, HPC also im-
proved the surface integrity compared with flood cooling and
MQL [24]. Although the role of high-pressure coolant supply
for the single pass at constant depth of cut is presented in that
paper, the tool life and the machining performance from the
beginning of cutting till the end of tool life is missing in that
paper [24].

This study provides a comprehensive study by focusing on
the machining of Ti-5553 alloy under different cooling and
lubrication strategies by examining tool life under two differ-
ent cutting speeds and two different depths of cut considering
finish and semi-finish cutting. Besides, changes of forces,
temperature, and chip morphology with the progression of
tool wear are also investigated.

2 Experimental details

The workpiece was near-beta titanium Ti-5Al-5V-5Mo-3Cr
alloy. A 20 mm round bar in hot-rolled condition with average
317 ± 5 HV hardness was used in all machining trials.
Thermal conductivity for this alloy is 8.6 W/m °C [26]. It
has bimodal microstructure (BM) [27] by including α and β
phases [11]. It also includes αp (primary α phase) particles
[27], as shown in Fig. 1. It was reported in various references
the beta transus is at around 845–850 °C for this material [28,
29].

The cutting tool, tool holder, and the details of the machin-
ing center used in cutting tests are presented in Table 1. The
details of the selected cutting parameters and conditions of

machining are presented in Table 2. The selected cutting
speeds were 90 and 120 m/min. The 90 m/min cutting speed
was also used by Braham-Bouchnak et al. [21] in the machin-
ing process of Ti-5553 alloy. The 120 m/min cutting speed
was chosen considering the studies on the machining of Ti-
6Al-4V [30]. Experimental setup is presented in Fig. 2.

A Piezoelectric KISTLER 2129AA dynamometer was
used to record forces. A Keyence digital optical microscope
was used for measuring tool wear and chip morphology. An
Optris PI 400 camera was used to record the cutting temper-
ature. All the details of temperature measurement of this par-
ticular work material for various temperature ranges are pre-
sented elsewhere [23]. Considering the wide range of temper-
ature including low cryogenic temperature, 0.63 is used as an
emissivity [31]. An example of the measured temperature pro-
file is shown in Fig. 3.

3 Results and discussion

3.1 Machining performance

3.1.1 Cutting temperature

Compared with many engineering materials, high temperature
is the main concern in the machining process of Ti-based
materials because of their much lower thermal conductivity.
Eventually, heat builds up at the tool-chip interface, substan-
tially affecting the cutting operation [32]. The temperature
during the machining process needs to be measured to inter-
pret the progression of wear in the machining process, espe-
cially for titanium alloys. This is important if the cutting tem-
perature can reach, or approach close, to the softening temper-
ature of the cutting tool, such that it loses hardness. In such

Fig. 1 Microstructural image
workpiece (Ti-5Al-5V-5Mo-3Cr):
a OM image and b SEM [23]

Table 1 Experimental conditions

Cutting tool 883 Grade Carbide insert, CNMG120408-M1

Tool holder PTJNL2525M16JET

CNC center DOOSAN CNC turning center, 18 KW, 4500 RPM
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cases, the progression of wear is expected to accelerate, and in
a short time the cutting tool can reach the end of its life. Due to
the experimental setup measuring the exact value of the max-
imum temperature occuring in between the cutting tool and
chip in the turning process includes challenges. Instead, the
maximum temperature that occuring in the cutting region from
the top of the newly generated chip was measured.
Temperature measurement during the experimental study is
schematically shown in Fig. 4.

The recorded maximum temperatures are approximately
566 °C, 530 °C, and 267 °C in dry, MQL, and cryogenic con-
ditions, respectively, at the beginning of the machining process
when ap = 1.2 mm and Vc = 120 m/min (Fig. 4). Increased
length of machining results in increased temperature as expected
due to rapidly increased wear. At the end of the cutting process,
the temperature values measured were 862 °C, 764 °C, and
389 °C in dry, MQL, and cryogenic cutting, respectively. It is
seen that dry and MQL machining produce temperatures close

to each other. Besides, cryogenic cooling makes a notable dif-
ference by generating less temperature in the machining opera-
tion. Although these trends were already observed in the cryo-
genic machining process of various alloys [33] including titani-
um alloys [9, 34], the contribution of this current study is to
confirm this trend in machining near-beta alloys (Fig. 5).

A similar trend is also observed with finish machining as
depicted in Fig. 6. The temperature rises rapidly in dry and
MQL conditions as the cutting distance increases. The cutting
temperature shows up to 36% increase from 412 to 561 °C in
dry cutting condition and 32% increases from 412 to 544 °C in
MQL cutting condition. However, the measured cutting tem-
perature is approximately between 200 and 300 °C under
cryogenic condition. As the growth of tool wear increases
with respect to the cutting length, the rake and clearance sur-
face of the cutting tool become discontinuous, which might
help liquid nitrogen to further penetrate towards the tool tip.
This slightly reduces the cutting temperature, although flank

Fig. 2 Experimental setup: a dry, b MQL, c applying liquid nitrogen (cryogenic), and d HPC

Table 2 Cutting parameters and
cooling conditions Cutting speed, Vc (m/min) Cutting conditions Depth of cut, ap (mm) Feed rate, f

(mm/rev)

90 Dry (no cooling and lubrication) 0.6 (Finishing) 0.15

120 Cryogenic (LN2 assisted, 15 bar;
10 g/s mass flow)

1.2 (Rough)

MQL (21 ml/h; 0.4 MPa)

HPC (50 bar), XTREME CUT

Flood (400 l/h)
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and nose wear keep increasing. Smaller depth of cut results in
notably decreased temperature in dry and MQL conditions.
Consequently, the depth of cut plays a critical role in raising
temperature in machining this alloy, and this argument can be
supported by the evidence depicted in Fig. 7.

The available model is also utilized to predict temperature
rise in the machining of Ti-5553 alloy. The empirical method
developed by Nathan Cook [35] was used to calculate the
cutting temperature, and the results were compared with ex-
perimental measurements.

Tr ¼ 0:4U
ρC

Vt0
K

� �0:333

ð1Þ

where Tr is interface temperature, U is specific energy, V is
cutting speed, to is depth of cut, ρC is volumetric specific heat
of work material; and K is thermal diffusivity of workpiece,
calculated from:

K ¼ kt
ρC

ð2Þ

where kt is thermal conductivity of workpiece. Cutting tem-
perature is calculated considering the following:

T ¼ T0 þ Tr ð3Þ
where T is cutting temperature and T0 is room temperature.
Figure 8 shows the calculated temperature and measured tem-
peratures at 120 m/min in different machining conditions. The
difference between calculated and measured values is approx-
imately 22%. This difference is acceptable considering the
recording region of temperature and the region where expect-
ed maximum temperature is observed.

3.2 Tool wear and life

Figure 9 shows the measured maximum flank wear of cutting
tools utilized in different cooling and lubrication during

Fig. 4 Schematic diagram of the
temperature measurement

Workpiece

Chip
Cutting tool

Hot point

Fig. 3 Example of measured temperature profile
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machining of work material. A notable influence of various
cutting conditions on the progression of tool wear and even-
tually tool life is observed, as shown in Fig. 9. While the
trends of progression of wear in dry, MQL, and flood cooling
are close to each other with respect to cutting length, liquid
nitrogen and high-pressure coolant supply shows remarkable
difference. Considering ISO 3685:1993, it is assumed that the
cutting insert reaches the end of its life when the length VBmax

reaches 600-μmwhen the depth of cut is 1.2 mm and 300-μm
when the depth of cut is 0.6 mm. While in dry, flood, and
MQL conditions, tools can no longer be used after 180-mm
cutting length, it is 540 mm in cryogenic machining and the
length of cut is 1300mm inHPC conditions. Lowering cutting
speeds by keeping the depth of cut constant is beneficial to
increase tool life, but the role of cooling and lubricant to de-
termine tool performance does not show a notable difference,
as depicted in Fig. 10.

In finish machining (Fig. 11), the observed trend shows
some changes taking the effects of cooling and lubrication into
account when compared with the data obtained with larger ap.

The notable difference is that MQL and flood conditions
shows much better performance, and cryogenic cooling is
very effective when compared to its effect in larger depth of
cut conditions, as presented in Fig. 9. It is found that the depth
of cut has a substantial effect on the cooling and lubrication
role to determine tool life. Furthermore, dry machining of this
alloy even in finish operations seems to be not feasible as the
tool is worn out sharply because of the relatively low softening
point temperature of the carbide tool, approximately 1100 °C
[36]. Indeed, the recorded temperature does not reach this
level. However, the hardness of the cemented carbide tool is
seriously impacted by the elevated temperature. Its hardness
decreases more than 50% at around 800 °C, compared with
the hardness of the carbide tool at the room temperature [36].
Thus, the cutting tools loses its resistance and consequently
reaches the end of life in a short time in dry and MQL condi-
tions as well.

Chip hammering takes place in dry, MQL, and cryogenic
conditions, but it was not observed in HPC condition
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(Fig. 12). Chip hammering takes place because of the high
friction and large contact length during its flow toward the
major cutting edge on the rake face [37]. As schematically
illustrated in Fig. 13, during chip side flow, it damages the
cutting edge. While extreme damage is observed in dry and
MQL conditions. Liquid nitrogen (LN2) also results in re-
duced damage on the cutting edge. It was also reported in
the literature that cryogenic cooling, including CO2 [38] and
LN2 [37], reduces chip flow damage, which supports the re-
sults presented here. However, HPC completely eliminated
this problem as it generated very short and tubular chips, as
shown in Fig. 14.

Built-up edge formation is a commonly observed problem
in cutting of this alloy, as illustrated in optical microcopy
images in Figs. 11 and 15. Recorded temperature are very high
in dry andMQL conditions, which consequently softens work
material. Germain et al. [39] carried out mechanical tests for
this particular material under various temperatures. They re-
ported that increasing workpiece temperature leads to de-
creased yield and ultimate tensile stress of it and also increased

ductility, as shown in Fig. 16. As a result, there is a tendency
of the workpiece to adhere to the edge of the tool, and even-
tually built-up edge formation throughout the cutting edge at
the nose region takes place. Similar results were reported in
the literature [26, 40]. Furthermore, wear is developed by the
adhesion mechanism that can be observed on the nose region
of cutting tools and also on the worn surface of the flank area
as shown in Fig. 15. Another dominating wear mechanism on
the clearance face of the insert is abrasion. Grooves parallel to
each other on the worn area are good indicators of this mech-
anism. All these wear mechanisms leads to wear developing
quickly in dry and MQL machining. Although these wear
mechanisms are also observed in HPC and cryogenic cooling
conditions, cooling and lubrication seem to suppress the pro-
gression of wear by effectively cooling and lubricating the
cutting area.

Tool life as a function of various coolant and lubrications is
one of the outputs of this study. Figure 17 shows that tool life
in HPC cooling condition is approximately 4 min. In LN2

conditions, tool life is 1.6 min. MQL, dry, and flood cooling
lead to more or less similar performance, and in these condi-
tions, tool life is less than a minute at 120 m/min when ap =
1.2 mm. It is obvious that reaching the end of tool life is
strongly dependent on cooling and lubricating conditions.
However, cutting parameters also play a vital role to determine
the life of the insert. For instance, when Vc is decreased to
90 m/min at same depth of cut value, tool life becomes almost
12 min. In HPC condition, that is a very reasonable and ac-
ceptable tool life when compared to tool life recorded at
120 m/min. A similar increase in tool life is observed in all
other cooling and lubrication conditions when cutting speed is
lowered from 120 to 90 m/min. When HPC condition is taken
as a reference, reducing cutting speed from 120 to 90 m/min
resulted in a 180% increase in the life of the cutting tool. In
cryogenic machining, the increase is approximately 193%. In
addition to cutting speed, it is obvious that the depth of cut
also plays a remarkable role in improving the performance
of the cutting tool. When it is reduced from 1.2 to 0.6 mm,
tool life showed a 104% increase in HPC coolant condi-
tions. More interesting results are obtained with cryogenic
cooling when the depth of cut is changed. The tool life
shows a 318% increase when ap is decreased from 1.2 to
0.6 mm in cryogenic cooling condition. Except for dry
condition, reduced depth of cut helped to increase tool life
in all four conditions.

Having the approximate tool life for various cutting speeds
might be useful for industrial application. Thus, the well-
known Taylor tool life equation [41], shown below, was used
to predict tool life for two different cutting speeds.

Vc:Tn ¼ C ð4Þ

where Vc is cutting speed, T is life, and n and C are constants.
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The predicted tool life based on the Taylor tool life equa-
tion for HPC and cryogenic conditions is presented in Fig. 18.

When Vc is decreased from 90 to 60 m/min, tool life shows a
320% increase and becomes 50 min in HPC condition. But,
when increasing cutting speed to 150m/min, tool life becomes
less than 2 min. Tool life can become approximately 22 min
when the cutting speed is selected as 60 m/min in cryogenic
cooling conditions. Among all cooling and lubrication condi-
tions, HPC conditions show the most promising results in
terms of reducing the progression of tool wear and remarkably
extending tool life in the cutting process of Ti-5553 alloy.
Utilizing liquid nitrogen in the cutting process at a particularly
smaller depth of cut also provides some advantages compared
with flood cooling and MQL machining.

3.3 Forces and friction

Three components of force, namely Fx, Fy, and Fz, were con-
sidered, and the resulting force was calculated utilizing fol-
lowing well-known equation.

Fr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F2
x þ F2

y þ F2
z

q
ð5Þ

The obtained results are illustrated in Figs. 19 and 20 con-
sidering 1.2 and 0.6-mm depth of cut, respectively. It is appar-
ent that the resulting forces are noticeably affected by the
progression of tool wear. These resulting forces exhibit similar
trends with the progress of flank wear. The smallest resulting
forces were recorded in HPC conditions, among all five
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conditions. The change of the resulting force from the begin-
ning of the cutting process until the end of tool’s life is also
presented in the same figure. The largest variation is recorded
in MQL condition. However, the smallest variation is

recorded in HPC condition as 36.2%. In case of LN2 condi-
tion, the resulting force leads to a 64.4% increase during the
progression of wear, which is alsomuch lower than that of dry,
MQL, and flood cooling conditions.

Figure 19 shows the variation of the resulting force as a
function of cutting length in finish machining. Similar to larg-
er depth of cut results, the resulting force in HPC condition
exhibits the smallest force among all five conditions. Another
important point that needs to be underlined is that the resulting
forces recorded in dry machining during the first 360 mm
cutting length is much larger than the resulting force recorded
during other cutting conditions. Cryogenic and flood cooling
also display a tendency for a large increase in the resulting
force with increasing cutting length, which indicates that tool
wear dominated the trend of the resulting force in the machin-
ing process of this alloy.

The coefficient of friction (μ) [9, 42] between the chip and
cutting tool is calculated by the following equation:

μ ¼ FC sinαþ FN cosα
FCCosαþ FN sinα

ð6Þ

where Fc is the main cutting force,α is the tool rake angle, and
FN is the force normal to the tool flank face. In this case, it is
93°. Hence, FN can be given as [9, 42]

FN ¼ Fr sinθ−F f cosθ
�� �� ð7Þ

where Fr is the radial force, Ff is the feed force, and θ = 3. The
calculated results for the coefficient of friction are shown in
Table 3. A large difference between the first pass and second
pass in terms of coefficient of friction is obtained in all
conditions. The largest variation between the first pass

Tool 

Work Piece 

Snarled Chip 

Work Piece 

Tubular 

Chip 

Tool HPC delivery 

(a)

(b)

Fig. 13 Schematic diagram of chip side flow: a dry and b HPC

50 mm 50 mm

50 mm50 mm(a) (b)

(c) (d)

Fig. 14 Generated chips under
various machining conditions: a
dry, b HPC, c MQL, and d LN2

(ap = 1.2 mm, Vc = 90 m/min)
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and last pass is recorded in MQL conditions, while the
smallest variation is recorded in HPC conditions.
Frictional conditions also confirm that HPC provides much
improved machining performance compared to other con-
ditions presented here. Liquid nitrogen also makes a sig-
nificant contribution to reduce the coefficient of friction
compared with MQL, dry, and flood cooling conditions.
Furthermore, the variation of frictional condition shows good
agreement with the variation of tool wear in all machining
conditions.

3.4 Chip morphology

The chip morphology of Ti-5553 alloy is also examined. The
morphology of chips generated during machining tests at the
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first and last pass of the machining process of this alloy is
presented in Fig. 21. The chips generated at the first pass
can be considered as chips obtained from the machining pro-
cess of this alloy with a fresh cutting tool. Similarly, the last
pass indicates chips obtained by using a worn cutting tool. It is

apparent that segmented chips were generated under all con-
ditions at the first and last passes. Indeed, segmented chips are
the typical chips produced when machining Ti alloys [43].
Chips were compared considering their thickness and shear
angle to present quantitative data, as depicted in Fig. 22. In all
a conditions, considerable difference in terms of chip mor-
phology at the first and last pass is observed. In all conditions,
thinner chips were obtained at the last pass when compared to
the thickness of chips at the first pass, as shown in Fig. 23,
indicating that a worn tool reduces the thickness of chips
resulting from increased shear angle. A 22% reduction in
thickness of chip is recorded in flood condition from the first
pass to last pass, while it was 5.5% in MQL condition and
approximately 7% in HPC condition. It should be also noted
that high-pressure coolant reduces tool-chip contact length
and consequently thinner chips obtained comparing with other
conditions. Last pass results in much larger shear angles when
comparing with the first pass in all conditions except for dry
cutting. For instance while shear angle was 35° after first pass,
it was measured as 43° after the last pass in cryogenic

Vc=90 m/min , ap=1.2mm Vc=120 m/min , ap=1.2mm Vc=120 m/min , ap=0.6mm
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machining. Similarly, shear angles were 42.6° and 55° at the
first and last passes in HPC condition, respectively (Fig. 24).

As a result of cutting process, extremely high deformation
occurs on the chips at the shear band region, as depicted in

Fig. 25. Grain refinement in the shear band is apparent under
optical microscopy.

Compared to the first pass, very severe and extreme
refinement and much thicker width of the shear band are
observed, which indicate that at the lass pass chips were
subject to very severe frictional conditions. The consider-
able difference between the first and the last pass in terms
of the coefficient of friction presented in Table 3 explains
the reason for obtaining chips that have much ticker width
of shear bands. Consequently, it is possible to reach the
conclusion that increased coefficient of friction resulting
from the progression of tool wear also affects morphology
of generated chips during the machining of near-beta tita-
nium alloys.

Table 3 Variation of friction coeficient (μ) under as a function of
machining conditions and cutting length (Vc = 120 m/min; ap = 1.2 mm)

First pass Last pass Percentage change (%)

Dry 0.54 2.52 367

Flood 0.55 2.49 353

MQL 0.53 2.79 426

LN2 0.58 1.44 148

HPC 0.54 0.81 50

First pass Last pass

D
ry

 
H

P
C

 
M

Q
L

 
L

N
2

F
lo

o
d
 

150µm 

150µm 

150µm 

150µm 

150µm 

150µm 

150µm 

150µm 

150µm 

150µm 

Fig. 21 Produced chips under
various machining conditions
(ap = 1.2 mm, Vc = 120 m/min)
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4 Conclusion

Near-beta titanium alloys, including Ti-5553 alloy are
shown great interest by aerospace industries. However,
these alloys are considered to be difficult-to-machine
materials. Furthermore, very limited study in the litera-
ture focuses on understanding the chip formation pro-
cess of this material. This study focuses on the progres-
sive tool wear, tool life and corresponding cutting
forces, frictional condition, cutting temperature, and
chip morphology in the high speed machining process
of near-beta titanium alloy under various cooling and
lubrication conditions. To the best of the authors’
knowledge, tool life in the machining of Ti-5553 alloy
under various cooling and lubrication conditions pre-
sented for the first time in this study. Obtained results
can be summarized as the follows:
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Fig. 23 Thickness of the
produced chips under various
machining conditions (ap =
1.2 mm, Vc = 120 m/min)

Fig. 22 Produced chips and
measurement (dry, ap = 1.2 mm,
Vc = 120 m/min)
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Fig. 24 Microstructure of the chip under various machining conditions
(ap = 1.2 mm, Vc = 120 m/min)
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– Selecting high-pressure coolant improves cutting tool
performance and increases tool life up to 12 min at
90 m/min cutting speed.

– Depth of cut plays a crucial role in the effectiveness of
cooling and lubrication and consequently determines the
tool life in the machining of Ti-5553 alloy.

– Cryogenic cooling is much more effective in smaller
depth of cut (finish machining) compared to larger depth
of cut in terms of tool life.

– Lower coefficient of friction and lower force components
were recorded in the high-pressure cooling process when
compared to other conditions.
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various machining conditions
(ap = 1.2 mm, Vc = 120 m/min)

Int J Adv Manuf Technol (2019) 102:4257–4271 4269



– Chip morphology is induced from machining length and
tool wear.

At high-speed cutting conditions, in particular 90 m/min
and beyond, use of high-pressure coolant offers the best per-
formance to increase tool life and to reduce, chip breaking,
and energy consumption among all conditions tested here.
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