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Abstract. Cutting tool suffers rapidly during machining titanium-based alloys due to low thermal conductivity. Thus most of the heat is concentrated on the tool rather than chip during machining. To overcome this
problem, a suitable cutting parameter, tool geometry, and sustainable methods are necessary. This paper presents
the effect of MoS2 solid lubricant (SL), cutting speed, and nose radius during turning of Ti-6Al-4V alloy using
the TiAlN coated carbide tool. The experiments are performed at different cutting speeds, nose radius, and ﬂow
rates of solid lubricant to study tool wear, surface roughness, and chip morphology. The results show that the use
of solid lubricant reduces the tool wear (37%), and the surface roughness (65%) compared to the dry cutting.
Similarly, the effects of nose radius and cutting speed have also been studied for both conditions.
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1. Introduction
Low density, good resistance to wear, and high strength
properties of titanium alloys enable their wide applications
in automobile, bio-medical equipment, aeronautic sectors,
and defense applications [1–3]. However, several phenomena occur during machining of these alloys, such as
rapid tool wear, ﬂuctuation of cutting forces, and the formation of segment chips [4]. This is happening due to low
thermal conductivity (which does not allow heat to dissipate from the cutting zone), low elastic modulus (spring
back effect), and chemical reaction to all cutting tool
materials [5]. The tool-chip interface temperature that is
generated during machining titanium alloy is a place of
complex interactions between mechanical and thermal
phenomena. The surface of the tool in contact with the chip
undergoes various forms of wear mechanisms such as
adhesion, abrasion, and diffusion. The quality of the
machined surface and tool life depends largely on the
conditions under which the cut is made. In particular, the
use of cutting ﬂuids is an important parameter since it limits
the rise in temperature in the cutting areas. The presence of
a ﬂuid ﬁlm between the different surfaces, reduces friction,
has been reported by researchers. The heat generated at the
chip-tool interface in the machining of Ti-6Al-4V can reach
values even more than 1000°C. Though the use of cutting
ﬂuids improves machinability; however, it is harmful to the
operators and pollutes the environment. To protect the
environment, the current trend is to limit, and even eliminate, the use of cutting ﬂuids [6]. Mia and Dhar [7] used
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pressurized jet coolant during machining of the titanium
alloy and observed that high-pressure coolant reduces the
crater wear, ﬂank wear and improves the surface ﬁnish. Su
et al [8] used different lubrication strategies to study tool
wear. Milling operation is carried out in dry, ﬂood coolant,
mist, and compressed air conditions. They concluded that
chipping is the main tool to wear mode phenomenon.
Dry machining is an environment-friendly manufacturing process. However, rapid wear and breakage are
encountered on the edge of the tool due to rise in temperature reported by researchers [9, 10]. Therefore, to control
all these effects, it is necessary to control the cutting
parameters, tool geometry, and application of sustainable
techniques. Kuram [11] studied the surface roughness, chip
morphology, tool wear, and cutting forces by varying the
cutting speed and nose radius in machining stainless steel
concluding that the tool wear, chip serration, and cutting
force increase with nose radius, while the better surface
ﬁnish is obtained with an increase in nose radius. Safari
et al [12] investigated the machining of titanium alloys with
varying cutting parameters and report surface integrity that
highly depends upon cutting speed. Other strategies carried
out by researchers for machining of titanium alloys are
cryo-machining [13], non-traditional machining process
[14], grinding [15], vibration-assisted machining [16] and
thermal enhanced machining process [17, 18]. However,
the high-cost setup, small metal removal, and skilled
operator requirement create obstacles for their wide
acceptance and use in the machining industries [19].
Nowadays, sustainable machining process is necessary to
avoid environmental pollution. The main challenges of the
industry in the future are to satisfy requirements in terms of
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sustainable development, cost optimization, and product
quality. In this perspective, the solid lubricant assistance in
machining can respond to various issues Texturing of cutting tool is another way to machine titanium alloys, where
the chip tool contact length is reduced to obtain less temperature. However, texturing on the cutting tool using the
thermal-based method again creates a problem on the cutting tool like thermal cracking, recast layer formation, and
high cost [20].
Substantial work has been carried out in the machining of
titanium alloys based on cutting parameters, texturing on
the cutting tool, and cutting ﬂuids application. However,
the effect of tool geometry and the use of solid lubricants
have received little attention. The tool geometry of the
turning tool is deﬁned by clearance angle, primary cutting
angle, rake angle, and nose radius. Among those nose
radius of the cutting tool plays a vital role in the surface
quality of the machined components [11]. The selection of
nose radius affects the chip ﬂow and surface quality. The
attention of solid lubricants in machining titanium alloy has
received little attention, which is environment-friendly.
Therefore, the effect of solid lubricant, nose radius, and
cutting speed has been investigated in the machining of Ti6Al-4V. The present study aims at the application of
molybdenum disulﬁde (MoS2) solid lubricant at the toolchip and tool-workpiece contact surface during machining.
Dry machining has been carried out with the same cutting
conditions for comparative performance analysis.

2. Experimental method
The turning experiments are performed on a cylindrical bar
of 85 mm diameter and 400 mm length of Ti-6Al-4V with
hardness 36 HRC. The Energy dispersive X-ray (EDX:
Bruker-ASX QuanTax 200) is conducted on the workpiece
sample to determine the elemental composition. The
machining is carried out with (SNMG1204X) TiAlN coated
carbide tool, which is ﬁtted with PSBNR 2525M12 tool
holder as per table 1. The cutting insert has 75̊ principal
cutting edge angle, -5̊ rake angle, and 5̊ clearance angle. To
avoid any changes in nose radius and eventual tool wear
during each cutting experiment, a new cutting edge of the
insert has been used. The solid lubricant delivery setup is
attached to the tool post of the center lathe so that it will
Table 1. Cutting parameters used during machining.
Cutting parameter
Cutting speed, Vc (m/min)
Feed rate, f (mm/rev)
The depth of cut, ap (mm)
Nose radius, r (mm)
Solid lubricant ﬂow rate (gm/min)

Magnitude
30, 60, 90,120
0.08
0.5
0.4, 0.8, 1.2
5, 10, 15

move along the movement of the cutting direction. The
solid lubricant is 2lm particle size of molybdenum disulﬁde (MoS2). MoS2 can shear easily parallel to the layers
and support the high load during machining [21–24]. The
stand-off distance was kept 35 mm, and the angle of the
spray of lubricant was perpendicular to the tool by ﬁtting
the nozzle with vertical impingement. The ﬂow of solid
lubricant is supplied at the desired ﬂow rate by controlling
the rotation of a DC motor inside the setup. The motor shaft
rotation is responsible for the desired quantity ﬂow rate
(from 5 to 15 gm./min) of solid lubricant on the cutting
zone area, as is shown in ﬁgure 1.

3. Results and discussions
3.1 Surface roughness
The quality of the machined surface obtained determines
the effectiveness of the machining process. The surface
roughness (Ra) measurement is carried out using a Taylor
Hobson proﬁle meter in the feed direction of the workpiece.
Three repetitions are carried out for each measurement by
measuring three different locations on the circumference of
the workpiece, and the average is taken into consideration.
In the ﬁrst case, the effect of solid lubricant ﬂow rate on
surface roughness at different cutting speeds has been
studied (ﬁgure 2). When the ﬂow rate is increased from 5 to
15 gm/min, there is a reduction of 45, 56, 63, and 65%
surface roughness at cutting speed of 30, 60, 90, and 120
m/min, respectively. Similarly, varying the cutting speed,
there is a reduction of 30, 38, and 55% of surface roughness
at 5, 10, and 15 gm/min ﬂow rate, respectively. The better
surface ﬁnish is observed at a higher ﬂow rate and higher
cutting speed condition. This is because of MoS2 increases
at a higher ﬂow rate, which can easily reach the chip tool
contact area and reduce the friction.
Figure 3 shows a reduction of 18, 18, 10, and 14% surface roughness at cutting speed 30, 60, 90, and 120 m/min,
respectively when the nose radius increased from 0.4 to 1.2
mm. However, there is a reduction of surface roughness by
30, 30, and 26% at corresponding three nose radii. For
comparison analysis between dry and solid lubricant cutting
conditions (15 gm/min), on surface roughness, machining is
performed with different cutting speeds. There is a reduction of 56, 63, 68, and 71% surface roughness at corresponding speeds, respectively, when machining is
performed at solid lubrication condition compared to dry
cutting. The lubrication properties of MoS2 suppress the
friction between chip-tool interfaces, which reduces tool
wear. Reduction of 30 and 55% surface roughness is
observed at dry and solid lubricant cutting conditions with
the rise in cutting speed (ﬁgure 4). The maximum reduction
of surface roughness is found at higher cutting speeds with
solid lubricant cutting conditions.
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Figure 1. Experimental of solid lubricant setup and schematic diagram.

Figure 2. Surface roughness value at different cutting speed and
ﬂow rate.
Figure 4. Surface roughness with respect to cutting speed value
at a nose radius of 0.8 mm for dry and solid lubricant condition.

3.2 Tool wear

Figure 3. surface roughness variation for different cutting speed
and nose radius at the dry cutting condition.

During the machining of titanium alloy, the wear of the
tools is an important parameter and affects the quality of
the machined surface. The optical microscope (Stereo
Discovery v20: Carl Zeiss) integrated with camera and
image analysis software has been used for the measurement
of chip thickness and tool wear. Increased of ﬂank wear is
observed with the rise of cutting speed, as shown in ﬁgure 5
for both dry and solid lubricant cutting conditions. The rise
of cutting speed increased the excessive temperature and
pressure on the edge of the cutting tool, which accelerates
the wear rate by the process of diffusion. There is a
reduction of ﬂank wear (37, 28, 26, and 27%) in solid
lubricant cutting conditions at respective cutting speeds
compared to the dry cutting. The reduction of ﬂank wear is
observed at low cutting speed, whereas tool-chip contact
becomes solid or plastic at higher cutting speed. However,

250

Page 4 of 8

Sådhanå (2020)45:250

Figure 5. Graphical plot of ﬂank wear with respect to cutting speed and crater wear image at dry and solid lubricant condition for 2
min.

the ﬂank wear rate is increased (76 and 72%) with a rise in
cutting speed for both the solid lubricant and dry cutting
conditions, respectively (ﬁgure 6).
The effect of nose radius on ﬂank wear for both conditions has also been studied. As excepted, the ﬂank wear rate
increased with the rise of the nose radius for both dry and
solid lubrication. This is due to a higher nose radius pronounced to higher thrust force during machining at a lower
nose radius. The tool wears a different nose radius at a
cutting speed of 30 m/min in solid lubricating cutting
(ﬁgure 6).

There is a substantial reduction of length in chip-tool
contact at solid lubricant compared to the dry cutting (ﬁgure 7). A more considerable value is observed at the high
cutting speed in dry cutting, while the smallest is found in
solid lubrication. The variation of chip-tool contact length
is also noted for both cutting conditions at different nose
radius. The chip tool contact length increased with when
nose radius increase r = 0.4 to 1.2 mm. Measurement chip
tool contact length is observed in a scanning electron
microscope (SEM: Quanta 200 FEG FESEM) instead of an
optical microscope because of higher clarity and
magniﬁcations.

Figure 6. Variation of ﬂank wear with respect of machining time and images of crater wear with rising in cutting speed in solid
lubrication condition at r = 1.2 mm.
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with the rise of cutting speed, the segmentation of the chip
increase in both cutting conditions (ﬁgure 9). It is also
observed that chip edge serration increased with the
increase in nose radius, as shown in Fig. 10. This can be
explained by the reduction in the actual chip thickness near
the trailing edge of the tool. A similar ﬁnding was also
found during turning by researchers[11, 26].
Equivalent chip thickness is measured at different cutting
speeds for both conditions (ﬁgure 11). The chip thickness
parameters such as valley ðhÞ and peakðH Þ, areused for the
calculation of equivalent chip thickness HEq by using in
Eq. (1),[27]

Hh
HEq ¼ h þ
2

Figure 7. Chip-tool contact length for dry and solid lubricant
cutting at different cutting speed and nose radii.

3.3 Chip morphology
In dry cutting, continuous and thicker types are produced,
whereas the chip produce at solid lubricant cutting condition is short or discontinuous and thinner types. The solid
lubricant help to break the continuous chip formed at dry
condition into discontinuous types (ﬁgure8).
The chips are mounted and polished with different grades
of sandpapers. After polishing the chips, etching is carried
out using Kroll’s reagent (10% HF, 5%HNO3?85%H2O)[25]. At low cutting speed, the segmentation is low for
both in dry and solid lubricant cutting condition, whereas

ð1Þ

It is observed that the chip thickness decreased at higher
cutting speed compared to lower cutting speed for both
conditions; however, for varying nose radius value, the chip
thickness increased. The shear angle ðuÞ is calculated as
per Eq. (2), [28].
 r cos a 
u ¼ tan
ð2Þ
1  r sin a
where r is the chip thickness ratio and a = rake angle. The
chip thickness ratio can be calculated as, r ¼ tt12 and chip
reduction coefﬁcient = ðnÞ ¼ 1r , t1 = undeformed chip
thickness, / = Principal cutting edge angle and t2 = chip
thickness, The undeformed chip thickness can be calculated
as, t1 ¼ f sin /
The shear angle increases linearly with an increase in
cutting speed, which signiﬁes the reduction in chip thickness or thinner chips. However, an increase in the nose

Figure 8. Chip morphology under different cutting speeds at r = 0.4 mm for dry and solid lubrication cutting condition.
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Figure 9. Observation of chip morphology under optical microscopy for dry and solid lubrication cutting condition at different cutting
speeds and nose radius 0.4 mm.

Figure 10. Chip morphology at Vc = 60 m/min for dry and solid lubricant cutting condition.

radius, there is a reduction of the shear angle, which means
more force on the cutting edge (ﬁgure 12).
Similarly, the change of chip reduction coefﬁcient ðnÞ is
observed for both conditions (ﬁgure 13). The n value
decreased at solid lubricant that of the dry cutting with an

increase in cutting speed. This is due to thicker chips
formed at dry conditions compared to thinner chips formed
at solid lubricants. However, increased chip reduction
coefﬁcient value is observed with the rise of the nose
radius.
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Figure 11. Average chip thickness at dry and solid lubrication
cutting.
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1. Maximum reduction (65%) of surface roughness is
observed at cutting speed of 120 m/min, and nose
radius, 1.2 mm, respectively. A higher surface ﬁnish is
obtained with the increase of nose radius and ﬂow rate of
the solid lubricant in both dry and solid lubricant cutting
conditions.
2. There is a reduction of tool wear by the application of
solid lubricant compared to the dry machining. The
maximum reduction of ﬂank wear (37%) is observed at
30 m/min. The increase of nose radius increased the tool
wear for both conditions.
3. There is more serration of the chip at a higher nose
radius and cutting speed. But serration generated in the
chip during a solid lubricant is less.
4. Chip tool contact length during solid lubricant is less
with cutting speed compared to the dry cutting. However, with the rise in nose radius, tool contact length
increase for both.
5. The increase of shear angle and chip reduction coefﬁcient is observed in the case of solid lubricant as
compared to dry cutting. The shear angle and chip
reduction coefﬁcient value reduced with the increase of
nose radius.
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Figure 13. Variation of chip reduction coefﬁcient for both dry
and solid lubrication cutting condition.

4. Conclusions
In the present study, the effects of solid lubricant (SL),
cutting speed, and nose radius on the machinability of the
Ti-6Al-4V alloy has been investigated. MoS2 is taken as a
solid lubricant. The results obtained are compared with the
dry cutting condition, and the following conclusions can be
drawn from the analysis.
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