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ABSTRACT

Keywords: The current study examines how the self-lubricating characteristics of the novel TiSiVN coating affect the chip
Chip sliding velocity formation process and chip sliding velocity during the dry turning of Ti6Al4V titanium alloy. The serration bands
Chl:p flow ar_lgle ) tend to straighten at a cutting speed of 125 m/min, which is the main cause of the chips being straightened
Chip f ormation med}am.sm without tangling for both coated tools. TiSiVN coated tool accounts for higher chip sliding velocity due to the
Self-lubricating coatings . .. . oo . .
TiSiVN coating generation of lubricious phases, whereas the higher Vg for uncoated tool indicates high tool wear at the highest
cutting speed of 125 m/min. Further, r and 6, tend to have an inverse relationship with Vg with 125 m/min
cutting speed remaining an exception due to severe changes in tool wear dynamics. The reduction of friction
helped to lower the localized strain along the shear bands and the effective stress at the beginning of the for-
mation of the serrated tooth.
Abbreviations (continued)
FMH Feed marks height
hayg Average height of saw tooth N Normal direction
a Orthogonal rake angle 7R Rake direction
Bs Chip flow angle Zc Chip flow direction
Vs Chip sliding velocity
Ve Cutting velocity
i Inclination angle 1. Introduction
On Normal shear angle
r Chip thickness ratio
an Normal rake angle Titanium alloys are considered difficult to cut due to their low
Davg Average distance between two consecutive serrated teeth thermal Conductivity and high chemical reactivity at high temperatures
Tef Frictional stress [1,2], resulting in high tool wear rates and poor surface quality of the
Hap Apparent coefficient of friction machined surface [3]. Several attempts have been made to improve the
ON I\N/["“Tlal stress | machinability of titanium alloys, especially for Ti6Al4V alloy, one of the
:fp"m St::;;n;r[;rzziipa stress most widely used titanium alloys [4,5]. Thin-film depositions on the
. Equivalent strain cutting tools are a widely used technique to improve the performance of
FSHp Free surface height of chip at the bottom cutting tools during machining [6-10]. Recently, self-lubricant coatings
FSHc Free surface height of chip at the centre have been employed for machining applications. The benefit of these
FSHy Free surface height of chip at the top

(continued on next column)

coating systems is the generation of lubricious phases like Vo205, WO3,
etc., which could help reduce friction and improve cutting tool
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durability [11]. The solid lubricating properties of the Magnéli oxide
phases of Ti, W, V, or Mo are attributed to their crystallographic planes
with lower binding energy, which decreases friction [12]. The fast
oxidation of coatings (such as AICrSiVN and TiSiVN) and the subsequent
generation of V,03;,.1 (a low melting point lubricious phase) is primarily
triggered by V inclusion to transition metal nitrides at elevated tem-
peratures [13]. These self-lubrication properties are beneficial, espe-
cially when machining difficult-to-cut materials like Ti6Al4V alloy.
Particularly, adding V to transition metal nitrides such as TiSiN and
AICrSiN leads to the release of low melting point lubricious phases at
higher temperatures [13,14]. In this regard, TiSiVN coating enhanced
the machining performance of the Al,O3/SiC tool due to the generation
of V505 lubricious phase [15].

Furthermore, reports of a significant impact of thin-film depositions
on cutting tools on chip formation and flow mechanics have been made.
Additionally, the process of chip formation has a major impact on the
tool wear on the rake surface [16,17]. Reportedly, Wang et al. [18]
revealed that the cryogenic cooling techniques accounted for a reduc-
tion in chip thickness and an increase in tool wear. Similar machinability
improvements and impact on chip formation mechanism due to cryo-
genic cooling were reported by Qiu et al. [19]. Additionally, chip sliding
velocity affects the adhesion and friction behavior during machining
[20]. It is reported that the thickness of AICrN monolayer and AITiN
multi-layer coatings impact chip flow angles [16,21]. Further, it has
been reported that chip geometrical parameters like chip serration fre-
quency, chip thickness, and chip width are also affected by the coating
depositions on cutting tools [17,22,23]. Also, it is inevitable to note that
the chip formation impacts cutting friction, leading to the formation of a
shear zone and, thus, affecting the machining forces [24].

From the literature survey, it is evident that the thin films and
cooling techniques significantly impact the chip formation and chip flow
mechanism. On the other hand, the impact of coatings’ self-lubricating
qualities on chip formation and chip flow mechanism has received lit-
tle attention. Therefore, during the dry turning of Ti6Al4V titanium
alloy, the current study will investigate how the self-lubricating prop-
erties of the TiSiVN coating affect chip formation and chip flow
mechanisms.

2. Experimental methodology

The oblique cutting tests were performed on a CNC turning centre
with Ti-6Al-4V having 35 + 2 HRC hardness as the workpiece material
(250 mm length, 100 mm diameter, and 100 mm cut length). The ex-
periments were performed under a dry cutting environment with four
different cutting speeds (50 m/min, 75 m/min, 100 m/min, and 125 m/
min), constant feed rate (0.1 mm/rev), and depth of cut (0.5 mm). A 100
mm cut was made for each turning test. TiSiVN coated, TiSiN coated,
and uncoated SiC-whiskers reinforced alumina (Al,O3) based cutting
tools are used for cutting tests. Our previous work has elaborated on the
coating deposition process [15]. The tool holder that was utilized in the
experiments had an inclination angle (i;) of 0° and orthogonal rake angle
(a) of —8°. The chip geometry was determined using an Alicona
non-contact 3D profilometer after the chips were mounted and polished.
Later, to understand the chip formation mechanism more precisely, the
machined and free surface of the chips were studied using a scanning
electron microscope (SEM) equipped with electron dispersive spectros-
copy (EDS). Further, topography analysis was also performed on the
chips’ free and machined surface using a 3D non-contact profilometer.

The schematic illustration of the oblique cutting process is shown in
Fig. 1 where Zy represents normal direction, Zg represents rake direc-
tion, Z¢ represents chip flow direction, @, represents normal rake angle,
and f, represents chip flow angle. As shown in Fig. 2, the chip flow di-
rection has been established by locating the sliding marks of the chips on
the cutting tools. Further, the average saw tooth height (hay) and the
average distance between two consecutive serrated teeth (pa,g) has been
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Rake face
Cutting tool

Workpiece
Fig. 1. A schematic representation of oblique cutting process.

measured on the thickness side of the chip, as shown in Fig. 3. A total of
20 measurements were made, and an average has been determined for
both parameters. The calculation for both these geometrical parameters
has been shown in equations (1) and (2).

7’11 +hy +hs+hy +

hav = 1

$ 20 ( )
P1+P2+DpP3+Ps+ .o, p

pavg ! : : 2(; = (2)

After determining hgy, and pay, the chip thickness ratio (r) was obtained
using the below equation.

puvg
r_@ 3
One of the most critical parameters to investigate is the chip sliding
velocity which could help to understand adhesion, chip bending, and
abrasive wear on the cutting tools [20]. The dependency of chip sliding
velocity (Vs) on cutting velocity (V¢), normal shear angle (6,), inclina-
tion angle (is), chip flow angle (f,), and normal rake angle (6,) is
mathematically represented as [25]:

cos i sin 6,

Vs=Vo—— 0 4
$7 "Ccos B, cos (0, — an) )
Where 6, and a,, can be determined by the below equations [26].
r (Cc‘fs /::) cos an
Op=tan'| ———~4 5)
1-r (%) sin a,
a, =tan"'(cos i; tan @) 6)

Additionally, the localized stress and strain development in the
serrated chips has been understood by the use of a 2D finite element
created in Deform 2D (version 10.2). Deform 2D supports Lagrangian
formulation that employs implicit integration for large deformations.
Fig. 4 shows the schematic representation of the adopted 2D finite
element model with boundary conditions. The edge radiuses were
approximately 32 pm for uncoated and 41 pm for coated tools, respec-
tively, consistent with the experimental cutting tools. The material
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Fig. 2. Measurement of chip flow angle using chip sliding marks on (a) uncoated, (b) TiSiN coated and (c) TiSiVN coated cutting tool after machining at 50 m/min

cutting speed.

Fig. 3. Indicative measurement of saw tooth height and distance between two
consecutive serrated teeth.
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Fig. 4. 2D finite element model with boundary conditions.

properties of the tool and the workpiece have been taken from the
Deform material database. The simulations were run based on the
changes in the apparent coefficient of friction that were observed earlier
[27] using a Coulomb’s friction model [28] as shown in Equation (7).
Mesh windows ensured a finer mesh at the chip formation zone and
smooth re-meshing in the highly distorted zones. Thermally coupled
quadrilateral elements were used to mesh both the tool and the work-
piece. The cutting tool was meshed with approximately 700 elements
whereas the workpiece is meshed with 2500 elements.

@)

Tef = HopON

Where 7, is the frictional stress, 4, is the apparent coefficient of fric-
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tion, and oy is the normal stress. The damage initiation in the chips is
governed by Cockroft and Latham damage criterion (given by Equation
(8)) [29] with critical damage value for fracture as 240 [30].

e
/ Opmaxde =D
0

Where 6pmqx is the maximum principal stress, & is the strain at fracture, ¢
is the equivalent strain, and D is the critical damage value. According to
Cockroft and Latham damage criterion, the chip segmentation begins
when the integral of the maximum principal stress with respect to the
equivalent plastic strain reaches the critical damage value. The model
was validated using experimental cutting forces and chip geometry. An
error of 5-10% was seen in the experimental and numerical results,
which is acceptable.

®

3. Results and discussion

In this section, results related to the chip formation mechanism, chip
geometrical parameters, free and back surface topography of the chips,
and chip sliding velocity have been presented and discussed.

3.1. Chip formation mechanism

The optical microscope pictures of the chips produced when
machining with TiSiVN and TiSiN coated, and uncoated cutting tools are
displayed in Fig. 5. At 50 m/min, the chips formed corresponding to all
cutting tools were continuous in the form of long curls with well-defined
curl diameters. However, the increase of cutting speed to 75 m/min and
above results in chips that are snarled. The chips for uncoated tools tend
to bend and form tightened strings, which is also the case for coated
tools till 100 m/min. This entanglement is caused by the increase in
cutting temperature and material adhesion on the tool face as the cutting
speed increases, which results in the sticking of chips on the tool face,
causing an increase in chip bending angle. Interestingly at a cutting
speed of 125 m/min, the chips for coated tools are more straightened
without bends, whereas, for uncoated tools, tangling is reduced. This
phenomenon can be attributed to the reduced chip bend angles at this
cutting speed of 125 m/min, which prevented the tangling of the chips
during their movement over the tool face [15].

Figs. 6 and 7 illustrate the SEM micrographs of the chips’ free and
back surfaces to help better comprehend this phenomenon. The free
surface of the chips constitutes both primary and secondary serrated
teeth. Further, the increase in cutting speed causes the secondary
serration to be more prominent due to the increased cutting
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Fig. 5. Optical microscopy images showing chip formation during machining
with uncoated, and TiSiN and TiSiVN coated cutting tools.

temperature, which causes easy movement of the serrated planes. The
primary serration bands tend to bulge outside with increased cutting
speed mainly because of increased temperature. However, the serration
bands tend to straighten at a cutting speed of 125 m/min, which is a
primary reason for straightened chips without tangling for TiSiVN and
TiSiN coated tools. The previously observed chip bend angles, which
both rely on the cutting temperature and the crater depth increment
with increasing cutting speed, can be directly connected to this
straightening of the chips.
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The back side, or machined surface, of the chips created during
machining with coated and uncoated tools is seen in Fig. 7. The back
surface shows the formation of feed marks due to smearing. But with the
TiSiVN coated tools, the smearing decreased at higher cutting speed
primarily because of the better machining performance ascribed to the
development of V505 lubricious phases, which lower friction at high
cutting temperatures [15,31]. Conversely, with the uncoated cutting
tools, smearing gets worse as cutting speed rises. Further, there are clear
signs of diffusion (see Fig. 8), with the EDS analysis showing the pres-
ence of tool material (Al) on the chips. However, the height of feed
marks would be an interesting phenomenon to be studied, which will be
discussed in section 3.2.

3.2. Back (machined) and free surface topography

Fig. 9 illustrates the axes on which the topography measurements
have been made. XX and X’X’ represent two axes out of the 20 axes that
were considered for measuring the height of feed marks (FMH). On the
contrary, YY, Y’Y’, and Y*’Y” represent axes for the measurement of free
surface height at the centre (FSH¢), top (FSHrt), and bottom (FSHp),
respectively. In Fig. 10, all of the data for FSHp, FSHc, FSHt, and FMH
have been plotted versus cutting speed. FSH¢ decreases and then re-
mains in the same level. The initial drop is due to the rise in temperature
with cutting speed causing lower deformation of chips. However, a
slight increase in FSH¢ is seen for TiSiVN coated tools at higher cutting
speeds. This may be due to the combined effect of preservation of
effective cutting edge and reduction of the lubricious effect of the V505
phase at higher cutting speeds [27].

However, no further decrease is seen as the excessive adhesion at
higher cutting temperatures would cause more slipping of the chip
segments. On the contrary, FSHg and FSHt exhibit an inverse trend
indicating shifting of serration from bottom to top with increased cutting
speed. This trend is closely related to increased chip bend angles and
crater height with the cutting speed [15]. The developed chips tend to
move in a direction away from the tool face. However, with the increase
in adhesion, the chip’s bottom part remains in contact with the tool face
for a more extended period, resulting in more sliding of the chip seg-
ments on the top. Additionally, as a result of the deeper crater depth, the
chip bends and presses against the tool face on the bottom side, making
it easier for chip segments to slide across the top. FMH exhibits a similar
tendency of decreasing with increasing cutting speed. Because a chip’s
contact time with the tool face is reduced at a specific spot, a higher
cutting speed reduces smearing on the machined surface. Thus, the

Cutting speed

Cutting tool

50 m/min

Uncoated
Al,05/SiC tool

TiSiN coated
Al,05/SiC tool

TiSiVN coated
Al,05/SiC tool

75 m/m|n

100 m/mm

| 125 m/min
PrlmarySerratlun bands A\ 3 7] 4,’ 7 i ;7 ;’

Fig. 6. SEM micrographs of the free surface of the chips.
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TiSiVN coated
Al,0,/SiC tool

= Titanium

= Aluminum
= Nitrogen

= Vanadium
= Silicon
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019

Atomic fraction Atomic fraction

_ Cutting speed
Cutting tool 50 m/min 75 m/min 100 m/min 125 m/min
Uncoated
Al,0,/SiC tool
TiSiN coated
Al,O,/SiC tool

= Titanium 7220 = Titanium 67.80
m Nitrogen 1678 = Nitrogen 2118
® Aluminum 779 m Aluminum 7.83
= Vanadium 290 = Vanadium 280
= Silicon 033 m Silicon 0.40

Atomic fraction

Fig. 8. EDS atomic fraction analysis of the machined surface of the chips corresponding to (a) uncoated, (b) TiSiN coated, and (c) TiSiVN coated tools.

stacking of chip material due to sliding friction reduces, leading to
decreased FMH. Further, the TiSiVN coated tool exhibits lower values of
FMH due to the generation of lubricious phases causing reduction of
friction, which is also a reason for lower FSHg, FSH¢, and FSHt for
TiSiVN coated tool in comparison to TiSiN coated and uncoated cutting
tool.

3.3. Chip geometrical parameters

Fig. 11 shows the variation of the hayg, pavg, and f; with cutting
speed. The h,yg remains mainly on the same level till 75 m/min, after
which the trend changes. For the uncoated tool, h,yg decreases whereas
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for the coated tool, it increases with further cutting speed. This trend can
be related to the drastic decrease of effective cutting edge at 125 m/min
for uncoated tool, with a significant rise in adhesion at the chip-tool
interface for coated tools [15]. TiSiVN coated and TiSiN coated tools
correspond to higher values of hayg and payg compared to uncoated tools
due to superior wear resistance properties. Conversely, p,vg decreased as
cutting speed increased, which is consistent with other research that
indicates a rise in serration frequency as cutting speed increases,
resulting in a shorter gap between two successive serrated teeth [32,33].
Additionally, as cutting speed reaches 100 m/min, the chip flow angle
(B,) rises. This might be attributed to a rise in temperature and conse-
quent material adhesion at the chip-tool interface. Nevertheless, at 125



C.S. Kumar et al.

Journal of Materials Research and Technology 32 (2024) 4456-4464

(d)

FvH N\ ANN
X X
YV AVAVATAVAVATAN
X X

(@)
FSHy
Y’ Y’

TS AVAVAVAVAVA, Y

Y Y

IR NVAVAVAVAYA)

'z y”

Fig. 9. Profilometer topography representing measurements on machined (back) surface [(a) uncoated, (b) TiSiN coated, and (c) TiSiVN coated] and free surface
[(a’) uncoated, (b*) TiSiN coated, and (c’) TiSiVN coated] of chips formed during machining at 50 m/min cutting speed, (d) indicative measurement of FHM along X-
X and X-X' axes and (d’) indicative measurement of FSHr, FSH, and FSHp along Y-Y, Y-Y and Y’-Y” axes respectively.
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Fig. 10. Variation of (a) FSHg, (b) FSHc, (¢) FSHy, and (d) FMH with cutting speed.

m/min, the g, decreases because of the rise in crater depth reported
earlier [15]. Lower adhesion at the chip-tool contact is specified by the
lower chip flow angles for the TiSiVN coated tool. Further, reduced
adhesion for TiSiVN coated tools is caused by the lubrication produced
by the generation of V205 self-lubricating phases at the chip-tool
interface.

3.4. Normal shear angle and chip sliding velocity

The calculated values of Vg, 6,, and r are presented in Table 1 and
have also been plotted versus cutting speed in Fig. 12. It’s interesting to
note that r and 6, decreases till the cutting speed of 100 m/min for
uncoated tool and rise at 125 m/min cutting speed. Conversely, they
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reduce when cutting speed rises for coated tools. The lowering of the
shear angle is linked to the thermal softening of the workpiece material
as the cutting speed increases.

Further, lowering of shear angle can cause an increase in machining
forces and tool wear [34]. However, the increase in shear angle for
uncoated tools indicates catastrophic failure or significant reduction of
effective cutting edge, causing a reduction of machining forces [15]. On
the contrary, the Vg increases with cutting speed; thus, cutting speed is
the dominant factor affecting Vs. However, interestingly, a decrease in
Vs can be seen at 125 m/min for both coated tools. This decrease can be
related to increased adhesion levels at higher cutting speeds for coated
tools.

Further, the high cutting temperatures prevailing at 125 m/min
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Table 1

Evaluated values of average saw tooth height, average distance between two
consecutive serrated teeth, chip flow angle, chip thickness ratio, normal shear
angle and chip sliding velocity.

Cutting tool Vo (m/  hayg Pavg Bs r On () Vs (m/
min) (pm) (pm) ©) min)

Al,03/8iC 50 37.23 55.22 27.1 1.48 47.84 74.16
uncoated

TiSiN 38.45 56.12 17.5 1.46 49.11 72.98
coated

TiSiVN 35.18 58.06 13.5 1.65 52.41 82.52
coated

Al,03/8iC 75 43.88 41.21 29.5 0.94 36.01 70.44
uncoated

TiSiN 43.61 46.55 22.3 1.07 40.69 80.06
coated

TiSiVN 41.12 51.43 16.6 1.25 45.49 93.80
coated

Al,03/8iC 100 35.75 34.12 31.2 0.95 35.98 95.44
uncoated

TiSiN 41.5 44.16 24.5 1.06 40.20 106.41
coated

TiSiVN 43.22 47.21 18.4 1.09 41.89 109.23
coated

Al,053/8SiC 125 16.5 30.14 25.3 1.83 53.06 132.21
uncoated

TiSiN 48.38 41.19 15.4 0.85 36.11 83.26
coated

TiSiVN 59.76 43.77 17.6 0.73 32.22 77.52
coated

cutting speed would cause complete coating oxidation in the cutting
zone, seizing almost all beneficial effects of coatings. Notably, the
TiSiVN coated tool accounts for higher Vg due to the generation of
lubricious phases causing faster sliding of the chips on the tool surface.
On the contrary, an increase of Vg for the uncoated tool indicates high
tool wear, causing wear of effective cutting edge at 125 m/min cutting
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speed, which has been reported earlier [27]. Further, r and 6, tend to
have an inverse relationship with Vg with 125 m/min cutting speed
remaining an exception due to severe changes in tool wear dynamics
[271.

3.5. Stress and strain along shear bands

Fig. 13 illustrates the development of stress and strain along a
localized region of the shear band in the serrated teeth during
machining. The reduction of friction tends to reduce effective strain
along the adiabatic shear band. The higher strain would lead to an in-
crease in saw tooth height. Further, a higher strain along the shear band
would account for the premature bending of the chips, preventing the
formation of well-defined curls, which was reported in section 3.1.
However, the measured saw tooth height (see Table 1) shows that tool
wear is the dominant parameter affecting chip thickness [27]. Also, the
effective stress at the beginning of the formation of the serrated tooth is
higher towards the tip for a higher value of the coefficient of friction,
which has been shown in the marked region. The greater chip flow
angles and shorter spacing between the serrated teeth may occur from
the chip being pushed forward by the elevated stress levels at the tip of
the serrated teeth. Thus, the uncoated tool always corresponds to higher
values of payg and f;.

4. Conclusions

The current study examines how the self-lubricating properties of the
TiSiVN coating affect the chip formation mechanism and sliding veloc-
ity. The results that have been presented leads to the following
conclusions.

1. The primary serration bands tend to bulge outside with increased
cutting speed mainly because of increased temperature. However,
the serration bands tend to straighten at the cutting speed of 125 m/
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Fig. 13. Localized strain (a, b, and c¢) and localized stress (a’, b’, and ¢’) in uncoated and coated cutting tools.

min, which is a primary reason for straightened chips without
tangling for the coated tools. This straightening of chips can be
directly linked to the chip bend angles reported earlier, which further
depend on the cutting temperature and crater depth increment with
increased cutting speed.

When compared to TiSiN coated and uncoated cutting tools, the
TiSiVN coated tool displays lower values of FMH because the

production of lubricious phases that accounts to the reduction of
friction. This is also the cause of lower FSHg, FSHc, and FSHr for the
TiSiVN coated tool.

. The rise in temperature and the accompanying increase in the

adhesion of workpiece material at the chip-tool interface with cut-
ting speed may be the primary reason for the chip flow angle’s (4,)
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increase with cutting speed up to 100 m/min. However, f; decreases
at 125 m/min because the crater depth increases.

. The reduction of friction helped in lowering the localized strain

along the shear bands. Also, the effective stress at the beginning of
the formation of the serrated tooth is higher towards the tip for a
higher value of the coefficient of friction.

. The TiSiVN coated tool accounts for higher Vg due to the generation

of lubricous phases whereas the higher Vg for the uncoated tool in-
dicates high tool wear at the cutting speed of 125 m/min. Further, r
and 6, tend to have an inverse relationship with Vg with 125 m/min
cutting speed remaining an exception due to severe changes in tool
wear dynamics.
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