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ARTICLE INFO ABSTRACT

Keywords: Machining of titanium alloys such as Ti-6Al-4 V can be very intimidating due to their low thermal conductivity
TiSivN leading to elevated cutting temperatures at the chip-tool interface (Ict). In this regard, the self-lubrication effect
self-lubricating coating of coatings like TiSiVN represented by topography, oxidation, and diffusion at the chip-tool interface are crucial.
s;:n;:cle‘;rgughness Thus, the present work investigates the latter three mechanisms during dry machining of Ti-6Al-4 V titanium
machining alloy with uncoated and TiSiVN coated Al,03/SiC whiskers-reinforced ceramic cutting tools. The results reveal

that the adhesion height (AH) and O% increases with cutting temperature, showing the dominant influence of
cutting temperature on material adhesion and oxidation levels at the Ict. AH increases with increased cutting
speed for both coated tools, indicating that the crater depth increment was not so severe for the coated tools.
However, a drastic upward surge of crater depth for uncoated and TiSiN coated tools at 125 m/min cutting speed
makes the crater edge near the I¢r act as a chip breaker and facilitates the chip’s bending away from the tool face
causing reduction in chip bend angles (BA). Additionally, the TiSiVN coating accounts to a reduction of
approximately 23% in AH and 18% in Ti%, and 37% lower oxygen levels at the highest cutting speed when
compared to the uncoated tool primarily due to lower cutting temperatures and self-lubricating behavior.

1. Introduction

Titanium alloys owing to their favorable material properties such as
high strength-to-weight ratio, toughness, superb corrosion resistance,
and bio-compatibility, find their application in the automobile, aero-
space, and medical industries [1]. However, their low thermal conduc-
tivity, work-hardening capability during machining, and high chemical
reactivity at temperatures above 500 °C categorize them as extremely
difficult-to-cut [2,3]. The lower thermal conductivity would prevent
heat dissipation through the chips generated during machining, leading

to extreme temperatures at the chip-tool interface causing high tool
wear [4]. Further, during the machining of titanium alloys, due to the
above-discussed problems, cutting tools go through wear mechanisms
such as diffusion, attrition, adhesion, seizure, and abrasion [5,6]. Also,
the higher tendency of chemical reactivity for titanium alloys at elevated
temperatures causes a drastic increase in tool wear, thus limiting the
machining of titanium alloys at lower cutting speeds.

Researchers around the globe are primarily focused on investigating
the wear mechanism and improving the tool life of cutting tools during
the machining of titanium alloys. In this regard, Lindvall et al. [7]

Abbreviations: @,, Chip bend angle; AH,, Adhesion height; Cyy,, Crater height at chip-tool interface; Ic1,, Chip-tool interface; EDS,, Energy dispersive spectroscopy;
FESEM,, Field emission scanning electron microscope; KT,, Maximum crater depth; 0%,, Oxygen percentage; MQL,, Minimum quantity lubrication; PCBN,, Poly-
crystalline cubic boron nitride; PCD,, Polycrystalline diamond; Ra,, Average surface roughness at the chip-tool interface; Rz, Maximum peak to valley height at the
chip-tool interface; Ti%,, Titanium percentage.
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Fig. 1. Schematic representation of the DC reactive magnetron sputtering process.

Table 1
EDS elemental composition of as-deposited coatings and Ti-6Al-4 V titanium
alloy.

Element Percentage composition (at%)
Coating Workpiece material
TiSiN TiSiVN Ti-6Al-4 V alloy
Ti 41.2+ 0.8 339+ 0.6 89.6 + 0.4
Si 5.7 £0.2 5.3+0.2 0
\4 0 7.8+£0.3 4.2 £0.15
N 521 +1.1 51.3+1.2 0
o 0.6 £0.1 1.4+0.1 0.1 £+ 0.05
Al 0 0 6.1 £0.2
Table 2
Mechanical and thermal properties of Ti-6Al-4 V titanium alloy
[34].
Property (Unit) Value
Density (kg/m%) 4430
Yield strength (MPa) 880
Ultimate tensile strength (MPa) 950
Thermal conductivity (W/mK) 17
Elastic modulus (GPa) 113.8
Poisson’s ratio 0.342
Heat capacity (J/kgK) 526

presented polycrystalline diamond (PCD) and polycrystalline cubic
boron nitride (PCBN) tools as a sustainable replacement for cemented
carbide tools and revealed that tool-protective layers were formed as a
result of a reaction between tool and workpiece material. Also, it has
been reported that alumina based mixed ceramic tools with re-
inforcements like SiC whiskers owing to their superior fracture

toughness and thermal shock resistance [8], can be an effective and
economical alternative to costly PCBN and PCD cutting tools [9,10].
Further, the literature suggests that the use of lubrication or coolants can
be an effective way of reducing tool wear during machining
difficult-to-cut materials [11-15]. When considering titanium alloys,
using minimum quantity lubrication (MQL) and graphene-based
nano-fluid during machining Ti-6Al-4 V alloy helped to enhance the
machining performance by generating superior surface quality of the
machined surface. Also, it accounted for a lower friction coefficient
when compared to the dry state [16]. Gupta et al. [17] studied the
application of hybrid cryo-lubrication during turning of Ti-6Al-4 V alloy
and reported significant reduction in tool wear. Further, Eltaggaz et al.
[18] revealed that integration of nanofluids with conventional MQL
techniques accounted to lower chip-tool contact lengths and adhesion
levels. Similarly, many studies reveal the effectiveness of lubrication and
cooling during the machining of titanium alloys [3,19-21].

Further, thin-film depositions on the cutting tools such as hard
coatings like AITiN, AICrN, TiN, and low friction coatings like DLC, WC/
C can also be an effective way of improving the cutting tool durability
[22-28]. There is another class of coatings termed self-lubricating
coatings that generate lubricious phases during machining that act as
friction-reducing agents during the machining process [29]. Mainly,
adding vanadium to transition metal nitrides such as AICrSiN and TiSiN
causes rapid oxidation at elevated temperatures leading to the formation
of V,03,.1 low melting point lubricious phases resulting in the reduction
of coefficient of friction [30,31]. However, not much work has been
carried out on the application of vanadium-based self-lubricating coat-
ings during the machining of titanium alloys. The deposited thin-films
act as a protective thermal barrier and prevent heat at the chip-tool
interface by reaching the tool core due to the formation of tribolayer
[32].

Further, exploration of the chip-tool interface is a significant part of
tool wear analysis due to the movement of the chip over the tool face
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Fig. 2. Experimental setup for dry turning of Ti-6Al-4 V titanium alloy.

Table 3
Dry turning test parameters for Ti-6Al-4 V alloy.

Cutting speed (in m/min) 50, 75, 100, 125

Feed rate (in mm/rev) 0.1
Depth of cut (in mm) 0.5
Coatings TiSiN, TiSiVN

SNGN 120408 T01020 Al,03/SiC ceramic cutting tools
Ti-6Al-4 V titanium alloy
CSSNR 2525 M12-4CD

Cutting tool
Workpiece
Tool holder

causing seizure, attrition, and abrasion [33]. However, not much work
can be seen that provides a comprehensive investigation influencing the
effect of self-lubricating coatings on chip-tool interface topography. This
investigation becomes highly significant during the machining of tita-
nium alloys, where chemical reactivity is very severe at higher cutting
temperatures.

From the literature, it is evident that most researchers are concerned
about tool wear and surface integrity during the machining of titanium
alloys and provide possible solutions like lubrication, cooling, thin-film
depositions for reducing tool wear, improving tool durability, and sur-
face integrity of the machined surface. However, not much work is
targeted on the topography and wear behavior exclusively at the chip-
tool interface, which becomes very significant while machining tita-
nium alloys due to heat accumulation at the chip-tool interface as a

result of their low thermal conductivity. Thus, in the present work, the
topography and wear behavior (diffusion and oxidation) at the chip-tool
interface during dry turning of Ti-6Al-4 V titanium alloy with uncoated
and TiSiVN coated Al;03/SiC whiskers reinforced ceramic cutting tools
will be investigated. TiSiN coating would also be deposited on the
ceramic substrates which will be used as a reference for understanding
the effect of the self-lubricating behavior of TiSiVN coating.

2. Experimental methodology
2.1. Coating deposition

TiSiN and TiSiVN coatings were deposited using DC power supplies
in a TEER sputtering machine. The chamber has four cathodes uniformly
distributed in relation to the center gravity of the chamber. High-purity
Ti, Si, and V targets were used on the depositions. Before the de-
positions, the chamber was evacuated to a pressure of 7.5 x 10-6 mbar.
First, Al,03/SiC whiskers reinforced ceramic cutting inserts from
Sankvik were etched in an Ar atmosphere for 40 min, using a pulsed bias
of 650 V and a frequency of 250 kHz. During the etching time, the pair of
Ti targets were cleaned for 20 min, applying 1000 W at each one. Then,
for another 20 min, the Si and V targets were cleaned by applying a
power of 300 and 1000 W, respectively. The described process had a pair
of shutters in front of each pair of targets while etching to avoid cross-
contamination between the targets and the substrate. Fig. 1 shows the
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Fig. 6. 2D-profilometry images showing crater height (C;) and chip bend angle (@) in the I¢r for uncoated and coated Al,O3/SiC ceramic cutting tools at different
cutting speeds.
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Fig. 8. SEM topography of the CI interface showing adhesion for (a) uncoated, (b) TiSiN coated, and (c) TiSiVN coated A1203/SiC ceramic cutting tool at 50 m/min

cutting speed.

schematic representation of the coating process, whereas the elemental
composition of the as-deposited coatings obtained from EDS spectros-
copy has been listed in Table 1.

2.2. Machining tests and measurements

All the turning tests were performed on a CMZ TC25BTY CNC ma-
chine with 35 KW spindle power. The Al;03/SiC whiskers reinforced
ceramic cutting inserts with and without coating having designation
SNGN 120408 T01020 670 (manufacturer: Sandvik Coromant) mounted
on CSSNR 2525 M12-4CD tool holder (manufacturer: Sandvik Coro-
mant) were used for the turning Ti-6Al-4 V titanium alloy under dry
cutting environment. The mechanical and thermal properties of the
workpiece material have been listed Table 2 whereas the EDS elemental
composition has been shown in Table 1. The experimental setup for the
turning tests has been shown in Fig. 2. The cutting speed was varied
between 50 and 125 m/min with an interval of 25 m/min while keeping
the feed rate and depth of cut constant at 0.1 mm/rev and 0.5 mm,
respectively. The machining test parameters are shown in Table 3. The
cutting parameters have been selected based on the recommendation of
the tool manufacturer. However, higher cutting speeds are considered to
explore the improvement offered by the TiSiVN coated tool over un-
coated cutting tool. A 100 mm continuous cut was done for each test
with each repeated thrice to keep the machining errors at minimum. CT
LT 15B3 non-contact pyrometer was used to make the temperature
measurements during the machining process. The pyrometer is equipped
with the manufacturer supplied Optris Compact Connect software for
the visualization of measurements. The instrument has a fast response
time of 150 ms and an accuracy of + 1 °C. The cutting temperature was
measured by pointing the pyrometer at the cutting zone and a contin-
uous measurement was made over the length of cut. An average of the

measured temperature was considered as the final reading.

After the tests, the topography of the chip-tool interface was explored
using Sensofar 2D profilometer (model: S neox). The schematic repre-
sentation of the region under consideration and different measurements
on the chip-tool interface are shown in Fig. 3. The chip-bend angles are
measured by identifying the chip sliding marks on the tool rake surface.
The direction of chip bending is considered in relation to the major
cutting edge of the insert. The tool wear and oxidation studies were
carried out using Carl Zeiss make (model: GEMINI SEM 500 KMAT)
field-emission scanning electron microscope (FESEM) equipped with
energy dispersive spectroscopy (EDS). Raman spectroscopy analyses
were conducted, too, to characterize some oxides. The topography
evaluation was carried out using Sensoview software with version 1.6.0.

3. Results and discussion
3.1. Profilometry at chip-tool interface

Fig. 4(a) shows the variation of average surface roughness, Ra at the
chip-tool interface (Icr) with cutting speed for uncoated and coated
Al,03/SiC ceramic cutting tools. It is observed that Ra at the I¢r increase
for the uncoated tool when the cutting speed increases to 75 m/min.
However, any further increase in cutting speed causes a reduction of Ra.
Whereas, for TiSiN coated tool the Ra increases till 100 m/min cutting
speed and then decreases slightly at 125 m/min.

On the contrary, for TiSiVN coated tool Ra increases with cutting
speed till 125 m/min. This behavior of surface roughness at the I¢r is
further investigated by plotting Ra against maximum crater depth, KT,
in Fig. 4(b). KT increases drastically when the cutting speed increases for
uncoated cutting tools, whereas for TiSiN and TiSiVN coated tools, the
increase in KT with cutting speed was much more gradual till 100 m/
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min cutting speed and then a sudden increase in KT was noted at 125 m/
min cutting speed. The increased crater depth can be directly related to
the wear resistance of cutting tools with higher KT corresponding to
higher tool wear. However, increasing crater depth at some point should
cause loss of effective cutting edge and increase the crate width with the
increase of cutting speed. These complex phenomena can further be co-
related to the roughness at the I¢7. The decrease in Ra can be attributed
to the uncoated cutting tool’s loss of effective cutting edge at higher
cutting speeds. A similar trend can be seen for both uncoated and coated
cutting tools for the maximum peak-to-valley height, Ry at the I¢t (see
Fig. 5(a) and 5(b)). The coated tools offer lower surface roughness at the
Icr except at 125 m/min cutting speed. The TiSiN coated tool corre-
sponds to the lowest values of Ra till 100 m/min cutting speed. The
higher roughness for coated tools at 125 m/min cutting speed requires
further investigation.

From the above discussion, it is evident that the crater depth has a
significant impact on the roughness at the I¢r, and also it is inevitable to
understand the chip flow over the tool face to comprehend the effect of
chip movement over the tool rake face with the subsequent adhesion at
the I¢r. In this regard, Fig. 6 shows the variation of cater height, Cyy, and
chip bend angle, @ at Icr with cutting speed for uncoated and coated
tools. Also, the measured values of Cy; and @ have been plotted against
cutting speed in Fig. 7. The crater moves inside the I¢r in terms of width
and height with the growing cutting speed. A drastic upward surge of
crater depth makes the crater edge near the I¢7 act as a chip breaker and
facilitates the chip’s bending away from the tool face. Thus, the chip
bend angle reduces at the highest cutting speed of 125 m/min for the
uncoated and TiSiN coated tool.

On the contrary, for TiSiVN coated tool, the KT is much lower when
compared to the other tools, and thus, the chip bending is not so
prominent. However, the increase in @ with cutting speed for the self-
lubricating TiSiVN coated tool is very low at 125 m/min, basically due
to the drastic increase of crater depth compared to that at 100 m/min

Tribology International 186 (2023) 108604

cutting speed. The upsurge in @ with cutting speed is fundamentally due
to Cyr penetration into the Icr with the increase in cutting speed. The
lower penetration of Cy; for TiSiN and TiSiVN coated tools at higher
cutting speeds (i.e., at 100 m/min and 125 m/min) in comparison to
uncoated tools exhibits superior wear resistance for coatings with
TiSiVN coating outperforming the TiSiN coating mainly due to its self-
lubricating properties which will be discussed later.

3.2. Adhesion behavior at chip-tool interface

Another critical phenomenon at the I¢7 is seizure due to the adhesion
of the moving chips. Fig. 8 shows the adhesion behavior for uncoated,
TiSiN coated, and TiSiVN coated Al,03/SiC whiskers reinforced ceramic
cutting tools during dry machining of Ti-6Al-4 V titanium alloy at 50 m/
min cutting speed. At this lower cutting speed, both TiSiN and TiSiVN
coatings exhibit superior anti-adhesive properties with low levels of
material adhesion when compared to the uncoated tool. Also, the chip
sliding marks were prominent on all the surfaces with TiSiVN coating
showing excellent resistance to sliding basically due to lower seizure
levels and self-lubricating properties of the coating. However, under-
standing the adhesion at the Icr as a function of cutting speed is
necessary to get an apparent perception of the effect of crater height, Cyy,
and cutting temperature on the adhesion behavior. In this regard, Fig. 9
(a) shows the variation of adhesion height, AH with cutting speed for
uncoated and coated tools, respectively. AH grows drastically for the
uncoated tool when the cutting speed increases to 75 m/min and then
falls from its maximum value. The severe crater depth increment for the
uncoated tool at higher cutting speeds in combination with high chip
flow velocity due to the increase of cutting speed should bend the chips
away from the tool face [35] resulting in lower adhesion at the Ic1. On
the contrary, for both coated tools, AH increases with the growth of
cutting speed, indicating that the crater depth increment was not so
severe for coated tools. TiSiVN coated tool interestingly accounted for
extremely low levels of AH.

Fig. 9(b) shows the percentage variation of titanium (Ti%) with
cutting speed in the adhesion zones determined on the cutting tools. Ti%
has been obtained by doing EDS on the adhesion region on the I¢r with
no coating delamination to avoid interference of Ti present in the
coatings on the readings. The Ti% on the I¢7 follows the trend of AH
variation with cutting speed for both uncoated and coated cutting tools.
Also, it is interesting to note that the Ti% is higher for the uncoated tool
when compared to TiSiN coated tool at 100 m/min and 125 m/min
cutting speeds, which is mainly because of adversity of the crater depth
for the uncoated tool at these cutting speeds causing higher chip bending
accounting to lower values of @ (see Fig. 7(b)). TiSiVN coated tool
accounted for the lowest values of Ti% in the adhesion zones under all
cutting conditions. Also, the roughness zones shown in Fig. 10 indicate
that the adhesion shifts more towards the cutting edge with the
increased cutting speed due to the increased crater depth for the un-
coated tool. Further, abrasion can be seen on all the cutting tools with its
direction following the chip bend angles. The TiSiVN coating shows
signs of lower abrasion compared to TiSiN-coated and uncoated tools,
but coating delamination at the edges is observed, which is caused
basically due to the movement of chips.

On the contrary, for the tool with TiSiN coating, the adhesion zone
remains mostly towards the cutting edge, whereas for TiSiVN coated
tool, no severe adhesion can be seen. Further, when the abrasion due to
the movement of chips on the I¢r is considered, the TiSiVN coating
successfully prevents the formation of severe abrasion on the coating
compared to TiSiN coating. Also, on TiSiN coating, the prominent
abrasion marks may lead to more contact time for the chips on the I¢r
due to higher resistance to movement of chips causing high adhesion,
which is evident by higher values of AH for TiSiN coated tool.
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3.3. Effect of temperature on topography at chip-tool interface

The heat generated during machining is one of the most critical
factors affecting the Icr topography behaviour. However, it has been
reported by various researchers that an increase of cutting speed causes
an increase in cutting temperatures [36-38] which is also observed in
the present scenario. The coated tools tend to generate lower cutting
temperatures with TiSiVN coating exhibiting superior performance.
However, it is necessary to corelate cutting temperature with parame-
ters at I¢r in the present investigation. In this regard, Fig. 11 shows the
variation of chip bend angle (@), crater height (Cyy) and adhesion height
(AH) at the Icy with cutting temperature. @ increases with cutting
temperature for all cutting tools till 100 m/min cutting speed. At higher
cutting temperatures, adhesion would be higher, which would restrict
the movement of the chip in the Io. However, at 125 m/min cutting
speed, the crater depth is the dominant parameter causing the bending
of the chip away from the tool face resulting in lower chip bend angles.
Further, similarly, Cy; decreases at 125 m/min cutting speed for all
cutting tools after increasing with cutting speed till 100 m/min. The
increase in temperature would cause more seizure levels and adhesion at

the I¢y, which is evident from the Ti% and AH values (see Fig. 11(d)).
Also, the variation of AH with cutting temperature clearly shows the
dominant influence of cutting temperature on material adhesion at the
Ict. The TiSiVN coated tool exhibited low levels of adhesion and chip
bending in comparison to TiSiN coated and uncoated tools even at high
cutting temperatures basically due to i) generation of lower cutting
temperatures as a result of self-lubricating and anti-adhesive properties
and ii) formation of lower crater depth causing lower bending of chips.

3.4. Oxidation and diffusion wear

Another important phenomenon at the I¢r that can take place is the
oxidation of the tool, workpiece, and coating material. In this regard, the
oxygen percentage (O%) has been plotted against cutting speed for
uncoated and coated cutting tools in Fig. 12(a). Also, the variation of 0%
with cutting temperature has been shown in Fig. 12(b). The 0% was
considered only at the places of material adhesion or seizure to eliminate
errors due to oxygen in the cutting tool material. The 0% increases with
the increment of cutting speed for all cutting tools. The TiSiVN coating
accounts to lower oxygen levels at the Icr owing to generation of lower



C.S. Kumar et al.

N )

70 -

65 -

55 -
-=Uncoated
-=-TiSiN coated

#TiSiVN coated

Chip bend angle, @ (°)

45 -

40 T J
480 530 680 730

580 630
Cutting Temperature (°C)

Uncoated

2

Area indicating
Adhesion at 125
m/min cutting speed

Tribology International 186 (2023) 108604

-=Uncoated
-=-TiSiN coated
=TiSiVN coated

Crater height,
o
8

480 530 680 730

. 580 630
Cutting Temperature (°C)

[V
o
L

-=Uncoated

w
o
L

-=TiSiN coated

N
o
L

=& TiSiVN coated

/—_'\-

480 530 580 630 680 730
Cutting Temperature (°C)

Adhesion height, AH (um)
-
o

=
o
L

o

Fig. 11. Variation of (a) chip bend angle, @ (b) crater height, Cy; and (d) adhesion height, AH with cutting temperature & (c) Area indicating adhesion at 125 m/min

cutting speed.

B Uncoated M TiSiN coated M TiSiVN coated

Percentage of Oxygen, O in the

50 75 100 125

Cutting speed (m/min)

o 49 -
K=
=
c 44 - -wUncoated
o) -=-TiSiN coated
s 39 A «TiSiVN coated
(.
S X 34
oL
s b 29 4
&
© 24
-
c
S 19
)
&
14 T T T T T
480 530 580 630 680 730

Cutting temperature (°C)

Fig. 12. Variation of 0% in the Iy with cutting speed for uncoated and coated
cutting tools.

cutting temperatures which is followed by TiSiN coated and uncoated
tool respectively. These results also indicate the dominant effect of
cutting temperature on oxidation with higher cutting temperatures ac-
counting to higher oxygen levels.

As per the above-discussed results, TiSiVN coating exhibits superior
machining performance under all conditions, and thus, the self-
lubricating behaviour of the TiSiN coating has been studied through
elemental mapping (see Fig. 13), which may result in the reduction of
friction at the Icy and also lower abrasion on the flank face. The
elemental mapping shown in Fig. 13 clearly shows the presence of ox-
ygen along with vanadium, which is an indication of vanadium oxida-
tion that is a necessary condition for forming V-O oxides [39,40]. These
oxides form a tribolayer reducing friction [30] not only at the Iy but
also at sliding contact of the flank-workpiece interface, reducing erosion
of the tool flank. Raman analysis conducted at such debris (see Fig. 14),
indicates the presence of different oxides: rutile — TiO,, V205, and SiOo,
in good agreement with the film chemical composition. The presence of
V205 on the contact reduces friction [24] not only at the It but also at
the sliding contact of the flank-workpiece interface, thus reducing
erosion on that zone.

It has been reported by Dearnley and Grearson [41] that tempera-
tures above 800 °C initiate diffusion during the machining of Ti-6Al-4 V
titanium alloy. However, it is near to impossible to explore the It for
temperature measurement; the measured temperatures are mostly the
average in the chips. Also, the chip temperature is always 20-30% lower
than that of the interface temperature [42]. Thus, it can be assumed that
the exact interface temperature is much higher than that reported in
Fig. 11. Further, alumina-based ceramic tools provide better resistance
to thermal deterioration of the cutting tools. However, the accumulation
of heat in the cutting zone would increase due to low thermal conduc-
tivity of these tools compared to carbide tools. These extreme conditions
give rise to elevated friction levels and adhesion at the I¢r [43] and, thus,
would facilitate the diffusion of atoms from the tool to the chips and
vice-versa. In this regard, Fig. 15 shows the EDS spectrum of the
magnified SEM micrographs at the It for uncoated and coated cutting
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Fig. 14. Raman spectroscopy showing oxidation behaviour of TiSiVN coating.

tools at 125 m/min cutting speed. The EDS spectrum and the SEM im-
ages show that the chip movement causes material adhesion on the tool
rake face. Also, the presence of Al for the coated tools on the Iy indicates
the removal of tool material due to erosion from the moving chips.
However, it is not possible to confirm diffusion of tool material to the
moving chips and thus, the machined surface of the chips has been
investigated for possible diffusion of tool material (see Fig. 16). Al is
evidently present on the machined surface of the chips which validates
the diffusion process. Further, the coated tools especially with TiSiVN
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coating account to much lower diffusion which is obvious from the SEM
micrographs. On the contrary, it is very difficult to predict the amount of
diffusion on to the chips but an estimate can be made by plotting Ti% at
the I against cutting temperature (Fig. 17). The Ti adhesion on the I¢r
increases with increase in temperature for uncoated and TiSiN coated
tool. However, there is no noticeable change in Ti% with the increase of
cutting temperature. Higher adhesion in combination with elevated
cutting temperature would lead to more diffusion due to increase of
friction at the I¢t. Thus, tool with TiSiVN coating would account to
lower diffusion levels in comparison to uncoated and TiSiN coated tools.

4. Conclusions

The present investigation explores the chip-tool interface of Al,O3/
SiC whiskers reinforced cutting tools during dry machining of Ti-6Al-4 V
titanium alloy and studies the self-lubricating behaviour of TiSiVN
coating during the machining operation. From the above work, the
following conclusions can be drawn.

. Lower surface roughness at the I¢7 for TiSiN and TiSiVN coated tools
than uncoated tools indicate superior anti-adhesive properties for the
coatings. The increase of crater depth at some point causes loss of
effective cutting edge for the uncoated tool and, thus, decreases Ra
values at the highest cutting speed of 125 m/min for the uncoated
tool.

. The lower penetration of Cpy; for TiSiN and TiSiVN coated tools
compared to uncoated tools at higher cutting speeds exhibits
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superior wear resistance for coatings, with TiSiVN coating out-
performing the TiSiN coating mainly due to its self-lubricating
properties.

. The severe crater depth increments for the uncoated tool at higher
cutting speeds in combination with high chip flow velocity due to the
increase of cutting speed bends the chips away from the tool face
resulting in lower adhesion at the I¢r. On the contrary, AH increases
with increased cutting speed for both coated tools, indicating that the
crater depth increment was not so severe for the coated tools. TiSiVN
coated tool interestingly accounted to very low levels of AH. The Ti%
on the I¢r follows the trend of AH variation with cutting speed for
both uncoated and coated cutting tools. The TiSiVN coating accounts
to a maximum reduction of approximately 23% in AH and 18% in Ti
% when compared to the uncoated tool.

. The variation of AH with cutting temperature clearly shows the
dominant influence of cutting temperature on material adhesion at
the I¢c. The TiSiVN coated tool exhibited low levels of adhesion and
chip bending compared to TiSiN coated and uncoated tools, even at
high cutting temperatures. A drastic upward surge of crater depth for
uncoated and TiSiN coated tools at 125 m/min cutting speed makes

9]

o)}

the crater edge near the I¢y act as a chip breaker and facilitates the
chip’s bending away from the tool face causing reduction in chip
bend angles.

. The elemental mapping shows the presence of oxygen along with

vanadium, which is an indication of vanadium oxidation that is a
necessary condition for forming V-O oxides. These oxides form a
tribolayer reducing friction at the Iy and at sliding contact of the
flank-workpiece interface, reducing erosion of the tool.

. The wear on the I¢r is characterized by adhesion, abrasion and

diffusion. The diffusion for TiSiVN coating would be inferior due to
lower cutting temperatures, and self-lubrication offered by the for-
mation of oxides of vanadium. Further, a 37% lesser 0% at the
highest cutting speed for TiSiVN coated tool when compared to the
uncoated tool indicates reduced oxidation of the TiSiVN coating
which is supported by lower levels of AH and cutting temperatures.

From the above results, it is evident that TiSiVN coating exhibits self-

lubricating properties accounting to lower cutting temperatures, adhe-
sion height, and roughness at the Ic7. The work provides a base for future
investigation on the formation of tribolayer between the adhesion layer
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and the top surface of the coating during machining with self-lubricant
coatings. However, presence of vanadium in the workpiece material
makes it difficult to quantify the thickness of tribolayer on the coating
surface of TiSiVN. On the contrary, a good estimate of oxidation,
workpiece adhesion, and diffusion has been provided by EDS analysis on
the Icr which is sufficient to support the performance enhancement
offered by the TiSiVN coating. A transmission electron microscopy
(TEM) analysis of the cross-section at the IcT will be quite interesting to
understand the diffusion of vanadium on the top surface during
machining of materials without vanadium.
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