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The present work investigates the performance of TiAlSiVN coating with 5 and 11 at% of V concentration
deposited on the Aly03/SiC cutting tools during dry turning of austenitic 316 L stainless steel. The maximum
flank wear reduction compared to the uncoated tool for coated tools with 11% and 5% V concentration was 85%
and 67%, respectively. The Raman analysis indicated the formation of V,Os in the cutting zone, which helps to
reduce friction and machining forces for the coated tools. Overall, the presence of higher V content (11 at%)

enhances the self-lubrication behaviour of the TiAlSiVN coating, accounting to lower fluctuations in cutting
forces, superior surface finish, and lower flank wear when compared to the TiAlSiV5N coated and uncoated

cutting tools.

1. Introduction

The machinability of austenitic stainless steel has many challenges
due to its low thermal conductivity and work hardening behaviour,
leading to high machining forces and cutting temperatures, aggregated
tool wear, and higher adhesion, causing built-up-edge formations [1,2].
However, austenitic stainless steel offers advantages such as superior
corrosion resistance and high mechanical strength, making it suitable
for different demanding applications [3]. One of the most prominent
solutions for improving the machinability and cutting tool durability
adopted during machining austenitic stainless steel is the use of cutting
fluids, which would help reduce cutting temperatures and friction [4].
Although cutting fluids provide various advantages during machining,
they are not sustainable at higher cutting temperatures [5-7]. They may
be hazardous due to their non-biodegradable nature and generation of
metal fumes at higher temperatures [8]. Further, the cutting fluids can
change the machined surface’s properties due to sudden temperature
changes.

Thin-film depositions on the cutting tools have proved very effective
in improving their performance by providing enhanced wear resistance,

reduction in friction, and higher chemical and thermal stability [9-11].
It has been reported that the CVD and PVD coatings on cemented carbide
inserts helped improve the durability of AISI 316 L austenitic steel
cutting tools and simultaneously helped reduce material transfer and
built-up-edge formations [12]. In addition, Das and Ghosh [3] revealed
that a near-dry approach with a TiAlSiN nanocomposite coating
deposited on carbide end mills effectively reduced tool wear during
machining austenitic stainless steel. The TiAISiN coatings, due to their
enhanced oxidation resistance and superior hardness, are well suited for
adverse machining conditions like high-speed machining [13,14].
Further, superior chemical stability at high temperatures makes it highly
suitable for machining reactive materials [15] even under dry-cutting
conditions [16].

The beneficial effect of coatings can be further improved by using
novel self-lubricant coatings that generate lubricous phases during
machining in the form of a tribolayer (TiO,, V205, WOs3, etc.) [17-19]
that could reduce friction at the chip-tool interface during machining.
The vanadium-based self-lubricating coatings have recently gained
popularity due to their rapid oxidation, leading to the generation of
lubricous V305 in the cutting zone [20]. Further, TiAlSiN coating has
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Fig. 2. Experimental setup for turning austenitic 316 L steel.

Table 1
Turning test conditions.
Cutting speed (m/min) 200 250 300 350
Depth of cut (mm) 0.5
Feed rate (mm/rev) 0.1
Cutting tools Uncoated Al,03/ Al;053/SiC tool with TiAISiVN
SiC coating

proved very effective during adverse machining conditions due to its
high chemical and thermal stability, superior hardness, and enhanced
wear resistance [21-24]. This behaviour can be attributed to the for-
mation of nanocomposite structure with TiAIN acting as a reinforcement
within the SigN4 matrix, which leads to the development of a harder
coating in comparison to TiAlIN, AITiN and AICrN conventional com-
mercial coatings [23-26]. However, their friction is significantly high,
even when applying liquid lubrication. Al-Rjoub et al. [27] studied the
influence of V additions on the morphology, structure and oxidation
resistance of coatings as a tentative solution to produce self-lubricant
coatings that could work without liquid lubrication. Oxidation results
revealed the formation of a V205 phase on the surface of the coatings,
which indicates the possibility of reducing friction in sliding contacts
and avoiding the use of liquid lubrication.

The literature indicates that machinability and durability studies
have not been performed on austenitic stainless steel with self-
lubricating thin-film depositions on the cutting tools. Also, in-
vestigations on the application of novel TiAlSiVN coating have yet to be
performed extensively. Thus, in the present work, the performance of
TiAlSiVN coating will be studied during the dry turning of austenitic
316 L steel. Also, the effect of self-lubrication offered by the coating with
varying V content will be investigated.

2. Methodology

The experimental methodology involves the deposition of vanadium-
based TiAISiN coatings on the Al,O3/SiC whiskers reinforced mixed
ceramic cutting tools. The machining performance was then performed
in two passes to understand the performance of coatings more precisely.
The detailed process has been elaborated below.

2.1. Coating deposition

The machining inserts were coated with TiAISiVN films with 5 at%
and 11 at% of V concentration using DC reactive magnetron sputtering
system. The V concentration was selected considering the oxidation
resistance of the coatings. Very high concentrations of V in the coating
are not favourable since they lead to fast oxidation of the coatings and
degradation of the mechanical properties. Further, very low V content,
like 1-2%, would provide no beneficial effect since a limited amount of
V-0 phase is produced in the contact and consequently will not provide
adequate lubrication. However, increasing V concentration reduced
hardness and elastic modulus [27]. Thus, selecting a V concentration
that is neither too low nor too high would be appropriate for investi-
gating the effect of the amount of V in TiAISiN coating during
machining. Inside the chamber, there were two perpendicular cathodes
with Ti and Cr targets (150 x150 x 8 mm, purity (99.9%)). The 20
regularly spaced, 10 mm-diameter holes on the Ti target were filled with
six Si and seven Al pellets, while the remaining holes were filled with
three and six V-pellets to create two coatings with varying V
concentrations.

The substrate holder, placed in the centre of the deposition chamber
and vacuumed to an initial pressure of 3 x 10~* Pa, held the machining
inserts in place. After that, they were etched in an Ar environment for 40
min at a frequency of 250 kHz and a pulsed bias of — 230 V, while the
two targets were shuttered and sputtered for 20 min. By delivering a
power density of 5.3 W/cm? to the Cr target, regulating the deposition
pressure to 0.3 Pa, and supplying a pulsed bias voltage of — 80 V to the
substrate’s holder for 5 min, a Cr adhesive interlayer was formed. Next, a
gradient layer was deposited by gradually raising the N flow from 0 to 45
scem for 5 min, gradually lowering the power provided to the Cr target
until it was switched off, and applying a power density of 6.7 W/ em? to
the Ti target. Pressure of final deposition was 0.5 Pa. The gradient layer
was immediately followed by the final coats. All layers of the coatings
were deposited in the rotation mode with a rotation speed of 20 rota-
tions/min. The deposition time of the main coatings was fixed to 90 min.
The schematic representation of the deposition setup is shown in Fig. 1.
After the coating deposition, the coatings were characterized for adhe-
sion, oxidation, Young’s modulus, hardness, chemical composition,
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Table 2
Surface morphology, cross-sectional morphology, chemical composition, and mechanical properties for TiAlSiVN coatings with varying V content.
Coating TiAISiV5N TiAISiVIIN
Chemical composition (at%) N- 47 N- 45
Al-12 Al-11
Si- 9 Si- 9
Ti- 27 Ti- 24
V-5 V-11.0

Morphology (Cross section and Surface) As deposited
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Hardness (GPa) 32+2 30+2
Young’s modulus (GPa) 306 +7 290 +13
Adhesion critical load Lel - first coating cracking (N) 50 + 3 60 + 2
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Weight gain due to oxidation (mg/cm?) at 700 °C for 30 min 0.15 0.17
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Fig. 3. Variation of cutting force with cutting speed for (a) Al,03/SiC uncoated, (b) TiAISiV5N coated, and (c) TiAlSiV11N coated tools for two passes. (d) Variation
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Fig. 4. Variation of coefficient of friction with cutting speed.
cross-sectional morphology, and surface morphology.

2.2. Turning tests

The turning tests were performed with uncoated, and TiAlSiVN-
coated Al;O3/SiC tools with 5% and 11% vanadium content. The tests
were performed in two passes under a dry cutting environment to un-
derstand the effect of V% on machining. Austenitic stainless steel with
grade 316 L (Length: 500 mm and diameter 100 mm) was used as a
workpiece for all cutting tests. Each pass involved a cutting length of
100 mm. The turning tests were repeated three times to maintain
machining accuracy. The machining setup is shown in Fig. 2, whereas
the machining conditions are listed in Table 1.

2.2.1. Measurement
During the cutting tests, the machining forces were measured using
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Kistler four-component piezoelectric dynamometer. The temperature
measurements were also made during the cutting tests using an Optrics
non-contact pyrometer with a resolution of 15:1 and measurement ac-
curacy of £ 1° (CT LT 15B3 pyrometer). The pyrometer was pointed at
the cutting tool near the tool-workpiece contact zone, and the temper-
ature was recorded till the end of the cutting test. A mean was taken for
evaluating a single average cutting temperature. The emissivity of the
workpiece material has been set from the literature [28]. Although
continuous measurements were made during tests, both forces and
temperature measurements were averaged during each pass. After each
pass, the surface roughness (Rp) was measured on the machined surface.
The surface roughness measurements involved taking readings at ten
different locations, and a mean value was taken to find the average
surface roughness, which was used for comparison purposes. An optical
microscope attached to the machine has been used to take the flank and
crater wear images during the machining process.

2.2.2. Analysis
The measured machining forces were used to calculate the coeffi-

cient of friction as per the equation elaborated by Ozel [29].

F
Pap = Jaeesereeresmsessnecnisne (€D
Where
F=F +Ftana............................ (2)
R=F,—FgtanQ............................ 3)

Fo=2/F24+F* . (O]

In Egs. (2-4), Fy represents cutting force, Fx represents feed force, Fz
represents thrust force, Fxz represents equivalent thrust force, and a
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Fig. 5. Variation of surface roughness with cutting speed for (a) Al,03/SiC uncoated, (b) TiAlSiV5N coated, and (c) TiAlSiVI11N coated tools for two passes. (d)

Variation of two-pass average surface roughness with cutting speed.
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Variation of two-pass average cutting temperature with cutting speed.

represents orthogonal rake angle. An orthogonal friction calculation
system has been used as an oblique cutting system is more complicated
to evaluate. Further, the difference in calculated friction coefficients
remains 5-6% with the same trend for orthogonal and oblique calcula-
tions [30]. Tool wear behaviour was investigated using scanning elec-
tron microscopy (SEM). Energy dispersive spectroscopy (EDS) has been
used to study material adhesion and elemental mapping on the wear
zones. Raman spectroscopy has been used to identify the oxides in the
adhesion zones on the TiAlSiVN coated and uncoated cutting tools.

3. Results and discussions
3.1. Structure, mechanical properties, and oxidation behaviour

Prior to the machining tests, the coatings deposited on the cutting

tools were characterized for structure, mechanical properties, coating/
substrate adhesion strength, and oxidation behaviour. As presented in
Table 2, the coatings displayed a sub-stoichiometric composition since
the metallic-to-N element ratio (Ti +Al + Si + V)/N is higher than 1. The
TiAlSiV5N coating exhibits higher values of H and E than TiAlSiV11N,
due to the pronounced substitutional solid solution effect, of V in the fcc
lattice occurred in the former coating. The columnar morphology of
both coatings was dense and compact, reaching from the adhesive
interlayer to the coating’s upper surface. The coating’s adhesion at 11%
V concentration was found to be somewhat better than that of the
coating at lower V concentrations. As the V content rises from 5 to 11 at
%, the coating’s oxidation resistance and onset point both deteriorate.
The rapid V diffusion to the surface, which prevents the creation of
protective oxide layers, is what causes this deterioration. V-O-rich
phases occur on top of the oxide layer.
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elemental mapping of the cutting zone for TiAlSiV5N coated tool.
3.2. Forces and friction

Fig. 3 shows the variation of cutting force with cutting speed for
TiAlSiV5N and TiAlSiV11N coated, and uncoated cutting tools. Also, in
Fig. 3(a), (b) and (c) variation of cutting forces are shown with each
pass. The cutting force reduces with increase of cutting speed which may
be due to thermal softening of the workpiece [31], induced by growth in
chip sliding velocity with cutting speed [32]. The two-pass machining
used in the present work does not necessarily affect the cutting force and
they remain within the deviation range. Interestingly, the decrease in
cutting forces for the TiAlSiV11N coated tool is minimal with cutting

speed. Also, the deviation in cutting forces is minimum during
machining with TiAlSiV11N coated tool. Both the TiAlSiV5N and TiAl-
SiV11N coated tools showed significant reduction in two-pass average
cutting force (Fyr) (a maximum of 27% for TiAlSiV5N and 34% for
TiAlSiV11N coated tools) in comparison to the uncoated cutting tool
(see Fig. 3(d)). This reduction can be due to the lower tool wear for
coated tools. Also, generation of lubricious phases of V, such asV,0s5 can
be the reason for reduced machining forces as suggested Kumar et al.
[18]. This phenomenon will be later elaborated through SEM and
Raman analysis. In this regard, Fig. 4 shows the variation of coefficient
of friction (u,,) with cutting speed. It is evident from the results that the
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marked region 1 in Fig. 11(a), (c) magnified SEM image of marked region 2 in Fig. 11(a), (d) magnified SEM image of marked region 3 in Fig. 11(b) and (e) EDS

elemental mapping of the cutting zone for TiAlSiV11N coated tool.

coated tools help in reducing the apparent friction at the chip-tool
interface with TiAISiV11N tool showing maximum reduction. Also, an
increase in frictional coefficient can be seen with cutting speed indi-
cating increase of tool wear with cutting speed.

3.3. Surface roughness

Fig. 5 shows the variation of average surface roughness with cutting
speed. Also, the surface roughness has been measured after each pass

and has been plotted against cutting speed in Fig. 5(a), (b), and (c) for
uncoated, TiAlSiV5N coated, and TiAlSiV11IN coated cutting tools
respectively. It is observed that the surface roughness always increases
for the second pass indicating progressive increase of tool wear. On the
contrary, TiAlISiV11N coated tool showed minimal change in surface
roughness for the second pass till 300 m/min cutting speed. However, a
significant rise in surface roughness in the second pass is seen at 350 m/
min demonstrating loss of beneficial effect of lubrication offered by the
coating (see Fig. 6(a)). Nevertheless, when the two-pass average (Rat) is
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compared, the TiAlSiVN coated tools exhibit remarkable decrease in
overall surface roughness with TiAISiV5N and TiAlISiV11N coated tools
showing an approximate maximum decrease in surface roughness of
60% and 66% respectively (see Fig. 6(b)). The percentage decrease in
surface roughness decreases with cutting speed for the coated tools.
Although, TiAlSiV11N coated tool showed an increase in percentage
reduction which may be attributed to the lower friction and higher V
content resulting in more lubricious phases in the cutting zone.

3.4. Cutting temperature

The measured cutting temperatures for each pass at the cutting zone
have been plotted against cutting speed for TiAlSiVN coated and un-
coated cutting tools in Fig. 7. The cutting temperature increases for all
the cutting tools till 300 m/min cutting speed. However, at 350 m/min
cutting speed, the cutting temperatures decrease due to severe thermal
softening causing ease of material removal from the workpiece. Also,
higher tool wear causes a loss of[33] effective cutting edge which can
also be a cause of reduced cutting temperatures. Further, the change in
cutting temperature between passes shown in Fig. 8(a) is not very high,
basically due to the combined effect of thermal softening and subsequent
work hardening developed due to the machining-induced stresses [34].
Also, TiAlSiVN coated tools results in reduction of cutting temperatures
basically due to lower friction. However, this reduction decreases with
increase of cutting speed (see Fig. 8(b)) indicating diminishing of
favourable lubrication offered by coated tools with cutting speed.

3.5. Crater wear

The crater wear was observed using optical microscopy during each
pass for both the TiAISiVN coated and uncoated cutting tools. However,
the abrasive crater wear was on the lower side for both uncoated and
coated tools with only significant effect on the tool face being the
adhesion wear. Thus, the tool wear on the rake surface has been elab-
orated using SEM images of the rake surface at the maximum cutting
speed of 350 m/min. The crater wear has been categorized in two
different zones: Zone 1 representing a region near the cutting edge
which is basically formed due to abrasion and Zone 2 formed due to
contact of tool and the chips accounting to adhesion. In this regard,
Fig. 9 illustrates the SEM micrographs showing wear on the rake surface
of Aly03/SiC uncoated cutting tool after machining at 350 m/min cut-
ting speed. The wear in Zone 1 is characterized by abrasion and severe
adhesion and oxidation of workpiece material which is evident from the
EDS elemental mapping shown in Fig. 9(e). There is layered deposition
of the workpiece material on the tool face. The movement of chips on
this layered deposition led to the attrition of the tool material which can
be seen in form of tool fragments in Zone 1. In Zone 2, the wear is
characterized by chip sticking, adhesion, and formation of lamellar
debris.

On the contrary, for the TiAlSiV5N coated tool, the wear in Zone 1
(see Fig. 10) is less severe in terms of adhesion and the tool is clearly
visible, which is also evident from the elemental mapping shown in
Fig. 10(e). Although, a complete delamination of coating is seen in Zone
1, the edges of Zone 1 clearly indicate more gradual abrasive wear on the
coating surface. Further, the size of Zone 1 is also reduced due to the
deposition of TiAlISiV5N coating. It is evident that coating delamination
is the main cause of coating failure, however, adhesion and chip sticking
in Zone 2 for TiAlSiV5N coated tool are minimal illustrating superior
anti-adhesive properties for the coating when compared to the Al,03/
SiC tool material. Additionally, the EDS elemental mapping shows signs
of oxidation of coating and tool material.

When the wear in Zone 1 for the TiAlSiV11N coated tool (see Fig. 11)
is analysed, not only the adhesion is on the lower side but also the size of
Zone 1 is smaller when compared to the TiAISiV5N coating. The increase
in V content has shown improvement in frictional behaviour in the
cutting zone which is reflected in the wear behaviour on the rake
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surface. Further, coating delamination has reduced basically due to su-
perior coating/substrate adhesion strength for coating with 11% V. In
Zone 2, the adhesion is even lower than the TiAlSiV5N coated tool.
Further, like TiAISiV5N coated tool, the EDS elemental mapping shown
in Fig. 11(e) displays signs of oxidation of coating and tool material.

3.6. Raman analysis

The oxides formed on the top of the tool and coating material has
been further investigated through Raman spectroscopy which has been
shown in Fig. 12. The phases marked in the plotted spectrum have been
identified from already published literature [35-41]. In the spectrum of
uncoated tool, the presence of Fe;O3 and CrOs3 indicate oxidation of
workpiece material whereas, the presence of SiO, indicate the oxidation
of tool material. Similarly, for the coated tools, the presence of Fe;O3
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indicates the oxidation of workpiece material, and the presence of TiO,,
SiOg, and V505 indicates the oxidation of tool and coating material. Both
coated tools show the presence of V,0s in the cutting zone, which is
reported to be a self-lubricant phase beneficial for reducing friction [42,
43]. Thus, it is evident from the Raman analysis that the generation of
V205 lubricious phase in the cutting zone helps to reduce friction, as
reported in Section 3.2.

3.7. Flank wear

The measured flank wear has been plotted against cutting speed in
Fig. 13. Also, the progression of flank wear between passes has been
plotted. The flank wear increases with cutting speed for all the cutting
tools. Evidently, a growth of flank wear is seen in the second pass
showing its progressive increase over time. Interestingly, the fluctuation
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of flank wear is on the lower side for the TiAlSiV11N coated tool,
basically due to the reduction in friction offered by the coating, which
accounts for lower fluctuations in machining forces during the cutting
operation. Further, the coated tools have shown a significant flank wear
reduction when compared to the uncoated tool with TiAlSiV11N
coating, showing the maximum reduction (see Fig. 13(d)). Further, the
percentage change in flank wear shown in Fig. 14(a) is random over
passes and does not follow any trend. However, the percentage reduc-
tion in flank wear (see Fig. 14(b)) offered by the TiAlSiVN coated tools
increases with increase of cutting speed. The increase of temperature
with cutting speed may be one of the reasons leading to elevated
oxidation of coating and higher V505 lubrication phases in the cutting
zone. The higher lubricious phases in the cutting zone reduce friction
and, thus, improve the amount of flank wear reduction for coated tools.
For the same reason, coating with 11% V content accounts for more
flank wear reduction (a maximum of approx. 85%) and generation of
more lubricious phases in the cutting zone when compared to the

coating with 5% V content (a maximum of approx. 67%).

The flank wear study has been further elaborated through SEM im-
ages of the flank surface after machining at 350 m/min cutting speed in
Fig. 15. The flank wear on the cutting tools is characterized by adhesion
and abrasion. Alike wear on the rake surface, the adhesion on the coated
tools is on the lower side. Additionally, on the uncoated tool, abrasion
leads to chipping towards the cutting edge.

4. Conclusions

In the present work, the effect of V content on the performance of
TiAISiVN coating during dry machining of austenitic 316 L steel has
been investigated. The presented results lead to the following

conclusions:

1. The variation in cutting force over subsequent passes in minimal.
However, the TiAlSiV11N coated tool accounted to lower
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fluctuations in the cutting forces basically due to reduced friction
when compared to the uncoated and TiAlSiV5N coated tool.
Machining with TiAlSiVN coated tool led to noticeable reduction in
surface roughness values when compared to the uncoated tool. For
TiAlSiV11N coated tool, the change in surface roughness over sub-
sequent passes was negligible till 300 m/min cutting speed and then,
it increases at 350 m/min indicating higher tool wear.

2. TiAlSiVN coated tools result in reduction of cutting temperatures
basically due to lower friction. However, this reduction decreases
with increase of cutting speed indicating diminishing of favourable
lubrication offered by coated tools with cutting speed.

3. The deposition of TiAlISiVN coating on the cutting tools prevented
not only severe adhesion near the cutting edge but also fragmenta-
tion of tool material due to attrition in Zone 1. Whereas in Zone 2,
coated tools exhibited minimal chip sticking and adhesion. TiAl-
SiV1IN coating accounted to lower coating delamination when
compared to the TiAlSiV5N coating owing to its better coating/
substrate adhesion strength.

4. Raman analysis shows the presence of Fe;O3 and CryO3 indicating
oxidation of workpiece material, whereas the presence of TiO2, SiO»
and V305 represents oxidation of tool and coating material. The
presence of V505 proves the lubricous effect produced by the TiAl-
SiVN coating during the machining operation.

5. The higher the lubricious phases in the cutting zone, the lower the
friction. Therefore, coating with 11% V content accounts to a
maximum flank wear reduction of 85% when compared to the 67%
reduction offered by coating with 5% V content.
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