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Abstract

Global manufacturers strive for increased productivity, which can be achieved through high-speed machining (HSM).
Furthermore, strict government pollution control regulations have pushed for cleaner manufacturing methods. In light of the
foregoing, this work analyses the characteristics of chip formation in high-speed turning of Inconel 718 utilising PVD coated
carbide cutting tools at constant machining parameters under ideal environmentally friendly machining settings, namely dry,
water vapour, and chilled air. The chip deformation coefficient, which assists in determining the lubrication state for the
particular machining environments, has been used primarily to examine the chip formation features. Also, focus has been placed
on comprehending the effectiveness of techniques for delivering environmentally friendly cutting fluids by external nozzle or via
internal channel special tool holder. The findings demonstrate that using water vapour as a cutting fluid in machining results in a
reduced chip deformation coefficient and is therefore an environmentally beneficial solution. Due to superior cutting fluid
delivery and contact with the machining zone, the cutting fluid supply through internal channel unique tool holder is also
discovered to be favourable over external nozzle supply. Water vapour as the cutting fluid and its delivery through a customised
tool holder's internal channel together furthermore produce great results in terms of a decreased chip deformation coefficient. So,
using the same can be a good strategy for green production.
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1. Introduction

The popular nickel-based superalloy, Inconel 718, finds wide usage primarily in aerospace industry particularly in
the hot sections of gas turbine engines, as well as in marine equipments, nuclear reactors, petrochemical plants and
food processing equipments due to its superior high-temperature strength, corrosion resistance and low thermal
conductivity [1-3]. However it is also classified as one of the most difficult-to-cut material due to the properties like
rapid work hardening causing tool wear and poor thermal conductivity leading to high cutting temperatures which
leads to its poor machinability [1, 4]. The energy consumed in turning is largely converted into heat [5] and majority
of the problems during machining are thus the result of the subsequent high temperatures associated with it. The
control over this for enhancing machining performance can be best exercised through appropriate machining
environment by proper selection and application of cutting fluids. However, use of conventional cutting fluids have
caused problems like high cost, pollution, and hazards to operator’s health and thus have challenged researchers to
search for some suitable eco-friendly alternatives. Manufacturers are also under dual duress of higher production rate
and reduced costs, the primer of which to some extent can be addressed through high-speed machining.

Apart from the vast surface integrity explorations, attempts have been also made in the past to understand the
lubrication mechanics and chip formation aspects in machining of Inconel 718. Few of the same focussed
particularly on chip formation aspects in turning of Inconel 718 wherein the effect of different cutting environments
such as dry [6], wet [7], cooling air minimum quantity lubricant (CAMQL) [6], high pressure coolant jet [7, 8], and
cryogenic cooling [5] on the chip formation mechanics have been studied by the researchers. In an attempt of green
machining, a new and pollution-free cutting technique with water vapour as coolant and lubricant was proposed by
Podgorkov and Godlevski [9]. However very few research investigations have subjected attention on water vapour
as a coolant and lubricant as in machining of steels [10, 11], titanium alloy [12] and Inconel 718 [13, 14]. Primarily
it has been revealed that minimum tool wear and maximum tool life can be obtained by water vapour as a coolant
and lubricant in machining [9-11, 13].

It is thus learnt that most of the work on machining of Inconel 718 has been confined to machining environments
like dry, wet, MQL, cryogenic cooling, etc. However use of water vapour as a cutting fluid especially in machining
of Inconel 718 has received negligible attention. Further the focus on usage of completely eco-friendly cutting fluids
on a comparative basis is again limited. Also the delivery method of cutting fluid from efficacy point of view is also
not keenly explored. Hence keeping this in view, the present paper discusses the experimental study to analyse
mainly the effect of completely eco-friendly machining environments of dry, water vapour and chilled air on the
chip formation aspects so as to understand the lubrication/cooling mechanics in high speed turning of Inconel 718.
The effectiveness of the method of delivering the cutting fluid to the machining zone especially in case of water
vapour and chilled air machining environments is also investigated.

Nomenclature

Ve cutting speed

f feedrate

ap depth of cut

4 chip deformation coefficient
te chip thickness after cut

ty uncut chip thickness

Ky principal cutting edge angle
Vi chip flow velocity

2. Experimental work
Considering the present trend of manufacturers’ drift towards sustainable manufacturing due to governmental

pollution control norms, consumer awareness and corporate social responsibility, it was decided to primarily focus
on machining environments which are completely eco-friendly. Thus completely eco-friendly machining
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environments chosen were dry, water vapour and chilled air. These machining environments are eco-friendly from
the product cum process perspectives. From product point-of-view, these machining environments do not leave any
residue on machined components thus eliminating additional cleaning requirement and further the scrap in the form
of chips is also residue free thus permitting for direct recycling without any prior treatment as in case of
conventional flood cooling machining. From process point-of-view, these machining environments do not
contaminate the workspace envelope of the shop floor and thus provide safe healthy working conditions to operator.
Also the machining regime was chosen as the finish-turning of Inconel 718. Considering this all above, the turning
of Inconel 718 was carried out at constant optimal machining parameters, viz. cutting speed (V.) of 140 m/min,
feedrate (f) of 0.13 mm/rev, and depth of cut (a,) of 0.5 mm, under the specific eco-friendly machining
environments [15]. Further the method of cutting fluid delivery for the machining environments of water vapour and
chilled air was through external nozzle and through internal channel of special tool holder. The experimental test
matrix is shown in Table 1. The response variable selected to assess the machining performance in terms of chip
formation aspects as well as lubrication/cooling aspects was chip deformation coefficient.

Table 1. Experimental test matrix.

Expt. Machining Parameters Machining Environments
No. Ve, T, &) (Cutting Fluid)
Dry (No cutting fluid)

1

2 Water Vapour -1 (Supplied through external nozzle)
3 Water Vapour-2 (Supplied through tool holder)
4

140 m/min, 0.13 mm/rev, 0.5 mm  Chilled Air-1 (Supplied through external nozzle from
low pressure vortex Tube)

5 Chilled Air-2 (Supplied through external nozzle from
high pressure vortex tube)
6 Chilled Air-3 (Supplied through internal tool holder

from high pressure vortex tube)

Fully annealed Inconel 718 cylindrical bar specimens having 25 mm diameter and 100 mm length were used as
work material. The chemical composition of Inconel 718 was Ni 54.95, Cr 17.90, Fe 16.54, Nb 4.85, Ti 0.92, Co
0.92, Al 0.52, Si 0.08 and C 0.03. PVD-TIAIN coated carbide inserts with specification CNMG120408MS and
grade KCU10 manufactured by Kennametal were used as cutting tools. The tool holder used for clamping the insert
was PCLNL2525M12 (make Widax) for dry machining and when cutting fluid was supplied through external
nozzle. However when supplying cutting fluid internally through channel of tool holder, special
PCLNL2525M12HP (make Sandvik) was utilized.

The turning experiments were performed on precision CNC lathe (make Micromatic Ace, model Jobber XL). For
machining environment of water vapour, supply of water vapour as cutting fluid to the machining zone was with the
help of an external steam generation device. Provision for supply of water vapour was through hose and further
through external nozzle or special tool holder, depending on the adopted method. The chilled air was supplied
through low pressure and high pressure vortex tubes, the latter one being through external nozzle and special tool
holder. All the experiments were performed with a prior skin cut of 1 mm and fresh cutting tip. Post experimentation
the chips were carefully collected and the chip thicknesses (t;) of the same were measured using tool maker’s
microscope (make Mitutoyo, model TM505). Then the chip deformation coefficient was found out using below [16],

C=" )

tu

where, = chip deformation coefficient, t. = chip thickness after cut and t, = uncut chip thickness.
The uncut chip thickness can be calculated from [17],

t, =f-sinK, 2)

where, f = feedrate and sinK, = 95° (principal cutting edge angle).
All the experiments were replicated and re-measurements were done to validate the data.
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3. Results and Discussion

Chip deformation coefficient () is one of the most important parameter to describe the lubrication status in
machining [10, 11]. The effect of various machining environments as well as cutting fluid supply method on chip
deformation coefficient is shown in Fig. 1. It can be seen that the machining environment plays a crucial role as the
cutting fluid seems to notably affect the chip deformation coefficient.
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Fig. 1. Effect of machining environment cum cutting fluid delivery method on chip deformation coefficient.

The highest value of chip deformation coefficient was observed in the case of dry machining while the same was
comparatively lower for the water vapour and chilled air machining environments. It is well known that chip
deformation coefficient also depends on cutting velocity and chip velocity as per below [18],

®)

where, V. = cutting velocity or speed and V¢ = chip velocity or chip flow velocity.

It is to be noted that in all cases the cutting speed (along with feedrate and depth of cut) is constant. Thus
considering dry machining, for fixed cutting speed but lower chip velocity led to higher chip deformation
coefficient. The lower chip velocity in dry machining can be attributed to the null lubrication due to the absence of
cutting fluid. Thus the chips formed and moved slowly as they had to pass over the tool surface under heavy friction
and as a result also became thick. As a result higher chip thickness and lower chip velocity led to higher chip
deformation coefficient as can be inferred from equation (1) and (3).

Further considering the water vapour machining environment, lower chip deformation coefficient values are seen.
This can be attributed to the better lubrication aspects of the water vapour which is also in well agreement with [9-
11]. Water vapour has excellent penetrability and it forms a low shearing strength lubrication film which reduces the
friction at tool-work and tool-chip interface thus leading to higher chip flow velocities as well as lower chip
thickness. Considering the method of supply of cutting fluid, when water vapour was supplied through internal
channel of special tool holder (Water Vapour-2) as against external nozzle (Water Vapour-1), the chip deformation
coefficient appreciably reduced. The special tool holder permits supply of water vapour sufficiently close to the
machining zone in a more efficient manner. Thus the water vapour has comparatively even better access to the tool-
work and tool-chip interface providing necessary lubrication conditions. Also the focussed jet helps in driving away
the chips from the machining zone and further reducing the friction at tool-chip interface.

Comparatively more or less intermediate values of chip deformation coefficient were evident for chilled air
machining environment. This is because the primary function of using chilled air as cutting fluid is to provide
desirable cooling characteristics at the machining zone. However, when considering chilled air supply from low
pressure vortex tube (Chilled Air-1) with high pressure vortex tube (Chilled Air-2), the later led to slight reduction
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in chip deformation coefficient which can be again due to slight improvement in chip flow velocity. When chilled
air is supplied from high pressure vortex tube, the high air pressure generates a partial film or cushion thus
separating chip from tool surface and relatively increasing its flow velocity. Further, when the chilled air was
supplied through internal channel of special tool holder (Chilled -3), the generated film or cushion due to air is
slightly more effective due to the effective cutting fluid delivery characteristics of the tool holder as discussed
earlier. Hence an additional marginal lowering of chip deformation coefficient is observed (Chilled -3).

4, Conclusions

The results of the experimental inquiry are as follows.

* The chip deformation coefficient is greatly influenced by the machining environment as well as the
method used to distribute the cutting fluid.

Due to lack of lubrication, dry machining results in a greater chip deformation coefficient.

* By taking into account the usual machining environments, it was discovered that the water vapour
supplied as cutting fluid was generally effective since, due to its improved lubricating properties, it led to
a comparatively lower chip deformation coefficient.

* Cooled air reduced chip deformation coefficient values when compared to dry machining, however
despite being more environmentally friendly, it was less efficient than water vapour due to its inability to
lubricate.However, supply of cutting fluid (water vapour or chilled air) through special tool holder was
appreciably efficient in getting lower chip deformation coefficient on account of effective delivery of
cutting fluid to the machining zone.

From amongst the explored totally ecofriendly machining environments, water vapour stands out to be the

best eco-friendly cutting fluid thus making it a suitable approach towards green manufacturing.
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