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Heat resistant alloys such as Inconel 718 present challenges to manufacturing industries

during its machining. Machinability of such alloys can be improved using smart cutting

conditions. Further, to seek improvements in the machinability of Inconel 718, this assess-

ment evaluates industry-relevant machinability indicator, i.e., tool wear in terms of both

flank and crater wear under indigenously developed cryogenic turning technique and com-

pares  the results with conventional dry and wet turning techniques. Experimental results

show  a massive improvement (133%) in tool life under cryogenic turning as compared with

the  dry turning. However, tool life obtained under wet and cryogenic turning is comparable.

In  the second part of this paper, industry-relevant machinability indicators namely energy

consumption, chip reduction coefficient (CRC), and average surface roughness (Ra) were crit-

ically examined at different material removal rates (MRR) for turning of Inconel 718 under

different cutting environments. A total 24 number of experiments were designed using full

factorial considering two levels of cutting speed (vc) i.e., 45 and 60 m/min, four levels of feed

(fr) i.e., 0.03, 0.06, 0.12, and 0.24 mm/rev, and three cutting conditions (dry, wet, and cryo-

genic). The results show that energy consumption in cryogenic turning reduced up to 8–17%

when compared with dry and wet turning. Ra values for cryogenic turning also reduced up

to  20–37% in comparison to dry and wet turning at various MRR. Improved tool life, reduced

energy consumption, and Ra values obtained under cryogenic turning echo its potential to
replace unsustainable conventional machining practices.
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Nomenclature

ap Depth of cut (mm)
CRC Chip reduction coefficient
FEM Finite element modeling
fr Feed (mm/rev)
MQL  Minimum quantity lubrication
MRR  Material removal rate (mm3/s)
Ra Average surface roughness (�m)
SEM Scanning electron microscope
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et al. [30] proposed finite element modeling (FEM) to pre-
vc Cutting speed (m/min)

.  Introduction

igh-performance alloys, for instance, Inconel 718 are used
or the manufacturing of critical components for aero, marine,
nd defense industries. These materials are especially used
n hot sections of turbines and engines [1,2]. This is mainly
ue to their low thermal expansion coefficient and the ability
o maintain strength even at high temperatures [3,4]. How-
ver, Inconel 718 is categorized as a hard-to-cut material. It
s because of its distinct characteristics such as high strength,
oor thermal conductivity, and work hardening tendency [5,6].
he high strength of Inconel 718 results in a high magni-

ude of stress during machining. High stresses in the cutting
one cause high temperatures. Poor dissipation of heat from
utting region owing to the low thermal conductivity of the
ickel alloys leads to heat accumulation [7,8]. Gathering of
eat in the cutting region leads to work hardening of material
nd accelerates chemical reactivity between workpiece and
utting tool. This phenomenon results in a rapid tool wear
uring the machining of Inconel 718 [9]. Hard abrasive par-
icles in the microstructure of Inconel 718 also cause high
brasion wear during turning. Rapid wear of cutting edge due
o abrasion results in the poor finish of the machined sur-
ace, short tool life, and an increase in energy consumption
10,11]. Carbon footprints also increase with an increase in tool
onsumption as high energy is consumed in making cutting
ools. Hence, high tool consumption affects the sustainability
f the machining processes and increase overall machining
ost. Therefore, machining of heat resistant alloys is prefer-
bly done using various cooling and lubrication techniques.
hese techniques enable a quick heat release from the cutting
one and ensure the proper lubrication to decrease friction
t chip-tool and workpiece-tool interfaces. However, work-
rs’ health hazards and environmental problems associated
ith the use of cooling and lubrication fluids (particularly oil-
ased) have motivated researchers to find greener, cleaner,
nd sustainable machining solutions [12,13]. The latest work
f researchers is not only in the direction of machinability

mprovement of Inconel 718 but also to ensure the sustainabil-
ty of the machining processes [14,15]. Hence, the researchers
roposed a minimum quantity lubrication (MQL) machining
echnique [16,17]. In MQL, the minimum possible quantity of

utting fluid is supplied in the cutting region in the form of oil
ist. MQL  technique is effective in providing lubrication but

t is unable to dissipate heat efficiently from the cutting zone
 0;9(3):5794–5804 5795

[10,18]. Oil mist generates during the MQL  process also create
problems related to workers’ health and environmental pol-
lution [19]. Therefore, to address these issues, the cryogenic
turning process was employed in this study to seek improve-
ment in tool life and reduction in Ra and energy consumption
for machining of Inconel 718. For turning heat resistant alloys,
cryogenic turning can become a sustainable option to replace
conventional turning techniques [20]. Cryogenic machining
has the potential to address problems comes in the machin-
ing of hard-to-cut alloys [21,22]. In this technique, cryogenic
fluids are employed in place of oil-based cutting fluids as a
coolant and lubricant. In cryogenic machining, mostly liq-
uid nitrogen is used. Liquid nitrogen has a low boiling point
(−196 ◦C), it rapidly captivates heat from the cutting region
and convert into vapor [23]. Liquid nitrogen does not react
with tool materials and coatings due to its inert nature [24].
Hence, it is safe in terms of health aspects of workers. Efforts
to improve machinability of heat resistant alloys [4,8,20] and
CFRP composites [22,25] using indigenously developed sus-
tainable machining facilities [12,26] are going on at IITRAM
Ahmedabad, India by advanced manufacturing research group
with other collaborators worldwide. Few important articles
from literature related to machinability improvement using
advanced machining techniques are discussed here.

Musfirah et al. [27] compared dry and cryogenic milling
of Inconel 718 performance in terms of tool wear and sur-
face integrity. Results show reduced tool wear, and cutting
force (23%) and improved surface finish (88%) under cryogenic
milling. Authors have also reported less contamination and
changes in the microstructure of machined part at the subsur-
face level under cryogenic turning as compared to dry turning.
However, authors have not discussed energy consumption in
the presented investigation. Ucak and Cicek [28] evaluated
the drilling performance of Inconel 718 under different cut-
ting conditions. Authors reported an improvement in surface
integrity and hole quality under cryogenic drilling. A decrease
in cutting temperature but an increase in thrust force (up
to 10%) were reported under cryogenic drilling condition in
comparison to dry and wet drilling. However, improvement
in the surface finish (up to 56.49%) and tool life (3–7 times)
were reported under wet drilling as compared to dry and cryo-
genic drilling. However, authors have not discussed energy
consumption and chip analysis. In another study of Inconel
718 drilling, Khanna et al. [4] reported improvement in cir-
cularity, cylindricity, and surface finish under the cryogenic
condition in comparison to dry condition. Pusavec et al. [29]
compared different sustainable techniques namely dry, cryo-
genic, MQL (near dry), cryogenic + MQL for turning of Inconel
718. Authors evaluated tool life, machined surface quality,
energy efficiency, and chip breakability under these condi-
tions. The best performance has obtained under cryogenic
condition in terms of tool life, chip breakability, and sur-
face finish. The worst performance was obtained for turning
under dry condition. Authors also observed the highest cut-
ting force values for cryogenic turning. However, tool wear in
terms of crater wear was not analyzed in that study. Hribersek
dict residual compressive stress and cutting force for turning
of Inconel 718 under dry, flood, and cryogenic conditions.
In this study, higher cutting force (7%) was reported under
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Fig. 1 – (a) schematic of the cryogenic

cryogenic condition as compared to flood and dry condi-
tions. Authors also revealed better compressive residual stress
was obtained when cryogenic fluid was delivered on flank
face in place of rake face. In another study, a method of
determining the coefficient of heat transfer between Inconel
718 and liquid nitrogen using the inverse approach was pro-
posed [31]. However, authors have not investigated tool wear
and energy consumption. Aramcharoen and Chuan [32] com-
pared dry, wet, and cryogenic milling of Inconel 718. Authors
reported the benefits of cryogenic milling in terms of increased
tool life, reduced friction, reduced power consumption, and
contamination-free machined surface. Kenda et al. [33] found
increased residual stress under cryogenic machining condi-
tion on the machined surface which prevails at a deeper depth.
Authors also reported improvement in machined component
life due to increases in wear resistance and fatigue life. And
claimed that it was mainly due to increased workpiece hard-
ness (from 600 HV to 800 HV) and extended compressive stress
zone. However, authors have not explored crater wear under
altered machining conditions.

The above few articles available in the literature have
analyzed the machinability of Inconel 718 using different
machining techniques. In these studies, cryogenic machining
was presented as a most promising sustainable machining
solution when it comes to machine heat resistant alloys.
However, only a few researchers have explored tool wear phe-
nomena and energy consumption during cryogenic turning
for Inconel 718 [4,27,29]. There is hardly any evidence for
effects of cryogenic condition on crater wear in available lit-
erature. Hence, this paper presents an assessment of tool
wear in terms of flank and crater wear together for turning of
Inconel 718 under different cutting conditions. Furthermore,
cooling methods comparison amongst dry, wet, and cryogenic
was made to evaluate their suitability for turning of Inconel
718. This comparison is made in terms of industry-relevant
machinability indicators such as energy consumption, chip

morphology (in terms of CRC), and Ra at different MRR. For that
purpose, this article offers a detailed investigation to highlight
the benefits of cryogenic turning in comparison with conven-
tional turning practices. The conclusions of this investigation
hining setup; (b) experimental setup.

demonstrate the potential of cryogenic turning to replace con-
ventional turning practices.

2.  Experimental  setup  and  research
methodology

Experimental trials were conducted on a Macpower make CNC
turning center (VX 100) for dry, wet, and cryogenic turning of
Inconel 718. For wet turning experiments, YBI Belcool make
(EZ500) water-soluble cutting oil was used with a 5% concen-
tration.

For cryogenic turning, the existing machine tool was
retrofitted with liquid nitrogen delivery setup as shown in
Fig. 1. Liquid nitrogen was stored in Dewar at a pressure
of 6 bar. Liquid nitrogen was supplied from 200 L Dewar at
1.5 L/min of flow rate via two nozzles of 1.5 mm diameter each
(Fig. 1). To measure the flow rate, a digital capacitance level
sensor was installed on Dewar. To ensure the delivery of nitro-
gen in liquid form, vacuum jacketed hose and phase separator
were employed in liquid nitrogen delivery system [26]. To
investigate tool wear in detail, both flank and crater wear were
measured. Mitutoyo make toolmakers microscope was used to
quantify flank wear. To measure crater wear and to assess the
wear path profile of inserts an optical profilometer (Alicona
Infinite Focus G5) was used. To detect the surface morphology
of inserts after the turning process a classical scanning elec-
tron microscope (SEM) Hitachi 3400 SEM was used. Ra values
were measured using Taylor Hobson make S128 surface rough-
ness tester with settings for cutoff and evaluation lengths of
0.8 and 4 mm respectively. Fluke 435 (series II) three-phase
power quality and energy analyzer equipped with a data log-
ger was employed for quantifying energy consumption during
turning.

Chemical composition of workpiece used in this study
is presented in Table 1. Cylindrical bars of 50 × 150 mm2
(diameter × length) was used as the workpiece. Kyocera made
rhombic shape TiAlN coated carbide inserts of PR 1535 grade
with ISO designation as CNMG120408 were used in this study.
For mounting the inserts, a tool holder designated by ISO as
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Table 1 – Chemical composition of Inconel 718.

Element C P Ti Co Si Mg S Cr Mo Nb Fe Al Ni

Weight% 0.012 0.005 0.851 0.122 0.205 0.12 0.007 17.76 3.86 4.88 17.02 0.372 54.786

Table 2 – Input process parameters for tool wear
analysis.

Input process parameters

vc (m/min) fr (mm/rev) ap (mm) Turning conditions
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Fig. 2 – Variation of flank wear with turning length under
dry, wet, and cryogenic turning.
60 0.05 0.5 Dry Wet Cryogenic

CLNL2525M12-A was used. The cutting tool geometry con-
titutes a nose radius of 0.8 mm,  back and side rake angle of
6◦, approach angle of 95◦, and clearance angle of 15◦.

First part of this study analyzes tool wear (both flank
nd crater wear) under different cutting conditions. Table 2
resents cutting parameters used for analyzing tool wear.
hese input process parameters were decided based on liter-
ture survey. Variation of energy consumption and Ra values
ith tool wear is also analyzed in this part.

In the second part, energy consumption, CRC, and Ra were
nalyzed at various MRR  under different cutting conditions. In
his part, two levels of vc, four levels of fr, and constant depth of
ut (ap) were considered. Experiments were designed using the
ull factorial technique as presented in Table 3. Two replicates
ere performed for each experiment to minimize random

xperimental errors. Average values of responses obtained in
hree trials were considered in the results.

.  Results  and  discussion

n this section results obtained for turning of Inconel 718
nder different cutting conditions are presented. Subsection
.1 presents the results of the first part, i.e., tool wear analysis.
nergy consumption, CRC, and Ra at different MRR values are
iscussed in the second subsection of this section.

.1.  Tool  wear  assessment  in  terms  of  flank  and  crater
ear

or flank wear evaluation, ISO 3685:1993 standard is consid-
red in this study [21]. As per this standard, turning was
topped when the average flank wear width (Vb) reached
.3 mm.  In this study, flank wear was measured using a tool
aker’s microscope. While crater wear was analyzed using

EM microscopy and 3-D optical profilometry techniques. In
he case of dry turning, tool wear reached the failure criteria
uickly after turning about 150 mm of length. While, in the
ase of wet turning, the tool fails after turning 350 mm length.
owever, in cryogenic turning, the flank wear reached its crite-

ia a little over 350 mm.  Hence, flank wear results of cryogenic
urning are comparable with wet  turning as shown in Fig. 2.

To strengthen the above assertion, the cutting inserts were

xamined using the SEM images analysis as shown in Fig. 3.
n those images, the rake face of the cutting inserts used for
ry, wet, and cryogenic turning were examined. Cutting insert
used for the dry condition has gone under severe plastic defor-
mation and abrasion as exposed in Fig. 3(a).

High temperature at cutting zone in case of dry turning
accelerates thermally activated wear for instance high local-
ized deformation of the tool due to work hardening [4]. This
phenomenon accelerates abrasion of cutting insert under dry
turning. High friction at the tool-chip interface due to sticking
of chips and high tool load in case of dry turning also cause
abrasion [8]. Application of cutting fluid in case of wet turning
and liquid nitrogen in case of cryogenic turning have altered
tool wear pattern as can be observed from Fig. 3(b, c). Evidences
of interface fracture were observed in the SEM image  of the
insert used for wet turning as shown in Fig. 3(b). However, this
fracture occurs after turning more  than double length as com-
pared to dry turning. Deposits of Nickel were observed on the
insert used for cryogenic turning as shown in Fig. 3(c). This can
be due to loosely connected chips on the rake face of cutting
insert.

In the case of wet and cryogenic turning, chipping and
adhesion mechanism was predominantly seen as a reason
for tool wear. Effective cooling and lubrication at the cut-
ting interfaces in case of wet and cryogenic turning ensured
reduction in flank wear as mentioned earlier. In case of cryo-
genic turning, liquid nitrogen absorbs a large amount of heat
from cutting zone and convert into vapor without leaving any
residue on tool and workpiece. This helps in lowering the tem-
perature in the cutting region and lessen thermally induced
wear such as adhesion and diffusion wear. In this study, nearly
133% improvement in tool life was observed under wet and
cryogenic conditions when compared with the result under
dry condition. In brief, there were dissimilar modes of tool

wear for different cutting conditions. No certain wear pat-
tern could be recognized. In its place, it can be claimed that
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Table 3 – Design of experiments.

Experiment number Input process parameters MRR = vc×fr×ap×1000
60 (mm3/s)

Dry turning Wet turning Cryogenic turning vc (m/min) fr (mm/rev) ap (mm)

Dry - 1 Wet  - 1 Cryogenic - 1 45 0.03 0.5 11.25
Dry - 2 Wet - 2 Cryogenic - 2 60 0.03 0.5 15
Dry - 3 Wet - 3 Cryogenic - 3 45 0.06 0.5 22.5
Dry - 4 Wet - 4 Cryogenic - 4 60 0.06 0.5 30
Dry - 5 Wet - 5 Cryogenic - 5 45 0.12 0.5 45
Dry - 6 Wet - 6 Cryogenic - 6 60 0.12 0.5 60

Dry - 7 Wet - 7 Cryogenic - 7 45 

Dry - 8 Wet - 8 Cryogenic - 8 60 

the wet  and cryogenic turning demonstrated less abrasion as
compared to dry turning.

The 3D optical profilometry measurements permit to
detect the dimensions of crater wear in terms of width and
depth. Fig. 4 plots show the 3D optical profilometry acquired
for dry, wet and cryogenic machining, respectively. Further,
Fig. 4(a–f) presents separately the wear scar as detected on
the close view of rake face. In Fig. 4(a & b), it can be seen that
the wear scar that has the profile like a groove with a depth
almost of 13 �m and width of 350 �m in case of dry turn-

ing. The plastic deformation was highlighted around crater
extremities caused by the high temperature released during
the turning under dry condition.

Fig. 3 – SEM images that depict the wear mechanism identified o
respectively.
0.24 0.5 90
0.24 0.5 120

Fig. 4(c & d) show wear track of insert used for wet turn-
ing. In this case, crater wear depth reduced from 13 �m under
dry turning to 6 �m.  In contrast, in Fig. 4(e & f) some high
peaks were noted that are associated with material deposition
(sticking) of Inconel 718 related to adhesion wear under cryo-
genic turning. There are deposits of material with dimensions
of 23 �m high of which have a width of 750 �m.  Therefore,
the profile measurements are shown in Fig. 4(e & f) reveals
almost negligible crater wear produced under cryogenic con-
dition.
In the case of the dry turning of Inconel 718, serrated (saw-
tooth) chips were obtained because of the localized adiabatic
shear band formation due to thermal softening at high tem-

n inserts used for (a) dry, (b) wet, and (c) cryogenic turning,
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Fig. 4 – 3D optical surface profile depicting the crater wear track of inserts after turning (a, b) 150 mm of dry turning; (c, d)
3 g (ye

p
w
n

50 mm of wet turning; and (e, f) 350 mm of cryogenic turnin
erature as shown in Fig. 5(a). This can be due to severe crater
ear observed under dry turning. Serrations on the chip sig-
ificantly reduce under the wet condition as shown in Fig. 5(b

Fig. 5 – Chip obtained for turning of Inconel 718 un
llow lines indicate the wear path profile measured).
& c). Chips obtained in turning under wet and cryogenic con-
ditions were uniform, stable, long and loose coiled shaped. It
can be due to an ample cooling effect at the cutting zone. Allu

der (a) dry; (b) wet; and (c) cryogenic condition.
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Fig. 6 – variation of (a) energy consumption and (b) Ra values with flank wear progress under dry, wet, and cryogenic

Fig. 7 – Variation of energy consumption at various MRR
under different cutting conditions.
turning.

et al. [34] also observed similar chips pattern for turning of
Inconel 718.

Fig. 6(a) presents the energy consumption and Ra values
behavior with flank wear progress during turning under dif-
ferent cutting conditions. From Fig. 6(a), it can be observed
that energy consumption is more  accentuated in the case of
wet turning. This is due to excess energy used in maintaining
flow, filtration, and recirculation processes during wet turning.

The energy consumption in the case of dry turning was also
more as compared to cryogenic turning. This can be attributed
to rapid tool wear, high friction coefficient and restricted
movement  of chips in case of dry turning as discussed in the
previous section. Trends for the Ra values are shown in Fig. 6(b).
Poor surface finish in case of dry turning is due to the rapid
increase in the flank wear as shown in Fig. 2 and uneven ser-
rations on chips (Fig. 5a). In the case of dry machining, the
heat generated in the cutting zone does not dissipate through
conduction mode owing to the low thermal conductivity of
Inconel 718 [4]. Surface finish improved when turning under
the cryogenic condition in comparison to wet (up to 24%) and
dry (up to 68%) conditions.

3.2.  Detail  analysis  of  machinability  indicators  under
dry, wet,  and  cryogenic  turning  of  Inconel  718  at  different
MRR

This section presents a comparison of energy consumption,
CRC, and Ra values under different cutting conditions at dif-
ferent MRR  values in consecutive subsections.

3.2.1.  Energy  consumption  analysis
Energy consumption significantly varies with input process
parameters and cutting conditions [35]. To reduce overall
energy consumption, it is necessary to identify suitable input
process parameters and cutting condition so that machine
tools can be designed to consume less energy. In this study,
energy consumed in turning of Inconel 718 at various MRR
values was observed under different turning conditions as
presented in Fig. 7.
Under all three turning conditions energy consumption
decreased with increases in MRR  values as shown in Fig. 7. It is
because of a reduction in machining time with increase MRR
values. Energy consumption was highest in the case of wet
turning. It is because of extra energy is required for the func-
tioning of the coolant system in case of wet  turning. When
cryogenic and dry turning were compared, it was observed
that the energy consumption is high in the case of lower lev-
els of MRR (11.25–45 mm3/s) and low at higher levels of MRR
(60–120 mm3/s). It is because of an increase in the strength
and hardness of a workpiece under cryogenic conditions [36].
Since the workpiece was exposed to cryogenic condition for a
longer period at lower MRR  values, an increase in hardness is
expected to be more  and due to this energy consumption at
low MRR is high in case of cryogenic turning. However, energy
consumed during turning at higher MRR value (60–120 mm3/s)
reduced up to 8% under the cryogenic condition as compared
to dry condition. Energy consumed in cryogenic turning condi-
tion was up to 27% less as compared to wet turning. A similar
trend in energy consumption was also presented in the exist-
ing literature [36]. Lesser energy consumption for cryogenic
turning promotes its sustainable advantage over dry and wet
turning. These results of energy consumption suggest that

cryogenic turning can be used at higher process parameters
to achieve productivity goals.
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Fig. 8 – Variation of CRC at various MRR  under different
c
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Fig. 9 – Variation of Ra at various MRR  values under

F

utting conditions.

.2.2.  CRC  analysis
s per established relation between chip thicknesses (tc), shear
lane angle, and coefficient of friction, thin chips are an indi-
ation of better machinability. This is due to less force needed
o shove off the material. Thin chips represent a low friction
oefficient. In this study, chips are analyzed in terms of CRC.

RC = tc

fr × Sin ∅ (1)

An analytical expression for the CRC is presented in Eq.
. It is a relation between tc, fr, and primary cutting edge
ngle (Ø). The primary cutting edge angle of cutting insert
sed in this study is 95◦. Fig. 8 shows CRC variation obtained

or turning Inconel 718 at various MRR  under different cut-
ing conditions. CRC values reduce up to 14% under wet and
ryogenic conditions as compared to dry turning. Reduction
n CRC values in the case of wet and cryogenic turning indi-
ates a reduction in friction coefficient at the cutting interface.
his is because of the reduction in the temperature of cutting
egion and improvement in lubrication at the chip-tool inter-

ace under wet and cryogenic conditions. However, CRC values
nder cryogenic condition were observed to be least at most
f the MRR  values in comparison with dry and wet conditions.
t can be due to the assistance of the cryogenic condition in

ig. 10 – Interaction of Ra and energy consumption for turning u
different cutting conditions.

restricting the change in the microstructure of chips. Park et al.
[36] have also reported increased stability of chips under cryo-
genic environment for turning of Ti-6Al-4V when compared
with dry and wet environments. Lower values of CRC for turn-
ing under cryogenic condition suggest its suitability over dry
and wet turning in terms of providing necessary lubrication
and cooling effects.

3.2.3.  Ra analysis
Variation of Ra values for turning of Inconel 718 at various
MRR  under different cutting conditions is presented in Fig. 9. It
was observed that Ra values increase with an increase in MRR
except at very low MRR under all three cutting conditions. Best
surface finish values were obtained under cryogenic turning
followed by wet and dry turning respectively.

Ra values reduce up to 37% as compared to dry and 20% as
compared to wet turning under cryogenic turning. This can
be due to improvement in CRC under the cryogenic condition
in comparison with dry and wet conditions. Reduction in tool
wear under cryogenic condition can also be a primary rea-
son for the decrement in Ra as compared to dry condition.

Uneven serrations on the chips in case of dry machining as
shown in Fig. 5(a) due to high heat generation can be the rea-
son for poor surface characteristics. Although, CRC and Ra have

nder dry condition at (a) vc = 45 m/min; (b) vc = 60 m/min.
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Fig. 11 – Interaction of Ra and energy consumption for turning under wet condition at (a) vc = 45 m/min; (b) vc = 60 m/min.

Fig. 12 – Interaction of Ra and energy consumption for turning under cryogenic condition at (a) vc = 45 m/min; (b)

vc = 60 m/min.

shown significant reduction under wet turning as compared to
dry turning. However, cryogenic turning proved most effective
for achieving lower Ra as compared to conventional turning
practices.

Interaction plots of Ra values and energy consumption are
shown in Fig. 10, Fig. 11, and Fig. 12 for dry, wet, and cryogenic
turning respectively. These graphs are plotted at different vc

i.e., 45 and 60 m/min  under different cutting conditions. As
the MRR  is the product of vc, fr, and ap. At constant vc and
ap, MRR  will increase with the increase in fr values. It can
be observed from the graphs that Ra is increasing with the
increase in MRR  values except at very low MRR  values. How-
ever, energy consumption is decreasing with an increase in
MRR due to a decrease in machining time.

Interactions plots can suggest an optimum MRR that can
be used for a particular vc and cutting condition. In the case of
wet and cryogenic conditions interaction points move towards
higher MRR. However, energy consumption under wet turning
is substantially high as compared to dry and cryogenic turning.
Surface characteristics under dry turning and energy con-
sumption in case of wet turning are also not promising. Hence,
cryogenic turning can be projected as the greener, cleaner, and
sustainable machining technique for turning of Inconel 718.
4.  Conclusions

This study investigates the machinability of Inconel 718 in
terms of tool wear (flank and crater wear), energy consump-
tion, CRC, and Ra using cryogenic turning and compared the
performance under dry and wet turning. Following conclu-
sions can be drawn from this study:

• The highest tool life was obtained for cryogenic turning,
while the lowest tool life was obtained for dry turning. Tool
life was significantly improved by nearly 133% for wet and
cryogenic turning when compared with dry turning.

• Assessment of SEM images of cutting inserts reveal that the
abrasion wear is the main reason for high flank wear in case
of the dry turning of Inconel 718. However, in the case of wet
and cryogenic turning, chipping and adhesion mechanism
were predominantly seen as a reason for tool wear.

• Crater wear assessment using 3D optical profilometry offers
detail regarding the wear width and depth under differ-
ent cutting conditions. Noticeable large crater wear width
and depth were seen under the dry condition from the
close view of the rake face as compared to wet and cryo-
genic conditions. Wear mechanism noted for dry operation
is associated with abrasion wear. Besides, on the crater
extremities, some hills were seen with an accentuated
peak that can be attributed to plastic deformation progress.
These are produced because of elevated temperature in the
cutting region during the dry turning. Some specific peak
hills associated with adhesion wear were detected under

cryogenic condition.

• Variation of Ra and energy consumption with tool wear
were also noted. Higher Ra and energy consumption were



 . 2 0 2

•

•

•

C

T
e
f

fi
a

C

N
P
r
o
d
R
F

A

T
R
g

r

3.
j m a t e r r e s t e c h n o l

observed in the case of dry and wet turning in comparison
with cryogenic turning.

 At higher MRR  (60–120 mm3/s), energy consumed for cryo-
genic turning decreases up to 8% in comparison to dry
turning. This is due to decrement in the CRC under cryogenic
condition and improved tool life. However, at lower MRR
(11.5–45 mm3/s) energy consumption was high for cryogenic
turning as compared to dry turning. This can be due to the
extreme cooling of the workpiece at low MRR.

 Energy consumption in cryogenic turning also reduced up to
17% as compared to wet turning. This is due to high energy
consumption in the coolant system in case of wet turning.
The further decrement in CRC values obtained under cryo-
genic condition also suggests better cooling and lubrication
as compared to wet turning can also be a reason for reduced
energy consumption.

 Ra values found poor at low MRR  (11.5 and 15 mm3/s) in the
case of cryogenic turning. This can be due to the extreme
cooling of the workpiece at low MRR. However, at higher
MRR  (22.5−120 mm3/s), Ra was reduced under cryogenic
turning when compared with dry (up to 37%) and wet turn-
ing (up to 20%). Reduction in CRC values up to 14% under
cryogenic turning as compared to dry and wet  turning can
also be a reason for a reduction in Ra values.
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