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Abstract
Inconel 718 is famous for its applications in the aerospace industry due to its inherent properties of corrosion resistance, 
wear resistance, high creep strength, and high hot hardness. Despite the favorable properties, it has poor machinability due 
to low thermal conductivity and high hot hardness. To limit the influence of high cutting temperature in the cutting zone, 
application of cutting flood is recommended during the cutting operation. Cryogenic cooling is the recommended method 
when machining Inconel 718. However, there is very limited literature available when it comes to the numerical finite ele-
ment modeling of the process. This current study is focused on the machinability analysis of Inconel 718 using numerical 
approach with experimental validations. Dry and cryogenic cooling methods were compared in terms of associated param-
eters such as chip compression ratio, shear angle, contact length, cutting forces, and energy consumption for the primary 
and secondary deformation zones. In addition, parameters related to chip morphology were also investigated under both 
lubrication methods. Chip formation in cryogenic machining was well captured by the finite element assisted model and 
found in good agreement with the experimental chip morphology. Both experimental and numerical observations revealed 
comparatively less chip compression ratio in the cryogenic cooling with larger value of shear plane angle. This results in the 
smaller tool–chip contact length and better comparative lubrication.

Keywords Cryogenic · Cutting process · Lubrication strategies · Inconel 718

1 Introduction

The group of superalloys formed by combining austenitic 
nickel and chromium is termed as Inconel. Inconel group 
generally exhibits high strength against creep at elevated 
temperatures, high hardness, corrosion resistance, and wear 
resistance. These properties make them suitable candidate 
for high temperature applications such as aerospace industry. 

Inconel 718 is widely used in different structural parts of jet 
engine such as cases, turbines, and exhaust parts. Inconel 
718 also provides good resistance against the exposure 
of chlorides, stress cracking, and stress corrosion. These 
properties make them suitable for oil and gas sector as 
well. Inconel 718 is termed as difficult to machine material 
due to the very high strength, high hot hardness, and low 
thermal conductivity. In order to improve heat dissipation 
during the cutting process, the utilization of cutting fluid is 
recommended. Application of cutting fluid improves over 
all machining process by improving tool life and surface 
integrity and reducing associated costs. Utilization of con-
ventional cutting fluids is also being questioned due to their 
negative environmental impact. Researchers are exploring 
the potential of different green cooling/lubrication strategies 
to machine Inconel 718. Cryogenic cooling termed as one of 
green solutions for machining Inconel 718.

It is evidenced from several sources found in the metal 
cutting literature that application of cryogenic cooling at 
the tool–chip cutting interface results in the improvement of 
hardness and strength of the cutting tool material, reduces 
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the toughness of the materials making it more brittle, and 
reduces the chemical reactivity/built-up-edge formation at 
the cutting interface and lowering the coefficient of friction. 
Hong and Zhao [1] investigated the performance of cryo-
genic cooling during the cutting process; they figured out 
that workpiece’s ductility and toughness are reduced due to 
the exposure of cryogenic fluid. Reduction in ductility and 
toughness improves machinability. The study also pointed out 
at the efficient cooling at the cutting interface that reduces the 
possibility of built-up-edge (BUE) formation. Reduction in 
ductility of the workpiece material improves that chip break-
ability and chip up curling can be facilitated to lower the 
tool chip contact length. Cryogenic fluid’s temperature also 
helps to maintain the strength of cutting tool material result-
ing in lower tool wear. However, the performance of cryo-
genic cooling is highly linked with the tool–workpiece mate-
rial pair [2]. Nouzil et al. [3] numerically investigated the 
influence of jet radius, jet location, and cutting speed when 
machining Inconel 718. The work has studied shear angle and 
chip compression ratio to understand the influence of metal 
cutting process physics. The study revealed that change in jet 
location influences on the shear angle and it can increase the 
shear angle that can decrease the shear area and hence reduce 
the cutting forces and cutting power. De Bartolomeis et al. [4] 
provided a complete section about the cryogenic machining 
of Inconel 718 in the review article. The study also provided 
a brief comparison with conventional flood cooling as a refer-
ence. The study concluded that cryogenic cooling provides 
a superior surface roughness, surface integrity, environment 
friendliness, and evaporation of dangerous particles etc. over 
conventional flood cooling method.

Shah et al. [5] conducted drilling study on Inconel 718 
under the cryogenic cooling, and life cycle assessment (LCA) 
was performed to draw meaningful results towards sustaina-
bility. LCA revealed 19% power consumption in CO2 cooling 
as compared to the LN2 cooling. Chaabani et al. [6] inves-
tigated machining performance of Inconel 718 under both 
CO2 and LN2 cooling approaches. The study revealed that 
residual stress profile was improved in both methods when 
compared against the conventional flood cooling method. Liu 
et al. [7] provided a detailed review about the existing studies 
and efforts towards the modeling of Inconel 718 machining. 
The study pointed out that the chip generation in Inconel 
718 machining is very complicate to model due to interfacial 
friction, plastic deformation, work hardening, and heat gen-
eration. Pereira et al. [8] performed milling experiments on 
Inconel 718 using CO2-based cryogenic method. Shokrani 
et al. [9] studied a hybrid cooling setup that coupled cryo-
genic cooling and MQL in the milling process of Inconel 
718. Liquid nitrogen (LN2) and rapeseed oil were used for 
cryogenic and MQL setup, respectively. A 77% increase in 
tool life was observed with the hybrid setup when compared 
to flood cooling. Chip formation is also an important factor 

that describes the machinability of certain tool–workpiece 
material pair. At higher cutting speeds, higher level of cut-
ting temperature is produced at the cutting interface and as 
a result chip formation can be continuous in nature posing 
problems during the machining operation. The lower surface 
of the chip that rubs against the rake face of the tool has 
elongated grains after recrystallization. It has been observed 
that smaller chips cannot be produced due to the presence of 
longer grains on the lower surface of the chip [10]. Due to 
the reduction in the longer grain size on the lower surface of 
the chip, chip tends to bend and curl in a way that increases 
chip breakability. Moreover, material of chip becomes brittle 
that facilitates chip breaking [11].

It is also observed that at higher cutting speed levels, 
higher cutting temperature can initiate thermal softening 
phenomenon for the ductile material; as a result, the work-
piece material tends to weld with the cutting tool material 
resulting a built-up-edge (BUE). This built-up-edge (BUE) 
can vary the machining performance because this BUE 
keeps forming and breaking during the machining process. 
BUE also changes the rake angle of the cutting tool due to 
the deposition of material; this new rake angle is known as 
effective rake angle. The breaking and formation of BUE 
tend to generate vibration in the machining process and 
result in very poor surface finish. Exposure of low tempera-
ture cryogenic coolant can change the hardness, stiffness, 
and toughness of the cutting tool possibly resulting in the 
reduction of coefficient of friction (CoF). Figure 1 represents 
the schematic illustration of the machining performance 
under cryogenic cooling method. Bagherzadeh et al. [12] 
studied the effect of cryogenic CO2 + MQL technique and 
a special CMQL technique on turning operation of Inconel 
718. Hybrid cooling strategy of CO2 + MQL yielded no 
improvement in tool life compared to cryogenic cooling. 
CMQL technique increased the tool life by 30% compared 
to CO2 cooling. Hybrid cooling strategy of CO2 + MQL out-
lined by Periera et al. [13] performed better than dry, MQL 
and cryogenic cooling strategies. Tool life equivalent to over 
90% of wet machining was achieved with hybrid cooling.

There are also some efforts by researchers to model the 
finite element simulations related to the cryogenic machin-
ing. Stampfer et al. [14] developed a thermomechanical 
coupled finite element model for Ti6Al4V machining. The 
study developed model for internal and external cooling 
of LN2, and heat dissipation was studied. The study also 
provided optimal distance of 1.5 mm between channel edge 
and flank face. Umbrello et al. [15] developed a cryogenic 
machining model for AZ31B magnesium alloy. The model 
was focused towards the residual stresses, and study revealed 
that sequential cutting has major influence towards the 
residual stress formation in machined samples. Rotella and 
Umbrella in another study compared dry and cryogenic cut-
ting of aluminum alloy using finite element model. The study 
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incorporated Zener-Hollomon parameter and Hall–Petch 
equation to get the behavior of grain size and hardness.

Ayed et al. [16] conducted a cryogenic assisted machin-
ing based study using Ti6Al4V and studied the influence 
of coolant jet characteristics such as pressure and flow rate. 
The study revealed that best performance was obtained at 
higher pressure and flow rate. Khanna et al. [17] pointed 
out another research gap in the area of cryogenic machin-
ing that is linked with the parameters involved in the design 
of cryogenic delivery setups. The study concluded that fur-
ther research work is needed towards the impact assessment 
of design parameters of delivery system. More knowledge 
in that area can help in the industrialization of this cool-
ing method when machining high-performance materials. 
A major challenge associated with the design is to achieve 
higher pressures. The major cryogenic delivery techniques 
involved are based on natural expansion of cryogens avail-
able at higher pressure and heating based electrical resist-
ance to achieve higher pressure.

Literature review of the state-of-the-art revealed that 
there is a very limited finite element based numerical works 
available for the cryogenic machining of Inconel 718. De 
Bartolomeis et al. [18] in their review paper pointed out lack 
of predictive models available when it comes to the machin-
ing of Inconel 718. Deshpande et al. [19] also identified the 
research gap that there is a need to have more reliable pre-
dictive models. In this study, dry and cryogenic machining 
environments are numerically modelled in the AdvantEdge, 
specialized machining software, with experimental valida-
tions. The simulated data is used to provide a deeper analysis 
of (i) primary shear deformation zone by calculating the chip 

compression ratio, shear angle, and contact length; (ii) spe-
cific cutting energy (SCE); and (iii) chip morphology such 
as segmentation, valleys, and peaks for plastic deformation.

2  Experimental design

2.1  Material preparation, cutting tool, and machine 
tool

The workpiece material was selected to be Inconel 718 for 
this study. Raw material was present in the cylindrical shape 
with 50 mm as diameter and 500 mm length. To execute 
the orthogonal cutting experiments, several cylindrical discs 
were prepared out of the raw material bar as shown in Fig. 2. 
The study was executed to focus on the continuous cutting 
under turning experimentation (Fig. 3) (Table 1).

To perform the orthogonal machining experiments, PVD 
TiAlN coated triangular shaped cutting inserts (TPGN 
220,408, Grade: KCU 10, manufactured by Kennametal) 
were employed. KCU 10 grade is composed of advanced 
multilayer PVD coating over a very deformation-resist-
ant unalloyed carbide substrate. The cutting inserts were 
mounted on CTCPN2520M22 tool holder.

Machining experimentation was conducted using a 
CNC turning center. CNC turning center was of model 
Excel BNC-21437 and controller of the machine was Fagor 
800 T. The overall machining setup for experimentation has 
been shown in Fig. 4. As per the recommendations of the 
cutting tool manufacturer, design of experiment was con-
structed using recommended cutting parameters as reported 

Fig. 1  Schematic illustration 
of the cryogenic machining 
mechanisms
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in Table 2. Appendix Table 5 has informed about the test 
conditions.

Keeping in view that continuous cutting mode is more 
aggressive in machining, turning experiments were conducted 
under cryogenic machining environment. To have proper com-
parison, dry and flood cutting experiments were also performed. 
Machinability was experimentally investigated using the output 
responses in the form of cutting forces, power, and chip mor-
phology. Liquid nitrogen was delivered from the direction of 

Fig. 2  Workpiece preparation 
for orthogonal machining setup

Fig. 3  a Cutting tool and b tool 
holder information for orthogo-
nal machining setup.

                                                  (a)

d = 12.70
t = 4.76 mm
r = 0.80 mm

(b)

H = 25 mm
B = 20 mm
F = 20.2 mm
L1 = 150 
mm
L2 = 41 mm

Table 1  Mechanical properties of Inconel 718 at room temperature

Type of property Value

Tensile strength 1375 MPa
Yield strength 1100 MPa
Elongation 25%
Poisson’s ratio 0.3
Modulus of elasticity 200 GPa
Density 8190 kg/m3
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the tool rake face with the flow rate of approximately 0.5 kg/
min mass under 1.5 bar pressure. The outer nozzle diameter was 
3 mm, and it was directed in the cutting zone at an ejecting angle 
of 45 ̊. The ejecting method was only rake face in this work. The 
constant distance of approximately 12 mm was kept between the 
nozzle and the cutting tool. A KISTLER™ 9129AA three-chan-
nel dynamometer was used along with a multichannel charge 
amplifier type 5080 to measure the machining forces. Appen-
dix Table 6 has specification of the dynamometer. KISTLER™ 
Dynoware software package was used to process the output 
signal from charge amplifier. The measurement was made with 
an acquisition rate of 10,000 Hz. The chip morphology was 
investigated and observed by using optical microscope.

3  2D numerical methodology for dry 
and cryogenic cutting

A 2D finite element numerical model was developed using 
Third wave System (TWS) special finite element solver named 
as AdvantEdge. AdvantEdge can simulate the 2D cutting pro-
cess with chip formation. The solver works on explicit Lagran-
gian assisted code to run coupled thermo-mechanical transient 

analysis. Chip formation is the result of remeshing and adap-
tive meshing. The cutting tool was modelled using the carbide 
as tool material and edge radius of 0.040 mm. Rake angle was 
kept at 0° in all simulations. Lagrangian formulation of weak 
form of momentum is stated in Eq. 1. The formulation was 
established using the principle of virtual work [20].

In Eq. 1, Pn + 1 shows first Piola-Kirchoff; n + 1 depicts 
time in tn + 1: tn + 1 is body traction, fn + 1 is body forces, 
and an + 1 is an acceleration; ∇ o depicts deformation gra-
dient; η depicts admissible virtual displacement; and Bo is 
reference configuration with the density of ρo. Once spa-
tial discretization is established, then the matrix form is 
employed as shown in Eq. 2 [20].

where M describes the mass matrix, an + 1 depicts accel-
eration vector, external force vector is represented by Rext

n+1
 , 

and internal force vector is depicted by Rint
n+1
 . Time integra-

tion is accomplished by means of central difference scheme 

(1)∫ Bo

Pn+1 ∶ ∇o�dVo − ∫ Bo

(

fn+1 − �
0
�n+1

)

.�dV
0
− ∫

�Bor

tn+1.�dSo = 0

(2)M�n+1 + Rint
n+1

= Rext
n+1

Fig. 4  Overall experimental 
setup with the output responses
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as represented in Eqs. 3, 4, and 5, where displacement and 
velocity are represented in Eqs. 3 and 5 respectively [20].

The weak form of configuration Bt is shown in Eq. 6 to 
represent the heat transfer.

where T shows temperature field, q shows heat flux, and 
h is frictional heat (tool–chip interface). The explicit time 
integration is utilized for thermal case as shown in Eq. 7. 
In Eq. 7, temperature vector is T, thermal conductivity is 
K, heat capacity is C, and heat source vector is represented 
by Q.

There are different possibilities in the software package 
to model the constitutive behavior of the workpiece mate-
rial. The workpiece material (Inconel 718) in this study was 
modelled using advanced representation of power law. This 
advanced power law has capability to incorporate damage 
law along with temperature-dependent thermal conductivity 
and heat capacity [21]. Workpiece was meshed with mini-
mum element size of 0.02 and maximum size of 0.1 for a 
total number of 24,000 nodes. A high density of mesh was 
defined at the cutting edge and adaptive remeshing enabled 
to avoid elemental distortions beyond certain tolerance. 
When elemental distortions exceed the decided tolerance, 
adaptive remeshing is triggered automatically. The meshing 
is continuously monitored, and elemental distortion is fixed 

(3)dn+1 = dn + ΔtVn +
1

2
Δt

2

an

(4)an+1 = M−1
(

Rext
n+1

− Rint
n+1

)

(5)Vn+1 = Vn + Δt
(

an+1 + an
)

(6)∫ Bt

𝜌cṪ𝜂dV + ∫
𝜕Btq

h𝜂dS = ∫ Bt

q.∇𝜂dV + ∫ Bt

s𝜂dV

(7)Tn+1 = Tn + ΔtC−1
(

Qn − KnTn
)

by continuous refinement and improvement [22]. The mesh 
refinement factor and coarsening factors were set as 2 and 
6 respectively.

The advanced power law utilized in the current work is 
represented in Eq. 8 [21]. The power law incorporates strain 
hardening function as g ( �p ) and thermal softening function 
as θ(T), and rate sensitivity function is given by τ(�̇�).

The modeling of strain hardening function is represented 
by Eq. 9 as shown below. In order to utilize the function of 
strain hardening, stress strain data of a workpiece material 
can be examined and curve fitting. Strain rate sensitivity 
function is modelled Eq. 10 [21]. To form precise chip shape 
and cutting force behavior, it is important that model is capa-
ble to incorporate thermal softening behavior as well. Ther-
mal softening function was introduced in the power law with 
fifth-order polynomial equation as described in Eq. 11 [21].

In the above Eq. 9, σo is the initial yield stress, �p is plas-
tic strain, �po is reference plastic strain, and 1/n is referred as 
the strain hardening power. The values of initial yield stress 
can be obtained by the data of stress strain from uniaxial 
compression or tensile test of workpiece material. The val-
ues of �po and n are obtained by curve fitting the stress strain 
data (Fig. 5).

The AdvantEdge software manual and literature [24, 25] 
were consulted to obtain all the required parameters for the 
Inconel 718 material model. The strain hardening compo-
nent of the workpiece material model is modelled by the fit-
ting of stress–strain curve for Inconel 718 as shown in Fig. 6. 
The experimental data to curve fitting for strain hardening, 
strain rate components, and thermal softening are obtained 
from the literature [23, 26].

In Eq. 3, the function represents the flow stress behavior 
at higher strain rates. In this equation, �̇� is the plastic strain 
rate and �̇�o is the reference plastic strain rate and m1 is the 
strain rate sensitivity.

In Eqs. 11 and 12, thermal softening function is repre-
sented. Thermal softening function is composed of 5th-order 
polynomial with C1–C5 constants. These constants C1–C5 

(8)𝜎(𝜀p, T , �̇�) = g(𝜀p)𝜃(T)𝜏(�̇�)

(9)g(𝜀p) = 𝜎o
[

1 +
𝜀p

𝜀po

]
1

n

if 𝜀p < 𝜀
p

cut

(10)𝜏(�̇�) = 𝜎o
[

1 +
�̇�

�̇�o

]
1

m1

(11)
𝜃(T) = c0 + c1T

1 + c2T
2 + c3T

3 + c4T
4 + c5T

5 ifT < Tcut

(12)𝜃(T) = 𝜃
(

Tcut
)

(

1 −
T−Tcut

Tm−Tcut

)

ifT > Tcut

Table 2  Machining/lubrication parameters and their levels

Parameters Level 1 Level 2 Level 3

Cooling/lubrica-
tion method

Dry Cryogenic -

Cutting speed, vc 
(m/ min)

60 90 120

Feed, f (mm/ 
rev)

0.05 0.1 0.15

Depth of cut, 
DoC (mm)

3 – –

Cutting insert 
Kennametal™ 1

TiAlN PVD coated (10 uncoated carbide grade)
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are curve fitted by the compression test data at elevated tem-
peratures. Where T is the temperature during the test,  Tm is 
the melting temperature and  Tcut is the cut-off temperature. 
Figure 6 a and b show the strain hardening and thermal sof-
tening behaviors obtained using the experimental data in 
Fig. 5.

AdvantEdge uses the classical sliding friction concept 
to model the friction at tool chip contact. The theoretical 
concept is based on the relation that frictional sliding force 
is directly proportional to the normal load. The ratio of these 
forces is attributed as coefficient of friction (µ) and taken 
as a constant value along the tool chip contact length as in 
Eq. 13. The value of friction coefficient was implemented 
using the calculations using Eq. 14 [27].

Damage in the workpiece material is also very impor-
tant to produce chip shape. Advantage can simulate dam-
age in the workpiece material by using a damage function 
D. The damage function D is shown in Eq. 15. The frac-
ture strain can be represented using temperature-depend-
ent model as shown in Eq. 16 [21]. In the current study, 
parameters were curve fitted to polynomial function using 
the Johnson Cook (JC) damage model [28, 29]. Table 3 
shows the constants used in the current study. The varia-
tion of thermal conductivity and specific heat capacity 
with temperature for Inconel 718 is obtained from [30] as 
shown in Fig. 7. Damage starts in an element when the 
value of the “dimensionless damage function” of that ele-
ment reaches 1, where Δ�p

i
 is the instantaneous increment 

of strain in the element, and �p
fi
 is the instantaneous frac-

ture strain in that increment. D0–D5 parameters can be 
calculated using the experiments of hot and room tempera-
ture tensile test and drawing the fracture strain against 
temperature.

The AdvantEdge software has capability to model a 
focused location area where heat exchange can be focused 
on the workpiece and tool and it can also move with the 
cutting process. The location of jet radius is kept at the 
cryogenic temperature of liquid nitrogen (− 180 ~  − 190 
C°). When modeling the cryogenic cooling process, jet 
radius and jet location are two important parameters. To 

(13)T = ��n

(14)� =
Fctan� + Ft

Fc − Fttan�

(15)D =

∑

i

Δ�
p

i

�
p

fi

(16)�
p

f0
= d0 + d1T

1
+ d2T

2
+ d3T

3
+ d4T

4
+ d5T

5

simulate the cryogenic cooling in the model, a focused 
location window with convection cooling was set up cen-
tered on the workpiece. The environmental ambient tem-
perature was set to 20 °C besides the location of jet radius 
that was kept at − 190 °C. As per the available literature 
[31], the study utilized jet radius of 1 mm, heat transfer 

(a)

(b)

(c)

Fig. 5  Flow stress behavior of Inconel 718. a Testing at various tem-
peratures at strain rate of 1  s−1. b Thermal softening behavior. c Tem-
perature influence with respect to the various strain rates (obtained 
from [23] with kind permission from Elsevier)
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coefficient of 5000 kW/m2K, and jet location (3, 5) mm 
for all cryogenic cutting simulations. Tool and workpiece 
have tendency to exchange heat with environment in the 
specified window, and heat conduction was allowed at 
the tool chip interface as shown in Fig. 8. The envelope 
shown along the workpiece is referred as heat exchange 
area, and initially cutting tool is maintained at the ambient 
temperature. Figure 9 represents the sample simulation for 
cryogenic cutting.

To utilize the full potential of FE numerical model, 
the model was first validated by the experimental data 
obtained by the measuring the experimental cutting 
force for all experiments and chip morphology was 
also examined under the light microscope for two con-
ditions of cryogenic machining and dry cutting each. 

Figure 10a represents the average values of experimental 
and simulated cutting forces. Figure 10b represents the 
chips obtained and developed by experiment and simula-
tions, respectively. It is mentioned in the literature that 
FEM predictions are mostly on the lower side when com-
pared with the experimental readings. One major flaw is 
due to the imperfections involved in model friction at the 
tool chip interface. Astakhov [32] attributed this because 
workpiece is modelled as perfectly plastic and isotropic 
through the deformation phase. In addition, the material is 
always modelled without the influence of residual stresses 
due to previous processing. The model and experimental 
readings for average valleys and average peaks were found 
in good agreement with errors less than 12.2% and 10.4% 
respectively.

4  Results and discussion

4.1  Effect on chip compression ratio, shear angle, 
and contact length

To analyze the performance and plastic deformation in the 
cutting process, chip compression ratio is attributed as a key 
quantitative measure. The procedure is based on calculat-
ing chip compression ratio from the experimental observa-
tions of chips obtained during experimentation [33]. The 
chip is generally formed due to the formation of localized 
shear zone ahead of cutting edge. The excessive shearing 
happens in a very narrow planer zone oriented at an angle 
namely shear angle. Shear angle is also one of the major 
cutting parameters; once it is calculated, all other parameters 
can be calculated as well. Generally, shear angle has a con-
trolling influence on the cutting forces. Based on the basic 

(a)

(b)

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6

0 250 500 750 1000

Y
ie

ld
S

tr
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/I

n
it

ia
lY

ie
ld

S
tr

es
s

Temperature(Co)

Thermal Softening Multipiler

Poly.(Thermal Softening Multiplier)

Fig. 6  Inconel 718 parameters for finite element model. a Strain hard-
ening behavior. b Thermal softening behavior

Table 3  Constants for the advanced power law–based material model

σ0 (MPa) n �
p
o Tm (C°) Tcut (C°) m1

1375 11.3 0.01 1420  − 4E-12 100
C0 C1 C2 C3 C4 C5
1.004  − 2E-3  − 1E-6 5E-9  − 4E-12 0
D0 D1 D2 D3 D4 D5
1.1404 8E-4 3E-20 0 0 0

Fig. 7  Thermal conductivity and heat capacity of Inconel 718 as 
a function of temperature (adopted from [30] with kind permission 
from Elsevier)
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orthogonal cutting mechanics, below Eqs. 17 and 18 were 
employed to calculate the shear angle (φ) and chip com-
pression ratio (ζ) using the simulated data [34–36]. Several 
researchers have incorporated similar methodology to utilize 
experimental and simulated data for machining performance 
evaluation [24, 27, 37–39].

(17)Chip compression ratio(ζ) =
ach

ac

Figure 8 a and b compare the calculated results for chip 
compression ratio under dry and cryogenic cutting condi-
tions. It was observed that higher chip compression ratio 
was obtained under dry cutting as compared to the cryogenic 
cutting environment. As shown in Fig. 11b, at cutting speed 
of 90 m/min, the chip compression ratio was reduced in the 
cryogenic cutting by 3.7%, 10.5%, and 6% for undeformed 

(18)Shear angle(�) = arctan
cosγo

ζ − sinγo

Fig. 8  FE model setup utilized for the cryogenic machining

Fig. 9  A sample of simula-
tion for cryogenic cooling, 
cutting speed of 90 m/min, and 
undeformed chip thickness of 
0.1 mm/rev
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chip thickness of 0.05, 0.10, and 0.15 mm, respectively. The 
reduction in the chip compression ratio for cryogenic cutting 
is linked with comparatively reduced coefficient of friction 
at the tool chip contact. Lower frictional contact at the tool 
chip interface reduces cutting temperature and results in 
overall better lubrication. Similarly, in Fig. 11a, a common 
trend has been observed for both dry and cryogenic cutting 
that when cutting speed increases the chip compression ratio 
decreases. This trend is linked with the generation of thicker 
chips at the low cutting speed. The generation of thick chips 
at low cutting speeds can be verified by the low value of 
shear plane angle as shown in Fig. 11c. The lower shear 
plane angle results in higher contact area at the tool chip 
interface. However, increasing the cutting speed results in 
increasing the shear plane angle and lower contact area with 
lower value of chip compression ratio. Similar phenomenon 
was experienced by other researchers as well in their work 
[40].

To understand the cutting performance with respect to 
the secondary deformation zone at the cutting tool–chip 
interface, cutting length plays a significant role. During 
chip formation, the material being cut exerts cutting force 
on a small length at the rake face. The contact length value 
further develops understanding of cutting forces, chip for-
mation, tool wear, and linked tool wear mechanisms. As 
per the available literature [41], the contact length at the 
tool–chip contact can be calculated by Eq. 19 using the 
chip compression ratio, provided that chip compression 
ratio is less than 4. It was observed in Fig. 12 a and b that 
contact length was higher in the dry cutting as compared 
to the cryogenic cutting. The reason can be linked with 
the lower value of shear angles and resulting higher coef-
ficient of friction in the dry cutting. Figure 12c represents 
the overlay plot of both chip formations during dry and 
cryogenic cutting. It can be observed that average chip 

thickness of dry cutting is comparatively larger than the 
one obtained in cryogenic cutting.

5  Cutting forces and specific cutting energy 
analysis

In the metal cutting operation, forces are generated to cut 
material. Cutting forces are generally utilized as an impor-
tant indicator to predict machinability of cutting process. 
The component of machining force acting in the direction 
of cutting velocity is termed as main cutting force compo-
nent and contributes majorly towards the power and energy 
consumed in the cutting process. In this work because 
power and energy consumption were to be calculated, only 
the main cutting force component is employed. Figure 13 
a and b show experimental and simulated results of cut-
ting forces. There was a reasonable agreement between 
the experimental data and simulated results. Error margin 
between the experimental and simulated data was less than 
20% for all conditions except one condition (dry cutting, 
90 m/min and 0.15 mm) where the error jumped up to the 
30%. The simulated results are generally towards the lower 
bound when compared with the experimental data, and 
possible reasons have been discussed in the literature [32]. 
These variations in the forces are because the workpiece 
material is modelled as perfect plastic material and ignores 
any pre-stressed conditions available in the component in the 
form of residual stresses. Both experimental and simulated 
forces were found slightly lower in cryogenic cutting. Lower 
forces in the cryogenic cutting represent efficient cooling 
action that resulted in reducing the coefficient of friction at 

(19)lc = ac ∗ ζ
1.5

Fig. 10  a Experimental 
and simulated cutting force 
component under cryogenic 
cooling. b Dry cutting, cut-
ting speed = 90 m/min and 
feed = 0.15 mm/rev.
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the tool chip interface. Previous observations of shear angle 
and contact length also point out at lower cutting forces in 
cryogenic environment.

Power consumed in the cutting process can be computed 
using Eq. 20. Another important derivative of cutting force 
is called as specific cutting energy. Specific cutting energy 
(SCE) is the amount of energy required to cut unit volume of 
workpiece material. Specific cutting energy (SCE) is com-
posed of cutting power with respect to the cutting conditions 
involved. Equations 21 and 22 can be employed to calculate 
the specific cutting energy (SCE).

where MRR is the material removal rate (v x f x d) and Ac 
is the undeformed chip thickness area that can be calculated 
by undeformed chip thickness and width of cut. Figure 14 
represents the specific cutting energy (SCE) calculated for 
cryogenic and dry cutting environments. It can be seen that 
higher SCE was observed for lower value of undeformed 
chip thickness under both dry and cryogenic cutting environ-
ments. It is due to the presence of plowing force at low value 

(20)Pconsumed = Fcv

(21)SCE =
Pconsumed

MRR

(22)SCE =
Fc

Ac

of undeformed chip thickness. This phenomenon is referred 
as size effect in the metal cutting literature [42].

6  Analysis of chip morphology

The experimental and simulated chip formation was exam-
ined by measuring the peaks, valleys, and pitch distances 
measured as per the schematic illustration below. As per the 
guidelines mentioned in literature [38, 43–45], segmentation 
ratio (SR) was computed to examine the experimental and 
simulated chip formations for all cutting tests. Segmentation 
ratio (SR) is computed by taking the ratio of difference in 
peak to valley over the peak as per the schematic diagram in 
Fig. 15 and Eq. 16. Average values of peak and valley were 
considered from 4 to 5 repetitive measurements. The peak 
value of chip thickness shows excessive deformation under 
shear and is dependent on the workpiece material strength 
[43]. However, the valley value of chip thickness creates the 
segment assisted by fracture. The difference between peak 
and valley shows the plastic deformation involved in the 
segment [43]. To validate the simulated chip morphologies, 
four random experimental chips were examined and found 
in good agreement with the simulated results.

(23)Chip Segmentation Ration(SR), (SR) =
t1 − t2

t1

Fig. 11  Dry and cryogenic 
simulated cutting. a Chip com-
pression ratio vs. cutting speed 
at undeformed chip thickness 
of 0.05 mm. b Chip compres-
sion ratio vs. undeformed chip 
thickness at cutting speed of 
90 m/min. c Shear plane angle 
vs. cutting speed at undeformed 
chip thickness of 0.05 mm
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Figure 16 represents the sample calculation work per-
formed to compare the chip morphologies and associated 
analysis between experimental and simulated chips. Several 

measurements of peaks (t1), valleys (t2), and pitches (P) 
were calculated, and then average values were represented 
in Table 4. Error was below 10.4% for the average peak 

Fig. 12  Dry and cryogenic 
simulated cutting. a Contact 
length vs. cutting speed at 
undeformed chip thickness of 
0.05 mm. b Contact length vs. 
undeformed chip thickness at 
cutting speed of 90 m/min. c 
Overlay plot of both dry and 
cryogenic cutting simulations 
at cutting speed = 90 m/min 
and undeformed chip thick-
ness = 0.05 mm
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Fig. 13  Experimental and 
simulated dry and cryogenic 
cutting forces. a Cryogenic cut-
ting force vs. undeformed chip 
thickness. b Dry cutting force 
vs. undeformed chip thickness
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values between experimental and simulated data. Similarly, 
error was below 12.2% between valleys. Error range in pitch 
values was around 20–30% in most of the cases. Keeping 
in view that the study only incorporated chip segmentation 
ratio (SR) as in Eq. 23, only peaks and valleys were involved 
in the work.

Different chip morphologies under dry cutting and cryo-
genic cooling are presented in Fig. 17 a, b, and c. In both 
dry and cryogenic cutting, chip morphology parameters 
such as peaks, valleys, and pitches increase by increas-
ing the undeformed chip thickness. Literature points out 
that peak values are associated with the deformation of 

Fig. 14  Specific cutting energy 
(SCE) vs. different undeformed 
chip thicknesses at cutting speed 
of 90 m/min
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Fig. 15  Schematic illustration of segmented chip formed and definitions of chip morphology during the cutting process
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Fig. 16  Sample calculation 
work performed for cryogenic 
cutting (cutting speed = 90 m/
min and undeformed chip thick-
ness = 0.05 mm)

Table 4  Comparison of 
parameters related to chip 
morphology from simulated and 
experimental data

Cutting conditions Chip morphology (mm)

Average peak Average valley Average pitch

Test 1 — Cryogenic
Vc = 90 m/min
f = 0.05 mm/rev

Experimental
Numerical
Error %

0.067
0.060
 + 10.4%

0.057
0.050
 + 12.2%

0.026
0.032
 − 23%

Test 5 — Cryogenic
Vc = 120 m/min
f = 0.05 mm/rev

Experimental
Numerical
Error %

0.053
0.057
 − 7.5%

0.034
0.036
 − 5.8%

0.043
0.054
 − 25.6%

Test 6 — Dry
Vc = 90 m/min
f = 0.05 mm/rev

Experimental
Numerical
Error %

0.058
0.061
 − 5.17%

0.045
0.047
 − 4.4%

0.0515
0.0395
 − 30.4%

Test 8 — Dry
Vc = 90 m/min
f = 0.15 mm/rev

Experimental
Numerical
Error %

0.148
0.156
 − 5.4%

0.107
0.0970
 + 9.3%

0.129
0.167
 − 22.75%
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workpiece materials under shear [43]. Higher value of peaks 
with increasing undeformed chip thickness represents that 
there is more shear deformation present. Segmented chip is 
formed due to development of shear band due to the simul-
taneous presence of thermal softening and strain harden-
ing in workpiece material. When analyzed in detail, it is 
observed that grains experience excessive shear deforma-
tion resulting in the segmented chips. Chip segmentation 
is the result of two mechanisms; the interconnected portion 
between two chip segments experiences excessive plastic 
strain. The portion that separates and hangs outside on the 
free surface is the result of fracture. It is also reported that 
during the process two segments slide on each other result-
ing in saw tooth shape. The sliding takes place under shear 
load and fracture between the segment is observed to be type 
II (in-plane shear) fracture. Chip segmentation ratio (SR) 
is widely used to measure the extent of these mechanisms 
in the segmented chips. By utilizing the peaks and valleys, 
chip segmentation ratio (SR) can be calculated as pointed 
out in Fig. 15 and Eq. 16. Chip segmentation ratio was found 
higher when undeformed chip thickness increases. Higher 
value of segmentation ratio is due to the higher difference in 
peak and valley values, which means that the length of chip 
segment where fracture takes place is longer as compared to 
the length segment with severe plastic strain. Lower values 

of chip segmentation were observed at low levels of unde-
formed chip thickness for cryogenic machining as compared 
to the dry cutting. It can be attributed due to improved cool-
ing and lubrication as seen and discussed in the previous 
sections. However, at higher level of undeformed chip thick-
ness, chip segmentation ratio was found higher in cryogenic 
cooling as compared to dry cutting. It can be attributed to 
the strain hardening of Inconel 718 and dominant thermal 
softening of dry cutting.

7  Conclusions

Following conclusions are drawn from this study.

• The chip compression ratio was decreased in the cryo-
genic cutting by 3.7%, 10.5%, and 6% for undeformed 
chip thickness of 0.05, 0.10, and 0.15 mm, respectively. 
The reduction in the chip compression ratio for cryogenic 
cutting is linked with comparatively reduced coefficient 
of friction at the tool chip contact. Lower frictional con-
tact at the tool chip interface reduces cutting temperature 
and results in overall better lubrication.

• A generic trend was observed for both dry and cryogenic 
cutting that when cutting speed increases the chip com-

Fig. 17  Chip morphology of 
Inconel 718 at cutting speed of 
90 m/min under various feed 
rates. a Cryogenic cooling. b 
Dry cutting. c Chip segmenta-
tion ratio for both cryogenic and 
dry machining
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pression ratio decreases. It is linked with the generation 
of thicker chips at low cutting speed. The generation of 
thick chips at low cutting speeds can be verified by the 
low value of shear plane angles.

• The contact length was higher in the dry cutting as com-
pared to the cryogenic cutting. It was also observed that 
average chip thickness of dry cutting is larger than the 
one obtained in cryogenic cutting. The reason can be 
linked with the lower value of shear angles and resulting 
higher coefficient of friction in the dry cutting.
• The variations in forces are because the workpiece 

material is modelled as perfect plastic material and ignores 
any pre-stressed conditions available in the component 
in the form of residual stresses. Both experimental and 
simulated forces were found slightly lower in cryogenic 
cutting. Lower forces in the cryogenic cutting represent 
efficient cooling action that resulted in reducing the 
coefficient of friction at the tool chip interface.

• Higher specific cutting energy (SCE) was observed for lower 
value of undeformed chip thickness under both dry and cryo-
genic cutting environments. It is due to the presence of plow-
ing force at low value of undeformed chip thickness. This 
phenomenon is referred as size effect.

• In both dry and cryogenic cutting, chip morphology 
parameters such as peaks, valleys, and pitches increase 
by increasing the undeformed chip thickness. Higher 
value of peaks with increasing undeformed chip thick-
ness represents that there is more shear deformation pre-
sent. Segmented chip is formed due to development of 
shear band due to the simultaneous presence of thermal 
softening and strain hardening in workpiece material.

• Reduction in chip segmentation ratio was observed at low 
levels of undeformed chip thickness for cryogenic machining 
when compared to the dry cutting. It can be attributed due to 
improved cooling and lubrication in the cryogenic machining.
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