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Abstract
Titanium alloys have been attracting interest in aerospace industries because of their high strength-to-weight ratio.
However, they are classified as difficult-to-machine materials due to poor tool life in machining processes. Cryogenic
machining is a process that uses liquid nitrogen (LN2) as a coolant, and proposed as a method to enhance tool life
in the present study. This paper presents a theoretical study to develop a predictive cutting force model for cryogenic
machining of Ti-6Al-4V. A modified (in terms of cutting temperature) Johnson-Cook model that considers phase
transformation, and a friction coefficient were used as input parameters for inclusion of the cryogenic cooling effect.
The predictive cutting force model was validated based on an orthogonal cutting test. The predicted forces showed
good agreement with the experimental data, with minimum and maximum error magnitudes of 1.9 and 17.7% for
cutting force, and 0.3 and 32.8% for thrust force, respectively. Investigation of the effects of cryogenic cooling on
the cutting force, micro-structure, surface integrity and burr height were conducted. The cutting force during cryo-
genic machining was increased compared to dry machining by a martensitic phase transformation of the work
material. There was no effect of cooling condition on the surface roughness. The burr height under cryogenic
conditions was decreased by 56.2 and 28.2% compared to the dry and wet conditions, respectively.
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Nomenclature
σ flow stress (MPa)
A yield stress (MPa)
B strain hardening coefficient
n strain hardening exponent
C strain rate coefficient
m thermal coefficient

ε plastic strain
ε̇* dimensionless strain rate (s−1)
T∗ homologous temperature
εf equivalent plastic strain to fracture
D1 − 5 damage parameters
σ∗ dimensionless pressure-stress ratio
Tshear simulated temperature at shear plane (°C)
Tshear, Dry simulated temperature at shear plane in dry con-

dition (°C)
T s h e a r ,

Cryogenic

simulated temperature at shear plane in cryogenic condition

(°C)
Tchip simulated temperature at surface of chip (°C)
r cutting ratio
pc distance among teeth of chip (m)
p height of teeth of chip (m)
β tool face friction angle (rad)
μ friction coefficient at tool-chip interface
H, h phase constants
fp product volume fraction in phase transformation
kp, np JMA parameters
tCooling cooling time, min

Research highlights We developed the predictive model of cryogenic
machining with the phase transformation.
Experimental validations of FEM simulation and cutting forces were
performed.
Martensitic phase transformation increases cutting forces at high cutting
speed.
Cryogenic machining can improve the productivity by decreasing the
burr height.
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T temperature (°C)
γ̇ shear flow strain rate at shear zone (min−1)
l length of shear zone (m)
COxley strain rate constant for chip formation zone
VS shear velocity (m/min)
CR cooling rate for phase transformation (°C/s)
FC cutting force (N)
FT thrust force (N)
k shear flow stress at shear zone (Pa)
t1 un-deformed chip thickness (m)
w cutting width (m)
ϕ shear angle (rad)
θ slip-line field angle (rad)
λ friction angle (rad)
α rake angle (rad)

1 Introduction

Titanium and titanium alloys have been widely used in
aerospace and medical industries due to their high
strength-to-weight ratio, biocompatibility, and corrosion
resistance [1, 2]. Among the various titanium alloys, Ti-
6Al-4V is known to be the most common in these indus-
tries. During the machining process of Ti-6Al-4V, poor
thermal properties, including a low specific heat, induce
excessive heat generation during plastic deformation. The
generated heat is not dissipated due to the low thermal
conductivity of the material and the accumulated heat at
the plastic deformation zone induces an increase of cutting
tool temperature. Elevated temperature is an important pa-
rameter of tool wear and surface defects of the work mate-
rial [3]. Accordingly, the Ti-6Al-4V alloy has been report-
ed as a difficult-to-machine material during conventional
cutting processes.

Traditional cutting fluids have been mainly applied in
the machining of titanium alloys to improve machinability.
However, in recent studies, a restriction of the cutting
fluids has been required due to health and environmental
hazards [4]. Cryogenic machining has been studied as an
alternative method in previous research [5–7]. Cryogenic
machining is an eco-friendly process using liquid nitrogen
(LN2), which is non-toxic, as a coolant. Sprayed LN2 has a
cryogenic temperature (− 196 °C), can reduce the cutting
temperature [5], and has been proven to enhance tool life
by decreasing tool temperature. Hong et al. [6] reported
that tool life during cryogenic machining of Ti-6Al-4V
alloy increased compared to conventional emulsion ma-
chining. However, the rapid change in temperature can
lead to cold-strengthening and phase transformation of
the work material during cryogenic machining [7, 8]. Ti-
6Al-4V has a sequential combination of α (95 wt.%) + β
(5 wt.%) phase at room temperature [8] and the micro-

structural transition, including phase transformation of
the target material, occurs at a high temperature above
the recrystallization temperature. α to β phase transforma-
tion appears with an increase in temperature [8]. While Ti-
6Al-4V is gradually cooled, the β phase begins to trans-
form depending on the cooling rate. At a low cooling rate,
the β to α phase transformation is induced by a diffusion-
controlled nucleation approach [8–10]. A high cooling rate
(> 410 °C/s) causes a martensitic transformation of β phase
to α′ phase, which is face-centered cubic (fcc) or face-
centered tetragonal [11]. The cold-strengthening and mar-
tensitic phase transformation are potential factors in the
cutting force increase. Hong et al. [7] reported that the
cutting forces in the turning process are increased by the
cold-strengthening effect during cryogenic machining.
Jovanovic et al. [12] reported that under a rapid cooling
rate, material tensile strength and hardness, which affect
the cutting force, are enhanced by dynamic recrystalliza-
tion (DRX).

Many researchers have focused on cutting force measure-
ment during cryogenic machining [7, 13] and simulation
models have been developed to predict the cutting force [14,
15]. Rotella et al. [15] performed a numerical simulation of the
cutting force for aluminum alloy under cryogenic conditions.
However, there has been no simulation study incorporating
the phase transformation to predict cutting force during cryo-
genic machining. Because the Ti-6Al-4V alloy is sensitive to
temperature, consideration of phase transformation is required
for theoretical study. It is well known that a numerical ap-
proach is more accurate compared to an analytical approach
in the simulation of cutting temperature. However, in the case
of a finite element model (FEM), the simulation of phase
transition according to each temperature analysis step is not
adequate due to a lengthy processing time.

In this research, a predictive model for the cutting force
during cryogenic machining of Ti-6Al-4V was developed by
a combination of numerical and analytical methods. The pre-
dictive cutting force model included the cutting temperature,
material constitutive model, and friction coefficient at a tool-
chip interface as input parameters. The cutting temperature
was simulated using FEM simulation and the simulated result
was implemented to the analytical approach for predicting
phase transition and cutting force. A modified Johnson-
Cook model, which includes a phase constant, was adopted
as the material constitutive model, and the friction coefficient
was deducted using a chip morphology analysis. Then, vali-
dation of the predictive cutting force was performed using the
experimental data of an orthogonal cutting test. To observe the
phase transformation by cryogenic orthogonal machining, a
micro-structural analysis was performed on the chip surface,
which was generated by the machining experiment.
Additionally, cryogenic effects on surface roughness and burr
height were investigated.
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2 FEM simulation of cutting temperature

During the cryogenic machining process, the sprayed LN2 can
reach the surface of the work material; the temperatures of the
chip and work material are reduced by the convective effect of
the LN2. Numerical modeling is an adequate method to sim-
ulate heat convection. In this section, a two-dimensional FEM
simulation was carried out using the ABAQUS explicit pro-
gram to predict the cutting temperatures under dry and cryo-
genic conditions. The simulated temperatures were applied to
the predictive cutting force model and the overall procedure of
the numerical and analytical studies is described in Fig. 1.

2.1 Material constitutive model

A plasticity model can represent the flow stress induced by
plastic deformation of the work material in the FEM simula-
tion. In this research, the Johnson-Cook model, which is the
most popular empirical model due to the advantages of simple
form and small calculation quantity [16], was adopted as the
plasticity model. The material model is shown in Eq. (1)

σ ¼ Aþ Bεnð Þ 1þ Clnε˙
*

� �
1−T*m� � ð1Þ

where σ is the flow stress, A is a yield stress, B is a strain
hardening coefficient, n is a strain hardening exponent, C is
a strain rate coefficient, m is a thermal coefficient, and ε is a
plastic strain.

The material constitutive model includes the five parame-
ters (A, B, n,C,m); to obtain the parameters, a tension test was
carried out under a large range of strain rates (0.0001–0.1 s−1)
and temperature (25–600 °C). Under all the strain rate and
temperature conditions, a material tester (INSTRON, 5982
Type) was used and the ASTM D 638 type specimen was
adopted. The computed parameters are shown in Table 1. In
earlier research, five parameters for the Johnson-Cook model
were achieved under various testing conditions [17–19]. The
computed parameters showed similar trends to the reported
parameters, and it was confirmed that the computed parame-
ters are suitable for application to the FEM simulation.

2.2 Boundary condition of the FEM simulation

The mesh and boundary conditions are shown in Fig. 2. A
round-edged tool with a nose radius of 76 μm was used.
After the pre-machining test, the tool edge radius was mea-
sured by contour analysis using a surface profiler (Mitutoyo,
525–421 k−1). The tool and work materials were tungsten
carbide and Ti-6Al-4V. The cutting tool was applied as a rigid
body part and a 0.1-mm depth of cut was used. Velocities of
the bottom and left sides of the work material were set as zero
and the cutting tool moved with cutting speeds of 90, 150, and
210 m/min. The initial temperatures of the work material were

set to 25.6 and − 179.6 °C under dry and cryogenic conditions,
respectively. The temperatures of air and sprayed LN2 were
measured using a K-type thermocouple and the measured data
were applied to the initial temperatures. At the top side of the
work material, heat convective coefficients of 25 and 50 ×
107 W/m2-K were applied under dry and cryogenic condi-
tions, respectively [20]. Input temperatures for the heat con-
vection were set to the measured temperatures in each cooling
condition. Four-node plane strain thermally coupled quadri-
lateral, bilinear displacement and temperature, reduced inte-
gration, hourglass control (CPE4RT) elements were applied to
the work material and cutting tool. A damage criterion of the
Johnson-Cook model was employed as follows:

ε f ¼ D1 þ D2exp D3σ
*� �� �

1þ D4lnε
˙ *

h i
1þ D5T*� � ð2Þ

where εf is an equivalent plastic strain to fracture, and D1–D5

are damage parameters. TheD1–D5 are possible to quantify of
the ability to maintain plastic deformation and they can be
obtained by a fundamental material test to fracture. The dam-
age parameters, which were obtained from previous research,
were used [21]. Properties of Ti-6Al-4V, which were applied
to the simulation, are shown in Tables 1, 2, and 3.

The temperatures at the shear band and chip surface were
simulated. In the meshed work material, nodes positioned at
the shear band and chip surface were selected and cutting
temperatures were obtained at the nodes. The selected nodes
can be observed in Fig. 2. Average node temperatures were
used as cutting temperatures at shear band (Tshear) and chip
surface (Tchip). In cryogenic machining, the cryogenic cooling
process affects the variation in chip morphology, and the mor-
phology can represent the cutting mechanism [13]. The sim-
ulation result was validated using chip morphology analysis
and the results of the simulation and validation are presented
in Section 5.1.

3 Predictive cutting force modeling

An analytical approach was used to predict the cutting force
during cryogenic machining. The cutting temperature, friction
coefficient at the tool-chip interface and material constitutive
model, which includes a phase constant, were considered in
the proposed prediction model to reflect the cryogenic cooling
effect. A flow chart of the cutting force prediction is described
in Fig. 1.

3.1 Friction coefficient at the tool-chip interface

During the cryogenic machining process, reduction of temper-
ature due to LN2 can induce a change in the friction coeffi-
cient at the tool-chip interface. When a serrated chip is gener-
ated by titanium machining, the geometry of the chip depends
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on the friction coefficient. Vyas et al. [22] reported a relation-
ship between the friction coefficient and morphology of the
saw-tooth chip. Methods for calculating the friction coeffi-
cient according to the chip shape have been reported for
metals, including titanium alloys [22–24]. In this study, the
theoretical coefficient of sliding friction was computed by a
chip morphology analysis under various cutting conditions.
Equations were applied as follows:

r ¼ pc
p

ð3Þ

ϕ ¼ tan−1
rcosα

1þ rsinα

� 	
ð4Þ

ϕ ¼ π
4
−
β
2
þ α

2
ð5Þ

μ ¼ tanβ ð6Þ
where r is the cutting ratio, PC is the distance among the teeth
of the chip, P is the height of the teeth of the chip, β is the tool
face friction angle, and μ is the friction coefficient at the tool-
chip interface.

Descriptions of the input parameters of the computation
representing the geometry of a serrated chip were given pre-
viously [22]. Average friction coefficients under each cooling

condition were used as representative values in this study and
applied to the predictive cutting force model.

3.2 Determination of the phase constant representing
martensitic transformation

The original Johnson-Cook model cannot represent mechani-
cal property changes according to phase transformation [16].
In this section, to predict the cutting force during cryogenic
machining process, a modified Johnson-Cook model, which
includes a phase constant, H, was proposed. The material
model is based on the plasticity model reported by Seo et al.
[25], and the basic form is as follows:

σ ¼ Aþ Bεnð Þ 1þ Clnε˙
*

� �
1−T*m� �

H ð7Þ

where H is the phase constant.
The reported plasticity model includes the phase constant,

which has a simple form not including the kinematics of the
phase transformation. On the other hand, in this paper, the
Johnson-Mehl-Avrami (JMA) model was applied to calculate
the volume fraction of the martensitic phase transformation.
The JMA is a representative model of the phase transforma-
tion kinematics [26, 27]. In Gil Mur et al. [28], input param-
eters of the JMA model were deduced for the martensitic
phase transformation of Ti-6Al-4V under various tempera-
tures. In this work, empirical equations including temperature
as a variable were constructed by using the reported JMA
parameters, and the equations were applied to the proposed
material constitutive model. A formula including the relation-
ship between the phase constant and the JMA model is

Fig. 1 Flow chart of a predictive
cutting force model of the
cryogenic machining process for
Ti-6Al-4V alloy

Table 1 Johnson-Cook model parameters of Ti-6Al-4V

Parameter A B n C m

Value 856.41 840.26 0.880 0.011 0.663
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provided in Eq. (8), and the basic form of the JMA model is
shown in Eq. (9). The empirical equations and reported data
are summarized in Eqs. (10) and (11), and in Table 4. In
general, to obtain the volume fraction of phase transformation,
a specific cooling time is required [8, 29]. However, for the
machining process, it is hard to characterize the cooling time
because the chip is continuously generated in an extremely
short time. In this research, it was assumed that the phase
transformation is processed at the narrow shear band, with
intense shear concentration, because the cutting temperature
begins to rise at the shear zone by the primary heat source. Yan
et al. [30] reported that the shear strain rate is strongly corre-
lated with the time for shear concentration in the chip forma-
tion of titanium alloys. Therefore, a reciprocal of the shear
strain rate was applied as the cooing time in the JMA model
and the cooling time is described in Eq. (12).

H ¼ 1þ f ph ð8Þ
f p ¼ 1−exp −kptCoolingnp

� � ð9Þ
np ¼ 0:0021T−0:0799 ð10Þ
kp ¼ 0:00004T−00021 ð11Þ

tCooling ¼ 1

γ̇
¼ l

COxleyVS
ð12Þ

where h is the phase constant, fp is the product volume fraction
during phase transformation, np and kp are the JMA parame-
ters, T is the temperature, and tCooling is the cooling time.

After the martensitic phase transformation, the tensile
strength of the target material changes according to the
cooling rate. Filip et al. [31] reported an experimental study
showing a change in the yield stress of Ti-6Al-4Vaccording to
variation in the cooling rate; there was a linear relationship
between the yield stress and cooling rate. The yield stress
correlates with the flow stress during plastic deformation of

the work material. In this research, a linear equation
representing that relationship was constructed to obtain the
phase constant, h, and is shown in Eq. (13).

h ¼ 0:0039CRþ 0:0009 ð13Þ
where CR is the cooling rate for phase transformation.

To obtain the cooling rate, the FEM simulation results for
the cutting temperature at the shear plane were used. Because
the time for chip generation is short, it was assumed that the
initial temperature at the shear band during cryogenic machin-
ing is the same as Tshear,Dry, and that the temperature is de-
creased by cryogenic cooling. The cooling rate was computed
according to the difference between Tshear, Dry and Tshear,
Cryogenic, and the cooling rate is described in Eq. (14). The
constructed parameters under various cutting speeds were ap-
plied to the material model.

CR ¼ Tshear;Dry−Tshear;Cryogenic
� �

60⋅tCooling
ð14Þ

3.3 Cutting force model

The Oxley model is a cutting force prediction model using a
slip-line method [34]. To predict cutting force, the Oxley mod-
el incorporates the cutting tool geometry and properties of the
work material. During the machining process, plastic defor-
mation of the work material occurs and a flow stress is in-
duced according to the mechanical properties of the material

Fig. 2 Boundary condition of a
finite element model (FEM)
simulation of cutting temperature

Table 3 Properties of Ti-6Al-4Valloy

Parameter Value

Modulus of elasticity (GPa) 110

Poisson’s ratio 0.41

Specific heat (J/kg-°C) 580

Thermal conductivity (W/m-°C) 7.3

Density (kg/m3) 4428

CTE (um/m-°C) 9.2

Melting temperature (°C) 1632

Table 2 Damage parameters of Ti-6Al-4Valloy

Parameter D1 D2 D3 D4 D5

Value − 0.09 0.25 − 0.5 0.014 3.87
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and the cutting conditions. Themechanical properties depends
on the temperature. Then, the cutting force (FC) and thrust
force (FT) are calculated by considering the flow stress and
tool geometry, which includes the rake and inclination angles.
The forces can be deducted bymultiplication of the flow stress
and cutting area at the shear zone. FC and FT are presented in
Eqs. (15) and (16) [32].

FC ¼ kt1w
sinϕcosθ

cos λ−αð Þ ð15Þ

FT ¼ kt1w
sinϕcosθ

sin λ−αð Þ ð16Þ

where k is the shear flow stress, t1 is an un-deformed chip
thickness, and w is the cutting width.

A predictive cutting force model for the cryogenic or-
thogonal cutting process was developed in MATLAB
based on the Oxley model. Under cryogenic conditions,
the cutting temperature and mechanical properties of the
work material are changed by spraying of LN2. The cut-
ting temperature simulated by the FEM model was ap-
plied to obtain the mechanical properties of a target ma-
terial, and the flow stress and cutting force were deter-
mined considering the cutting conditions and properties
of the work material. During the cutting process, the tip
of the tool presses the work material and this phenomenon
induces a plowing effect. Wardolf et al. [33] reported that
an additional cutting force, i.e., a plowing force, is caused
by the plowing effect. The result of the predictive model
was computed by summing the cutting force, which is
based on the Oxley model, and the plowing force.

4 Experimental setup

An orthogonal cutting experiment was carried out for the
Ti-6Al-4V material using a lathe machine (S&T, TSL 6).
A disc-type specimen was used. The test was executed
with a feed of 0.1 mm/rev, cutting width of 1 mm, and
various cutting speeds (90, 150, 210 m/min). During the
machining of titanium alloys, the cutting temperature is
the main parameter determining the machinability.
Because the cutting speed has a significant effect on the
cutting temperature relative to the feed and cutting width,
a large range of cutting speeds were applied during the

test. The experimental conditions are shown in Table 5
and Fig. 3. Three cooling conditions (dry, wet, cryogenic)
were applied throughout the experiment. Under wet and
cryogenic conditions, conventional oil and LN2 were
adopted as coolants, respectively, and a tool holder
supporting the coolants during internal passage was used
(SANDVIK). The tool holder includes two holes having a
diameter of 1 mm to release the coolants. The coolants
were sprayed heading to rake and flank faces of the tool
insert. The pressure of the LN2 was fixed as 15 bars under
cryogenic conditions. To eliminate any effect of the coat-
ing material, an uncoated tungsten carbide tool insert
(SANDVIK), which has rake and inclination angles of
zero degrees, was applied.

Before performing the experiment, pre-machining was
conducted to achieve a planar surface on the work material.
During the machining process, a force dynamometer
(KISTLER, 9257B) was applied to measure the cutting force
and the tool holder was attached to the dynamometer. To pre-
vent thermal shock of the dynamometer by LN2, a Teflon
plate was placed between the tool holder and dynamometer.

Fig. 3 Experimental setup of the cryogenic orthogonal cutting
experiment

Table 5 Experimental conditions for the orthogonal cutting test of the
Ti-6Al-4V alloy

Cooling condition Cutting speed
(m/min)

Cutting width
(mm)

Feed
(mm/rev)

Dry 90, 150, 210 1 0.1
Wet

Cryogenic

Table 4 Parameters for
Avrami model in
difference temperatures

T (°C) np kp

400 0.667 0.0192

500 1.106 0.0147

600 1.252 0.0246

700 1.326 0.0307
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5 Result and discussion

5.1 FEM validation and chip morphology analysis

In the case of machining of Ti-6Al-4V, a serrated chip was
generated, and the chip morphology is determined by the
property of work material and the machining condition which
includes the cooling effect of coolants [13]. Many previous
researches have analyzed the mechanism of serrated chip as
theories of adiabatic shear band and cyclic crack propagation
[22, 34, 35], and it was reported that the chip formation has a
great influence on the distribution of cutting temperature [35,
36]. In this study, the shape of the chip was used to validate the
cutting temperature which was simulated by the FEM model.
Chip height (Hchip) and the distance between the teeth of the
chip (Dchip) were compared between experimental and simu-
lated chip shapes at cutting speeds of 90, 150, and 210 m/min.
The chipmorphology was measured using a scanning electron
microscope (FEI, Nova Nano). The simulated chip morphol-
ogy matched well to the experimental results, with minimum
andmaximum error magnitudes of 0.3 and 8.4% forHchip, and
0.7 and 8.8% forDchip, respectively (Fig. 4). This result proves
that the simulated cutting temperature is adequate in the pre-
dictive cutting force model.

The simulation results of cutting temperature are summa-
rized in Table 6. Under cryogenic conditions, negative tem-
peratures occurred at nodes near to the convection layer, and
the cutting temperatures (Tshear, Tchip) under cryogenic condi-
tions were lower than those under dry conditions, due to the
effect of LN2. With the increase in cutting speed, the cutting
temperatures were increased and the difference between the
shear zone temperature under dry and cryogenic conditions
showed a positive relationship with cutting speed.

Computation of the friction coefficient at the tool-chip in-
terface was performed and the results are shown in Table 7.
The friction coefficients under cryogenic conditions were low-
er than those under dry and wet conditions. Due to LN2 being
sprayed on to the tool rake face, adhesion at the tool-chip
interface can be reduced [37]. The decrease in the friction
coefficients may have been caused by the reduction of adhe-
sion. The effect of cooling on the friction coefficient was
significant relative to the cutting speed; thus, it appears that
the cooling condition is a dominant parameter in the friction
coefficient.

5.2 Validation of the predictive cutting force model
and cutting force analysis

Cutting force prediction was performed under three different
cooling conditions. The cutting temperature, material consti-
tutive model, and friction coefficient were used as input pa-
rameters. Under wet conditions, it was assumed that the effect
of the conventional oil on cutting temperature could be

ignored, because the rate of increase in cutting temperature is
extremely high relative to the temperature of the oil (24.3 °C)
and cutting temperatures simulated under dry conditions were
applied. The temperature of the oil was measured using a K-
type thermocouple. Under cryogenic conditions, the computed
phase constants were applied to the material model, whereas a
constant of 1 was applied to the H value under dry and wet
conditions. Predictive cutting forces were validated by experi-
mental data and the results are shown in Fig. 5. The validation
result showed good agreement between the predicted and ex-
perimental cutting forces, with minimum and maximum error
magnitudes of 1.9 and 17.7% for FC, and 0.3 and 32.8% for FT,
respectively. To confirm the effect of the phase constant under
cryogenic conditions, a comparison between predictive forces
with and without the phase constant was performed. The results
of the comparison are shown in Fig. 6. When the phase trans-
formation was considered, the reliability of the model was in-
creased in terms of FT. Thus, it can be concluded that analysis
of phase transformation is necessary to predict the cutting
mechanism of the Ti-6Al-4V under cryogenic conditions.

Regarding the orthogonal cutting process, the measured cut-
ting forces are summarized in Fig. 5. At low cutting speeds (90–
150 m/min), there was no significant difference in cutting force
according to the cooling conditions. Under cryogenic condi-
tions, a decrease in cutting temperature was observed in the
FEM simulation, which elevated the cutting force. However,
it appears that the decrease in friction coefficient caused by
cryogenic cooling may attenuate the cold-strengthening effect.
Conversely, at a high cutting speed (210 m/min), a drastic in-
crease in cutting force was detected due to cryogenic cooling.
Under cryogenic conditions, martensitic phase transformation
can occur via rapid heating and cooling. Under high cutting
speed conditions, the maximum cutting temperature and
cooling rate can be generated, and it appears that the increase
of force is due mainly to the phase transformation.

In the predicted cutting forces, there are severe discrepancies
for some cutting conditions. The causes of the discrepancies
may be accounted for the effects of property of work material,
tool vibration, and cutting tool wear. In this study, the cutting
temperature and the mechanical property of work material were
computed in a steady state of machining process. However,
during the cryogenic machining process, the LN2 is sprayed
to a localized region of the work material, and irregularities in
the material temperature and work material property may ap-
pear. Further, the cutting tool may vibrate due to the cutting
force in feed direction, and the vibration can induce the varia-
tions of cutting depth and machining force. In a machining
process, an occurrence of flank wear can induce the deforma-
tion of cutting tool shape and the variation of cutting force.
However, in the analytical process, it was assumed that the tool
wear could be ignored, due to short machining distance. In the
comparison result, the maximum error magnitude occurred at
the cutting speed of 210 m/min, and it can be considered that
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the main cause of the discrepancy is the effect of tool wear
because a high cutting temperature, which is a factor of the tool
wear, is generated in high speed machining processes. The pro-
posed predictive model is required to be further developed by
accounting for the existence of cutting tool wear effect.

5.3 Micro-structural analysis (phase transformation)

In the predictive model, the phase transformation was incor-
porated to predict the cutting force under cryogenic

conditions. To confirm the occurrence of martensitic phase
transformation, a micro-structural analysis was carried out
using X-ray diffraction (XRD) analysis on the surface of the
generated chip from the cryogenic orthogonal cutting test.
XRD is a method for analyzing micro-structure, including
the phase of the target material. It can represent the phase
combination by a peak pattern. In the case of Ti-6Al-4V, when
the martensitic transformation occurs, a shift in the XRD peak,
which is matched to an α (101) phase, is induced and the
shifted peak angle has a positive correlation with the volume

172.07 μm (Hchip)

112.42 μm (Dchip)

144.34 μm

117.15 μm

Error (%)
Hchip 8.4
Dchip 0.7

Error (%)
Hchip 2.7
Dchip 3.4

a b

151.53 μm

92.09 μm

147.76 μm

90.53 μm

Error (%)
Hchip 0.3
Dchip 6.3

Error (%)
Hchip 1.6
Dchip 3.1

c d

153.22 μm

77.88 μm

130.42 μm

76.75 μm

Error (%)
Hchip 2.6
Dchip 8.8

Error (%)
Hchip 6.6
Dchip 4.9

e f

Fig. 4 Comparison between simulated andmeasured chip morphologies under dry (a, c, e) and cryogenic (b, d, f) conditions at cutting speeds of 90, 150,
and 210 m/min

Table 6 Simulated cutting
temperatures at the shear band
and chip surface

Cooling

condition

Tshear (°C) Tchip (°C)

90 m/min 150 m/min 210 m/min 90 m/min 150 m/min 210 m/min

Dry 474.8 508.0 534.9 679.0 685.0 742.6

Cryogenic 279.8 297.8 298.8 506.0 562.3 579.4
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fraction of phase transformation. Jovanovic et al. [12] con-
ducted anXRD analysis for a water-quenched Ti-6Al-4Valloy
and confirmed a shift in the XRD peak by martensitic phase
transformation. A high power XRD (Rigaku, D/MAX-
2500 V) was applied for the analysis by using graphite
monochromated Cu Kα radiation with 200 mA current
and 40 kV of operating voltage. The X-ray was scattered
on the overall area of target material, chip surface, and an average phase combination was detected. The analysis was

performed for three different samples in each cutting condi-
tion, and the results of the micro-structural analysis with a
schematic diagram of the diffraction pattern are described in
Fig. 7. Martensitic transformations were detected at cutting
speeds of 90–210 m/min and the maximum shifted angle of
the XRD peak was found at a cutting speed of 210 m/min.
This proves that the martensitic phase transformation led to
a drastic increase in cutting force at the 210 m/min cutting
speed. On the other hand, with a 150 m/min cutting speed,
the minimum shifted XRD angle was detected. When the
cutting speed increases, the cooling rate is increased, while
the cooling time for phase transformation is decreased. The
conflicting parameters cause a non-linear relationship be-
tween the cutting speed and volume fraction of phase

Fig. 5 Validation of predictive cutting forces based on experimental data
in the a Fc and b Ft force directions

Fig. 7 Experimental result of X-ray diffraction (XRD) analysis of the
chip surface generated by a cryogenic orthogonal cutting test

Fig. 6 Comparison between predictive cutting forces with and without
phase constant

Table 7 Computed friction coefficients at the tool-chip interface: chip
morphology analysis

Cooling condition Friction coefficient Average
value

90 m/min 150 m/min 210 m/min

Dry 0.52 0.57 0.56 0.55

Wet 0.50 0.46 0.46 0.47

Cryogenic 0.48 0.43 0.41 0.44

Int J Adv Manuf Technol (2018) 96:1293–1304 1301



transformation, which may induce the minimum shifted
XRD angle at a 150 m/min cutting speed. It seems that
application of a 150 m/min cutting speed is adequate to
prevent the effect of martensitic phase transformation on
the cutting force during cryogenic machining of a Ti-6Al-
4V alloy.

5.4 Surface roughness

Surface roughness is the main parameter determining the qual-
ity of a product, and it is well known that the surface rough-
ness depends on the cutting conditions [38]. To confirm the
effects of cryogenic cooling on surface quality, the roughness
of the work material was measured by machining under cryo-
genic cooling conditions by using the surface profiler
(Mitutoyo, 525–421 k−1). The measured data are summarized
in Fig. 8 based on the surface roughness under dry conditions.
Under wet and cryogenic conditions, the average surface
roughness decreased by 9.2 and 11.8%, respectively. When a
coolant is applied during the machining process, the reduced
friction coefficient can improve the surface quality, and the
effects of conventional oil and LN2 may reduce the surface
roughness. However, within the measured data, the difference
in roughness results according to cooling conditions seems to
be small relative to the standard deviation for each cutting
condition. Thus, it appears that the effect of martensitic phase
transformation on the surface roughness is small.

5.5 Burr height

A side burr is one of the most common types of burr used
during the orthogonal cutting process, and the height of the
burr depends on the temperature of the work material [39,
40]. An increase in temperature induces an increase in burr
height. In this study, burr heights of machined work materials

were measured using a laser scanning confocal microscope
(Olympus, OLS-3100). The experimental results are shown
in Fig. 9a. The average burr height under cryogenic condi-
tions was decreased by 56.2 and 28.2% compared to the dry
and wet conditions, respectively. Under cryogenic conditions,
a drastic reduction in burr height was detected and it seems
that the decrease in cutting temperature due to use of sprayed
coolants in turn reduces burr height. At a cutting speed of
90 m/min, no burr was seen under any cooling conditions;
the burr began to be generated at a cutting speed of 150 m/
min. Under cryogenic conditions, no burr was seen at a cut-
ting speed of 150 m/min. The qualities of machined surfaces
according to the cutting conditions are presented in Fig. 9b.
During the machining of titanium alloys, cutting speeds lower
than 100 m/min have generally been applied. The range of
cutting speeds depends on the machinability, for example in
terms of tool life and product quality. When cryogenic cool-
ant is applied during the machining of titanium alloys, it is
expected that productivity will be enhanced by an increase in
cutting speed.

Burr 
removed

a

No Burr

b

Fig. 9 a Measured burr height, and b qualities of the machined area
shown by orthogonal cutting experiments under different cutting
conditions

Fig. 8 Measured surface roughness results for machined surfaces of Ti-
6Al-4Valloy under various cutting conditions
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6 Conclusion

In this study, a predictive force modeling for cryogenic ma-
chining was studied by a combination of the numerical and
analytical approaches. Validation of the model was done using
experimental data. The detailed conclusions are as follows:

(1) Cutting temperatures at the shear zone and chip surface
were simulated under dry and cryogenic conditions by
the FEM model. The simulated temperature under cryo-
genic conditions was lower compared to that under dry
conditions. The simulation result was verified based on
chip morphology analysis. The simulated chip shape
matched well to the experimental data, with minimum
and maximum error magnitudes of 0.3 and 8.4% for
Hchip, and 0.7 and 8.8% for Dchip, respectively.

(2) The friction coefficient at the tool-chip interface under
cryogenic conditions was decreased compared to that
under dry and wet conditions. It seems that the reduction
in adhesion at the tool rake face led to the decrease in the
friction coefficient. Cooling was a dominant factor af-
fecting the friction relative to the cutting speed.

(3) A predictive cutting force model for cryogenic machin-
ing of Ti-6Al-4V was developed and validated based on
experimental data. A comparison between the predicted
and experimental cutting forces was conducted and
showed good agreement with the minimum and maxi-
mum error magnitudes of 1.9 and 17.7% for FC, 0.3 and
32.8% for FT. The prediction results showed a similar
trend with the experimental results at cutting speeds of
90–210 m/min. A drastic increase in cutting force was
induced by the martensitic phase transformation under
cryogenic conditions with a high cutting speed (210 m/
min). It can be concluded that consideration of phase
transformation is necessary to predict the cutting force
during cryogenic machining of Ti-6Al-4V.

(4) XRD analysis was performed on the chip surface, which
was generated by the cryogenic orthogonal cutting test.
The minimum volume fraction of the martensitic phase
transformation was detected at a 150 m/min cutting
speed. It can be concluded that a cutting speed of
150 m/min is adequate to prevent phase transformation
and an increase in cutting force.

(5) There was no significant effect of cooling conditions on
surface roughness. The burr height under cryogenic con-
ditions was decreased by 56.2 and 28.2% compared to
the dry and wet conditions, respectively. Especially, at a
cutting speed of 150 m/min, no burr was present. It
seems that the reduction in cutting temperature caused
by LN2 spraying in turn caused the decrease in burr
height. During conventional machining of titanium al-
loys, the cutting speed is limited to lower than 100 m/
min due to poor machinability. In cryogenic machining,

it is expected that productivity will improve due to the
increase in cutting speed up to 150 m/min.
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