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Abstract
This article establishes a finite element method (FEM) model to characterize and classify the chip morphologies of Inconel
718, which tends to form shear localized chips. Orthogonal cutting simulations in a wide range of speeds with three uncut
chip thicknesses are carried out to model the plastic deformation of Inconel 718 and thus the formation of the serrated chips
by utilizing the Johnson-Cook (JC) constitutive law with the criterion of the accumulated plastic strain. Evolution trends of
the chip deformation results are of the main interest and focus is placed on the chip segmentation. Simulation results show
that Inconel 718 exhibits a chip pattern transition from the continuously smooth form to the regularly serrated form with the
increase of cutting speed. However, the disappearance of chip serration is also observed at still higher cutting speeds. The
primary shear angle and the segment inclination finally reach the same asymptotic value of 45◦. The shear band spacing
drops significantly before the two plateau regions are achieved. Apart from these, the scatter plot of specific cutting force
tends to be a concave shape, while the scatter plot of chip segmentation degree tends to be a convex shape. Meanwhile, the
chip thickness ratio approaches an asymptotic value, and the average velocity of chip sliding on the tool rake face almost
equals the cutting speed. At the same time, the simulation results are compared to the results by experiments or simulations in
the published literatures. Moreover, the FEM model is validated by comparing the chip morphologies from the experiments
and the simulations, respectively. The proposed work is fundamental for not only increasing understandings of the metal
cutting process of Inconel 718, but also hypothetically providing a framework of the chip generation under the cutting speed
from low to high range.
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1 Introduction

Nickel-based superalloys are widely used in the hot sections
of aircraft engines for critical components such as vanes, discs
and liners in gas turbines, mainly because of their excellent
mechanical strength at elevated temperatures, resistance to
wear and chemical degradation [1]. Among the nickel-based
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superalloys, Inconel 718 is well known and considered as
an extremely difficult-to-cut material [2–4]. As reported in
Ref. [5], the relative machinability (feed rate) of Inconel
718 was about 1

16 of aluminum alloy, 1
6 of mild steel

and 1
4 of stainless steel, respectively. Besides, it is noted

in Refs. [6, 7] that the range of cutting speeds for high
speed milling of nickel-based alloys was about 50 m/min
∼ 600 m/min, which was the lowest high speed milling
range when compared to those of titanium, steel, cast iron,
bronze brass, aluminum and fiber reinforced plastics. Poor
machinability of Inconel 718 is often due to its low thermal
conductivity, high toughness, work hardening behavior and
chemical affinity for most tool materials [5, 8, 9]. These
features cause the alloy’s milling, drilling and turning at
much lower cutting speeds and feeds. Therefore, practical
machining of Inconel 718 to achieve favorable metal parts
usually needs more time and higher cost.
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When machining nickel alloys is concerned, the growing
demand for high production efficiency has prompted con-
tinuous research of excellent cutting tool materials and
machining methods. One progress that can improve the
machinability of nickel alloys is the development of high
speed machining technology, which has advantages of high
metal-removal rate with low cutting force, good machining
accuracy and sound surface finish [3, 10]. The machining
characteristics and the chip morphologies of Inconel 718
under conventional cutting speeds have been studied exten-
sively. However, the range of very high cutting speeds is
still largely unexploited. The main reason is that high cut-
ting speed also encourages the emergence of highly serrated
chips [11], which usually leads to cutting instability corre-
lated with increased tool wear, degraded surface finish and
reduced machining accuracy [12].

Another progress is that finite element softwares have
been developed to help simulate a particular machining
operation in the computational environment. It not only
promotes better understanding of the cutting process but
also saves time and money in generating reasonable
solutions, like obtaining optimal cutting parameters. Finite
element analysis was firstly applied to study mental cutting
process in the early 1970s when Tay et al. [13] developed
a two-dimension (2D) FEM model for the orthogonal
turning of a free-machining steel in order to determine the
temperature distribution in chip and cutting tool. Since then,
two and three dimensional simulations of machining have
been developed. Through FEM simulations, a rich set of
variables such as the fields of strain, stress and temperature
[14] can be obtained to predict the material deformation
characteristics and the machining performance. Parameters
such as cutting speeds and feeds can directly influence
chip morphology, cutting force and other quantities related
to the chip formation process. Thus, many investigators
have developed various analytical and numerical models to
comprehend the features that relate to the chip formation
process.

One of the main characteristics in machining of Inconel
718 is to produce the serrated or the segmented chips,
which involve large strains, high strain rates and high
temperatures, in a wide range of cutting speeds and feeds.
Existing studies show that on the one hand, the chip
serration or segmentation by shear localization affects the
machined surface integrity. On the other hand, the serrated
or the segmented chips by shear localization are easy
to break, and this contributes to the chip’s evacuation
and disposal [15], and thus the automation of machining
operations and other applications involving chip recycling
[16, 17]. Actually, shear localized bands, from a few
micrometers to a few tens of micrometers wide [18]
observed within the serrated chips, are alternately separated
by segment bulks [19]. With poor thermal properties, the

generated heats are concentrated, and further increase the
local temperature to a high value since the heat diffusion
does not have enough time to smooth the temperature field.
Then adiabatic shearing happens where plastic deformation
is highly intense [20]. Consequently, materials in the shear
zones are subject to thermal softening and rapid deformation
[21], and they in turn contribute to strain localization and
temperature rising. Thus, cutting simulations to understand
the chip formation mechanism of Inconel 718 is vital for
machining this alloy effectively and efficiently. Much work
needs to be done to analyze the serrated chip formation
mechanism of Inconel 718 that covers onset, propagation
and interaction of adiabatic shear bands.

Chip formation in machining plays an important role
in the cutting process, and chip morphology often reflects
the choice of cutting conditions [22]. In this work, a
FEM model is established to explore the serrated chip
formation mechanism and the chip morphology evolution of
Inconel 718. Orthogonal cutting simulations are conducted
by combining a wide range of cutting speeds. It is useful
to grasp the details that involve in the chip formation
process, and this cannot be easily obtained by actual
cutting operations. The proposed work is as follows. First,
descriptions of the FEMmodel employed for the orthogonal
cutting simulations are given. Second, simulations are
conducted to collect the generated chips and the cutting
forces. Third, results obtained from the orthogonal cutting
simulations are quantitatively analyzed, and experiments are
designed and conducted to validate the FEMmodel. Finally,
overall conclusions are summarized.

2 Numerical modeling

2.1 Basic simulation procedure

Various FEM simulations have been developed to study
the cutting response of different metals and alloys. In
this work, the Johnson-Cook (JC) model [23], which is a
strain rate- and temperature-dependent viscoplastic material
model suitable for materials subject to large strains, high
strain rates and high temperatures, is adopted. The von
Mises tensile flow stress, i.e., σ , involved in the model is
expressed as follows [23].

σ =(
A + Bεn

)
[

1 + C ln

( ·
ε
·
ε0

)][
1−

(
T −T0

Tm−T0

)m]
(1)

where the equivalent plastic strain ε is expressed as

ε = ∫ ·
ε dt with

·
ε being the equivalent plastic strain rate

with respect to the reference plastic strain rate
·
ε0. T is the

current material temperature in Kelvin. T0 is the reference
temperature. Tm is the material melting temperature. It
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Table 1 Johnson-Cook (JC) constitutive model parameters for Inconel
718 [24]

A [MPa] B [MPa] n C m ε·
0 [s

−1] T0 [K] Tm [K]

1350 1139 0.65 0.014 1.0 1.0 300 1570

should be pointed out that the items appearing in the first,
the second and the third brackets describe the effects of the
strain hardening, the strain rate hardening and the thermal
softening in the plastic flow, respectively.

In this study, evolution trends of the chip deformation
results are of the main interest, and focus is placed on
the chip segmentation. Therefore, emphasis is not put on
modifications and improvements of the JC constitutive law,
and the existing one, i.e., Eq. (1), is used in the study. For
Inconel 718, the basic parameters required in the JC model
together with the main physical and mechanical property
parameters, are taken from the work reported in Ref. [24], as
listed in Tables 1 and 2. The main physical and mechanical
property parameters of the tool used for simulations is taken
from the Ref. [14], as listed in Table 2. The fraction of
inelastic heat β used in the FEM simulations is treated as a
constant of 0.9 for considering the heat generation rate due
to the work of the plastic deformation of Inconel 718.

To well simulate how the elements of the workpiece
material separate to form the chip and the machined surface,
one of the most important aspects is damage and separation
principle, such as node separation, element deletion and
adaptive remeshing [25]. There are two criteria, which are
widely used to describe the separation between chip and
workpiece matrix. The first is the geometric criterion [26,
27], and the second are physical criteria [28–30]. The former
uses a critical distance, which is defined as the length
between the tool tip on the cutting path and the unit node in
front of the tool tip, to judge whether it reaches the preset
critical failure value. Once the distance reaches the preset
critical failure value, the node will fracture and separate into
two nodes. One will continue to flow with the formed chip,
and the other node will remain on the machined surface.
The latter takes the equivalent plastic strain, fracture stress,

Table 2 Physical and mechanical properties of Inconel 718 [24] and
tool [14]

Parameter Inconel 718 Tool

Mass density ρ [kg m−3] 8200 15000

Modulus of elasticity E [GPa] 210 800

Poisson’s coefficient υ 0.3 0.2

Heat conductivity k [W m−1 K−1] 11.4 46

Thermal expansion α [μm m−1 K−1] 12.0 4.7

Specific heat capacity Cp [J kg−1 K−1] 435 203

strain energy density or other physical variables as the
criterion for chip separation from workpiece matrix [30].
That is, as long as the physical variables at the tool tip reach
the preset critical value, the unit nodes are separated.

In this work, a damage criterion is used based on the
accumulated plastic strain. The material element is assumed
to be undamaged from the surrounding elements when the
accumulated value ε is smaller than the critical value εcrit ,
and it is totally damaged when ε reaches εcrit . Here, it
should be pointed out that the critical strain is used to avoid
excessive mesh distortion in the finite element computation,
and this damage criterion was previously proved to be
effective in predicting the failure of ductile materials subject
to high loading rates in different situations [31, 32]. In this
work, fracture is controlled by εcrit and can be triggered by
the high level of plastic localized strain within shear bands.

In order to analyze and clarify the link between the
adiabatic shearing, the chip morphology and the cutting
conditions, a plane strain model of orthogonal cutting
is developed using the finite element with Lagrangian
formulation. The basic geometry of the numerical model
and the 2D-FEM model for orthogonal cutting process
are shown in Fig. 1. The workpiece is considered as
plastic material whereas the cutting tool is treated here for
simplicity as a rigid body. The heat conductions between the
workpiece matrix, the tool surface and the chip have been
considered and thus set in the cutting simulations.

A sharp tool is considered and only one degree of
freedom along the cutting direction is allowed. The cutting
speed Vc is applied to the reference point (RP) on the
tool right-top corner. Mechanical boundary conditions are
defined to fix the workpiece at the bottom and the two
sides, and it means no rotational or translational degrees of
freedom. The tool rake angle α and the tool clearance angle
γ are set as 0◦ and 6◦, respectively. The cutting speed Vc

and the uncut chip thickness t1 vary in different simulations.
If Vc is larger than 10 m/s, the overall friction coefficient is
very small [34], and its speed dependence is poorly known.
For the convenience of study, the mechanical contact at the
tool-chip interface is defined as a friction-free constraint for
the large range of speeds explored.

The mesh of workpiece is divided into the three different
zones with different mesh densities, namely, the uncut chip
material (zone A), the fracture material (zone B) and the
workpiece matrix (zone C). Finer meshes in zone A are used
to capture the high level of strain localization in the narrow
shear bands for better accuracy. The layers of material that
will be removed by the cutting tool are comprised of zone A
and zone B (thin joint layer of 5 μm in thickness). The upper
limit of zone C corresponds to the machined surface. The
meshes at zone B and zone C are parallel to horizontal and
vertical directions, while the mesh at zone A is characterized
by an inclination angle δ with the tool rake face. This
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Fig. 1 a Orthogonal cutting configuration and decomposition of the workpiece material with three different zones [33]. b 2D-FEM model for
orthogonal cutting process

orientation of mesh is aimed to facilitate the formation of
the segmented chip flow during orthogonal cutting [24, 35–
37]. An optimal mesh orientation δ = 45◦ reported in Refs.
[24, 33] is adopted.

The shear damage parameter εcrit is assigned to zone B.
Up to failure, zone B behaves according to the JC model.
No remeshing technique is used. The damage can evolve
in a defined displacement Dcrit and an element is deleted
when ε = εcrit , and it enables the chip to be separated
from the workpiece matrix. It should be noted that εcrit

is the fracture strain for shear damage and Dcrit is the
displacement at failure for damage evolution. Therefore,
fracture can propagate along the shear band where the
plastic strain is localized.

2.2 Analysis of chipmorphology

Orthogonal cutting simulations were conducted to analyzed
the effects of various cutting speeds Vc under three uncut
chip thicknesses (or depths of cut) t1 on the adiabatic shear
banding in the orthogonal cutting process. An idealized
model for a regularly segmented chip along the tool rake
face is illustrated in Fig. 2a. The serrated chip morphology
can be characterized by the parameters of the maximum
chip thickness tc max, the minimum chip thickness tc min, the
shear band thickness δs , the spacing between neighboring
shear bands Ls , the serrated chip pitch L1, the segment
inclination φseg and the shear angle φs (orientation of
the primary shear zone). Besides these parameters, there
are some other variables for chip morphology analysis.
For instance, Vchip is the mean velocity of chip sliding
on the tool rake face. Vs and Vseg represent the velocity
discontinuity along shear planes.

A view of the segmented chip obtained from the orthog-
onal cutting simulation is shown in Fig. 2b. The segmented
morphology shows that the chip is somehow continuous though
it depicts a serrated pattern, according to the description

and the subdivision of the continuous chips in Refs. [38,
39]. Concentrations of the plastic deformation (shear strain
localization) are observed in Fig. 2b and c. Consequently,
these deformations cause the irregularity of chip thickness
and the fluctuation of cutting force.

The intensity of chip serration is characterized by the
degree of segmentation, i.e., Ds , which is evaluated as
follows [11, 40].

Ds = tc max − tc min

tc max
(2)

The shear angle φs and the segment inclination φseg are
differentiated, as shown in Fig. 2a. The segment inclination
φseg is the final orientation of shear bands, while the shear
angle φs represents the orientation at the onset of shear
banding similar to that describing shear orientation in the
primary shear zone of a continuously smooth chip. Since the
pattern of chip segmentation is not quite regular, the shear
angle φs can be identified from the serrated chip simulated,
as illustrated in Fig. 2c. That is, it is the average value of
∠D1D2D3. Ls max, Ls min and L1 are the average lengths of
A1A2, B1B2 and C1C2 measured along the chip segment,
respectively.

The segment inclination φseg is related to Ls and L1 and
it can be calculated by

φseg = arccos

(
Ls

L1

)
+ α (3)

Since orthogonal cutting is considered in this work, α = 0◦
is used.

It is noted that the simulated chip morphology, as shown
in Fig. 2b, is not as regular as that in Fig. 2a. The chip
is divided into small segments by spaced shear bands.
In fact, irregularities are observed in the serrated chip’s
thickness and shear bands are curved. The spacing Ls

between neighboring shear bands near to the chip’s free
surface appears to be smaller than that near to the chip’s
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Fig. 2 a An idealized model for a regularly segmented chip with
definitions of quantities and its hodograph. b A chip morphology
obtained from FEM simulation of orthogonal cutting of Inconel 718

(Vc = 40 m/s, t1 = 200 μm). c Characterizations of Ls max = A1A2,
Ls min = B1B2, L1 = C1C2 and φs = ∠D1D2D3 refer to Molinari et
al. [33]

back surface. Therefore, Ls in Fig. 2c have to be viewed as
the average value measured along the chip segment and it
can be defined by

Ls = 1

2
(Ls max + Ls min) (4)

The frequency of chip serration is the frequency
of shearing plane formation determined from the chip
geometry. Thus, the frequency of chip segmentation fseg

can be identified here with the number of segments
produced per unit time [11, 41] as follows.

fseg = N

Tc

(5)

where N is the number of segments, and Tc is the time of
cutting.

In the serrated chip formation, each segment is limited by
two shearing planes. Considering that the distance between
neighboring teeth (known as the serrated chip pitch as
shown in Fig. 2a) is equal to the chip segment length
measured in the direction of tool rake face, the average
velocity of chip Vchip sliding on the tool rake face can be

estimated by

Vchip = fseg L1 (6)

By applying the condition of the volume conservation
that follows Vc · t1 = Vchip · tchip in plastic deformation, the
average thickness of chip tchip sliding on the tool rake face
with Eq. (6) is thus given by

tchip = Vc · t1

fseg · L1
(7)

From Fig. 2b and c, it can be found that the equivalent
plastic strain (i.e., PEEQ) is mainly concentrated along the
shear localized bands. But the shear bands are wider at
the chip’s back side than those at the chip’s free side. The
chip’s serrated flow motion is quite inhomogenous since
the workpiece materials inside shear bands are deformed
seriously along the shear direction, while those outside
the shear bands remain almost undeformed. The widely
observed shear bands between sawteeth indicate that the
serrated chip flow under high speed machining is closely
related to the repeated shear banding.
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3 Simulation results and discussion

3.1 Evolution of chipmorphology

Chip morphologies with strain contours collected during
the orthogonal cutting simulations at various speeds with
the three used uncut chip thicknesses are shown in Fig. 3.
It can be seen that at relatively low speeds within the
high cutting speed range, the continuously smooth chips
indicate homogeneous deformation without shear localized
bands inside when the removed layer of material flows
across the primary shear zone (chip formation region),
whereas, at intermediately high cutting speeds, plastic
deformation in the primary shear zone is not homogeneous
and intense localized deformation is involved within the
chip. Consequently, when shear bands penetrate the chip
thoroughly, it is the serrated chip comprised of two distinct
regions, i.e., the grossly inhomogeneous deformation with
shear localization between neighboring segments and the
relatively low deformation within individual segment bulks.
With the advancing of cutting tool, the segment just formed
seems to be crushed out of shape by the one being formed,
thus, it is then pushed upwards on the tool rake face. But
at extremely high cutting speeds, the disappearance of chip
serration is observed. Shear bands even do not penetrate
through the chip. The chips emerge as continuously smooth
ones with shear localized bands inside.

At the relatively low cutting speed Vc = 2 m/s, the
chips do not have shear bands, and they are continuously

smooth similar to those encountered at conventional cutting
speeds and feeds. For cutting speed Vc = 6 m/s, the onset
of shear bands is observed. For cutting speeds Vc = 40
m/s and Vc = 100 m/s, the chips are regularly serrated in
form and in frequency. The presence of all shear bands
penetrating the chip thickness thoroughly is observed. For
cutting speed Vc = 150 m/s, shear bands are more or less
formed. Some shear bands even do not cross the entire
chip thickness. For still higher cutting speeds Vc = 200
m/s and Vc = 240 m/s, the chips appear to be uniform in
thickness. A family of shear bands is clearly seen within
the chips accumulated at the chips’ back side, but few of
them can reach the free side of the chips. Many shear bands
are activated and almost simultaneously growing within
the chip formation region. Interaction between neighboring
shear bands happens. A possible interpretation is that at this
high level of cutting speeds, the shear bands do not have
enough time to propagate from the tool tip to the chip’s free
surface. These shear bands are pushed away from the chip
formation region by material convection due to chip flow
before they can be fully developed. As shown in Fig. 3, the
increasing cutting speed also seems to have the effect of
reducing the average chip thickness. It must be noted that
a certain irregularity of chip segmentation occurs at cutting
speeds of high level. The measures presented in Fig. 2c are
performed on chips with a total cutting length of 2 mm
and more than 5 measurements for each quantity of each
simulated chip. Therefore, the values of simulation results
are symbolized by the corresponding average value.

Fig. 3 Chip morphologies
collected at various cutting
speeds with three uncut chip
thicknesses

b

c

a
1 100 mt ��

1 200 mt ��
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3.2 Mechanism of serrated chip formation

Shear localized bands can develop during rapid deformation
of high speed machining. Figure 4 shows a new shear band
that propagates from the tool tip and through the entire
chip thickness, and it clearly depicts the evolution of shear
strain localization at a given cutting speed and a depth
of cut. After a shear band is fully developed, the strain
localization reaches a high level within the bands. Another
new shear band will not nucleate at the tool tip before the
one being formed is squeezed out of the primary shear zone.
Therefore, interactions between neighboring shear bands
will not arise within a regularly serrated chip.

Three main stages of the regularly serrated chip
formation are summarized and schematically shown in
Fig. 5 according to the evolution steps depicted in Fig. 4.
In stage one, the workpiece material bulges with negligible
deformation ahead of the advancing tool and a new shear
band starts from the tool tip. During the second stage,
the shear band runs almost parallel to the cutting velocity
vector Vs as depicted in Fig. 2a, gradually propagates
and concavely curves upwards until it meets the chip’s
free surface. In the third stage, the shear band propagates
through the entire chip thickness. At this stage, highly
intense concentrated shear band is formed, and it can be
observed at the evolution steps of seven and eight, as shown
in Fig. 4. It is interesting to note that the three main
stages of the regularly serrated chip formation were also
summarized based on the micrographs of collected chips
by Wang et al. [42] in ultra-high speed machining of super
alloy Inconel 718, and by Sutter and List [11] in the very

high speed cutting of titanium alloy Ti-6Al-4V. Although
nickel alloy Inconel 718 and titanium alloy Ti-6Al-4V are
different, they share the common features. That is, they are
both difficult-to-cut alloys and involve shear localization
leading to the serrated chip formation. More specifically,
they show similar changes of chip pattern with the cutting
speed increasing.

Therefore, the creation of a new segment begins with the
shear banding. Strain localization occurs in a narrow band in
the primary shear zone leading to catastrophic shear failure
along a shear plane, and this will result in the periodic
formation of serrations at the chip’s free surface. Crack
can also be initiated and propagated from the tool tip to
the chip’s free surface during the regularly serrated chip
formation.

3.3 Evolution of the shear angle

In the conventional cutting speed range, the shear angle φs is
usually used as an efficiency parameter in machining. High
value of φs corresponds to low strain in the chip and reduced
energy consumption in the machining process [43]. The
shear angle φs is the orientation of shear band in the primary
shear zone (see Fig. 2c, defined by a line connecting the
tool tip with a point at the serrated chip’s free surface), and
the segment inclination φseg shown in Fig. 2a results from
φs amplified by a compression process where the workpiece
material is pushed upwards on the tool rake face to form a
new serration at the chip’s free side. Therefore, the evolution
of segment inclination φseg must be correlated with the
evolution of shear angle φs . The study of shear angle φs and

Fig. 4 Evolution steps of the
regularly serrated chip
formation simulated at cutting
speed Vc = 40 m/s and uncut
chip thickness t1 = 200 μm

step 1 step 2 step 3 step 4

step 5 step 6 step 7 step 8

s
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Fig. 5 Three main stages of the regularly serrated chip formation

segment inclination φseg can be useful for understanding the
mechanism of chip formation of Inconel 718.

Figure 6a illustrates the evolutions of segment inclination
φseg and shear angle φs against the cutting speed Vc,
respectively. With Vc increasing, it can be seen that φseg

decreases and tends to a limit value of 45◦. The new shear
angle φs is necessary lower than or finally equal to the
segment inclination φseg to respect the principle of volume
conservation. Indeed, φs increases from a small value
and heads upwards to an asymptotic value of 45◦, which
corresponds to a minimum shear energy [11, 44] due to
the fact that the increasing shear angle reduces the primary
shear area [45]. It means that the shear angle φs increases
with the cutting speed Vc but is always less than 45◦ with
a zero-degree rake tool, and the segment inclination φseg

is finally equal to the shear angle φs in the primary shear
zone at very high cutting speeds. It is worth noting that
the limit value of shear angle, i.e., 45◦, is also expected in
the continuous chip formation in high speed machining of
other workpiece materials. For instance, the trend and its
limit value were experimentally observed in the cases of a
middle hard steel [22, 45], 6061-T6 aluminum alloy [43]
and titanium alloy Ti-6Al-4V [11].

3.4 Evolution of shear band spacing

The shear band pattern in formation is governed by various
conditions especially depending on the level of cutting
speeds. Figure 7a shows the evolution of mean shear band

spacing Ls in terms of cutting speed Vc for the three depths
of cut t1. It is found that Ls increases with t1 and great
changes of Ls happens as Vc increases. Figure 7b shows
the evolution of normalized shear band spacing Ls/t1 in
terms of cutting speed Vc for the three depths of cut t1.
From Fig. 7a and b, it is seen that abrupt drops of shear
band spacing happen and exist near to two cutting speeds,
and they can be defined as the subcritical speed V −

crit

and the supercritical speed V +
crit , respectively. Combining

with Fig. 3, if the cutting speed is lower than the critical
value V −

crit , it is observed that the continuously smooth
chip emerges with localized shearing inside the chip (not
reaching the chip’s free surface). If the cutting speed within
the range V −

crit < Vc < V +
crit , the serrated chip with regular

shear band spacing occurs, i.e., the shear bands are formed
sequentially without interactions between neighboring ones.
Although the chip is serrated, it depicts a macroscopically
continuous form and the segments within the chip attach
to each other, as shown in Fig. 4, which presents the
evolution steps of a new shear localized band propagating
through the entire chip thickness during the periodically
serrated chip formation. But above the critical cutting speed
V +

crit , a totally different mechanism of shear band formation
appears. At this high level of speeds, the tool advances so
fast that a new shear band may be formed while the former
one is still in action. Many shear bands do not penetrate
through the entire chip thickness. A family of shear bands
with irregular spacing and interactions between neighboring
ones are both clearly observed within the chips in Fig. 3, and
it is very different from the pattern of well developed shear
bands separated by segments within the cutting speed range
V −

crit < Vc < V +
crit .

It is worth noting that the almost monotonic decrease
of shear band spacing with the cutting speed increasing in
Fig. 7a and b is in accordance with the trend of experimental
data for the high speed machining of titanium alloy Ti-6Al-
4V by Molinari et al. [41] with cutting speed from 0.01 to
73 m/s based on a ballistic setup, and by Ye et al. [46] with
cutting speed from 0.05 to 31.2 m/s based on the light-gas
gun device. When the cutting speed is greater than a critical
value, the shear band spacing has not much changed with
the cutting speed increasing. This is in agreement with the
simulation results by Molinari et al. [33] for titanium alloy
Ti-6Al-4V with cutting speed up to 500 m/s, and also in
agreement with the predicted results by Cai and Dai [47]
based on the high speed machining experiments with cutting
speed up to 15 m/s for titanium alloy Ti-6Al-4V and up to
10 m/s for Inconel 718.

It is also worth noting that in Fig. 7a, V −
crit is sensitive

to the depth of cut t1, and it can be confirmed in
Fig. 3 at Vc = 6 m/s by the emergence of shear localized
bands within the chips for t1 = 200 μm and t1 = 250 μm
but no shear localized bands arising within the chip for
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a b

Fig. 6 a Segment inclination φseg and shear angle φs versus cutting speed Vc. b Evolution of shear angle φ versus cutting speed Vc with tool rake
angle α = + 5◦, 0◦, −5◦ and uncut chip thickness t1 = 0.25 mm for a middle hard steel (French Standards XC18) [45]

t1 = 100 μm. However, V +
crit is almost insensitive to the

depth of cut t1 as can be observed in Fig. 7b at a fixed value.
It also needs to point out that transition periods obviously
exist when Vc is near to V −

crit and V +
crit to complete the

transformation of chip types. The onset of chip serration
(flow instability) happens for the cutting speed approaching
V −

crit and the disappearance of chip serration occurs after
the cutting speed exceeding V +

crit . Therefore, it is of great
significance to qualify the values of V −

crit and V +
crit as

precise as possible.
The normalized cutting speed is defined asRk = ρCpt1Vc

k
,

as referred to Ref. [33]. Figure 8a shows the evolution of
normalized shear band spacingLs/t1 in terms of normalized
cutting speed Rk for the three depths of cut t1. At low Rk ,
the data points tend to cluster together. A drop of Ls/t1 is
observed in Figs. 7b and 8a (more obvious corresponding
to Ls at low Vc in Fig. 7a) and followed by a plateau. This
phenomenon is adverse to the trend of simulation results,

i.e., an increase of the shear band spacing followed by a
plateau at low cutting speeds as shown in Fig. 8b, on cutting
of titanium alloy Ti-6Al-4V with a fixed sliding friction
coefficient (μ = 0.4) performed byMolinari et al. [33]. This
is because the friction between chip and tool rake face is
neglected in this work. As Rk (or Vc in Fig. 7b) increases,
another drop of Ls/t1 but more abrupt happens and is
followed by a lower plateau. More specifically, Ls drops
dramatically to a small fraction of t1 with an approximate
value of 0.2 (also seen in Fig. 7b), which coincides with
the simulation results on cutting of titanium alloy Ti-6Al-
4V performed by Molinari et al. [33] at very high cutting
speeds, as shown in Fig. 8b. At still higher speed Rk > R+

k

(corresponding to Vc > V +
crit in Fig. 7b), it is seen from

Fig. 3 at Vc = 200 m/s and Vc = 240 m/s that the shear
bands interact with each other and shear band spacings are
so small and irregular. This is very different from the shear
band pattern with regular spacing and without interactions

a b

Fig. 7 aMean shear band spacing Ls in terms of cutting speed Vc. b Normalized shear band spacing Ls/t1 in terms of cutting speed Vc
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in Fig. 3 at Vc = 40 m/s and Vc = 100 m/s where Rk < R+
k

(corresponding to Vc < V +
crit in Fig. 7b). From Figs. 7b

and 8a, it is also seen that Ls/t1 in the two successive
plateau regions is almost independent of the cutting speed
Vc (the normalized cutting speed Rk) and the depth of cut
t1. Moreover, Ls is proportional to the depth of cut t1 in the
plateau regions since Ls/t1 almost remains at a fixed value
respectively. But the value of R+

k , at which Ls/t1 suddenly
drops, is obviously different from each other for the three
t1. In other words, the former plateau is less extended for
a smaller t1 in terms of Rk in Fig. 8a, but it has the same
extension for the three t1 in terms of Vc in Fig. 7b.

Note that Rk is inversely proportional to the low heat
conductivity k of workpiece material. Adiabatic conditions
are prevailing in shear bands when machining Inconel 718,
and these are supported by many experiment and simula-
tion results [2, 3, 14]. Besides, cutting speed influences the
chip formation mechanism of Inconel 718, which involves
shear localization in the shear zones [43, 48] since the heat
generated by severe plastic deformation is unable to dis-
sipate in time [41, 45]. Consequently, adiabatic conditions
contribute to temperature rising and thus material softening
in the shear zones, and it in turn influences the local-
ized shear band formation especially when cutting speed
crosses the critical value V −

crit [49]. These thermal effects
can be confirmed by the results mentioned above. That is,
shear band spacing Ls (Ls/t1) drops when cutting speed
approaches V −

crit and drops again to a lower plateau when
cutting speed outstrips V +

crit (corresponding to R+
k ). But at

high cutting speeds, inertia effects become significant. Fur-
thermore, it has been demonstrated by Bonnet-Lebouvier
et al. [50] that inertia effects can control shear band propaga-
tion through the chip formation region. Thus, it is concluded
that inertia effects are involved for the decay of shear band
spacing to a lower plateau when cutting speed Vc > V +

crit .

Finally, it can be deduced that thermal effects and inertia
effects affect shear band spacing especially when cutting
speed is near to V −

crit and V +
crit . However, their effects on

shear band spacing are ineffective within the plateau regions
with the cutting speed increasing.

Figure 9a displays mean shear band spacing Ls in terms
of strain rate Vc/t1 for the three depths of cut t1. Figure 9b
depicts mean shear band spacing Ls in terms of strain rate
Vc/t1 in a log-log diagram. It seems that the shear band
spacing is a decrease function of the applied measure strain
rate for cutting speed Vc < V −

crit or Vc > V +
crit . It is noticed

that this feature has been confirmed by experimental results
and theoretical analyses in Refs. [51, 52]. In addition, two
successively significant drops of Ls are seen in Fig. 9a
and b as cutting speed increases before reaching V −

crit and
after exceeding V +

crit . For cutting speed Vc < V +
crit , the two

distinguished regions of shear band spacing Ls and the
evolutions of Ls in terms of Vc/t1 in a log-log diagram
are displayed in Fig. 10a for the three depths of cut t1.
The results show that a slight fall of Ls happens when
cutting speed is lower than the critical value V −

crit , as seen
in Figs. 9b and 10a. The values of Ls are then constants for
the three depths of cut t1 when cutting speed exceeds V −

crit

but less than V +
crit . However, when cutting speed passes

V +
crit , the mean shear band spacing Ls in terms of the strain

rate Vc/t1 in a log-log diagram displayed in Fig. 10b sees a
different pattern, that is, Ls linearly decreases with a slope
of −0.94 as Vc/t1 increases in a log-log diagram.

3.5 Evolutions of cutting force and chip
segmentation

The emergence of periodically serrated chip is found to be
related to the thermoplastic shear instability occurring in the
shear zones [53, 54], and it is often referred to the formation
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Fig. 9 aMean shear band spacing Ls in terms of strain rate Vc/t1. bMean shear band spacing Ls in terms of strain rate Vc/t1 in a log-log diagram

of adiabatic shear bands [51]. This mechanism of chip for-
mation is quite different from that encountered at conven-
tional speeds and feeds because the plastic instability is
more intense and is accompanied with amplified phenom-
ena of ductile or brittle fracture. Due to the high speed,
the dynamics of cutting itself have changed, particularly
with regard to the chip removing. The evolution of cut-
ting force Fc plotted against cutting time Tc is described in
Fig. 11a with the cutting speed Vc = 30 m/s and the uncut
chip thickness t1 = 250 μm. It is also noticed that the cal-
culation measure of average cutting force Fave is depicted
in Fig. 11a. It must be pointed out that for the continu-
ously smooth chip flow, the cutting force is almost constant
after the cutting process is stabilized. But for the periodi-
cally serrated chip flow, a cyclic variation of cutting force is
produced, as shown in Fig. 11a.

The fluctuation of cutting force shown in Fig. 11a can
be explained by the phenomenon of chip serration in the

cutting process. As can be seen, the cutting force stabilizes
after the second cycle. Combined with the evolution steps of
the regularly serrated chip formation in Fig. 4, it is easy to
find that the stabilized cyclic of the cutting force begins just
after a serration initiates from the step two. At this point, the
region around the tool tip is at elevated temperatures (see
Fig. 11b), and thus softer than the surrounding materials.
As the tool advances, the shear localized zone widens and
slides upwards (see step three to five in Fig. 4) on the
tool rake face. However, the upward movement of the shear
localized zone causes the tool to plough through stronger
materials that leads to a rise of the cutting force. Then,
the cutting force is reduced due to the growth of the shear
localized zone that leads to the increase of shear angle (see
φs from step five to eight as depicted in Fig. 4), which
is associated with the decrease of the primary shear plane
area and thus the consumed shear energy. Therefore, as long
as another serration is formed, the serrated chip formation

a b

Fig. 10 aMean shear band spacing Ls in terms of strain rate Vc/t1 in a log-log diagram when Vc < V +
crit . bMean shear band spacing Ls in terms

of strain rate Vc/t1 in a log-log diagram when Vc > V +
crit
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process follows a repetitive pattern. The cycles of the cutting
force correspond to the formation of the shear localized
zones, and this has also been explained in Ref. [55] by
the fluctuation of cutting force for ductile iron during the
serrated chip formation.

Thus, the cutting force frequency ff orce can be calcu-
lated by the average value of 1

�ti
(i = 1, 2, 3, · · ·). The

time interval �ti is the oscillation period of cutting force
between two successive peaks as depicted in Fig. 11a. The
frequency of chip segmentation fseg is derived from the
chip morphologies by utilizing Eq. (5). The results pre-
sented in Fig. 12a show that ff orce and fseg keep steps
closely with each other as they evolve. Combined with the
evolution steps of a new shear band propagation depicted
in Fig. 4, it is noted that the serrated chip’s free side looks
like a tooth once a shear localized band penetrates the
chip thoroughly and each tooth corresponds to a segment.

Therefore, it is concluded that the time interval �ti corre-
sponds to the formation of successive shearing bands, and
the frequency of cutting force oscillation ff orce is closely
associated with the frequency of chip segmentation fseg .
Furthermore, both kinds of the frequency linearly increase
with the cutting speed when Vc < V +

crit for the three depths
of cut t1. This agrees with the direct proportion relationship
fseg = t1

tchip ·L1
· Vc derived from Eq. (7). However, intense

increases for the two kinds of frequency are seen when
cutting speed Vc > V +

crit . It is worth noting that the seg-
mentation frequency clearly increases with the cutting speed
and decreases with the increase in feed are also shown in
Fig. 12b for titanium alloy Ti-6Al-4V in Ref. [56] with
cutting speed from 4 m/min to 140 m/min on a specially
adapted lathe, and also for titanium alloy Ti-6Al-4V in Ref.
[11] with cutting speed from 5 m/s to 75 m/s based on a
specific ballistic setup, and for aluminum 7075 (1000–3500

ba

Fig. 12 a Cutting force frequency ff orce and chip segmentation frequency fseg versus cutting speed Vc. b Chip segmentation frequency fseg

versus cutting speed Vc during orthogonal cutting of titanium alloy Ti-6Al-4V [56]
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m/min), harden steel 1045 (300–1500 m/min) and titanium
alloy Ti-6Al-4V (100-1500 m/min) in Ref. [57] during high
speed machining experiments.

In the overall range of cutting speeds, the results
presented in Fig. 13a show that there is a clearly linear
relationship between the chip segmentation frequency fseg

and the cutting speed Vc, i.e., a slope of 1.3 in a log-log
diagram. This agrees well with the linear trend (slope = 1.4)
of experiment results of the chip segmentation frequency
as a function of the cutting speed in a log-log diagram
in the high speed machining of titanium alloy Ti-6Al-4V
obtained by Molinari et al. [41], as shown in Fig. 13b.
Besides nickel alloy Inconel 718 and titanium alloy Ti-6Al-
4V, it is interesting to find that the frequency of periodically
serrated chip flow showing a power-law scaling with the
cutting speed was also observed for AISI 4340 steel and
aluminum 7075 (slope = 1.25) by Ye et al. [58] performing
the high speed cutting experiments by using a light-gas gun
device.

At this point, the simulation tendency in this work com-
pares well with the published experimental measurements
although the workpiece materials are distinct. The com-
mon feature is that these metals or alloys all involve shear
localization leading to the serrated chip formation and thus
show similar changes of chip pattern with the cutting speed
increasing. Besides, it can be noted in Fig. 13a that the
slopes are identical for the three depths of cut t1. This means
that these slopes do not depend on the depth of cut. It also
shows in Fig. 13a that the chip segmentation frequency
fseg decreases with the increase in depth of cut t1, and
this dependence is observed for the cutting force frequency
ff orce with the depth of cut t1 in Fig. 12a as well.

The dependence of average cutting force Fave with
respect to cutting speed Vc is described in Fig. 14a under the

three depths of cut t1. On the evolution, a slight fall of Fave

is observed at relatively low speeds within the high cutting
speed range. Meanwhile, combining with Fig. 6a, it is easy
to recognize that the shear angle φs increases in cutting
as the speed progresses. This indirectly implies that the
cutting force decreases while the shear angle increases. It
should be remembered that adiabatic conditions contribute
to temperature rising and material softening in the shear
zones, and this is beneficial to shear banding especially
when cutting speed crosses the critical value V −

crit (the
onset of the serrated chip). Therefore, when referring to the
cutting speed ranging from 6 m/s to 40 m/s as shown in
Fig. 3, it is found that the chips show a trend of strong
shear localization. Shear bands within the chips submit to
extrusion and are increasingly deformed. Thus, adiabatic
shear banding during chip formation explains why the
cutting force has a slight reduction. But Fave increases
with cutting speed continuously progressing in Fig. 14a,
almost linearly increasing particularly when cutting speed
Vc > V +

crit . This trend is related to the resistance from
chip flow since the materials do not have enough time
to be evacuated due to the fact that the inertia effects
are significantly involved at high cutting speeds where the
thermal effects do not have predominance. As can be seen,
these observations are more clearly displayed for specific
cutting force Fave/t1 versus cutting speed Vc as shown in
Fig. 14b. For the cutting speed range from 0 m/s to 120
m/s, the scattered points of specific cutting force in Fig. 14b
tend to be a concave shape, and it agrees with the trend of
experimental data in the machining of titanium alloy Ti-6Al-
4V [11, 41, 59, 60]. The demarcation lines (at which the
specific cutting forces are minimum) in Fig. 14b, where the
inertia effects start to become significant, are also marked
out for the three depths of cut t1. That is, the inertia effects

a b
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Fig. 13 a Chip segmentation frequency fseg in terms of cutting speed Vc in a log-log diagram in the overall range of cutting speeds. b Frequency
of chip segmentation f as a function of cutting speed V in a log-log diagram with tool rake angle α = 0◦ in high speed machining of titanium
alloy Ti-6Al-4V [41]
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a b

Fig. 14 a Average cutting force Fave versus cutting speed Vc. b Specific cutting force Fave/t1 versus cutting speed Vc

produce an increase of the cutting force beyond a certain
characteristic cutting speed, as is also concluded in Ref. [61]
for CRS 1018 steel.

Just like the resultant force FR plotted in Fig. 15 in metal
cutting, it is a fundamental that the cutting force Fc from
the orthogonal cutting simulation displayed in Fig. 11a can
also be resolved into quasistatic and dynamic solutions as
follows.

Fc = Fstatic + Fdynamic (8)

According to the studies of Dudzinski and Molinari [61],
Recht [62] and Arndt [63], all forces created by interaction
of the tool and the chip as shown in Fig. 15 are due to the
shearing force Fs (in combination with the shear angle φs)
and the inertia force Fm (the momentum change from the
workpiece state to the chip state). The force per unit width
of cut has been considered since the 2D-FEM model for

chipt

1t

�

NF

Ff�

NF
Ff

sF
sN

�

PF

QF

s	

-� �

Chip

mF

Tool

RF

'

RF

Fig. 15 Forces at the tool-chip interface and at the output of the shear
zone [61]

orthogonal cutting simulations is adopted in Fig. 1b. Thus,
the inertia force Fm is given by [61–63]

Fm = t1ρV 2
c · cos (α)

cos (φs − α)
(9)

In this work, the tool rake angle α = 0◦. At high cutting
speeds, the overall friction coefficient is small [34] (friction
angle λ ≈ 0◦) and the shear angle φs is close to 45◦, as
mentioned above. The momentum loss caused by the state
change in flow direction from the uncut workpiece material
to the chip becomes very considerable, and it is independent
of any particular cutting mechanism. The quantity of the so-
called momentum force Fm is a purely dynamic effect [63],
and it is parallel to the shear velocity vector [62, 63] as Vs

in Fig. 2a. Therefore, combining with Eqs. (8) and (9), the
specific cutting force is estimated by

Fave

t1
= (Fs + Fm) · cos (λ − α)

t1 · cos (φs + λ − α)
≈

√
2 · Fs

t1
+2·ρV 2

c (10)

It should be remembered that at conventional cutting
speeds, the inertia force Fm may be neglected compared
to the shearing force Fs [62]. With the cutting speed
increasing, the inertia force Fm plays a significant role
since the momentum change from the workpiece state to the
chip state becomes important, while the material strength,
provided the “fluid state” has been reached, eventually loses
its effect completely [63]. But at intermediate stage, the
shearing force Fs and the inertia force Fm must both be
considered.

Therefore, for relatively low speeds within the high cut-
ting speed range, it is considered that Fave

t1
≈ Fs ·cos(λ−α)

t1·cos(φs+λ−α)
.

At intermediately high cutting speeds, the theoretical trend
with Eq. (10) shown in Fig. 14b must has a minimum value.
At extremely high cutting speeds, Fig. 14b shows that the
theoretical trend (i.e., Fave

t1
∝ (Vc)

2) with Eq. (10) fits well
with the trend of simulation results (i.e., parabolic growth),
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and this was also observed with the FEM data in cutting
simulations of titanium alloy Ti-6Al-4V by Molinari et al.
[33]. It is worth noting that the feature of the cutting force
decreasing with the cutting speed to a minimum at a char-
acteristic speed has been confirmed by Flom et al. [43]
for AISI 4340 steel and 6061-T6 aluminum alloy. Further-
more, beyond that characteristic speed, they also confirmed
that the cutting force tends to slowly increase because the
momentum force becomes significant at very high cutting
speeds. The existence of the minimum cutting force was
also reported in Ref. [64] for steel AISI 1045 during the
orthogonal cutting experiments with the cutting speed up
to 6000 m/min. Apart from these, it is also shown in Ref.
[65] for titanium alloy Ti-6Al-4V by the simulations that
the experimentally observed decrease of the cutting force
with the cutting speed increasing and then the plateau at
high cutting speeds less than 100 m/s are reproduced, and
in Ref. [66] that the cutting forces are decreasing in the
continuous and the segmented chip formation with the cut-
ting speed up to 8000 m/min for aluminum alloy 7075 in
milling experiments. Besides, Fig. 14b also depicts that the
minimum value of Fave/t1 depends on the depth of cut t1
(5156.99 N mm−2 for t1 = 100 μm, 4848.45 N mm−2 for
t1 = 200 μm, 4822.00 N mm−2 for t1 = 250 μm), and it
agrees with the relationship that Fave/t1 is inversely pro-
portional to t1 in Eq. (10), i.e., Fave

t1
∝ (t1)

−1. Finally, for
practice application, these relationships mentioned above
need to be calibrated precisely from a data modeling.

3.6 Evolution of segmentation degree

The parameter of segmentation degree Ds is often used
to quantify the intensity of chip serration for difficult-to-

cut metals like hardened steels [67], titanium alloys [11]
and nickel-based superalloys [40] at the industrially used
cutting speeds and feeds. It varies between 0 and 1. In
the case of Ds = 0, a continuously smooth chip, i.e., the
uniform chip with no serration or with localized shearing
inside, is produced. If Ds = 1, a completely broken chip is
generated. Combined with Eqs. (2) and (7), it is given that

Ds = 2·(tc max−tchip)
tc max

.
The evolution of segmentation degree Ds in terms of

cutting speed Vc is reported in Fig. 16a for the three
depths of cut t1. As can be seen, Ds shows a dependency
on the cutting speed Vc and the depth of cut t1. For a
restricted range of cutting speed Vc less than 50 m/s, the
segmentation degree Ds has a positive correlation with
the cutting speed Vc. Similarly, the rise of segmentation
degree is also pictured in Ref. [68] before the speed of
200 m/min for high strength alloy steel AerMet100 during
the orthogonal cutting experiments, and in Ref. [69] for
titanium alloy Ti-6Al-4V by the simulations and by the high
speed milling experiments with the cutting speed up to 2500
m/min, and in Ref. [66] for aluminum alloy 7075 with the
milling experiments by increasing the cutting speed up to
7000 m/min. Then the segmentation degree Ds in Fig. 16a
is followed by a saturation before decreasing significantly at
still higher cutting speeds (above 175 m/s). Combined with
the chip morphologies collected in Fig. 3, it is concluded
that Ds increases with the intensity of shear localized strain,
which is the ratio of the average strain in a shear localized
band by the average strain in a neighboring segment [25].
Therefore, higher intensity of shear localized strain means
higher degree of chip segmentation in the machining of
Inconel 718. It is worth noting that the scattered points of
chip segmentation degree in Fig. 16a tends to be a convex
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shape, which agrees with the trend of FEM data from the
orthogonal cutting simulations of titanium alloy Ti-6Al-4V
by Molinari et al. [33], as shown in Fig. 16b.

Referring to Fig. 14b, it is seen that specific cutting force
Fave/t1 in terms of cutting speed Vc evolves in the opposite
trend when compared to the evolution of Ds , as shown in
Fig. 16a. This makes sense since a higher value of Ds is
associated with a higher intensity of shear strain localization
and then a higher temperature within shear bands that can
induce a decrease of cutting force by thermal softening of
materials in the shear zones. It is noticeable in Fig. 16a that
Ds rapidly grows for the defined cutting speeds less than 50
m/s and sharply drops from the cutting speed about 175 m/s.
In view of the overall situation, for the relatively low cutting
speeds, it is recalled that the process of shear banding is
mainly controlled by the thermal effects. Increasing the
cutting speed promotes the adiabatic conditions and the
arising of the serrated chips, and it in turn contributes to
thermal softening and flow instability. As a result, it leads
to the higher strain concentration within shear bands and
the increase of Ds . For still higher cutting speeds, inertia
effects are significant and in dominance as mentioned
above. It hinders the movement of materials subject to high
accelerations within the shear zones, thus contributing to the
decrease of Ds by slowing down plastic flow localization,
i.e., the process of shear strain concentration.

3.7 Evolutions of chip thickness and velocity

The dependence of average chip thickness tchip with respect
to cutting speed Vc is shown in Fig. 17a for the three depths
of cut t1. As can be seen, the increasing cutting speed Vc

has the effect of reducing the average chip thickness tchip.
It can be noted in Ref. [70] that this effect has also been
observed in high speed turning of Inconel 718. Just similar

to the plateaus of shear band spacing shown in Figs. 7b and
8a, there also finally exists a plateau as the average chip
thickness tchip evolves where tchip is almost independent of
the cutting speed Vc and is equal to the corresponding depth
of cut t1.

The chip thickness ratio rc is also used as an efficiency
parameter in machining. Generally, the higher the value of
rc, the more efficient the cutting process [71]. By defining
the chip thickness ratio rc = t1

tchip
, the evolution of rc in

terms of cutting speed Vc is shown in Fig. 17b. As can
be seen, rc increases and finally approaches an asymptotic
value of one, which means that the average chip thickness
tchip is finally equal to the uncut chip thickness t1 at very
high cutting speeds. It also implies that the chip is thicker
than the uncut chip when rc is less than one. This is due
to the fact that the gradual bulging of chip segment pushes
the previously formed chip segment upwards during the
serrated chip formation, as shown in Fig. 4. Then, the
extrusion between segments delays the plastic deformation
flow at the tool-chip interface, and soon afterwards the chip
widens in thickness during the upward movement on the
tool rake face by an upsetting process of segments. It is
worth noting that the increasing trend of chip thickness ratio
in terms of cutting speed and its asymptotic value of one
has also been observed for 6061-T6 aluminum alloy in Ref.
[43] and for a middle hard steel (French Standards XC18)
in Ref. [45]. At this point, combined with Fig. 6a, it is seen
that φs is close to 45◦ when rc = 1.0. This coincides with
the relationship of shear angle φs and chip thickness ratio rc

in Refs. [43, 71] where φs = tan−1
(

rc cosα
1−rc sinα

)
.

The average velocity of chip Vchip sliding on the tool
rake face in terms of the cutting speed Vc is displayed in
Fig. 18 for the three depths of cut t1. It is observed that
Vchip is almost linearly proportional to Vc with a slope very

a b

Fig. 17 a Average chip thickness tchip with respect to cutting speed Vc. b Chip thickness ratio rc in terms of cutting speed Vc
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Fig. 18 Average chip velocity Vchip in terms of cutting speed Vc

close to 1.0, which indicates that Vchip is almost equal to Vc,
i.e., the “fluid state” of cutting has almost been achieved.
Although the results are a little bit dispersed at very high
cutting speeds above 175 m/s, it can be attributed to some
measurement errors or simulation factors.

3.8 Experiment validation of themodel

In order to validate the developed FEM model, high speed
cutting experiments of Inconel 718 based on the vertical
CNC milling machine (GX710PLUS) are carried out. The
four-fluted carbide end mill ( AlCrN coating) with the rake
angle α = 10◦ is used. The radial depth of cut ae = 0.1
mm and the axial depth of cut ap = 2 mm. The helix angle
can then be considered to be zero in the end milling, as is
studied by Altintas [72]. The cutting of each micro edge on
the end mill can be regarded as a shaving process. Thus, the
varied uncut chip thickness t in Fig. 19a is symbolized by its
average value tave, which can be considered as the depth of
cut t1 in Fig. 1a, and tave is calculated from the swept zone
as [72]

tave =
∫ φex

φst
fz sinφdφ

φex − φst

= −fz

cosφex − cosφst

φex − φst

(11)

where fz is the feed rate (mm/rev-tooth) and φ is the instan-
taneous angle of immersion. φst and φex are the cutter entry
and exit angles, respectively.

For the FEM model in simulations, the mesh inclination
angle δ at zone A is still kept the same as 45◦ with the
tool rake face, as is set in Fig. 1b. As mentioned in the
introduction, cutting speed from 50 m/min (0.83 m/s) can
be considered as high speed milling of nickel alloys. Thus,
in consideration of the end mill’s strength and abrasiveness,
the cutting speeds Vc are then selected as 50 m/min, 80
m/min and 110 m/min, respectively. The pictures of chip

morphologies from experiments are captured by the optical
microscope (Olympus dsx100) after milling. As shown in
Fig. 19b, c and d, the simulated chip morphologies and their
features agree well with the corresponding experimental
observations, respectively. This indicates that the developed
FEM model can produce good predictions for the chip
deformation characteristics of the nickel-based superalloy
Inconel 718.

4 Conclusions

Chip morphologies in the orthogonal cutting simulations
of Inconel 718 are investigated at various cutting speeds
with three depths of cut. The originality of this work lies
in the relatively wide range of cutting speeds explored in
the simulations. The JC constitutive law with the criterion
of the accumulated plastic strain is adopted to model the
plastic deformation of Inconel 718, and thus, the formation
of the serrated chips involved. Evolution trends of the
chip deformation results are of the main interest and focus
is placed on the chip segmentation. It is shown that the
simulation results of Inconel 718 can well agree with the
available experiment or simulation results of many metals
and alloys, as reported in the published literatures, due
to the fact that these metals or alloys all involve shear
localization leading to the serrated chip formation and thus
show similar changes of chip pattern with the increase of
cutting speed. Moreover, the FEM model is validated by
comparing the chip morphologies from the experiments and
the simulations, respectively.

The chip pattern of Inconel 718 is governed by various
conditions, but largely depends on the cutting speed. At
relatively low speeds, the continuously smooth chip forms.
As the speed increases, a transition of chip form from
the continuously smooth one to the serrated one appears.
During the regularly serrated chip formation, the chip flow
follows a repetitive pattern. Shear bands propagate through
the entire chip thickness with regular spacing and without
interactions between neighboring ones. But at high enough
speeds, a totally different pattern of shear band emerges. It
is observed that a family of shear bands is simultaneously
growing within the primary shear zone. Most of the shear
bands do not penetrate through the chip. The shear band
spacings are irregular and so small that the shear bands can
interact with each other before they are squeezed out of the
chip formation region.

On the evolution, the finally equal limit of the primary
shear angle φs and the segment inclination φseg is observed
at very high cutting speeds. The segment inclination φseg

results from the shear angle φs amplified by a compression
process. Thus, φseg is generally greater than φs and
gradually equal to φs . Indeed, it is observed that the
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Fig. 19 The chip morphologies from milling experiments and corresponding simulations. a Sketch map of the milling process. b The cutting
speed Vc = 50 m/min. c The cutting speed Vc = 80 m/min. d The cutting speed Vc = 110 m/min

segment inclination φseg decreases from a maximum value
downwards to 45◦ at very high speeds, while the shear
angle φs increases from a minimum value upwards to 45◦
eventually.

For the shear band spacing Ls or Ls/t1, the transition
to plateau regions is controlled by the subcritical speed
V −

crit and the supercritical speed V +
crit , respectively. Ls

reduces significantly as cutting speed approaching V −
crit and

exceeding V +
crit . Based on the simulation results, the FEM

simulations are applied to capture the two critical cutting
speeds, at which the onset and the disappearance of chip
serration (flow instability) occur. Therefore, it needs to
qualify the values of V −

crit and V +
crit as precise as possible.

In addition, it is noted that V −
crit is sensitive to the depth of

cut, but V +
crit is almost insensitive to the depth of cut. It is

also noted that Ls increases with the depth of cut. But in the

plateau regions, it is seen that Ls/t1 is nearly independent
of the cutting speed and the depth of cut.

Heat transfer effect is embedded in the normalized
cutting speed through the heat conductivity of workpiece
material. It can be deduced that the heat conduction
significantly affect the localized shear banding, especially
the shear band spacing when cutting speed approaches V −

crit .
At relatively low cutting speeds, inertia effects play no
role and can be neglected. The slow-down of cutting force
could be explained by the predominance of thermal effects
leading to adiabatic shear banding and material softening
in the shear zones. With the increase of cutting speed, it
is seen that the cutting force continuously increases. This
is correlated with the inertia effects that start to become
significant at high cutting speeds where the thermal effects
do not have predominance. Inertia effects can also reduce
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the intensity of chip serration and contribute to the increase
of specific cutting force by parabolic growth. But the
thermal effects and the inertia effects on shear band spacing
are ineffective in the plateau regions. Altogether, the cutting
force trend evaluated in the simulations is comparable to the
published experiment results.

The cutting force frequency ff orce and the chip segmen-
tation frequency fseg keep steps closely with each other
as they evolve. Combined with the formation of successive
shearing bands, it is concluded that the fluctuation of cut-
ting force is closely associated with the chip segmentation.
Furthermore, ff orce and fseg both linearly increase with the
cutting speed when Vc < V +

crit . However, they both wit-
ness an intense increase when Vc > V +

crit . In the overall
range of cutting speeds, there is a clearly linear relation-
ship between the chip segmentation frequency fseg and the
cutting speed Vc in a log-log diagram. This tendency from
simulations compares well with the published experimental
measurements. It is also noticed that fseg decreases with the
increase of depth of cut.

It is seen that the segmentation degree Ds increases
quickly in the early stage of cutting speed Vc, then reaches
a saturation at intermediate stage of Vc and finally reduces
and tends to zero at still higher Vc. However, when referring
to the specific cutting force Fave/t1, it is seen that Fave/t1
in terms of Vc evolves contrarily when compared to the
evolution of Ds . This makes sense since a higher value
of Ds is associated with a higher intensity of shear strain
localization and thus a higher temperature within the shear
bands that will induce a decrease of cutting force by thermal
softening happening in the shear zones.

Compared to the depth of cut, cutting speed seems to be
a more important factor by affecting shear angle, shear band
spacing, cutting force, segmentation frequency and chip
serration intensity of Inconel 718. Very high cutting speed
favors the expulsion of chip segmentation, and this can be
confirmed by the decrease of segmentation degree. On the
whole, the simulation results give clues to investigate the
relationship of cutting speed and other correlated quantities
in the chip formation process of Inconel 718, and it
is fundamental to increase understandings of the alloy’s
machining characteristics and thus to push forward the
study of difficult-to-cut metals and alloys with cutting speed
increasing from low to very high range.
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