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Abstract
Nickel-based alloy Inconel718 is one kind of complex alloy with multiple components. There is complex cutting
deformation (shear localization of material) in high-speed cutting process. The chip shows a serrated shape. Through
analyzing the chip morphology, the change of microstructure and development of shear band is analyzed, and the
formation mechanism of the shear band is revealed. Based on the formation mechanism of shear band, the coupled
elastoplastic-damage constitutive model is proposed to describe the shear stress during the cutting process. The shear
band width has been determined by micrographic observations and theoretical model calculation. The experimental
and theoretical results show that the shear band width in chip formation decreases linearly with an increase in the
cutting speed.
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1 Introduction

Inconel718 is one kind of nickel-based superalloy. It is widely
used in the aviation, aerospace and nuclear industry because
of its superior properties such as excellent creep resistance,
less harmful phase, high-temperature oxidation resistance, ex-
cellent high-temperature strength, good thermal stability, and
thermal fatigue resistance [1, 2]. Inconel 718 is precipitation
strengthened by a body-centered tetragonal γ″ phase and face-
centered cubic γ′. There existed complicated cutting deforma-
tion. The chip shows a serrated shape, which resulted in insta-
bility of cutting process [3–5]. They have been the focus con-
cern of academic and business.

An important aspect of the high-speed machining
Inconel718 is formation of shear bands in the process of cutting
deformation. Komanduri et al. [6, 7] observed the shear band in
chip which was obtained in high-speed cutting Inconel718 ex-
periment. Based on the balance between thermal softening and
work hardening, modeling of thermomechanical shear

instability was performed to describe the shear localization
phenomenon.

Pawade et al. [8] presented an analytical model that
predicted specific shearing energy of the Inconel 718 in
shear zone. It considered formation of shear bands that
occurred at higher cutting speeds during machining, along
with the elaborate evaluation of the effect of strain, strain
rate, and temperature dependence of the shear flow stress
using Johnson–Cook equation. The theoretical and exper-
imental results showed that the shear band spacing in chip
formation increases linearly with an increase in the feed
rate.

Shockey et al. [9] carried out the tests of tubular Hopkinson
torsion bar specimens. The evolution of shear bands in Inconel
718 under high-rate shear loading was tracked by high-speed
photography. Failure of Inconel 718 occurred by initiation and
propagation of mode II cracks.

There are a few studies on the shear band formation
and characterization in machining Inconel 718. Most of
the research focused on titanium alloys and high-
strength steels. Molinari et al. [10] presented an exper-
imental analysis of orthogonal cutting of a Ti6Al4V at
different cutting speeds. The shear band width and the
distance between bands were determined by micro-
graphic observations, analyzing their dependence upon
cutting velocity.
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Burns et al. [11] demonstrated that, by means of a one-
dimensional continuum model, the shear stress in machining
over the tool-material contact length was not homogeneous. It
can lead to repeated oscillations in the plastic flow of the
workpiece material during high-speed machining high-
strength steels, leading to the repeated formation of adiabatic
shear bands.

Perzyna et al. [12] studied the instability phenomena and
adiabatic shear band localization in thermoplastic flow pro-
cesses. It has been proved that the investigation of the insta-
bility phenomena and adiabatic shear band localization
criteria can be based on an analysis of acceleration waves
and particularly on the instantaneous adiabatic acoustic
tensor.

In high-speed machining Ti-6Al-4V alloy, Ye et al. [13]
proposed a model to describe the periodic adiabatic shear
band evolution. The microscopic observations of chips
revealed that the transition of chip morphology from con-
tinuous to serrated can be attributed to a repeated adiabat-
ic shear band formation, and the shear band could evolve
to a higher level as the cutting speed increases. Based on
the experimental observations, a theoretical model, taking
into account the shear band evolution and material con-
vection, was developed to predict the segment spacing,
which agreed with the theory of Meyers et al. [14], Xue
et al. [15, 16], and Zhou et al. [17].

According to the previous studies, in this present paper,
through analyzing the chip morphology, the change of micro-
structure and development of shear band is analyzed, and the
formation mechanism of the shear band is revealed. Based on
the formation mechanism of shear band, the coupled
elastoplastic-damage constitutive model is proposed to de-
scribe the shear stress during the cutting process. The shear
band width is analyzed in terms of the cutting parameters. The
analysis is finally validated by performing machining tests on
Inconel 718.

2 Experimental procedure

2.1 Workpiece material and cutting tool

The workpiece used in this study was Inconel718 bar (solid
solution + aging). The chemical composition and mechanical
properties of Inconel718 are shown in Table 1. The indexable
carbide turning tools were used in the experiments. The tool
information is shown in Table 2.

2.2 Experimental method

In order to study the change of microstructure and develop-
ment of shear band and the formation mechanism of the shear
band, quick-stop tests (the cutting speed vc is from 80 to
120 m/min) were carried out to obtain the chip root. The
cutting depth ap is 2 mm and the feed rate f is 0.2 mm/r).
The quick-stop devices can make the cutting tool separate
from the workpiece quickly during the process of cutting
and “freeze” the cutting zone when retracting. The metallo-
graphic graphs of chips were obtained using metallurgical
microscope after polishing and etching the chip root
specimen.

3 Results and discussion

3.1 Chip morphology and shear stress

The micrographs by SEM (scanning electron microscope)
of chip root are shown in Fig. 1. According to Fig. 2, the
chip presented serrated and the deformation is not uni-
form. A shear band is formed between each sawtooth,
and the width of shear band decreases with cutting speeds.
The width of the shear band varies with the cutting speed
as shown in Fig. 2.

Table 1 Chemical composition
and mechanical properties of
Inconel718

Material Chemical composition (wt%)

Ni Cr Nb Mo Ti C Si Mn B Fe

Inconel718 51.75 17 5.15 2.93 1.07 0.042 0.21 0.03 0.006 last

Mechanical properties

Yield

σ0.2 (MPa)

Tensile

σb (MPa)

Toughness

ak (J/cm
2)

Shrinkage

ψ (%)

Elongation

δ5 (%)

Density

ρ (kg/m3)

1260 1430 40 40 24 8280

Table 2 Parameters of cutting
tool used in experiments Tool material Tool shape Nose radius

γε (mm)

Tool rake angle

γo (°)

Tool relief angle

αo (°)

Side cutting edge angle

κγ (°)

PVD-TiAlN SNMG1204 0.4 0 6 90
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The shear stress τ in cutting zone can be expressed as [5]:

τ ¼ Fcosω
bDhD=sinϕ

ð1Þ

where τ is shear stress; F is resultant cutting force; ω is the
angle between the resultant cutting force and the shear band; ϕ
is shear angle when shear band is formed.

Figure 3 shows the variation of shear stress with cutting
speeds. According to Fig. 3, with the increase of cutting speed,
the shear stress decrease. It can illustrate that the softening of
material in cutting zone is more obvious with cutting speeds.

3.2 Formation mechanism of shear band

As the material began to shear along line 1, due to the
strain in the bulk of the segment due to upsetting, cracks
appeared in the free surface of the cutting layer, as shown
in Fig. 4. These fields in the direction of crack were sub-
jected to severe strain in a narrow band between the seg-
ments. The stress shock received by materials and high
strain rate led to mechanical fragmentation of grains, grain
boundary migration, and grain mechanical rotation. These
grains broken into tiny subgrain and then became the core
of recrystallization and grow up, as shown in Fig. 5. This
dynamic recrystallization mechanism is similar to the

(a) 80m/min (a) 100m/min

(a) 120m/min (a) 140m/min

Fig. 1 Micrographs by SEM of
chip root. a 80m/min. b 100m/
min. c 120m/min
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Fig. 2 Variation of width of shear band with cutting speeds

80 90 100 110 120 130 140

500

600

700

800

900

1000

1100

1200

v
c
(m/min)

τ(
M

P
a)

Fig. 3 Variation of shear stress with cutting speeds
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research conclusion of Hines et al. [18] and Li et al. [19].
The dynamic recrystallization led to thermoplastic instabil-
ity, which was governed by the thermomechanical re-
sponse of the work material under the conditions of
cutting.

However, the strain in segment was rather small, as can be
seen by the very little deformation of the grains within the
segment in Fig. 5a. At this moment, in the cutting layer, the
freshly wedge sheared (nascent) surface was formed along the
line 1. When the tool entered into the wedge cutting layer, the
chip segment then moved up the ramp, and a new segment
began to form. When the new augment upsetting, wedge
sheared (nascent) surface developed into line 2. Shearing be-
tween the segments along line 2 ceased when the next local-
ized shear band formed along line 1, and the shear band finally
formed.

3.3 Characterization of shear band width

According to the study of adiabatic shear band formation in
the process of high-speed cutting Inconel718 by Molinari
[10], the shear band width δ can be expressed as

δ ¼ 12
ffiffiffiffiffiffi
2m

p
skcT initial

aτvτ
ð2Þ

where ms is the strain rate sensitivity; kc is the heat conductiv-
ity; kc = 0.0136T + 12.96; a is the material constant which is
dependent on the temperature and strain rate; vτ is the shear
flow resistance; Tinitial is the initial temperature.

In order to determine these parameters in Eq. (2), com-
pressive SHPB (split Hopkinson pressure bar) test at ele-
vated temperature was suitable to achieve strain rate of
the same order in cutting process. The schematic diagram
of the SHPB test equipment is shown in Fig. 6. The spec-
imen subjected to different strain rate loading was placed
between the incident bar and the transmitter bar. The ex-
perimental specimens were heated by high-frequency

(a) Little deformation of the grains

within the segment    

(b) Mechanical fracture of grain 

Fig. 5 Micro-morphology of shear band. a Little deformation of the
grains within the segment. b Mechanical fracture of grain

Line 1   

Line 2   

Fig. 4 Micrograph of shear band
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electromagnetic heating device. SHPB experimental prin-
ciple is based on one-dimensional elastic assumption and
uniformity assumption theory, and ignores the friction and
inertia effect.

(1) Determination of ms, a

The parameterms characterizes the tendency of strengthen-
ing with the different conditions in plastic deformation of
materials. The value of ms can be obtained from the stress-
strain curve of Inconel718 under different conditions. The
stress-strain curve (σ-ε) of Inconel718 under different temper-
atures and strain rates is shown in Fig. 7.

The strain rate sensitivity is defined as

ms ¼ ∂lnσp

∂lnε̇

����
���� ð3Þ

where σp is the peak flow stress; ε̇ is the strain rate.
Figure 8 shows the linear relationship curve of lnσ-lnε̇ at

different temperatures and strain rates. We can get the value of
ms (ms = 0.2).

The parameter a reflects the variation of material flow
stress with temperature and strain rate. It can be estimated
by stress-strain curve at different temperatures and strain rates,
which is the slope of relationship curve of lnσ-ln1/T.

a ¼ ∂lnσp

∂ln1=T

����
���� ð4Þ

Figure 9 illustrates the linear relationship curve of lnσ-ln1/T
at different temperatures and strain rates. We can get the value
of a (a = 0.11).

(2) Determination of τ

In the light of the formation mechanism of shear band, the
shear stress is the result of the interaction of plastic deforma-
tion and fracture. The coupled elastoplastic-damage constitu-
tive model of τ can be expressed as

τ ¼ ϕ Dð ÞτJC ð5Þ

For the thermal viscoplastic behavior of workpiece mate-
rials, the Johnson–Cook constitutive relation can be used to
describeτJC. It is expressed as
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Fig. 7 Stress-strain curves under different conditions. a Stress-strain
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Fig. 6 Schematic diagram of the SHPB test equipment
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τ JC ¼ 1ffiffiffi
3

p Aþ B
γffiffiffi
3

p
� �n� �

1þ C1n
γ⋅ffiffiffi
3

p
ε̇

 !" #
1−

T−Ta

Tm−Ta

� �m� �

ð6Þ
where A, B, n, C, and m are material constants; γ is shear
strain, γ̇ is shear strain rate, and ε̇ is reference strain rate; T
is the current temperature and Ta is the room or reference
temperature. Tm is the melting temperature; m is temperature
softening parameter.

The quasi-static compression experiment using elec-
tronic universal testing machine was carried out to ob-
tain the stress and strain data at room temperature. The
reference strain rate is 0.001 s−1 [20], as shown in
Fig. 10.

According to Figs. 7 and 10, the parameters A, B, C,m, and
n were finally calculated. A = 985, B = 949, C = 0.01, m =
1.65, and n = 0.4.

Due to the generation of cracks and the expansion,
the weakening function ϕ(D) is proposed and it is
expressed as:

ϕ Dð Þ ¼ 1−Dχ ð7Þ

where D is the damage parameter and χ is a material
constant which is changed with temperature and strain
rate.

χ ¼ −0:0124T þ 0:0014 ε
⋅ þ1:0942 ð8Þ

The simplest form of a damage accumulation rule is a linear
function, which means that the damage is proportional to the
equivalent plastic strain. The plastic damage process is char-
acterized in rate form [21].

D˙ ¼ ε̇

ε f
ð9Þ

For the coupled elastoplastic-damage constitutive model,
fracture strain can be expressed as

ε f ¼ ε f
JCμ θð Þ ð10Þ

And then the damage variable can be rewritten as

D˙ ¼ ε̇
ε f

¼ ε̇

ε f
JCμ θð Þ

ð11Þ

D ¼ ∫ε f

0

1

ε f
JCμ θð Þ

Δε ð12Þ

where ε f
JC is Johnson–Cook damage strain, μ(θ) is the sec-

ond kind of the Lode angle dependent function.
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Fig. 10 Stress-strain curves in the quasi-static experiment
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ε f
JC determines the damage evolution process of materials

under different stress, strain rate, and temperature. It can be
expressed as

ε fJC ¼ γ f
JCffiffiffi
3

p

¼ D1 þ D2exp D3ηð Þ½ � 1þ D4ln ε˙ =ε˙ 0
� 	h i

1þ D5 T−Ta=Tm−Tað Þ½ �
ð13Þ

where Di (i = 1, 2, 3, 4, 5) are material constants. The con-
stants of Johnson–Cook damage model were taken from the
literature [22] for Inconel718:

D1 = 0.04, D2 = 0.75, D3 = − 1.45, D4 = 0.04, D5 = 0.89; η
is the stress triaxiality; η ¼ σH=σ; σH is the hydrostatic stress;
σ is the equivalent stress.

As pointed out by Gruben et al. [23], the small length–
width ratio of the gauge area in the plane strain specimens
yields a nearly plane strain stress state. Assuming plane strain
state, the equivalent stress in terms of principal stresses is:

σ ¼
ffiffiffi
3

p

2
σ1 ð14Þ

The hydrostatic pressure σH can be described as

σH ¼ σ1 þ σ2 þ σ3

3
¼ σ1

2
ð15Þ

and then, η ¼ σH
σ ¼ 1ffiffi

3
p :

The second kind of Lode dependence functionμ(θ) is de-
fined by

μ θð Þ ¼ β þ 1−βð Þ 6 θj j
π

� �k

ð16Þ

where k is a shape parameter (k = 1). The second kind of the
Lode dependence function degenerates to a perfect circle, then
β = 1.5 andθ ¼ π

6.
The comparison between the calculated and experimental

values of shear stress τ is shown in Fig. 11. The error is about
0.925%.

(3) Determination of vτ

Figure 12 shows a schematic of the velocity about shear
band. vchip is the chip velocity relative to the tool, vc is the
cutting speed, ϕ is shear angle (ϕ ≈ 45°), and γ0 is tool rake
angle (γ0 = 0). The velocity component is constant (vc sin ϕ)
through the thickness of the shear band, due to the
incompressibility condition.

According to the velocity vector relationships, the
chips flow speed along the rake face of the tool is expressed
as

vchip ¼ vcsinϕ
cos ϕ−γ0ð Þ ð17Þ

In high-speed machining, the shear velocity vτ can be cal-
culated by

vτ ¼ vcsinϕþ vcsinϕtan ϕ−γ0ð Þ
2

ð18Þ

Finally, the width of shear band in machining Inconel 718
can be expressed as

Fig. 12 Schematic of the velocity
about shear band
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Fig. 11 Comparison between the calculated and experimental values of
shear stress τ
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δ ¼ 12
ffiffiffiffiffiffiffiffi
2ms

p
kcT initial

aτvτ
ms ¼ 0:2
a ¼ 0:11
kc ¼ 0:0136T þ 12:96
τ ¼ ϕ Dð ÞτJC
vτ ¼ vcsinϕþ vcsinϕtan ϕ−γ0ð Þ

2
T initial ¼ Initial temperature

8>>>>>>>>>>><
>>>>>>>>>>>:

ð19Þ

The theoretical value of the shear band width at different
cutting speeds is calculated and comparedwith the experimen-
tal value. The comparison results are shown in Fig. 13, with an
average error of 6.64%. It can be seen that the theoretical value
of the shear band width agrees well with the experimental
data, and the shear band width decreases with the increase of
cutting speed. The experimental results are consistent with the
conclusions which was obtained in the literature [24].

4 Conclusions

Through analyzing the chip morphology, the change of micro-
structure and development of shear band is analyzed, and the
formation mechanism of the shear band is revealed. The con-
clusions can be drawn as follows:

(1) In machining Inconel 718, mechanical fragmentation
of grain occurs when the shear band material received
the stress shock and at high strain rate. The grain
boundary migration and grain mechanical rotation also
occur and then the micro cracks are formed. The dy-
namic recrystallization occurred, which lead to ther-
moplastic instability.

(2) Based on the formation mechanism of shear band, a
coupled elastoplastic-damage material model is pro-
posed for calculation of shear stress. The model takes
into account the Lode angle dependent function in the
plastic strain to failure expression of the Johnson–Cook
failure criterion.

(3) The shear band width is analyzed in terms of the cutting
parameters. The theoretical value of the shear band width
at different cutting speeds is calculated and compared
with the experimental value. The comparison results
show that the theoretical value of the shear band width
agrees well with the experimental data, and the shear
band width decreases with the increase of cutting speed.
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