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Abstract The reliability and accuracy of finite element
models of metal machining are heavily reliant on the underly-
ing material flow stress models. The aim of this study is to
characterize the relation between the flow stress models and
the chip morphology to provide a deeper insight into the pro-
cess of serrated chip formation. Firstly, in the context of a flow
stress model, the critical conditions for generation of the ser-
rated chips are theoretically analyzed. Then, simulations are
performed using two different constitutive models with five
parameters sets, and the results are discussed in relation to
how they verify the theoretical results. In order to better un-
derstand the process of serrated chip formation, attention is
concentrated on the critical steps characterizing the formation
of a single chip segment. The cutting process parameters
(stress, strain, and temperature) are discussed. In addition,
the mechanism by which the chip morphology transforms
from continuous to serrated with increasing cutting speed is
investigated in terms of the variation of flow stress curves. The
results show that the slope of decrease and the strain value at
the peak point of flow stress curves both greatly affect chip
morphology. That is, the slope of decrease of the flow stress
curve largely controls the formation of serrated chips, while
the strain point at the peak determines the frequency and de-
gree of serration of chips. It is found that simulations by ma-
nipulating well the flow stress models can produce results for
chip morphology, cutting forces, etc. that are closer to those
obtained experimentally.

Keywords Finiteelementsimulations .Chipformation .Flow
stress behavior . Titanium alloys

1 Introduction

In the aerospace industry, increasing demand for components
with critical properties, particularly with regard to their resis-
tance to thermal and mechanical stress, had led to the wide-
spread use of materials such as nickel-based superalloys and
titanium alloys, primarily because of their high corrosion re-
sistance, high strength-to-weight ratio, and high temperature
strength. However, during machining these materials, serrated
chips are normally generated, which are assumed to be the
source of the undesirable cutting force vibrations, excessive
tool wear, poor surface quality, and poor dimensional accura-
cy of the machined feature [1–4]. In order to optimize the
machining operations and increase tool life, it is necessary to
have a deep comprehension of the mechanical processes lead-
ing to the formation of serrated chips.

Serrated chip formation has been the subject of a number of
investigations using different approaches that have been well
documented in several keynote papers [5–7]. Currently, there
are three dominant theories for the formation of serrated chips.
According to the first of these theories, the serrated chips are
generated by the thermoplastic instability, which caused by
the localized shear deformation resulting from the predomi-
nance of thermal softening over strain hardening. The second
proposed mechanism is the crack propagation, which suggests
that the serrated chips results from cracks initiating periodical-
ly from the free surface of the chip and then propagating to the
tool tip. These periodic cracks weaken the primary shear zone
leading to catastrophic shear. The third mechanism is the com-
bination of the other two, in which an adiabatic shear band is
the precursor to material failure and crack propagation. At
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present, there is still significant disagreement about which of
these theories provides the best explanation for the serrated
chips formation. As analytical or experimental approaches
have so far been unable to provide an adequate description
of serrated chip formation, researchers have turned to numer-
ical approaches. In particular, finite element modeling has
become an important technique in this context [8–10].

The reliability and accuracy of FE models heavily rely on
the validity of the underlying flow stress models of working
materials in functions of strain, strain rate, and temperature,
which requires that all relevant deformation variables during
metal cutting be captured in an appropriate constitutive equa-
tion [11]. The Johnson-Cook (J-C) model is probably the one
that is most widely employed in the finite element analysis of
metal cutting processes. It correlates the material flow stress to
strain, strain rate, and effects of temperature. However, it is
difficult to use the J-C model to simulate the adiabatic shear
behavior and the formation of serrated chips that commonly
occur when machining nickel-based superalloys and titanium
alloys [12]. Moreover, the parameters for the J-C model are
usually identified from the non-standardized experimentally
determined flow curve fitting techniques, such as the split
Hopkinson pressure bar test and the Taylor impact test. The
levels of strain, strain rate, and temperature achieved with
these experimental techniques are much lower than those en-
countered during the machining process: a maximum strain of
about 50% and a strain rate of around 104 s−1, compared with
strains in excess of 200% and strain rates of the order of
106 s−1 during the cutting process [13]. The modeled flow
stress can correlate well with the experimental results within
the experimental range of strain, strain rate, and temperature.
However, it may be considered to be invalid beyond the ex-
perimentally studied range, which is extrapolated according to
the constitutive equations.

Some attempts have been made to modify the original J-C
model or to develop new flow stress models based on the
different physical phenomenon and deformation mechanisms.
Calamaz et al. [13] developed a Hyperbolic TANgent (TANH)
model based on the modified J-C model, which takes into
account the strain softening effect through the introduction
of the dynamic recovery and recrystallization. At low strains,
the flow stress behaves in a similar way as that given by the J-
C equation. Beyond a given strain, however, the flow stress
decreases until a nearly constant stress is obtained. The TANH
model predicts the formation of serrated chip geometrically
similar to those observed experimentally. However, although
the authors provided the exact values of material parameters
for Ti6Al4V alloys, they did not provide the essential infor-
mation on how to identify the material parameters, especially
the modified coefficients. Based on the observations of voids
and cracks in the shear band, Rotella and Umbrello [14] de-
veloped an energy-based fracture constitutive model in con-
junction with grain size evolution equations. In their

constitutive model, the Zener-Hollomon (Z-H) equation was
used to predict the dynamic recrystallization, while the hard-
ness variations of serrated chips were predicted by incorporat-
ing the Hall-Petch (H-P) equation. However, the material pa-
rameters of this constitutive model were evaluated by the stat-
ic material tests, which are not appropriate for modeling the
high-strain and high-strain-rate deformation behavior. Zerilli
and Armstrong [15] developed the Z-A constitutive model
based on the thermal activation theory of dislocations to ana-
lyze the dynamic response of metals with Fcc and Bcc micro-
structure. However, this Z-A constitutive model failed to cap-
ture the flow softening phenomenon that is due to dynamic
recovery processes at large strain. Liu et al. [16] developed an
enhanced Z-A constitutive model by incorporating a material
failure function to simulate the adiabatic shear banding that
occurs during the machining of Ti6Al4Valloys. The coupling
of dynamic recovery with material failure due to void and
crack formation results in a flow softening phenomena at high
strain. However, these authors calibrated the unknown con-
stants of material model using the machining force data rather
than the chip morphology, although it is the latter that is the
appropriate characteristic when machining Ti6Al4V alloys.
Nemat-Nasser et al. [17] proposed a micromechanical model
to include the effect of microstructure dislocation mechanisms
and the dynamic strain aging phenomena. The flow stress
exhibits a sudden increase at a critical temperature, although
it is otherwise monotonically decreasing as a function of in-
creasing temperature. Their results indicated that the thermally
activated dislocation motion mechanisms are responsible for
adiabatic shear bands. They obtained a good fit to the exper-
imental results by multiplying the stress curves with a temper-
ature coefficient but still provided no suggestion as to how the
flow stress could be calculated by extrapolation according to
the experimental results.

In summary, despite the many significant achievements
that have been made in the development of the flow stress
models, there is still a lack of essential details on how to
identify the relevant parameters of these flow stress models,
especially beyond the experimental range. The underlying
cause is that the mechanism on how the flow stress models
affect the chip formation process is still a serious issue accord-
ing to the literatures up to now [18–20]. Moreover, since the
flow stress models are of crucial importance for FE ap-
proaches to the study of the chip formation mechanism, it is
essential to establish appropriate criteria for parameter identi-
fication so that the flow stress curves can be better extrapolat-
ed and manipulated to provide the simulation results that are
closer to the experimental ones.

To fill this gap, the aim of this study is to present a com-
prehensive and systematic investigation on the influence of
flow stress behaviors on the transition motives of chip mor-
phology from continuous to serrated and thereby provide
deeper insight into the chip formation process. First, the

2302 Int J Adv Manuf Technol (2018) 95:2301–2313



correlations between the flow stress behavior and the chip
formation process are investigated, and the critical conditions
for the flow stress to generate the serrated chip are determined
theoretically. Then, orthogonal FE machining models imple-
mented with the TANH constitutive models and the enhanced
Z-A models are established. A series of simulations using
these models are conducted to verify the theoretical results.
The simulation results for cutting forces and chip morphol-
ogies are analyzed to characterize the influence of different
flow stress curves on the chip formation processes. Finally,
the complete segment formation process is considered, and the
dynamic cutting process variables (stress, strain, and temper-
ature) are discussed.

2 Theoretical analysis on the mechanism of serrated
chip formation

When adiabatic shear instability occurs, the chip morphology
transforms from continuous to serrated. Before the onset of
adiabatic shear instability, the deformation can be considered
as that of continuous chip. The plastic strain ε and strain rate ε̇
in the primary shear zone can be expressed as Eq. 1 and 2 [21].

ε ¼ cosγ0
2sinϕcos ϕ−γ0ð Þ ð1Þ

ε˙ ¼ 5:9vsinϕcosγ0
accos ϕ−γ0ð Þ ð2Þ

where γ0 is the tool rake angle, v is the cutting speed, ϕ is the
shear angle, ac is the undeformed chip thickness.

In the cutting process, the energy needed to prompt the
material deformation is converted mostly turns into heat,
resulting in an increase in temperature inside the primary shear
zone. The work Ws done during the material point deforma-
tion is given by Eq. 3.

Ws ¼ ∫
0

ε0

σ Pcurrent; ε; ε˙ ; T
� �

dε ð3Þ

The heat distribution coefficient ξ is given by Eq. 4 [22].

ξ ¼ 1

1þ 1:328

ffiffiffiffiffiffiffi
λε
vac

r ð4Þ

where λ ¼ kT
ρc0

is the thermal conductivity coefficient of the

workpiece material, with ρ being the density of workpiece
material, kT the thermal conductivity, and c0 the heat capacity.
As cutting speed increases, the heat distribution coefficient
increases due to the time for heat dissipation gets declined.

The temperature T in the primary shear zone is defined by
Eq. 5 [21, 22]:

T ¼ 0:9ξWs
ρc0

þ T 0 ð5Þ

thus the flow stress can be calculated by Eq. 6 (a),

σ ¼ σ0⋅H ε; ε˙
� �

⋅S T ;Dð Þ ð6aÞ

where the coupling effect Ck of hardening effect H and soft-
ening effect S can be defined in Eq. 6 (b).

Ck ¼ H ε; ε˙
� �

⋅S T ;Dð Þ ð6bÞ

where H is the flow stress hardening effect, which depends
mainly on strain and strain rate effect, and S is the flow stress
softening effect, which depends mainly on temperature T and
other softening factor mechanism, represented here byD. Like
the strain softening effect and the material failure effect,D can
be related to the strainε.

Figure 1 shows a typical flow stress curve, which can be
characterized as several features: SSC (small strain condition),
CSZ (Critical strain point zone), QDZ (quick decline zone),
and LSC (Large Strain condition). The rate of decrease of the
flow stress at large strain k is given by Eq. 7.

k ¼ dσ
dε

¼ σ0 ⋅
d H ⋅Sð Þ
dε

¼ σ0⋅
d H ε; ε̇ð Þð Þ

dε
⋅S T ;Dð Þ þ H ε; ε˙

� �
⋅
d S T ;Dð Þð Þ

dε

� �
ð7Þ

Figure 2 shows the geometry of serrated chip formation
process, where S represents the primary shear band. It can be
seen that a segment (B0B1C1C) is about to be generated and
the adiabatic shear sliping occurs along the shear band S. The
flow stress in the primary shear band σPSN and the flow stress

Fig. 1 Typical flow stress curve under thermo-mechanical condition
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adjacent to the shear band σBES are defined by Eq. 8 (a, b),
respectively.

σPSN ¼ σ0 ⋅H Pm : εm; ε
˙
m

� �
⋅S Pm : Tm;Dmð Þ PSN ¼ σ0⋅Ckj jPSN

ð8aÞ
σADJ ¼ σ0⋅H P

0
: ε

0
; ε˙

0� �
⋅S P

0
: T

0
;D0

� �
ADJ ¼ σ0⋅Ck 0j jADJ

ð8bÞ
where σ0 is the initial yield stress, Pm is the variables state of
shear band at the maximum strain rate, and P' is the current
material state adjacent to the shear band.

When the flow stresses at material points inside the shear
band are lower than those of material points adjacent to the
shear band, the former points are less able to withstand stress
than the latter. As a result, shear slip occurs along the shear
band and the serrated chips are expected to generate. This
process can be expressed in Eq. 9.

∫σ ADJ P
0
: ε

0
; ε˙

0
; T

0
� �

> ∫σ
			 			

PSN
Pm : εm; ε

˙
m; Tm

� � ð9aÞ

∫H
0
ε
0
; ε˙

0� �
⋅S

0
T

0
;D

0
� �

> ∫Hm εm; ε
˙
m

� �
⋅Sm Tm;Dmð Þ ð9bÞ

where Pm εm; ε̇m; Tmð Þ represents the deformation state at the
maximum strain rate, Hm and Sm are the hardening effect and
the softening effect, respectively, P

0
ε
0
; ε̇

0
; T

0
� �

represent the
current state of material points adjacent to the shear band
when the material point inside the shear band reach Pm state,
εm is the strain point at the maximum strain rate.

The adiabatic shear instability inside the shear band S is
supposed to occur at the maximum strain rate [19]. Thus, for
the flow stress inside the shear band to be lower than that
adjacent to it, there must exist a critical rate of decrease kcri
of flow stress curve, as expressed in Eq. 10.

k ¼ σ0⋅
d H ε; ε̇ð Þð Þ

dε
⋅S T ;Dð Þ þ H ε; ε˙

� �
⋅
d S T ;Dð Þð Þ

dε

� �

> kcri; εc < ε < εm ð10Þ

where εcis the strain point at the peak of flow stress curve and
εm is the strain point at the maximum strain rate.

That is, when the rate of decrease of flow stress is greater
than kcri, the softening effect is much stronger than the hard-
ening effect, even at the maximum strain rate. Under this
condition, the flow stress, even with much enhanced harden-
ing effect, is still lower than that under small strain. Meantime,
the critical strain point must be large enough, such that there is
sufficient time for the shearing slipping motion to be initiated
and to be developed before the next set of sawtooth material
points accumulate to reach their critical state. Consequently,
the critical rate of decrease kcri has a negative correlation with
the critical strainεc, as expressed in Eq. 11.

kcri ¼ c1⋅εc−c2 ; c2 > 0 ð11Þ
where c1 and c2 are the coefficients related to the workpiece
material and the flow stress models. If the critical strain point
is smaller, the rate of decrease of flow stress needs to be larger,
which requires that the softening effect bemore enhanced than
the hardening effect.

In order to better characterize the features of serrated chips,
the degree of serrationGs and the serration pitch Lc of serrated
chips were employed. The serration pitch Lc is measured as
the distance of adjacent segment. The degree of serrationGs is
defined in Eq. 1 as follows:

Gs ¼ h2−h1
h2

ð12Þ

where h2 is the chip segment height and h1 is the chip root
height. For continuous chips, the Gs is equal to zero.

For a given cutting condition, the serration pitch Lc has
a positive correlation with the critical strain pointεc. That
is, if the flow stress model has a smaller critical strain
value, it means that materials inside the primary shear band
need less plastic deformation length to lead to the plastic
instability. Then the serration pitch Lc gets smaller and the
frequency of serration gets larger. Meanwhile, as the shear
slipping motion continues until the ultimate strain value,
another sawtooth material has accumulated and reached the
critical strain point, which implies that the degree of serra-
tion Gs is small.

3 FE modeling

An adiabatic two-dimensional finite element modeling of
cutting process is proposed. This model is based on the
commercial ABAQUS%Explicit, which is suitable for the
analysis of the dynamic and highly non-linear processes
involving large material deformation. The machining tool
is modeled as a rigid body with 3000 elements and the
workpiece as isotropic body with 25,000 elements. The
initial temperature of workpiece and tool are both set at
20 °C. The cutting tool rake angles is set 3° and the tool

Fig. 2 Geometry diagram of serrated chip formation
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clearance angle α0 at 7°. The workpiece material is taken
as Ti6Al4V alloys, whose flow stress behavior is suffi-
ciently well understood [23–25]. The general thermal and
mechanical properties are shown in detail in Table 1 [26].
Given that the cutting time is so short and the thermal
conductivity of workpiece material is low, only heat con-
duction is considered and all the parts faces are assumed to
be adiabatic. The boundary conditions of the model are
shown in Fig. 3.

3.1 Constitutive models

In finite element analysis, the behavior of workpiece material
requires an accurate and reliable material flow stress model.
Due to the fact that the hyperbolic TANH model and the
enhanced Z-A model have both been highly recommended
by many researchers investigating the generation of the serrat-
ed chips [13, 16], and have therefore been adopted here, the
TANH constitutive model is given by Eq. 13 as follows:

σ ¼ Aþ Bεn
1

exp εað Þ

 �
 �

1þ Cln
ε̇
ε̇0


 �
1−

T−Tr

Tm−Tr


 �m
 �
DDþ 1−DDð Þtanh 1

εþ SSð Þc

 �
 �

ð13Þ

where DD = 1 − (T/Tm)
d and SS = (T/Tm)

b, a, b, c, and d are
relevant material constants, σ is the equivalent flow stress,
ε is the equivalent plastic strain, ε̇ is the equivalent plastic
strain rate, ε̇0 is the reference equivalent plastic strain, T is
the current workpiece temperature, and Tm and Tr are the
material melting point and room temperature, respectively.
The parameters a and c modify the slope of stress-strain

decrease at high strains and at relatively low strains (after
the pick stress), respectively. The parameter b gives the
strain value for which the pick stress is obtained. The pa-
rameter d represents the strain softening phenomenon: the
higher the value of d, the lower is the magnitude of the
strain softening phenomenon.

The enhanced Z-Amodel is expressed in Eq. 14 as follows:

σ ¼ Aþ Bε− β0−β1ln ε˙ð ÞT þ B0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εr 1−e−ε=εrð Þ

q
e− α0−α1ln ε˙ð ÞT


 �
⋅ hþ 1−hð Þ tanh

a
ε

� �� �kk
 �
ð14Þ

where A is the initial flow stress, B, β0, β1, α0, and α1 are
material constants, and εr is the characteristic reference strain
for dynamic recovery. The failure function is given by the
second bracketed term and is controlled by h, a, and kk, which
dependent on the strain rate. The parameter h controls the
asymptotic value of flow stress at large strains. The parameter
a controls the critical strain for initiation of shear band forma-
tion. The parameter kk controls the rate of material failure
leading to flow softening.

These two constitutive models are implemented into
the finite element models by using user subroutines of

FORTRAN. The ABAQUS/Explicit software offers an
available interface (Vuhard) for users to define the mate-
rial constitutive models. The user material constitutive
model includes the material behavior dependent on field
variables or state variables, such as strain, strain rate, and
temperature.

3.2 Contact and friction behavior

Contact and friction behavior between the workpiece and the
cutting tool represents one of the most important and complex
aspects of machining processes and has a great effect on the

Table 1 General thermal and mechanical properties of the workpiece
and the cutting tool [26]

Properties Workpiece Tool

Density(kg m−3) 4430 15,000

Young’s modulus(GPa) 113.8 800

Poisson’s ratio 0.342 0.2

Thermal expansion(K−1) 8.6e−6 4.7e−6

Melting temperature(K) 1630 –

Thermal conductivity(W m−1 K−1) 7.3 46

Specific heat capacity(J kg−1 K−1) 580 203

v

Fig. 3 Boundary conditions of finite element model for orthogonal
cutting
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cutting forces and chip morphology. In this study, the
Coulomb friction law [13] is regarded as the friction model
at the tool-chip interface and the value of friction coefficient is
assumed to be constant as 0.3. The Coulomb friction law is
given by Eq. 15 as follows:

τ ¼ μσn; if μσn < m
σ0ffiffiffi
3

p ð15aÞ

τ ¼ m
σ0ffiffiffi
3

p ; if μσn > m
σ0ffiffiffi
3

p ð15bÞ

3.3 Chip separation criteria

In addition, a chip separation criterion was introduced into FE
models, which was based on the cumulative value of the
equivalent plastic strain at element integration points. The
material damage formula is defined by

DT ¼ ∑
Δεp

ε f


 �
ð16Þ

where Δεp is the increment of the equivalent plastic strain, εf is
the equivalent strain at failure, and DT is the damage param-
eter. When the cumulative equivalent plastic strain reaches the

critical strain at failure ε f
pl, then the damage parameter DT

exceeds 1 and the material failure takes place. If all the mate-
rial failures of integration points take place, the stiffness of the
element is set to zero and remains zero for the rest of the
calculation. The strain at failure is given by Eq. 17 and the
relevant parameters employed in this study are presented in
Table 2.

ε f
pl
¼ d1 þ d2exp d3

p
q


 �� �

� 1þ d4ln
ε̇ pl

ε̇0

 !" #
1þ d5θ

_� � ð17Þ

where ε f pl is dependent on a non-dimensional plastic strain

rate, ε˙ pl

ε˙ 0
, a dimensionless pressure-deviatoric stress ratio, p/q

(where p is the pressure stress and q is the Mises stress), and a
non-dimensional temperature, θ. Strain at failure is defined by
giving the failure parameters d1−d5.

In order to better analyze and investigate the influence of
flow stress behavior on the chip formation process, the FEM
models were calibrated by comparing the simulation results to
the experimental ones. The experimental results include

cutting forces and chip morphology, as shown in the
“Experiments” section. When the numerical model gave re-
sults close to the experiments, the FEMmodels were regarded
to be well calibrated and can be used for further analysis and
simulations.

4 Experiments

In order to calibrate the FE models and validate the re-
search results, basic orthogonal cutting tests were con-
ducted on a CNC turning lathe to allow an exact com-
parison with the 2D FE-simulations, as shown in Fig. 4.
A piezoelectric dynamometer (Kistler 9527B) was fixed
on the machined table to measure the three-component
cutting forces (Fx—the radial force, Fy—the axial force,
and Fz—the cutting force). The workpiece material of
Ti6Al4V alloy were pretreated to be a series of flat disks,
as seen in Fig. 4. Coated (TiAlN) carbide tools with cut-
ting edge length of 3 mm, tool’s cutting edge angle of
90°, rake angle of 3°, and the clearance angle of 7° were
used in the experiments. The cutting forces signals show
that the axial force is equal to zero, which illustrates that
the cutting test is strictly orthogonal cutting. The average
cutting force is about 180 N and feed force is 70 N.
Chips were collected and embeded into epoxy resin to
stand on their edge before being mounted and polished
straight across their length. They were then etched in
10 ml HF + 20 ml HNO3 + 300 ml H2O for 5–10 s for
further metallographic examinations. The chip geometries
were observed and measured using an optical microscope
(Leica DM6M). Experiments showed that machining with
a cutting speed of 60 m/min and a feed of 0.1 mm/r gives
rise to a serrated chip, as illustrated in Fig. 5b. The max-
imum and minimum of tooth height are 0.122 and
0.078 mm, respectively. Additionally, it is clearly ob-
served that the grains are highly deformed inside the
shear band, with almost undeformed grains inside other
zones.

Dynanome

Tool holder

Workpiece
Spindle 

Dynanometer

Fig. 4 Orthogonal cutting experimental setup

Table 2 Failure parameters of chip formation criterion [22]

d1 d2 d3 d4 d5

− 0.09 0.25 − 0.05 0.014 3.87
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5 Simulation results and discussion

5.1 Effects of constitutive models on the chip formation

In order to investigate the influence of different flow stress
curves on the chip morphology, simulations using several differ-
ent material constitutive parameter sets were performed for these
two constitutive models. The detailed parameters sets are shown
in Table 3, which were taken according to the results researched
by Calamaz et al. [13] and Liu [16]. These constitutive param-
eters have been calibrated by the authors according to the exper-
imental results: Models 1 and 2 are being based on the TANH
model and Models 3–5 being based on the Z-A model. The
parameter d of Model 2 is larger than that of Model 1, which
suggests that the strain softening effect ofModel 2 ismuch lower
than that of Model 1. Thus, the slope of stress-strain decrease in
Model 2 is much smoother than that inModel 1.Meanwhile, the
parameter kk of Model 3 is larger than that of Model 4, which
means that the rate of material failure inModel 3 leading to flow
softening is larger than that inModel 4. Model 5 is the enhanced
Z-A model, which is set to fit the slope of stress-strain decrease
ofModel 1, but with a lower strain value at peak stress. The flow
stress curves are shown in Fig. 6, which are calculated by the
Eqs. 13–14 under temperature of 500 °C and strain rate of
1000 s−1. It can be seen that as the strain increases, the flow
stresses of all five constitutive models increase sharply to peak
at the critical strain points, where ε = 0.4 for the TANH model

and ε = 0.2 for the enhanced Z-A model. Then, with increasing
strain, the flow stresses of five curves decrease, but with different
rates, which is assumed to be a result of the enhanced thermal
softening effect coupled with other different softening mecha-
nisms (a strain softening effect or material failure phenomenon).
Furthermore, it can be calculated that the maximum rates of
decrease of these five models are 2.9 × 109, 8.4 × 108,
2.1 × 1010, 5.1 × 109, and 1.2 × 109, respectively, and the critical
strain values are 0.6, 0.85, 0.22, 0.26, and 0.63, respectively.
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Fig. 5 Experimental results of Ti6Al4V alloys under v = 60 m/min, f = 0.1 mm/r. (a) Cutting forces signals. (b) Chip morphology

Table 3 Constitutive parameters
sets based on the two constitutive
models

TANH A(MPa) B(MPa) C n m a b c d

Model 1 1087 1557.7 0.0285 0.82 1.51 1.6 0.4 6.0 1.00

Model 2 1087 1557.7 0.0285 0.82 1.51 1.6 0.4 6.0 4.0

Z-A A(MPa) B(MPa) β0 β1 B0(MPa) α0 h a kk

Model 3 690 1485 0.00309 7.47e-5 1135 0.00014 0.2 0.2 6.0

Model 4 690 1485 0.00309 7.47e-5 1135 0.00014 0.2 0.2 2.0

7Model 5 690 1085 0.00309 7.47e-5 1135 0.00014 0.2 0.5 4.0

0 1 2 3

0.00E+000
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Fig. 6 Flow stress curves based on the two constitutive models
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Figure 7 shows the chip morphologies obtained from sim-
ulations results using these five model sets and the experimen-
tal chip morphology. It can be seen that Models 1 and 3 result
in serrated chips, while Models 2, 4, and 5 give continuous
chips. Considering the differences between the flow stress
curves between Models 1 and 2, it can be deduced that the
slope of decrease of the flow stress curve largely determines
the chip morphology. That is, the greater this slope, the stron-
ger is the tendency for the formation of serrated chips.
However, it is worth noting that Model 4 still predicts contin-
uous chips even though it has greater slope of decrease than
Model 1, which can be assumed to result from the different

strain values at the peak stress. Furthermore, on comparing the
chip morphologies in Models 1 and 3, the degree of serration
Gs of Models 1 and 3 are 0.41 and 0.23, respectively, while
the segment pitch Lc are 0.107 and 0.036 mm, respectively. It
suggests that the frequency of serration for the enhanced Z-A
model is much higher than that for the TANHmodel, while the
degree of serration for the enhanced Z-A model is much less
than that for the TANH model. This simulation results corre-
late well with the theoretical analysis. These phenomena sug-
gest that it is not only the slope of decrease of the flow stress
curve determines the chip morphology, but also the strain
value at peak stress point. It can be deduced that in a

Model 1             Model 2 Model 3

Model 4 Model 5

Fig. 7 Chip morphologies under different models (v = 60 m/min, a = 0.1 mm)
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Fig. 8 Simulation cutting forces (v = 60 m/min, a = 0.1 mm). a Cutting force signals obtained from simulation. b Average forces of five models
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constitutive model with a smaller critical strain point, the adi-
abatic shear state is reached much earlier, which also implies a
higher frequency of serration. Meantime, as the sawtooth for-
mation continues until the limit of shearing slip is reached,
another sawtooth material has accumulated and reached the
critical point for slip. Hence, a small degree of serration can be
observed with enhanced Z-A models.

Figure 8a shows the cutting forces signals obtained from
simulations using Models 1 and 2, which can be taken to repre-
sent the typical cutting forces signals for serrated chips and the
continuous chips, respectively. It can be seen that the dynamic
cutting forces of serrated chips vary regularly with cutting time,
while those of continuous chips fluctuate over a much smaller
range, which is assumed to be due to the failure and deletion of
the elements during cutting. Figure 8b shows the average cutting
forces for the five models, which reveals that the main cutting
force in Model 1 is lower than that in Model 2, and the main

cutting force in Model 3 is lower than that in Model 4. The feed
forces of five models are less than one half the cutting force but
exhibit nearly the same trend. It can be then deduced that the
higher the flow stress curve, the higher is the cutting force. Thus,
if serrated chips with higher cutting forces are found when val-
idating the simulation results with experimental ones, the flow
stress curves need to be modified to have higher value of stress
while maintaining larger slopes of decrease.

In addition, Fig. 9 shows the flow stress curves for different
strain rates with the TANH-based models. As can be seen,
increasing the strain rate greatly increases the degree of hard-
ening, which is represented by the higher values of flow stress
curves under low-strain conditions. Meanwhile, the greater
hardening effect also suggests that more energy is turned into
heat, with lower dissipated time, which increases the local
temperature rapidly inside the shear band. The thermal soft-
ening is also intensified, which is represented by the greater
slope of decrease of the flow stress curves. Consequently, it
can be deduced that as the cutting speed increases, the strain
rate are expected to get larger and the localized shear defor-
mation is more prone to occur; meanwhile, the total work
done (the area between the flow stress curve and the axis)
during material deformation remains almost unchanged,
which means that the cutting forces also remain the same.
This correlates well with experimental results on cutting [27].

5.2 Characterizing the variables during the chip formation
process

In order to improve understanding of the serrated chip gener-
ation process, attention is concentrated here on the typical
steps characterizing the formation of a single chip segmenta-
tion. Figures 10, 11, and 12, respectively, show the distribu-
tions of the equivalent plastic stresses, the equivalent plastic
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Fig. 9 Variation of von Mises stress curves at different strain rates

Fig. 10 Distribution of von Mises equivalent stresses during permanent cutting regime (f = 0.1 mm/rev and v = 60 m/min)
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Fig. 11 Distribution of plastic equivalent strain during permanent cutting regime (f = 0.1 mm/rev and v = 60 m/min)

Int J Adv Manuf Technol (2018) 95:2301–2313 2309



strains, and the temperature during segment generation. As
can be seen from Fig. 10, the materials are compressed and
bulged ahead of the cutting tool in the initial stage.
Meanwhile, an increase in plastic stress can be noted in the
primary shear zone. As the cutting tool moves forward, the
plastic deformation inside the primary shear zone becomes
larger and a considerable amount of plastic deformation work

is converted into heat, leading to a rapid increase in tempera-
ture inside the primary shear zone. This in turn softens the
material in the primary deformation zone, leading to greater
deformation. Thus, the flow stress inside the primary shear
zone decreases greatly and the thermal plastic instability starts
to occur. Meanwhile, it can be clearly be seen that the local-
ized adiabatic shear occurs first near the tool tip and then
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Fig. 13 Variation curves of variable state during the serrated chips formation process
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Fig. 12 Distribution of temperature during permanent cutting regime (f = 0.1 mm/rev and v = 60 m/min)
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extends toward the free surface of the workpiece, as shown in
Figs. 11b and 12b. As the cutting tool continues to move
forward, the shear strain increases dramatically, which causes
the shear slip to move upward and the localized separation to
occur on the free surface of chip, as shown in Fig. 11c. In the
final step, the shear slip separation extends along the whole
primary shear band owing to the loss in material stiffness.

The variations of plastic strain and flow stress during ser-
rated chip formation process can also be seen by Fig. 13,
where the locations of the material critical points R, M, L
and G, F, M are given in Fig. 13a. At the beginning, the von
Mises stresses of G, F, and M increase gradually with cutting
time, and are assumed to be enhanced by elastic deformation,
while the plastic strain rate and equivalent plastic strain remain
almost zero. When the cutting time reaches the moment at
which the flow stress at point M starts to increase sharply to
its peak value, the plastic strain increases gradually, while the
strain rate increases greatly up to 103 s−1. As the cutting time
continues to increase, together with the equivalent strain, the
strain rate at M increases to 2.4 × 105 s−1 and the hardening
effect caused by strain hardening and strain rate hardening is
greatly enhanced. Once the strain exceeds the critical strain
point (0.4), the temperature at G, F, andM increase enormous-
ly and the softening effect dominates over the hardening ef-
fect, with the result that the flow stress inside the primary
shear band decreases rapidly. Meanwhile, the flow stresses
at R and L retain higher values because of the effect of
elastic/plastic deformation hardening, which in turn subjects

the material at G, F, andM to greater deformation, as shown in
Fig. 13b. Thus, the localized shear slip occurs, and the serrated
chips are generated. Furthermore, it can be seen from Fig. 13c
that the plastic shear instability occurs first near the tool tip
(point M) and then extends toward the free surface of
workpiece.

In the continuous chip formation process, when the mate-
rial points of chip move into the deformation zone, the flow
stresses at G, F, and M increase rapidly to their peak values
owing to the hardening effect. They then experience plastic
flow with rapid stress relaxation due to material softening,
which leads to a loss of bearing capacity of chip material.
However, as shown in Fig. 14a, the flow stress at M is still
higher than that at R, owing to the fact that the material at G, F,
and M experiences a higher strain and strain rate hardening
effect, while the softening effect is not so strong. In this situ-
ation, it is more difficult for the localized shearing slip to occur
along the primary shear zone. Thus, in contrast to the case of
shear band instability in primary shear zone in serrated chips
formation, the plastic instability of chip flows along the tool
rake face occurred in an expanding chip formation zone,
resulting in the formation of continuous chips.

The above analysis confirms that the slope of decrease of
the flow stress curve and the strain point at the peak largely
determine the chip morphology. That is, the slope of decrease
of the flow stress curve determines whether the serrated chips
are formed, while the strain point at the peak controls the
frequency and the degree of serration. If serrated chips are

0.0000 0.0002 0.0004

0.00

3.60x102

7.20x102

1.08x103

0.0

1.5

3.0

4.5

0.00

6.50x104

1.30x105

1.95x105

M
is

es
 s

tre
ss

 /M
Pa

Cutting time /s

 R
 M
 L

(a)

Eq
ui

va
le

nt
 s

tra
in  R

 M
 L

St
ra

in
 ra

te

 R
 M
 L

0.0000 0.0002 0.0004

0.00

3.60x102

7.20x102

1.08x103

0.0

1.5

3.0

4.5

0.0

4.0x104

8.0x104

1.2x105

M
is

es
 s

tre
ss

 /M
Pa

Cutting time /s

 G
 F
 M

(b)

Eq
ui

va
le

nt
 s

tra
in  G

 F
 M

St
ra

in
 ra

te

 G
 F
 M

Fig. 14 Variation curves of variable state during continuous chips formation process
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found with higher cutting forces when calibrating the FE-
machining models against experimental results, then the flow
stress curves need to be manipulated to obtain higher stress
values while maintaining larger slopes of decrease.

6 Conclusions

This study has investigated the relation between the chip
formation process and flow stress model based on finite
element analysis. Adiabatic shear band formation has
been discussed in the context of the variations in dynamic
cutting process variables (strain, strain rate, temperature,
and stress), concentrating on the critical stages character-
izing the formation of a single serrated chip. Based on an
analysis of dynamic flow stress behavior, the present
study provides a fundamental understanding of chip for-
mation mechanism that is required for developing more
accurate FEM simulations of the machining processes.
The main conclusions are drawn as follows:

1. The theoretical analysis has shown that the slope of de-
crease of the flow stress curve and the critical strain point
largely determine the chip morphology. That is, with a
greater slope of decrease, it is more likely that serrated
chips will be generated, while a smaller critical strain
point indicates a higher frequency but a lower degree of
serration.

2. Thermal plastic instability occurs first at the tool tip and
then extends to the free surface of workpiece along the
primary shear zone, which is the necessary condition, but
not the only one, for successfully generation of serrated
chips. Serrated chips will be generated under circum-
stances when the flow stress inside the primary shear band
is lower than that adjacent to the shear band, so that the
chip material can slip along the band.

3. To the best of our knowledge, although previous study
have shown that with increasing cutting speed, serrated
chips are more likely to be generated for Ti6Al4Valloys,
they have not demonstrated the mechanism of this phe-
nomenon. The analysis presented here has shown that
with the increasing cutting speed, the strengthened strain
rate hardening induces a higher peak value and a greater
slope of decrease of flow stress curves, indicating a ten-
dency to generate serrated chips.
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