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Abstract. This work investigates the formation mechanisms of chips in orthogonal cutting of mild steel and the transformation
conditions between various morphology chips. It is supposed that the modeling material follows the Johnson-Cook constitutive
model. In orthogonal cutting process, both the plastic flow and the instability behaviors of chip materials are caused by the
plane strain loadings. Therefore, the general instability behaviors of materials in plane strain state are first analyzed with linear
perturbation method and a universal instability criterion is established. Based on the analytical results, the formation mechanisms
of chips and the transformation conditions between continuous and serrated chips are further studied by instability phase diagram
method. The results show that the chip formation strongly depends on the intensity ratios between shear and normal stresses. The
ratios of dissipative rates of plastic work done by compression and shear stresses govern the transformation from continuous to
serrated chips. These results are verified by the numerical simulations on the orthogonal cutting process.

1 Introduction
High speed cutting is a strong nonlinear and coupled
thermomechanical process, in which the chip materials
suﬀer from large plastic deformation, high strain rate, high
temperature rise and severe friction. Nowadays, the cutting
process has received much attention [1, 2]; particularly, the
instability behaviors of chip materials as adiabatic shear
banding have been widely studied [3–10]. The formation
of various morphology chips closely related with the
cutting conditions [3–5]. For many metals, continuous
chips are usually produced at a low cutting speed. As the
cutting speed increases suﬃciently, the chip shapes tend
to be serrated [3]. Previous studies showed that whether
continuous or serrated chip formation will depend on
the plastic flow behaviors of chip materials [4–9]. Most
studies on the cutting behaviors are, however, based on the
single-shear plane model [4] and the card model [5]. In
this aspect, the criteria for estimating the shear localization instability behaviors caused by simple shear loadings
[10–12] are applied to describe the instability behaviors of
chip materials. However, the studies on the transformation
mechanisms between continuous and serrated chips are
still lacking [13, 14]. The recent study [15] based on the
materials instability theory has shown that not only the
shear stresses but also the compressive stresses in the
region ahead of the tool tip strongly aﬀect the mechanisms
of chip formation and transformation.
For a better understanding of the mechanisms of chip
formation and transformation in high speed cutting process,
it is necessary to develop new analytical models to investigate the instability behaviors of materials. In recent
years, the instability behaviors of materials under combined stress loading conditions have been studied and
the instability criteria have been developed [16, 17]. The
transformation between continuous and serrated chips is
found to be related to the dissipative rate of plastic work
between compressive and shear deformation of chips [15].
These studies lay the groundwork for understanding the

mechanisms of chip formation and transformation in cutting process, which is the focus of the present work.
In this paper, the material instability behaviors under
plane strain state are first analyzed. Then the model of orthogonal cutting is established and the orthogonal cutting
process is studied by numerical simulation. Through the
comparison of numerical results with analytical results, we
give the transformation condition between continuous and
serrated chips in dissipative energy conception. Finally, the
results are discussed and conclusions are summarized.

2 Theory
Consider a general plane strain body in the x-y coordinate
plane as shown in Fig. 1. The impact loadings in the
x-y plane are assumed not to be changed in z axial
direction. All components of displacements and velocities
of material particles as well as the components of stresses
and strains are functions of spatial coordinates x, y and
time t. Our attention will focus on the instability of the
plane body under the plane strain loading condition. The
fundamental equations governing the material deformation
consist of the equations of momentum and energy balance
as well as the compatibility conditions.
For convenience, to rewrite these equations as
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(1)
where ρ is mass density, c specific heat, λ thermal conductivity, θ temperature and K the Taylor-Quinney coefficient. Suppose that the plastic flow of materials comply
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Fig. 1. The plane configuration with its loading conditions and
stress state used in the present study.

with Johnson-Cook (J-C) constitutive model [18] which is
given by


m
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(2)
ε̇0
Tm − Tr
where σ and ε are the Mises eﬀective stress and plastic strain, respectively. ε̇ eﬀective plastic strain rate, ε̇0
reference strain rate, T r and T m reference temperature
and melting point temperature. A0 initial yield stress,B0
work hardening stress, n, C0 and m coeﬃcients of work
hardening, strain-rate sensitivity and thermal softening.
From relation (2), we can obtain the work hardening,
strain-rate sensitivity and thermal softening by diﬀerential
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In this study, the J-C model (2) to describe the plastic
flow of workpiece material and the result of (3) is used to
study the instability behaviors of chip materials caused by
combined stresses.
The linear perturbation analysis is carried out to Eqs. (1)
and (2). A tiny perturbation of the system is introduced by
Γi j = Γi j0 + δΓi j eα0 t+ik0 (x+y) ;

δΓi j  Γi j0

(4)

where Γ = σ, τ, ε, γ, θ. Γi j0 is a homogeneous solution
of Eq. (1) and δΓi j stands for the amplitude of perturbation, k0 wave number and α0 perturbation growth rate in
time of stresses, strain rates and temperature. Substituting
Eq. (4) into the Eqs. (1) and (2), the spectral equation in
dimensionless form is obtained as


α3 + C + (A + 1) k2 α2 + Ak2 + 1 − B k2 α + k4 +
β (2A + 1) k2 + E α2 + 5Ak2 + 2(1 − B) + 32 (F−D)

k2 α + 32 Ek2 + 5k4 = 0
(5)
where β is an index. When β = 0, Eq. (5) is reduced into
the spectral equation of simple shear case; when β = 1, it
is that of plane strain state case. In (5), the dimensionless
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where σkk0
ε̇ xx0 + ε̇yy0 .
The perturbation expression (4) shows that α > 0 is
the required condition for material instability. For the long
wavelengths (k → 0) or the short wavelengths (k → ∞),
Eq. (5) just has the zero or negative roots, indicating
that the plastic flow is constantly stable under these two
extreme conditions.
Hence, instability is most likely to occur when α
is positive and gets the maximum value αm . From the
solution of Eq. (5) and the extreme condition dαm /dkm2 =
0, we obtain two important functions as [15]
G1 = 4(Aαm + 1) (αm + C) + 4β (Aαm + 1)
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Similarly, in (7), when β = 0, the functions G1 and G2
reduce to those corresponding to the simple shear state;
while β = 1, the functions G1 and G2 correspond to
the plane strain state. From the two functions, the critical
condition of material instability under the plane strain
loading conditions is found as


λ
ξP0 2τ xy0 + σkk0 − tc ε̇kk0 − Rε̇kk0 > 2ρcQ0 (8)
c
The criterion (8) shows that the instability takes place
when the thermal softening eﬀect surpasses the work
hardening eﬀect. The normal stresses always enhance the
thermal softening eﬀect, and thus the plastic flow tends to
instable; however, the normal strain rate, heat conduction
and strain rate sensitivity reduce constantly the thermal
softening eﬀect and lead the plastic flow tend to stable.
Figure 2 is the instability phase diagram of materials
under compression-shear combined stress loading conditions. In this figure, the phase points Qi demonstrate the
instability conditions. The phase point P in the area OABC
represents the condition of shear localization instability
caused by the simple shear loading. Hence, the phase
points Qi in the area OABC denote the shear localization
instability to being possible, and the Qi in the area ADFB
denote the conditions of nonlocalization thermal softening
instability as necking.
If phase points Qi lay in the area with α < 0, the plastic
flow is stable. Assuming that the stresses and strain rates in
plane strain state proportionally change in magnitude, then
the ratio of dissipative rates of plastic work done by shear
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Fig. 3. Schematic of orthogonal cutting model of materials.

displacement boundary conditions are
Fig. 2. The instability phase diagram of plastic flow of materials
under plane loading conditions.

and normal stresses is given as


 

p = τ xy0 γ̇ xy0 / |σ x0 ε̇ x0 | + σy0 ε̇y0  .
In Fig. 2, the phase point Q1 with p = 1:0 denotes the
upper boundary condition of shear localization instability
in the case of inhomogeneous simple shear loading. When
p equals to 9:1, the phase point Qi shifts towards the
left to Q2 in area OABC, meaning the shear localization
instability is possible; note that the value of growth rate
α decreases from 4.02 to 1.54, so that the adiabatic shear
instability becomes more diﬃcult. When the ratio p =
3.8:1, Qi moves to Q3 on the y axis. The Q3 denotes
the transformation condition among various plastic deformation modes. If the ratio p increases continuously
and material remains in strain hardening stage (Q0 > 0),
the phase point Qi will move into the area with α <
0, implying plastic flow is stable. If the strain softening
occurs (Q0 < 0), Qi will move reversely towards the
right and arrive to Q4 . The instability condition denoted by
Q4 describes nonlocalization thermal softening instability
mainly caused by compressive strain softening. Therefore,
under the compression-shear loading conditions, the ratio
p = 3.8:1, as a criterion, can be used to estimate the plastic
flow and instability behaviors of materials.

3 Simulation of orthogonal cutting process
and discussion
The plot in Fig. 3 models the orthogonal cutting process.
Tool moves relative to workpiece at the speed of Vc . L, H,
h are workpiece length, width and cutting depth. The tool
material is treated as rigid body. The friction between tool
and chip follows Coulomb friction law. The flow behavior
of workpiece material satisfies J-C model. The force and


σn = σT , τ s = µσn ,





uX = 0,








σ = 0, τXY = 0,


 Y
uX = 0, uY = 0,

X = Vc t + l sin αR , Y = l cos αR
X = 0, h − H < Y < 0; X = L,
h−H <Y <h
0 < X < L, Y = h
0 < X < L, Y = h − H
(9)
where l is the contact distance in tool-chip interface, αR
rake angle, σn normal stress, τ s shear stress, σT tool
normal stress. The temperature boundary conditions are
 ∂T
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where kh is the thermal conductivity of the workpiece,
kT thermal conductivity of tool, T T temperature of tool.
Numerical simulation is performed by ABAQUS/Explicit.
The cutting depth is 0.1 mm. For considering the thermomechanical coupled eﬀect, four node plane strain coupled
temperature-displacement element CPE4RT is adopted.
The total element numbers is 14000.
The simulating results are shown in Fig. 4 and 5.
We can see that, when the cutting speed is 25 m/s, the
continuous chips are produced, and as the cutting speed
increases to 50 m/s, the serrated chips fully develop. The
results agree with the experimental observations of [19]
in which the transformation speed of chip morphology for
mild steel is about 38 m/s.
Figure 4 shows the contour plots of Mises eﬀective
stress, shear stress, shear strain and temperature when the
cutting speed is 25 m/s. The Mises eﬀective stress distributes in the extensive zone including the primary shear
zone (PSZ) and secondary shear zone (SSZ) (Fig. 4(a))
The peak eﬀective stress with intensity 1.38 GPa appears
in the chip free surface of PSZ and the top of SSZ. By
comparing the stress contour plots in Fig. 4(a) and 4(b), we
can see that the chip material in the SSZ mainly suﬀer from
the compressive stress produced by tool. The shear stress
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Fig. 4. The contours of Mises eﬀective stress (a), shear stress (b), shear strain (c) and temperature (d) at the cutting speeds of 25 m/s.

(a)

(b)

(c)

(d)

Fig. 5. The contours of Mises eﬀective stress (a), shear stress (b), shear strain (c) and temperature (d) at the cutting speeds of 50 m/s.

with the peak intensity 7.4 MPa presents in a large region
which embraces PSZ and extends into the uncut workpiece
materials. In the region of uncut workpiece the shear
stress intensity is 4.4 MPa. Thus, the distribution of shear
stress tends to nonlocalization. The shear strain contour
in Fig. 4(c) shows that the plastic deformation of chip
materials is nearly uniform and the average shear strain is
about 3. The heat aﬀecting zone of high temperature also
includes the PSZ and SSZ and the peak temperature in chip
materials is about 590 K (Fig. 4(d)). The high temperature
rise is caused by the heat converted from plastic work
done. The nonlocalization plastic deformation and thermal
softening undergone by chip materials indicate that the
formation process of continuous chip is a long range steady
plastic flow process induced by tool compression-shear
combined stresses. Consequently, in the machining of
lower cutting speeds, the chip materials mainly suﬀer from
the nonlocalization thermal softening and steady plastic
flow, in which the steady evolution in stress, deformation
and temperature takes place.
Figure 5 presents the simulating results as the cutting
speed increases to 50 m/s. With increasing the cutting
speed, chips change from continuous to serrate. Similarly,
the Mises eﬀective stress distributes in the extensive zone
embracing the PSZ and SSZ and extends into the uncut
chip (Fig. 5(a)). Inside the PSZ, the peak intensity of
eﬀective stress is 1.45 GPa; whereas the shear stress intensity is less than 0.81 GPa (Fig. 5(b)), suggesting that
the compressive stresses in PSZ aﬀect strongly the shear
banding formation in chips. Note that these peak shear
stress presents in the zone ahead of tool tip (Fig. 5(b));
hence, it is the compressive-shear combined stresses at the
tool tip that cause the separation of chip material from

Fig. 6. Strain rate distributions in the primary shear direction with
diﬀerent cutting speeds.

the uncut workpiece. The chip materials undergo evident
shear localization deformation and the peak shear strain
in the localized deformation zone arrives 3.5 (Fig. 5(c)).
The high temperature rise is also limited in the localized
deformation zone and the peak temperature is near 900◦ C
(Fig. 5(d)). Therefore, in the high speed cutting process,
the localization thermal softening takes place in chip materials and the adiabatic shear localization instability cause
the serrated chip formation.
Figure 6 demonstrates the variations of strain rates
along the primary shear direction at the cutting speeds
of 25 and 50 m/s. The values of shear strain rate at high
cutting speed are one order larger than those in low cutting
speed. In the PSZ, the normal strain rate is much smaller
than the shear strain rate; thus, the shear deformation is
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4 Conclusion

Fig. 7. Stress distributions in the primary shear direction with
diﬀerent cutting speeds.

A general criterion for estimating material instability under
plane strain loading condition has been established, which
describes the instability behaviors of materials with strain
hardening, strain rate sensitivity and thermal softening, and
considers the eﬀects of heat conduction, normal stresses
and strain rates and loading conditions on instability mechanisms. This criterion indicates that, when the thermal
softening eﬀect of material plastic deformation surpasses
the work hardening, the material instabilities take place
and the modes of material instability are likely to be the
shear localization and the non-localized thermal softening.
The simulating results on the orthogonal cutting process
of mild steel show that the chip morphology depends
on the cutting speeds strongly. At lower cutting speed,
the nonlocalization heat eﬀect on plastic flow behavior
is evident. The chip material undergoes nonlocalization
thermal softening and long range homogeneous plastic
flow which results in the formation of continuous chip.
With increasing the cutting speed, localization thermal
softening controls the plastic flow and the chip material
undergoes adiabatic shear localization instability. Serrated
chip develops.
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Fig. 8. Distribution of dissipative rates plastic work in the primary
shear direction with diﬀerent cutting speeds.

dominative mehcanism of plastic flow. Figure 7 shows the
distributions of stresses in the primary shear direction. The
compressive stresses uniformly distribute in the PSZ and
the intensities approach to 0.8 GPa. From the modeling
results of stress and strain rates, the ratios of dissipative
rates of plastic work p can be determined as shown
in Fig. 8. It can be noticed from the figure that, the
ratios vary sharply with the positions in the primary shear
direction as the cutting speed is 50 m/s. However, the
average value is found to be equals to 11.2 which is
larger than the theoretical prediction value 3.8; that is, the
plastic deformation of chip satisfies the critical transition
condition of stable plastic flow and various instability
modes of materials. Thus, the shear localization instability
occurs in chip materials and the chip becomes serrated.
At the cutting speed of 2.5 m/s, the average value of p
is 2.7 that is less than the critical value 3.8, implying
that the chip materials undergo homogeneous plastic flow
and no shear localization instability occurs, and thus the
chip is continuous. We have seen that, in the orthogonal
cutting process, the compressive stresses on the primary
shear plane strongly aﬀect the transformation mechanisms
of chip morphology.
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