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a b s t r a c t

The transition of continuously smooth chip flow to periodically serrated chip flow as the cutting speed
increasing is one of the most fundamental and challenging problems in high speed machining. Here, an
explicit expression of the critical cutting speed for the onset of serrated chip flow, which is given in
terms of material properties, uncut chip thickness and tool rake angle, is achieved based on dimensional
analysis and numerical simulations. It could give reasonable predictions of the critical cutting speeds at
which chips change from continuous to serrated for various metallic materials over wide ranges of uncut
chip thickness and tool rake angle. More interestingly, it is found that, as the turbulent flow is controlled
by the Reynolds number, the transition of the serrated chip flow mode is dominated by a Reynolds
thermal number. Furthermore, the influences of material properties on the emergence of serrated chip
flow are systematically investigated, the trends of which show good agreement with Recht’s
classical model.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Cutting is a ubiquitous activity in daily life, science and
technology [1,2]. The growing demand for enhancing production
efficiency has stretched a rapid development of high speed
machining (HSM) technology, which has many advantages such
as high removal rates, low cutting forces, leading to excellent
dimensional accuracy and surface finishing quality [3,4]. However,
higher cutting speed usually renders the emergence of serrated
chip flow [5], which ties up with decreased tool life, degradation of
the surface finish and less accuracy in the machined part [6]. So, to
predict the critical condition and especially the critical cutting
speed for the onset of serrated chip flow could be of significant
importance.

The mechanism for the onset of serrated chip flow has been
extensively studied [7–12], and for most ductile metallic materials,
the emergence of serrated chip flow is found be related to the
thermoplastic shear instability occurred in the primary shear zone
(PSZ) [8,9], which is often referred to the formation of adiabatic
shear band [13–16]. And thus, considerable efforts have been
carried out to focus on the adiabatic shear localization in the
serrated chip formation process, and several classical theoretical

models have been developed to predict the onset of serrated
chip flow.

The first prediction for the emergence of serrated chip flow
was provided by Recht [17]. He pointed out that when the
tendency of the material in PSZ to harden with plastic deformation
is overtaken by thermal softening effects, catastrophic shear
occurs, and thus the serrated chip forms. A similar approach was
proposed by von-Turkovich and Durham [18] to explain the
transition of chip flow from continuous to serrated. It was
assumed that such transition requires a maximum in the shear
stress–shear strain curve. Hou and Komanduri [19] and Komanduri
and Hou [20] extended Recht’s classical model to predict the onset
of shear instability. In their model, the possible sources of heat
contributing toward the temperature rise are identified based on
an analysis of the cyclic chip flow, and the temperature in the
shear band was determined by using Jeager’s classical methods.
The shear stress in the shear band is calculated at the shear-band
temperature and compared with the value of the shear strength of
the bulk material at the preheating temperature. They stated that,
once the shear stress in the shear band is less than or equal to the
shear strength of the bulk material, shear localization is imminent.

The analytical model presented by Semiatin and Rao [21] is
perhaps the first to provide a quantitative prediction of the critical
speed at which the serrated chips are produced. Using the data
available in the literature, the serrated flow is found to be
imminent when the flow localization parameter (the ratio of the
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normalized flow softening rate to the strain rate sensitivity) is
equal to or greater than 5. This model could give reasonable
predictions of the critical speeds for the emergence of serrated
chip flow in machining of AISI 4340 and 1045 steels, but the
predicted critical speeds for titanium were much higher than the
experimental findings reported by Recht [17]. Later, Xie et al.
[22,23] extended Semiatin and Rao’s model to investigate the
effect of cutting conditions on the onset of shear localization in
metal cutting. In their work, the power law relation was used to
describe the material plastic behavior, and Loewen and Shaw’s
model was applied to estimate the shear band temperature. And
thus the flow localization parameter can be expressed in terms of
associated cutting conditions and properties of the work material.
Once the flow localization parameter surpasses the critical value
which should be determined experimentally, the shear localization
occurs.

By applying ideas from the theory of the formation of adiabatic
shear band in torsion, Molinari and Dudzinski [24] derived the
condition under which continuous chip flow becomes unstable.
Soon after, Burns and Davies [25,26] introduced the concept of a
local deformation zone to treat the tool, chip and workpiece as a
coupling system. They derived the critical condition for the onset
of serrated chip flow by solving the differential equations for the
force balance and heat balance inside PSZ. And they pointed out
that the emergence of serrated chip flow can be explained as a
supercritical Hopf bifurcation phenomenon: the limit cycle of the
nonlinear dynamic system of tool–chip–workpiece.

With considering the effect of strain gradient which becomes
important in the case of shear localization, Aifantis and his cow-
orkers [27,28] presented a method for thermo-viscoplastic
instability in chip formation to describe the serrated chip flow.
In their work, the shear deformation inside PSZ is treated as a
simple shear. They carried out the perturbation analysis to predict
the onset of serrated chip flow, and the relations for the shear
band width and spacing were also established. Similarly,
also by using perturbation analysis, some other adiabatic shear
critical conditions were built by Li et al. [29], Ye et al. [30] and
Ma et al. [31]. In these works, some specific effects of HSM were
considered. Li et al. [29] considered the compressive stress applied
on the shear plane, and the adiabatic shear is found to be favored
by larger compression stress; In Ye et al.’s work [30], the material
convection coursed by the high speed chip flow was taken into
consideration, and the material convection is proposed to be
negative for the shear localization; Ma et al. [31] established a
general criterion for predicting the material instability under
combined stresses loading, and applied it to the orthogonal cutting
process. They stated that, once the plastic work of shear deforma-
tion is larger than one-third of that of stretching deformation, or
is larger than four times of that of shrinking deformation, the
shear located instability is imminent, and the serrated chip flow
emerges.

At recent, Childs [32] predicted the onset of serrated chip
flow by introducing a thermal number. He pointed out that once
the thermal number achieves a critical number, the shear
localization occurs. However, the critical thermal number
depends on the material properties and tool rake angle, which
should be determined by experimentations or numerical
simulations.

Besides the theoretical analysis, the finite element (FE) method
has also been widely used to predict the onset of serrated chip
flow. Bäker et al. [33] and Bäker [34] predicted the serrated chip
formation when cutting Ti–6Al–4V alloy by using ABAQUS. The
distance criterion for chip separation was used in their model, and
the general trends concerning serrated chip flow were deduced
related with the work material behavior. Rhim and Oh [35] pro-
posed a new flow stress model which takes into account dynamic

recrystallization to predict the adiabatic shear localization during
cutting AISI 1045 steel. It was found that the serrated chips can be
predicted by using the rigid plastic FE simulation together with the
new flow stress model. Later, Arrazola et al. [36,37] modeled the
2D orthogonal cutting by using the Arbitrary Lagrangian Eulerian
formulation proposed in ABAQUS/Explicit. The sensitivity of ser-
rated chip prediction to the cutting speed and material input
parameters was systematically analyzed. More recently, an adap-
tive numerical methodology was developed by Issa et al. [38] to
predict the thermo-mechanical field localization in orthogonal
cutting AISI 4340 stainless steel. In their work, the main thermo-
mechanical phenomena such as the nonlinear isotropic and kine-
matic hardening with thermal and ductile damage effects were
taken into account. And the effects of uncut chip thickness, initial
temperature, friction coefficient and work ductility on the adia-
batic shear localization were investigated. Using the Johnson–Cook
damage criterion for chip separation and the modified Zorev
model for tool–chip friction description, Duan and Zhang [39,40]
developed a FE method to precisely predict the onset and the
formation of serrated chip flow without artificial assumptions. And
the effects of the cutting conditions were also investigated.
Miguélez et al. [41] performed the FE simulations to predict the
shear localization involved in high speed machining of Ti–6Al–4V
in a wide range of cutting speeds and feed rates. The effects of
some material parameters on shear flow stability were investi-
gated. It states that, the strain hardening exponent has a stabiliz-
ing effect, and increasing the initial yield stress has a destabilizing
effect on the onset of serrated chip flow.

It should be pointed out that, all these fantastic pioneer
works give important clues for the understanding of the physics
and mechanics of serrated chip flow. And for most of the
theoretical instability criterions, they may give universal
descriptions for the onset of serrated chip flow, since they were
achieved based on the universal equations controlling the PSZ
deformation. However, additional complex numerical calcula-
tions are usually required to predict the critical cutting speed at
which the chip flow changes from continuous to serrated. As for
the FE simulations, the onset of the serrated chip flow can be
precisely predicted. However, it should be pointed out that, in
cutting process the work materials differ widely in their ability
to deform plastically, to fracture and to sustain tensile/com-
pressive stresses [42], thus the onset of serrated chip flow could
have strong dependence on the work material. But for most of
the FE analyses, they are usually focusing on a certain work
material. Moreover, though some fantastic pioneer FE analyses
have qualitatively investigated the effects of material properties
and cutting conditions on the onset of serrated chip flow, the
quantitative relationship has not been established. And the
universal explicit expression of the critical cutting speed for
the onset of serrated chip flow is still unavailable.

In this work, high speed cuttings of various metallic materials
were carried out over wide ranges of cutting speeds. Based on the
experimental results, the dimensional analysis and numerical
simulations were applied to predict the critical cutting speed at
which the serrated chip flow is produced. The universal expression
of the critical cutting speed for cutting metallic material by using
sharp tools is given in terms of the material properties, uncut chip
thickness and tool rake angle. It is demonstrated here that once
the Reynolds thermal number achieves a critical value that
dominated by the work material properties, the serrated chip flow
emerges. This shows striking parallels to the turbulent flow which
takes place as the Reynolds number surpasses a critical value
determined by the fluid properties. Furthermore, the influences of
the material properties on the onset of serrated chip flow are
investigated systematically, the trends of which are in accordance
with Recht’s classical criterion.
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2. Experimental

To investigate the universal behavior existing in metal cutting,
five typical metallic materials, which are widely employed in
automotive, aerospace, and other industrial applications, are chose
as work materials. They includes nickel-base superalloy (IN 718),
titanium alloy (Ti–6Al–4V), steel (AlSI 4340), aluminum alloy
(Al 7075) and copper. These five materials, from easy to difficult-
to-cut, have great differences in their thermo-physical properties.
They cover a wide range of thermal diffusion, from 3.0�
10�6 m2 s�1 for IN 718 to 116�10�6 m2 s�1 for copper.

Cutting experiments were carried out over a wide range of
cutting speeds from 0.05 m/s to 90 m/s by using computer-
controlled lathe (0.05–5 m/s) and light-gas gun based device
(5–90 m/s). The details of the light-gas gun based experimental
device can be found in Ref. [30]. Uncoated P10 carbide tools were
applied, and new cutting inserts were used for each test to limit
the influence of tool wear. Other test conditions can be found in
Table 1.

After cutting, the chips were collected and embedded into
resin. The cross section was mechanically polished and then
etched. Microscopic observations were carried out to examine
the influence of cutting speed on the chip flow mode.

3. Results

The flow pattern of chip flow evolves with cutting speed for
Al 7075, AISI 4340 steel, Ti–6Al–4V and IN 718 are shown in Fig. 1.
It should be pointed out that, the chip flow of copper is
all continuously smooth in the applied cutting speed range
(3–89 m/s), so is not shown here.

For the work materials Al 7075, AISI 4340 steel, IN 718 and
Ti–6Al–4V, there exists a distinct transition from continuously
smooth flow to periodically serrated flow with cutting speed
increasing. And the critical cutting speed corresponding to such
transition exhibits a strong material dependency. Moreover, by
comparing the critical cutting speeds for these four work materi-
als, it is found that the transition from continuously smooth to
periodically serrated chip flow seems to be favored by decreasing
in material thermal diffusion. About how the thermal diffusion
and other material properties affect the onset of serrated chip flow
will be systematically discussed in the next section.

The chip flow is continuously smooth at lower speeds. The chip
flow is smooth, and the flow motion is homogenous as all crystal
particles are elongated uniformly in a same direction. However, as
the cutting speed increases, the continuously smooth chip flow
becomes unsettled. Highly localized shear bands emerge because
the smooth chip flow is not sufficient to dissipate the energy
through homogeneous plastic flow. The steady chip flow is broken
by the periodic emergence of shear bands, and the smooth free
surface turns out to be fluctuant, thus a serrated chip flow forms
(see Fig. 2a). From Fig. 2a it can be found that the serrated flow
motion is quite inhomogenous since the crystal particles inside the
shear bands are elongated seriously along the shear direction
while those outside the shear bands remain almost undeformed.
The widely observed shear bands between the saw-teeth indicate

that the serrated chip flow in HSM is closely related to the
repeated shear banding.

Moreover, the examination of the free surface of the serrated
chip flow reveals a fine distributed lamellar structure (see Fig. 2b).
The shear surfaces of each adjacent lamella show severe elongated
dimple structures. This dimple structure is the most significant
feature of adiabatic shear fracture, which is formed under the
effect of shear stress when shear bands had been produced [43].
The obviously observed elongated dimple structure further
demonstrates that the serrated chip flow is ascribed to repeated
shear banding rather than periodic cracking. Therefore, we can
take the condition at which the shear bands just regularly emerge
in the chip as the critical condition for the onset of serrated
chip flow.

4. Universal expression of the critical cutting speed
for the onset of serrated chip flow

From the experimental results we have known that the onset of
serrated chip flow has a strong dependency on the work material.
To clarify the link between the onset of serrated chip flow and the
material properties, the dimensional analysis is carried out.

A special attention is accorded to the dependence of the critical
cutting speed for the onset of serrated chip flow (Vc) with respect
to the material parameters and cutting conditions. Generally, Vc

depends on the following terms:

(a) The cutting conditions and tool–chip interface characteristics:
uncut chip thickness b; tool rake angle ω; tool edge radius r;
tool–chip friction coefficient μ.

(b) The physical and mechanical properties of the work material:
mass density ρ, elastic modulus E, Poisson’s ratio ν, thermal
parameters (thermal diffusion λ, heat capacity c and Taylor–
Quinney coefficient β which defines the fraction of plastic
work converted into heat) and the parameters of the plastic
constitutive equation.

Usually, for most metal materials, the Johnson–Cook (J–C) law
is adopted to describe the coupling effects of strain hardening, rate
hardening and thermal softening on plastic flow:

σ ¼ ðAþBεnÞ 1þC ln
_ε
_ε0

� �� �
1� T�T0

Tm�T0

� �m� �
ð1Þ

where σ is the plastic stress, ε is strain, _ε is strain rate, and T is
temperature. In Eq. (1), A is the initial yield stress, B the hardening
modulus, n the work-hardening exponent, C the strain rate
dependency coefficient, _ε0 the reference strain rate, m the thermal
softening coefficient, T0 the reference temperature and Tm is the
melting temperature.

The values of J–C parameters and other thermo-mechanical
properties used to describe the behavior of IN 718, Ti–6Al–4V, AISI
4340 steel, Al 7075 and copper are specified in Tables 2 and 3 [35–51].

Thus, the critical cutting speed Vc is function of b,ω, r, μ, ρ, E, ν,
λ, c, β, A, B, n, C, _ε0, m, T0 and Tm. Using the Vashy–Buckingham
theorem, the following relationship is obtained:

Vc ¼ f ðλ; E;A;B; Tm; _ε0;C;m;n;ω; r;μ;ν;βÞ ð2aÞ

where

Vc ¼ Vc=ðcT0Þ1=2; λ¼ λ2=cT0b
2; E¼ E=ρcT0; A¼ A=ρcT0; B¼ B=ρcT0;

Tm ¼ Tn

m=T0; _ε0 ¼ _ε0b=ðcT0Þ1=2 ð2bÞ

Table 1
Cutting parameters.

Rake angle
ω

Clearance
angle

Tool edge
radius

Uncut chip
thickness

Cutting
speed

01 71 0.01 mm 100 μm 0.05–90 m/s
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where Tn

m ¼ Tm�T0. Here, the dimensionless velocity Vc , which

can be given as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρV2

c=ρcT0

q
, reflects the ratio of the kinetic energy

of external loading to the initial thermal energy. And the dimen-

sionless numbers λ and E reflect the ratio of the energy consumed
in thermal diffusion and the energy stored in elastic deformation
to the energy required for initial thermal heating, respectively.
A and B characterize respectively the internal heating due to
plastic deformation in yielding and strain hardening process.

For simplicity, here Poisson’s ratio ν, tool edge radius r, tool–
chip friction coefficient μ and the Taylor–Quinney coefficient β are
kept as constant (ν¼0.3; r¼01; μ¼0.3; β¼0.9). Therefore, by
omitting the parameters that are only dependent upon ν, r, μ, and
β, Eq. (2) can be written as

Vc ¼ f ðλ; E;A;B; Tm;C; _ε0;m;n;ωÞ ð3Þ

To determine the functional dependence, it is necessary to
capture the critical cutting speeds for any combination of these
dimensionless parameters. In this work, the experimentally-
validated finite element model is developed to obtain the criti-
cal cutting speeds for given material parameters and cutting

conditions. The details of the numerical simulation can be found
in the Appendix A.

It should be pointed out that, for the continuous chip flow, the
cutting force is almost constant after the cutting process stabilized.
But for the serrated flow, a cyclic cutting force is produced, and the
perturbation of the cutting force rises with increasing the cutting
speed. Here, to define the critical cutting speed, we assumed that,
when the fluctuation of the cutting force (ΔFc/Faver) achieves 10%, the
transiton from continuous chip flow to serrated chip flow is regared
to be taken place, and the correspondind cutting speed is set as Vc. At
this condition, the shear bands just regularly emerge in the chip, and
the saw-teeth becomes visible, as shown in Fig. 3. From the HSM
experiments we have known that, the serrated chip flow results from
repeated shear banding. Thus we can take the condition at which the
shear bands just regularly emerge in the chip as the critical condition
for the onset of serrated chip flow. So, we have reasons to believe
that the critical cutting speed defined above is reasonalbe.

For any combination of the dimensionless parameters, we can
get the corresponding Vc by using FEM simulations. Thus, by
varying any one of the non-dimensional parameters while keeping
the others constant, we can get the evolution rule of Vc with such
non-dimensional parameter.

Fig. 1. Chip flow pattern evolves with cutting speed for Al 7075, AISI 4340, Ti–6Al–4V and IN 718.
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For the non-dimensional parameters λ, E, A, B, Tm and _ε0, they
contain several variable parameters. It can be found that λ, E, A, B, Tm
and _ε0 are the independent variables for λ, E, A, B, Tm and _ε0,
respectively. And ρ, c, T0 and b are their public variables. Here, we
changed the values of the independent variables λ, E, A, B, Tm and _ε0
to vary respectively the λ, E, A, B, Tm and _ε0. As thus, when varying
these multi-variable dimensionless parameters, the other dimen-
sionless parameters can be kept constant. Also, we can change the
values of the public variables. But it should be noticed that, when
varying any one of the multi-variable dimensionless parameters by
change the values of the public variables, it must change simulta-
neously the value of the independent variables of the other multi-
variable dimensionless parameters to keep them constant.

To investigate the changing tendencies of Vc with λ, E, A, B, Tm

_ε0, C, n, m and ω, 10 sets of simulations were applied. The
corresponding values of the independent/public variables for each
set are given in Table 4. Here, the room temperature T0 is set to be
300 K as constant for simplicity. Moreover, to achieve universal
evolution rules of Vc , we investigate the changing tendencies of Vc

with each dimensionless parameter for 3 different combinations of
the other dimensionless parameters, as shown in Table 4.

By investigating the evolution rules of Vc with λ, E, A, B, Tm _ε0,
C, n, m and ω, we get that

Vcp f 1ðωÞ ¼ e1:5 tan ð45 3 þωÞ�1:5 ð4aÞ

Vcp f 2ðλÞ ¼ λ
0:5 ð4bÞ

Vcp f 3ðEÞ ¼ E
0:4 ð4cÞ

Vcp f 4ðnÞ ¼ e8:5n�1 ð4dÞ

Vcp f 5ðA;BÞ ð4eÞ

Vcp f 6ðC; _ε0Þ ð4fÞ

Vcp f 7ðTm;mÞ ð4gÞ

The dimensionless cutting speed Vc evolves with ω, λ, E, and n
for different combinations of other dimensionless parameters are
shown in Fig. 4.

It can be found that, the evolution rules of Vc withω, λ, E, and n
are independent on the other parameters, while A and B, C and _ε0,
Tm and m have coupling effects on the evolution rules of Vc.
It should be noticed that, both A and B reflect the internal heating
of the work material, C and _ε0 control together the material strain
rate hardening, and the material thermal softening is dominated
by both Tm andm. This may raise the possibility that A and B, C and
_ε0, Tm and m are coupled with each other.

According to Eqs. (4a)-(4g), the dimensionless critical cutting
speed Vc can be given as

Vc ¼ C0f 1ðωÞf 2ðλÞf 3ðEÞf 4ðnÞf 5ðA;BÞf 6ðC; _ε0Þf 7ðTm;mÞ ð5Þ

where the expressions of f1, f2, f3 and f4 were given in Eqs. (4a)–
(4d), C0 is a constant coefficient, and all the constant coefficients of
the equations f5, f6 and f7 are equaled to 1.

To get the value of C0 and to achieve the expressions of f5, f6 and
f7, six additional sets of simulations were carried out (see Table 5).

Fig. 2. Microstructure of (a) chip morphology and (b) chip free surface for Ti–6Al–4V (V¼4.07 m/s).

Table 2
The values of the J–C parameters.

Material A (MPa) B (MPa) C n m _ε0 (s�1) Tm (K) T0 (K)

Copper [44] 100 292 0.025 0.31 1.09 1 1356 300
Al 7075 [45] 546 678 0.024 0.71 1.56 1 893 300
AISI 4340 [46] 792 510 0.014 0.26 1.03 1 1793 300
Ti–6Al–4V [47] 783 497 0.028 0.28 1.00 1�10�5 1880 300
IN 718 [48] 1350 1139 0.014 0.65 1.00 1 1570 300

Table 3
Mechanical properties and parameters.

Parameters Copper
[44]

Al 7075
[49]

AISI 4340
[50]

Ti–6Al–4V
[51]

IN 718
[48]

E (GPa) 129 71 200 105 210
ρ (kg m�3) 8960 2770 7860 4430 8200
λ (10�6 m2 s�1) 116 53 13 3 3
(c) (J kg�1 K�1) 383 885 473 520 435
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Based on the numerical fitting method, we selected carefully
the function forms of f5, f6 and f7 to fit all the 16 sets of simulation
results obtained based on Tables 4 and 5 (about 520 points), and
finally get that

f 5ðA;BÞ ¼ ðAþB=3Þ�4:8 ð6aÞ

f 6ðC; _ε0Þ ¼ C�1:34�0:02 log _ε0 ð6bÞ

f 7ðTm;mÞ ¼ Tm
4:2

mΛ ð6cÞ

where

Λ¼ 6ðρcTmT0=10
10 JÞ1:5 ð6dÞ

And a unique constant coefficient C0 ¼ 2:1� 10�6 is achieved.
The evolution of Vc as functions of A and B, C and _ε0, Tm and m

are respectively shown in Figs. 5–7. It is obvious that, Vc is linearly
proportional to ðAþB=3Þ�4:8, C�1:34�0:02 ln _ε0 and Tm

4:2
mΛ,

respectively.
As thus, the explicit expression of the critical cutting speed can

be given by

Vc ¼ΓΦ� λ
0:5 ð7aÞ

where

Φ¼ e1:5 tan ð450 þωÞ�1:5 ð7bÞ

Γ ¼ 2:1� 10�6

�E
0:4ðAþB=3Þ�4:8ðe8:5n�1ÞC�1:34�0:02 log _ε0Tm

4:2
m6Λ1:5 ð7cÞ

Here the dimensionless number Φ and Γ are determined by
the tool rake angle and material properties, respectively.

By using Eq. (7), all the 16 sets of simulated data can be well
fitted. It should be noticed that, the constant coefficients of the
fitted lines plotted in Figs. 4–7 are all material dependent.
However, all the constant coefficients for the fitted lines are in
accordance with the values calculated from Eq. (7). For example,
for the curve Vc�E plotted in Fig. 4c, the constant coefficient of
the fitted line for Ti–6Al–4V is 1.9�10�5. And according to Eq. (7),
a same constant coefficient C0 ¼ C0f 1f 2f 4f 5f 6f 7 ¼ 1:9� 10�5 is
obtained. Thus, from Figs. 4–7 it can be found that, the expression
of the critical cutting speed for the onset of serrated chip flow
given in Eq. (7) is universal for all the 520 simulated results.

And the 16 sets of numerical simulations cover very wide
ranges of material properties and cutting conditions, which can be
listed as follows:

1�10�6rλr1�
10�3 m2/s;

50rEr300 GPa; 100rAr
1400 MPa;

00rBr1400 MPa; 0.1rnr1; 0.005rCr0.05;
10�5r _ε0r105 s�1; 0.5rmr2; 700rTmr

2300 K;
2500rρr9000 kg/m3; 200rcr

1000 J/kg K;
50rbr400 μm;

�151rωr151.

It can be noticed that, the properties for most metallic materi-
als are within the ranges listed above. And in metal machining, the
commonly applied values for the uncut chip thickness and tool
rake angle are almost within the ranges listed above. So, the
explicit expression of the critical cutting speed given in Eq. (7),
which is achieved based on these simulations, can be regarded as
universal for most commonly used metallic materials.

Rearranging the functional dependence (7a), the explicit
expression of the critical cutting speed for the onset of serrated
chip flow in terms of material properties, uncut chip thickness and
tool rake angle can be further given by

Pec ¼ΓΦ ð8Þ

where Pec ¼ Vcb=λ is a critical Péclect number.
Noticing that, the transition of the chip flow from continuously

smooth to periodically serrated is favored by increasing in cutting
speed. Thus, from Eq. (8) the critical criterion for the onset of
serrated chip flow can be given as

Pe=ΓΦ41 ð9Þ

where Pe¼ Vb=λ is a Péclect number, which is also called as
Reynolds thermal number [52] or thermal number [32], represent-
ing the ratio of transit time to relaxation time. In high speed
cutting, there is no sufficient time for effective heat diffusion to
take place. The heat stays where it is generated, and thus the
serrated chip flow forms. It is found that this condition usually
occurs when Pe is large [53].

The criterion (9) indicates that, once the ratio of the external
loading to the thermal diffusion (Reynolds thermal number Pe)
achieves a critical value that dominated by the material properties,

Fig. 3. (a) Simulated chip morphology and (b) the corresponding cutting force at the critical condition for the onset of serrated chip flow.
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the serrated chip flow occurs. This shows striking analogy to the
turbulent flow which takes place as the ratio of external loading to
the viscous diffusion (Reynolds number Re) is up to a critical value
that determined by the fluid properties. It is demonstrated that the
continuous–serrated transition of the chip flow is controlled by the
Reynolds thermal number as the laminar–turbulent transition of the
fluid is dominated by the Reynolds number. It should be pointed out
that, after the chip separates from the work material, it flows along
the tool surface as the fluid flowing in a free surface water channel.
The sticking friction takes place along the tool–chip interface [54,55],
making the chip flow velocity increase gradually in a thin layer near
the tool surface, which is quite similar to that in the fluid boundary
layer. This may raise the possibility that similar dimensionless
numbers exist for describing the onset of serrated chip flow in HSM
and the emergence of turbulence in fluid boundary layer.

The evolution of Pe/ΓΦ with Pe/Φ for various work materials
are plotted in Fig. 8. In this figure, the solid and hollow patterns
indicate that the chips obtained from corresponding cutting
experiments are continuous and serrated, respectively. Some other
published experimental data [30,32,56–70] are also given in this
figure to validate the criterion (9). It can be noticed from Fig. 8
that, the serrated and continuous chip flow respectively fall in the
zone of Pe=ΓΦ41 and Pe=ΓΦo1. And the transition of the flow
pattern from continuous to serrated almost takes place around
Pe=ΓΦ¼ 1. In Fig. 8, the uncut chip thickness varies from 35 μm to
500 μm, and the tool rake angel is in the range of �61�17.51. And
the work materials involve copper, aluminum alloys (Al 7075 and
Al 2024), steels (AISI 4340 and AISI 4045), titanium alloy (Ti–6Al–
4V) and nickel-base superalloy (IN 718). These materials have

great differences in their physical and mechanical properties.
It implies that the explicit expression (7a–c) and criterion (9) are
universal, which can be used to predict the onset of serrated chip
flow for various metallic materials over wide ranges of uncut chip
thickness and tool rake angle.

More interestingly, after the serrated chip forms, there exists a
scaling law between the serration spacing and the Reynolds
thermal number, as shown in Fig. 9. Here, for the experimental
results obtained in Section 3, we measured the total spacing of 10
randomly selected adjacent serrations for each serrated chip, and
the average spacing is set to be the serration spacing. It can be
found from Fig. 9 that all the data for IN 718, Ti–6Al–4V, AISI 4340
steel and Al 7075 can be fitted by a universal straight line with a
slope about �1/4. Thus, the serration spacing, which is one of the
most important parameters characterizing the serrated chip,
follows a power low dependence on the Reynolds thermal number
as LpPe�1=4. It shows clearly that the Reynolds thermal number
controls not only the initiation but also the evolution of the
serrated chip flow. The Reynolds thermal number plays a major
important role in the high speed machining of metallic materials.

5. The influence of material properties on the onset of serrated
chip flow

5.1. Recht’s instability criterion

To better investigate and understand the influence of material
properties on the onset of serrated chip flow, let us first introduce

Table 4
Simulation conditions.

Set
number

Variable
parameter

The combination of other dimensionless parameters ω

(deg)
Values of variables Data

number
Material λ�10�6 E A B n C�10�2

_ε0 Tm m

1 ω Al 7075 1.1 97 0.7 0.9 0.71 2.4 1.9�10�7 2.0 1.56 – ω (deg)¼�15,�10,�5,0,5,10,15. 3n7¼21
AISI 4340 1.2 179 0.7 0.5 0.26 1.4 2.7�10�7 5.0 1.03
Ti–6Al–4V 5.8 152 1.1 0.7 0.28 2.8 2.5�10�12 5.3 1.00

2 λ Al 7075 – 97 0.7 0.9 0.71 2.4 1.9�10�7 2.0 1.56 0 λ¼1, 5, 10, 50, 100, 200�10�6 m2 s�1; or
b¼50, 100, 200, 300, 400 μm; or
c¼200,600,1000 J kg�1 K�1.

3n14¼42
AISI 4340 – 179 0.7 0.5 0.26 1.4 2.7�10�7 5.0 1.03
Ti–6Al–4V – 152 1.1 0.7 0.28 2.8 2.5�10�12 5.3 1.00

3 E Al 7075 1.1 – 0.7 0.9 0.71 2.4 1.9�10�7 2.0 1.56 0 E¼50, 100, 150, 200, 250, 300 GPa; or
ρ¼2500, 5000, 9000 kg m�3; or c¼200,
600, 1000 J kg�1 K�1.

3n12¼36
AISI 4340 1.2 – 0.7 0.5 0.26 1.4 2.7�10�7 5.0 1.03
Ti–6Al–4V 5.8 – 1.1 0.7 0.28 2.8 2.5�10�12 5.3 1.00

4 A Al 7075 1.1 97 - 0.9 0.71 2.4 1.9�10�7 2.0 1.56 0 A¼100,200,400,800,1400 MPa; or ρ¼2500,
5000, 9000 kg m�3; or c¼200, 600,
1000 J kg�1 K�1.

3n11¼33
AISI 4340 1.2 179 - 0.5 0.26 1.4 2.7�10�7 5.0 1.03
Ti–6Al–4V 5.8 152 – 0.7 0.28 2.8 2.5�10�12 5.3 1.00

5 B Al 7075 1.1 97 0.7 - 0.71 2.4 1.9�10�7 2.0 1.56 0 B¼100,200,400,800,1400 MPa; or ρ¼2500,
5000, 9000 kg m�3; or c¼200, 600,
1000 J kg�1 K�1.

3n11¼33
AISI 4340 1.2 179 0.7 - 0.26 1.4 2.7�10�7 5.0 1.03
Ti–6Al–4V 5.8 152 1.1 - 0.28 2.8 2.5�10�12 5.3 1.00

6 n Al 7075 1.1 97 0.7 0.9 – 2.4 1.9�10�7 2.0 1.56 0 n¼0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0. 3n10¼30
AISI 4340 1.2 179 0.7 0.5 – 1.4 2.7�10�7 5.0 1.03
Ti–6Al–4V 5.8 152 1.1 0.7 – 2.8 2.5�10�12 5.3 1.00

7 C Al 7075 1.1 97 0.7 0.9 0.71 - 1.9�10�7 2.0 1.56 0 C¼0.005, 0.01, 0.015, 0.02, 0.025, 0.03, 0.035,
0.04, 0.045, 0.05.

3n10¼30
AISI 4340 1.2 179 0.7 0.5 0.26 - 2.7�10�7 5.0 1.03
Ti–6Al–4V 5.8 152 1.1 0.7 0.28 - 2.5�10�12 5.3 1.00

8 _ε0 Al 7075 1.1 97 0.7 0.9 0.71 2.4 – 2.0 1.56 0 _ε0¼1�10�5, 1�10�3, 1, 1�103, 1�105; or
b¼50, 200, 400 μm; or
c¼200,600,1000 J kg�1K�1.

3n11¼33
AISI 4340 1.2 179 0.7 0.5 0.26 1.4 – 5.0 1.03
Ti–6Al–4V 5.8 152 1.1 0.7 0.28 2.8 – 5.3 1.00

9 Tm Al 7075 1.1 97 0.7 0.9 0.71 2.4 1.9�10�7 – 1.56 0 Tm¼700, 900, 1100, 1300, 1500, 1700, 1900,
2100, 2300 K.

3n9¼27
AISI 4340 1.2 179 0.7 0.5 0.26 1.4 2.7�10�7 – 1.03
Ti–6Al–4V 5.8 152 1.1 0.7 0.28 2.8 2.5�10�12 – 1.00

10 m Al 7075 1.1 97 0.7 0.9 0.71 2.4 1.9�10�7 2.0 – 0 m¼0.50, 0.75, 1.00, 1.25, 1.50, 1.75, 2.00. 3n7¼21
AISI 4340 1.2 179 0.7 0.5 0.26 1.4 2.7�10�7 5.0 –

Ti–6Al–4V 5.8 152 1.1 0.7 0.28 2.8 2.5�10�12 5.3 –
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Recht’s classical criterion for the onset of serrated chip flow. In Recht’s
model [17], it was assumed that the emergence of serrated chip flow
requires a maximum in the shear stress–shear strain curve, that is

dτ
dγ

r0 ð10Þ

where τ and γ are the shear stress and shear strain in the PSZ,
respectively.

In general, the criterion (10) can be further written as

QþR
d _γ
dγ

�P
dT
dγ

r0 ð11Þ

where _γ is the shear strain rate inside PSZ. Here Q ¼ ∂τ=∂γ,
R¼ ∂τ=∂ _γ and P ¼ �∂τ=∂T reflect the effect of strain hardening,
strain rate hardening and thermal softening, respectively.

Fig. 4. Vc evolves with (a) ω, (b) λ, (c) E and (d) n for different parameter combinations.

Table 5
The conditions for the additional simulations.

Set
number

variable
parameter

The combination of other dimensionless parameters ω

(deg)
Values of variables Data

number
Material λ�10�6 E A B n C�10�2

_ε0 �10�12 Tm m

11 A Ti–6Al–4V 5.77 152 – – 0.28 2.8 2.5 5.27 1.0 0 A¼100,200,400,600,800,1000,1200,1400 MPa,
when B¼100, 200, 400, 800, 1400 MPa.

8n5¼40

12 B Ti–6Al–4V 5.77 152 – – 0.28 2.8 2.5 5.27 1.0 0 B¼100,200,400,600,800,1000,1200,1400 MPa,
when B¼100,200,400,800,1400 MPa.

8n5¼40

13 C Ti–6Al–4V 5.77 152 1.13 0.72 0.28 – – 5.27 1.0 0 C¼0.005, 0.01, 0.015, 0.02, 0.025, 0.03, 0.035, 0.04,
0.045, 0.05. when _ε0¼1�10�5, 1, 1�105.

10n3¼30

14 _ε0 Ti–6Al–4V 5.77 152 1.13 0.72 0.28 – – 5.27 1.0 0 _ε0¼1�10�5, 1�10�3, 1, 1�103, 1�105; or
b¼50,200,400 μm; or c¼200,600,1000 J kg�1 K�1,
when C¼0.005, 0.025, 0.05.

11n3¼33

15 Tm Ti–6Al–4V 5.77 152 1.13 0.72 0.28 2.8 2.5 – – 0 Tm¼700, 900, 1100, 1300, 1500, 1700, 1900, 2100,
2300 K, when m¼0.50, 1.00, 1.50, 2.00.

9n4¼36

16 m Ti–6Al–4V 5.77 152 1.13 0.72 0.28 2.8 2.5 – – 0 m¼0.50, 0.75, 1.00, 1.25, 1.50, 1.75, 2.00. when
Tm¼700, 1100, 1500, 1900, 2300 K.

7n5¼35
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In HSM, the plastic deformation inside PSZ is usually treated as
adiabatic [71], Thus dT=dγ in Eq. (11) can be given as

dT
dγ

¼ βτ
ρc

ð12Þ

Moreover, prior to the onset of serrated chip flow, the plastic
deformation in PSZ is uniform, and the shear strain rate can be

treated as constant, that is

d_γ
dγ

¼ 0 ð13Þ

Inserting Eqs. (12) and (13) into (11), and keep Q40 and P40
in mind, Recht’s criterion can be rewritten as

Π ¼ βτP
ρcQ

Z1 ð14Þ

Fig. 5. (a) Vc evolves with A for different B and (b) Vc evolves with B for different A.

Fig. 6. (a) Vc evolves with C for different _ε0 and (b) Vc evolves with _ε0 for different C.

Fig. 7. (a) Vc evolves with Tm for different m and (b) Vc evolves with m for different Tm .
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This instability criterion is in accordance with the criterion
proposed by Bai [72], which is derived based on the perturbation
analysis to characterize the onset of thermo-plastic shear band for
simple shearing. It indicates that when the tendency of the
material in PSZ to harden with plastic deformation is overtaken
by thermal softening effects, thermo-plastic shear instability
occurs, and the serrated chip flow forms.

The instability criterion (14) shows clearly that increase in
shear stress τ and thermal softening effect P accelerate the
instability, whereas increasing the strain hardening effect Q
retards the onset of serrated chip flow.

It should be pointed out that, the HSM process is much more
complex than simple shearing, and the temperature rise inside PSZ
could be affected by thermal diffusion and material convection
that are caused by the rapid chip flow in HSM [26,30]. So, the
instability criterion (14), which is obtained based on the adiabatic
assumption, cannot be strictly applied to predict the critical
condition for the onset of serrated chip flow. However, it gives
clues to investigate the influences of material parameters on the
chip flow instability.

5.2. The influence of the initial yield stress A and hardening
modulus B

The critical Reynolds thermal number Pec plotted with A for
various B is shown in Fig. 10a. There exists a scaling low between
Pec and ðAþB=3Þ as
PecpðAþB=3Þ�4:8 ð15Þ

It can be found that a higher initial yield stress A or hardening
modulus B leads to a lower critical cutting speed at which the chip
flow changes from continuous to serrated. So, increasing the initial
yield stress A or hardening modulus B promotes the onset of
serrated chip flow.

A higher initial yield stress usually indicates a higher hardness [73].
And the serrated chip flow is usually favored by increasing the
material hardness [74]. Thus the serrated chip flow could be facilitated
by increasing the material initial yield stress A.

For orthogonal cutting, the plane strain state is adopted, thus
the J-C law can be given in the form of shear stress as

τ¼ 1ffiffiffi
3

p AþB
γffiffiffi
3

p
� �n� �

1þC ln
_γffiffiffi
3

p
_ε0

� �� �
1� T�T0

Tm�T0

� �m� �
ð16Þ

The J–C law (16) indicates that a higher initial yield stress A
results in a higher shear stress τ, leading to a higher energy
consuming and hence a higher temperature rise (see Eq. (12)) (the
average shear strain inside PSZ can be regarded as constant before
instability occurs). This facilitates the shear banding and hence
promotes the emergence of serrated chip flow. Form Recht’s
instability criterion (14) it also can be found that a higher shear
stress τ renders a higher Π and thus promotes the instability. This
is in accordance with the tendency described by Eq. (15).

On the other hand, a higher hardening modulus B indicates a
higher strain hardening, which seems to have a negative effect on
the instability initiation. However, it should be noticed that a
higher B also means a higher flow stress, which facilitates the
serrated chip flow. Inserting the J–C law into Recht’s instability
criterion (14) we can get that

Πp
ðAþBðγ=

ffiffiffi
3

p
ÞnÞ2

B
ð17Þ

This shows clearly that increasing the hardening modulus B
also accelerates the flow instability and thus promotes the onset of
serrated chip flow. Eq. (17) also implies that, increasing the initial
yield stress promotes the instability much more obviously than
increasing the hardening modulus. This shows a similar tendency
with Eq. (15), in which the hardening modulus is multiplied by a
smaller coefficient (1/3) while the initial yield stress is multiplied
by a bigger one (1).

5.3. The influence of the hardening exponent n

The evolution of Pec as a function of n is plotted in Fig. 10b. The
critical Reynolds thermal number Pec is linearly proportional to
e8:5n�1. It is shown that increasing the hardening exponent n
hinders the emergence of serrated chip flow.

A larger hardening exponent n usually implies a stronger effect
of strain hardening, which retards the shear banding and thus
hinders the onset of serrated chip flow. Indeed, for the J–C law the
strain hardening effect Q dependents on the strain hardening
exponent n as Qpnðγ=

ffiffiffi
3

p
Þn�1. According to Oxley [75], the

average shear strain inside the primary shear zone can be
estimated as

γ ¼ cos ω=2 sin φ cos ðφ�ωÞ ð18Þ
where the shear angle can be given by φ¼ π=4
� arctanμ
� �

=2þω=2 [76].

Fig. 8. Evolution of Pe=ΓΦ as a function of Pe=Φ for various work materials.
Fig. 9. Serration spacing plotted with the Reynolds thermal number (b¼100 μm;
ω¼01).
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Thus the average shear strain γ is usually in the range of 0.7–1.5
(�151rωr151; 0rμr0.3). So, in the investigated range of
0.1rnr1, the strain hardening effect Q always increases with
increasing the hardening coefficient n (see Fig. 11). This retards the
thermo-plastic shear instability (see Eq. (14)), and thus hinders the
onset of serrated chip flow.

Moreover, to quantitatively compare the present model with
Recht’s classical model, Fig. 12 gives the evolutions of Pe=ΓΦ and
Π as functions of n for AISI 4340 steel (V¼10 m/s, b¼100 μm,

ω¼01). Here, to work out the value of Π, the shear strain γ was
estimated by Eq. (18), and the temperature rise ΔT and shear
strain rate _γ were approximately estimated as [26,75]

ΔT ¼ βτγ
ρc

ð19Þ

_γ ¼ 10V cos ω=b cos ðφ�ωÞ ð20Þ

Fig. 10. Evolutions of Pec as functions of (a) A, (b) n, (c) C, (d) Tm , (e) m and (f) E. The constant coefficients of the fitted lines are in agrees with the values calculated
from Eq. (7).
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It can be found from Fig. 12 that, the present model has a same
varying tendency with Recht’s classical model: when Pe=ΓΦ and
Π are larger than one, both of them decrease rapidly with
increasing n; and when Pe=ΓΦ and Π become smaller than one,
both of them decrease much more slowly with increasing n. More
importantly, Pe=ΓΦ¼ 1 and Π ¼ 1 take place almost at a same n,
which indicates that the critical condition for the onset of serrated
chip flow predicted by the present model is in accordance with
that predicted by Recht’s classical model.

5.4. The influence of the strain rate dependency coefficient C

Fig. 10c shows the evolution of Pec with C for various values of
_ε0. The critical Reynolds thermal number for the onset of serrated
chip flow follows a power low dependence on the strain rate

coefficient C as PecpC�1:34�0:02 log _ε0 . It can be found that increas-
ing the strain rate dependency coefficient C facilitates the emer-
gence of serrated chip flow.

A higher C indicates a higher flow stress τ due to strain rate
hardening. This leads to a higher temperature rise (see Eq. (19))
and thus accelerates the onset of serrated chip flow. Taking the J–C
law into Recht’s instability criterion (14) we can get that the
dimensionless number Π is approximately proportional to
1þC lnð _γ=

ffiffiffi
3

p
_ε0Þ. Therefore, the instability criterion can be satis-

fied much more easily for a higher C, which is positive for the
emergence of serrated chip flow. Moreover, increasing the

reference strain rate _ε0 leads to a lower Π and thus hinders the
onset of serrated chip flow. This is in accordance with that implied
in Fig. 10c, in which a higher reference strain rate leads to a higher
critical cutting speed.

5.5. The influence of the melting temperature Tm and initial
temperature T0

Fig. 10d gives the variation of Pec with respect to Tm. It shows
that the critical Reynolds thermal number Pec depends linearly on
T
4:2
m . Indeed, from Eq. (7) it can be found that the critical cutting

speed for the onset of serrated chip flow is approximately
dependent on the melting and initial temperatures as Vcp
ðTm�T0Þ4:2. Thus increasing the melting temperature Tm or redu-
cing the initial temperature T0 hinders the onset of serrated
chip flow.

Higher Tm or lower T0 means the work material can be softened
by heating due to plastic deformation much harder. This retards
the shear band initiation and hence hinders the emergence of
serrated chip flow. It should be noticed that, the thermal softening
effect P in the instability criterion (14) is approximately propor-
tional to ðTm�T0Þ�m. Noticing that the thermal softening coeffi-
cient m is positive. So, increasing the melting temperature
or reducing the initial temperature could weaken the thermal
softening effect and thus stabilizes the thermo-plastic shear
deformation.

5.6. The influence of the thermal softening coefficient m

The evolution of the critical Reynolds thermal number as a
function of the thermal softening coefficient m is shown in
Fig. 10e. The critical Reynolds thermal number Pec varies with m
according to PecpmΛ, where Λ¼ 6ðρcTmT0=10

10 JÞ1:5. Increasing
the thermal softening coefficient m has a stabilizing effect on the
thermo-plastic shear deformation which hinders the onset of
serrated chip flow.

Similar to the effect of melting temperature Tm, the work
material is much harder to be softened by heating due to plastic
deformation for a larger m. For the J–C law, the thermal softening
effect P is approximately proportional to m as

PpmðΔT=Tn

mÞm�1 ð21Þ

The temperature rise in the PSZ prior to shear banding can be
roughly estimated from Eq. (19). And thus the temperature rise
for the applied work materials (copper, Al 7075, AISI 4340 steel,
Ti–6Al–4V and IN 718) can be worked out, as shown in Table 6
(0.7oγo1.5). It can be noticed that the nickel-base superalloy IN
718 has a maximum temperature rise (295 K) at γmax¼1.5, while
the copper has a minimum one (11 K) at γmin¼0.7. And ΔT=Tn

m has
a maximum value about 0.3 at γmax¼1.5 for the aluminum alloy
Al 7075. It should be pointed out that, in the range of 0oΔT=
Tn

mo0:3, the term mðΔT=Tn

mÞm�1 decreases with increasing m, as
shown in Fig. 13. Thus, increasing the thermal softening coefficient
m could weaken the thermal softening effect, which stabilize the
thermo-plastic shear deformation and hinders the onset of ser-
rated chip flow. This trend is in accordance with that implied in
Fig. 10e.

Moreover, Fig. 14 gives the evolutions of Pe=ΓΦ and Π as
functions of m for AISI 4340 steel (V¼10 m/s, b¼100 μm, ω¼01).
It is found that, Pe=ΓΦ and Π have same tendency with changing
the thermal softening coefficient m, and the Pe=ΓΦ¼ 1 and Π ¼ 1
almost take place at a same m. This shows clearly that the present
model has a same varying tendency with Recht’s classical model.

Fig. 11. Evolution of nðγ=
ffiffiffi
3

p
Þn�1 as a function of n.

Fig. 12. Evolutions of Pe=ΓΦ and Π as functions of n for AISI 4340 steel (V¼10 m/s,
b¼100 μm, ω¼01).
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5.7. The influence of the elastic modulus E

The evolution of Pec as a function of E is shown in Fig. 10f. The
critical Reynolds thermal number follows a power low dependent
on the elastic modulus as PecpE

0:4
. It shows that increasing the

elastic modulus has a negative effect on the onset of serrated
chip flow.

A higher E means more energy could be stored in elastic
deformation while less energy could be divided to heating the
work material through plastic flow. This retards the thermal
softening and thus hinders the emergence of serrated chip flow.

Moreover, during cutting, the tool exerts a force on the chip
over their contact surface, making the chip deform in a local
compressive deformation zone. The tool–chip compressive stress
induces a gradient in the shear stress, leading to the large scale
shearing deformation that takes place in the PSZ. Thus the
thermo-plastic shear deformation and the energy input into the

PSZ are dominated by the tool–chip compression. It should be
noticed that, the elastic unloading of the tool–chip compression
could take place as the compressive stress reaches its yield limit [32].
Therefore, increasing the elastic modulus E promotes the elastic
unloading of the tool–chip compression, leading to a reduction of the
energy input into the PSZ and thus retards the onset of serrated
chip flow.

5.8. The influence of the heat generation term ρc

According to Eq. (7), the critical cutting speed for the onset of
serrated chip flow depends on the material density and specific
heat as Vcp ðρcÞ3:4. It shows that increasing the heat generation
term ρc hinders the onset of serrated chip flow.

The heat generation term ρc describes the energy consuming
for unit temperature rise. According to (19), increasing ρc leads to
a diminution of the temperature rise for a given value of shear
strain. As a consequence, the stress drop due to thermal softening
is weaker, which has a stabilized effect on the thermo-plastic
shear deformation inside the PSZ. Indeed, from the instability
criterion (14) it also can be easily found that, higher ρc retards the
thermo-plastic shear instability and hence hinders the onset of
serrated chip flow.

6. Conclusions

HSM experiments of IN 718, Ti–6Al–4V, AISI 4340 steel, Al 7075
and copper was undertaken with cutting speed ranging from 0.05
to 90 m/s. The microscopic observations of chips reveal that the
transition from continuous chip flow to serrated chip flow can be
attributed to a repeated shear band formation inside PSZ, and the
onset of serrated chip flow has a strong dependence on the work
material. The dimensionless analysis and finite element simula-
tions were carried out to obtain the critical cutting speed at which
the serrated chip flow is produced. The universal expression of the
critical cutting speed for cutting metallic materials by using sharp
tools is achieved. It is given in terms of material properties, uncut
chip thickness and tool rake angle. The predictions of the critical
cutting speeds show good agreements with the experimental
findings for various metal materials over wide ranges of uncut
chip thickness and tool rake angle. Moreover, it is found that there
exist striking similarity between the serrated chip flow and the
turbulent fluid flow. As the laminar–turbulent transition of the
fluid is dominated by the Reynolds number, the continuous–
serrated transition of the chip flow is controlled by a Reynolds
thermal number. And this Reynolds thermal number also controls
the evolution of the serrated chip flow as the serration spacing is
followed a power law dependence on the Reynolds thermal
number. At last, the influences of the material properties on the
onset of serrated chip flow are systematically investigated.
It shows that increasing the work material density, specific heat,
thermal conductivity, elastic modulus, melting temperature, refer-
ence strain rate, work-hardening exponent and the thermal soft-
ening coefficient hinders the onset of serrated chip flow, while
increasing the material initial yield stress, hardening modulus,
strain rate dependency coefficient and the reference temperature
promotes the emergence of serrated chip flow. This shows good
agreement with Recht’s classical criterion.
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Appendix A. Numerical simulation

A.1. Modeling

Based on the experimental findings, the finite element simula-
tions were applied to capture the critical cutting speed at which
the chip flow transition from continuous to serrated takes place.

A plane strain model of orthogonal cutting is developed using
the finite element code ABAQUS/Explicit with Lagrangian formula-
tion. The basic geometry of the numerical model is presented in
Fig. A1. The work material is fixed at the lowest contour and the
cutting speed is applied to the tool. The tool is treated here for
simplicity as an analytical rigid body.

The mesh of the work material is divided into three parts: the
uncut chip material (zone A), the fracture material (zone B) and

the leaving material (zone C). The upper boundary of zone C
corresponds to the machined surface. The meshes in zones B
and C are parallel to horizontal and vertical directions, while
the meshes in the zone A are characterized by an inclination
angle δ with the tool surface. An optimal orientation δ¼451
is adopted here to facilitate the formation of segmented chip
flow [77].

A fully coupled thermal–mechanical analysis is carried out by
considering CPE4RT elements, which are plane strain, quadrilat-
eral, linearly interpolated, and thermally coupled elements with
reduced integration and automatic hourglass control. The work
material is taken as elastic–viscoplastic. And the plastic flow is
governed by the J-C law.

The extended Coulomb friction model is chosen in this work to
model the tool–chip interaction, and the friction coefficient is set
to be 0.3 as a constant.

The separation of the chip from the workpiece is modeled with
the help of a failure zone, see the zone B in Fig. A1. Up to failure,
this zone behaves according to the J–C model. The failure of this
zone takes place at a critical value γp of the accumulated equiva-
lent inelastic deformation, and hence the chip separates from the
surrounding workpiece in a defined distance from the tool tip. In
this work, the γp is set to a value of 2.0 [78].

A.2. Validation of the finite element model

To validate the numerical model developed above, the finite
element simulations of high speed cutting of Ti–6Al–4V from
0.05 m/s to 35 m/s were carried out. The uncut chip thickness and
tool rake angle were set as 100 μm and 01, respecctively. The
serrated chip morphology can be characterized by three para-
meters, i.e., serration spacing, valley and peak (see Fig. A2a). The
comparison of the simulated and experimental chip morphology is
presented in Fig. A2b. It can be seen that the simulated chip
morphologies agree well with the experimental ones. The good
agreements between the simulated and experimental results
indicates that the finite element simulations employed in this
work can give accurate predictions for the chip mophologies.

Fig. A2. (a) Simulated chip morphology for Ti–6Al–4V at V¼5 m/s and (b) comparison of simulated chip dimensions with experimental data.

Fig. A1. The schematic diagram of numerical model.
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