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a b s t r a c t

An experimental device, based on the light-gas gun technology, was set up to realize high speed cutting

over a wide range of cutting speeds from 30 m/s to 200 m/s. High-speed cutting experiments were

performed on AISI 1045 steels. The investigation of chip morphology, micro-structures, micro-hardness

and the finished surface integrity were carried out, focusing on the physical phenomena accompanying

the saw-tooth chip formation. The results reveal that, with increasing the cutting speed, the transition

of chip morphology from continue to saw-tooth could be attributed to repeated thermoplastic shear-

banding rather than periodic cracking. In particular, a severe material flow leading to mass transfer of

heat was observed at very high cutting speed. The effect of mass transfer of heat on thermoplastic shear

instability was further investigated, which implies that the mass transfer of heat would retard the

formation of saw-tooth chip. Finally, the influence of cutting speed and mass transfer on the

temperature distribution during high speed machining was briefly discussed.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

High speed machining (HSM) has many advantages such as
high removal rates, reduction in dead times and low cutting
forces, leading to excellent dimensional accuracy and surface
finishing quality [1]. Recently, HSM has been widely used in
aerospace, automotive, die/mold-making and defense indus-
tries [2]. The concept of HSM was originally introduced by
Salomon [3], which assumed that the cutting temperature
decreases with increasing the cutting speed after it attains a peak
for a certain critical value. HSM essentially is a highly nonlinear
and coupled thermomechanical process, during which the work-
piece materials ahead of the tool tip undergo large deformation,
high strain rate, high temperature and complex friction. Such
extreme conditions pose a big challenge to the fundamental
understanding of the HSM process, which has received much
attention [4–9]. In this aspect, areas of interest involve the
feasibility of HSM [4,5], the mechanics of segmentation [6,7],
the stability of adiabatic shear banding [6,8], etc. Among them,
the chip formation is of central importance since the chips are
witnesses of physical and thermal phenomena happening during
HSM [9]. For many materials, continuous chips are usually
produced at a low cutting speed. As the cutting speed increases
into HSM range however, the formed chips are prone to be
ll rights reserved.
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serrated or saw-tooth-like [8,9]. The saw-tooth chip formation
ties up with decreased tool life, degradation of the workpiece
surface finish and less accuracy in the machined part [10,11].
Hence, understanding of the cause and the initiation of saw-tooth
chip formation could be of significant importance.

As for the saw-tooth chip formation, there have been two
potential causes. The first suggests that the saw-tooth chips result
from a repeated thermoplastic instability occurred within the
primary shear zone (PSZ) [6,8,11–13]. This phenomenon takes
place when the thermal softening caused by plastic work over-
comes the work hardening of the material [12,14]. The second
contends that the formation of saw-tooth chip can be attributed
to a periodic crack initiated in the free surface of workpiece ahead
of the tool [7,15–17]. These two different theories have long been
controversial, and there have still been no definite conclusion
about how the saw-tooth chip forms. Astakhov [18,19], Sheikh-
Ahmad et al. [20] and Barry and Byrne [14] have pointed out
that the potential cause of the saw-tooth chip formation could
be different between ductile materials and brittle ones: the
saw-tooth chip formation tends to be formed from repeated shear
bandings for ductile materials, but it is more likely to arise from
periodic cracks as for brittle ones. However, the exact location of
the border ‘brittle/ductile’ in metal cutting is hard to quantify
[18], and the ductility of the workpiece material could change
under the coupling condition of high strain rate and temperature
during HSM [20]. Moreover, especially at an extremely high
cutting speed, some factors, such as momentum diffusion, inertia
and especially the mass transfer of heat induced by the rapid chip
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Fig. 1. The experimental system based on the light-gas-loading system.
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flow [21,22], could become significant. This makes the problem
more complicated, and thus the mechanisms of saw-tooth chip
formation at extremely high cutting speed deserve further
investigation.

In order to get a better understanding of the cause for the saw-
tooth chip formation during HSM, it is urgent to develop proper
experimental setups to simulate or directly investigate the cutting
process at very high speed. In recent years, some apparatus have
been developed to perform HSM studies. Kazban et al. [23] used
the modified Hopkinson bar to simulate high speed orthogonal
machining at 30 m/s for an aluminum alloy, focusing on the cutting
forces and temperature distribution around the tool tip. Sutter
et al. [24] employed a ballistic set-up to obtain high cutting speeds,
up to 100 m/s. By using this device, they investigated the evolution
of chip segmentation when cutting a medium carbon steel with an
uncut chip thickness of 0.3 mm, and the saw-tooth chip was
obtained at the cutting speed about 18 m/s. The measurements
of cutting force and temperature were carried out in their latter
work, and some important relationships between the chip geome-
try and the cutting conditions (cutting speed, uncut chip thickness
and the rake angle) were established [9,25]. These experimental
results provide useful clues for the understanding of the formation
mechanism of chip, especially the cause for the saw-tooth chip
formation at extremely high cutting speeds, which is the focus of
the present work.

In this work, an experimental procedure based on a light-gas
gun is developed to perform HSM in a wide range of velocities.
With this developed experimental procedure, a typical medium
carbon steel (AISI 1045 steel) is machined with the cutting speed
ranging from 30.8 m/s to 67.3 m/s. The microscopic characteristics
of chips, such as the metallographic structure, grain deformation
and the free surface morphology, are systematically investigated. It
is observed that the formed chip transfers from continuous to saw-
tooth-like at a cutting speed up to 38 m/s, and the saw tooth chip
formation could be attributed to repeated thermoplastic shear-
banding rather than periodic cracking. Furthermore, the stability
analysis of the PSZ was carried out, which reveals that the mass
transfer of heat due to rapid chip flow retards the thermoplastic
shear instability, and hence hinders the formation of saw-
tooth chip.
2. Experimental setup

2.1. Device description

The experimental machining device that is based on a light-gas
gun is schematically presented in Fig. 1. This device allows real
orthogonal cutting, under quasi-stationary conditions, with a
maximum allowable velocity up to 200 m/s.

The cutting tool holder is fixed on a projectile, which is
launched inside a tube by a light-gas gun. The cutting tool holder
can accommodate cutting inserts typically used in industry. The
projectile is guided in the launch tube to avoid any rotation.
A sufficient length of the launch tube (6 m) allows the projectile
to achieve a constant high speed. The velocities are measured by a
set of two infrared emitters-detector pairs and a time counter,
which is located at the end of the launch tube. The cutting speed
can be controlled by adjusting the pressure of the air gun and the
weight of projectile. By using a lightweight bakelite projectile and
employing a maximum gas pressure (2 MPa), a maximum cutting
speed of about 200 m/s can be achieved. The bakelite projectile
together with the tool has a weight of 0.83 kg, and the resultant
kinetic energy of the projectile-tool is large enough to consume
cutting energy. At the end of the launch tube, two specimen
holders aligned with the launch tube support two symmetrically
fixed workpieces. The workpieces are placed in position inside the
specimen holders, and the uncut chip thickness can be precisely
controlled by adjusting the workpiece’s position with a set of
micrometer calipers. This is different from that of Sutter et al.
[24,25], where the tool is fixed while the specimen moves with
the projectile. The design of fixed specimen is convenient for the
measurement of temperature and plastic strain in the workpeice
during cutting in our later work. When the tool impacts the
workpieces, the orthogonal machining occurs. In order to avoid
undesirable decrease of the cutting speed due to the absorption of
kinetic energy during the cutting process, optimal masses of the
projectile was calculated so as to have a kinetic energy much
larger than the cutting energy. Thus the cutting speed is nearly
constant during the process and quasi-steady state cutting con-
ditions are realized. After cutting, the receiving tube leads the
projectile bearing the cutting tool into a shock absorber.

2.2. Characteristic of the cutting tests

Experiments have been performed on an AISI 1045 steel, with
cutting speeds ranging from 30.8 m/s to 67.3 m/s. The normalized
AISI 1045 steel used in this study has a hardness of HV 178 and a
static strength about 585 MPa. Specimens were machined into
rectangles, and all tests were carried out with the same tool
inserts, which are made of W18Cr4V tool steel. The uncut chip
thickness was obtained precisely for each specimen by the
measurement of the height values before and after the test,
respectively. To avoid the fracture of the tools at high impact
velocities, small uncut chip thickness were considered. It should
be noticed that, the uncut chip thickness used in this study
(0.05 mm) is much smaller than that applied in Sutter et al. [24]
(0.3 mm). This could lead to a higher transition cutting speed at
which the saw-tooth chip comes out [14,26]. During cutting
process, the cutting tool in relation to the workpiece is schema-
tically presented in Fig. 2, and the corresponding cutting para-
meters marked in Fig. 2 are listed in Table 1. The width of the
cutting insert is slightly larger than the width of the specimens to
ensure the validity of the two-dimensional model assumption.
New cutting inserts were used for each test to limit the tool wear.
So in the present study, the tool wear effects can be neglected.

In this study, the width of specimen is 4 mm, and cutting
length is about 60 mm. This means that higher energy must be
consumed during cutting process. In order to achieve a stable
cutting speed, a heavy aluminum projectile was used. The weight
of the projectile and the tool is about 1.26 kg. Moreover, for the
sake of safety, we employed a relatively low pressure of gas, about
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1 MPa. Thus, a maximum cutting speed was measured to be about
67.3 m/s. It must be pointed out that, the cutting speed 67.3 m/s
is extremely high for AISI 1045 steel. According to Schulz and
Moriwaki [27], the lower and upper limit for high-speed machin-
ing of steels is about 5 m/s and 40 m/s, respectively.
3. Results and analysis

3.1. The cause for the saw-tooth chip formation during HSM AISI

1045 steel

For microscopic observation, the chips have been collected
and embedded into resin. The cross section was mechanically
polished with aluminum oxide of 1 mm particle size, and then
etched with reagent Nital 2% for 5 s. Microscopic observations
were carried out to examine the influence of cutting speed on the
chip formation. With increasing the cutting speed, chips change
from continuous to saw-tooth-like, as shown in Fig. 3.

The microstructure of the uncut chip (the as-received mate-
rial) presents a matrix composed predominantly of Widmanstat-
ten ferrite and pearlite in clear and dark colors, respectively
(Fig. 4a). The morphology of ferrite and pearlite is polygonal with
many occurrences of slightly stretched and irregular grains,
which can be characterized as a predominant acicular structure.
Fig. 2. The schematic diagram of the cutting process.

Table 1
The cutting parameters.

Workpiece width w Workpiece length L Workpiece height h Tool rake an

4 mm 60 mm 40 mm 01

Fig. 3. The SEM microstructure of chip formation at cutt
The microscopic observation shows that the metallographic
structures in the as-received material are quite different form
that in the chips, both for continuous chip formation (Fig. 4b) and
for saw-tooth chip formation (Fig. 4c).

For velocities lower than 38.6 m/s, the chips are continuous.
These chips are of constant thickness along its length. Fig. 4b
shows the microstructure of the chip obtained at a cutting speed
of 30.8 m/s. The microstructure observation shows that, the
crystal particles in the chip have undergone a large deformation
in the chip formation process. It can be noticed that, under this
cutting speed the chip forms through relatively homogenous
shear strain since the grains in the chip exhibit a markedly
preferred orientation. This is in agreement with the homogenous
shear assumption of the continuous chip, based on which the
‘single-shear plane’ orthogonal cutting models were proposed
[28–31].

For cutting speed higher than 38.6 m/s, the chips become
serrated. It can be seen that, this transition speed is indeed much
higher than that reported in the work of Sutter et al. [24]. This
could be primarily attributed to the smaller uncut chip thickness
applied in this study [14,26]. When the velocity is up to 67.3 m/s,
the shear localization becomes very sharp, and the adiabatic shear
bands are widely observed between the saw-teeth, as shown in
Fig. 4c. It can be easily found from the figure that the grains are
dragged seriously in narrow layers, resulting in an extremely
large shear deformation inside the shear bands. Moreover, from
the magnified figure in Fig. 4c, the secondary shear zone (SSZ),
which is resulted from the friction between tool and chip, also can
be identified clearly by noting where the grains have been
severely dragged in the opposite direction of chip flow. This is
quite different from that of lower cutting speed, where the SSZ is
obscure, and only a few gains which are closely adjacent to the
tool-chip interface have been swept back, see Fig. 4b. This means
that, increasing the cutting speed aggravates the tool-chip friction
[32], which intensifies the material plastic deformation in the SSZ
and hence raises the local temperature at the tool-chip contact
surface [32,33]. It is also interesting to notice that, the crystal
particles between the adjacent shear bands are stretched deviat-
ing from the shear direction. This indicates that a severe material
flow occurs along the chip flow direction. As stated by Burns [21]
and Jiang [22], the material flow leads to a mass transfer of heat,
which takes heat away from the PSZ, and hence influences the
temperature distribution in PSZ. Especially at sufficiently high
cutting speeds, the transfer of heat in the cutting process could be
dominated by the severe mass transfer of heat as well as the
gle a Tool clearance angle g Uncut chip thickness t Tool edge radius

71 0.05 mm 0.01 mm

ing speed of: (a) 30.8 m/s, (b) 38.6 m/s, (c) 67.3 m/s.
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thermal diffusion. The effect of mass transfer of heat on the onset
of saw-tooth chip formation will be discussed shortly.

In order to examine the influence of cutting speed on the
structure of free surface (the free surface is schematically illu-
strated in Fig. 2), each surface of the uncut workpieces was
polished, as shown in Fig. 4d. Examination of the free surface of
the continuous chip reveals an irregular arranged lamellar struc-
ture, as shown in Fig. 4e. The shear surfaces (marked as ‘S’ in
Fig. 4e) are occasionally visible, which can be characterized by the
presence of tiny saw-teeth in the chip cross section, see Fig. 4b.
Excluding the irregular occasional shear surfaces, the lamellae are
relatively fine distributed. The mean lamellar width dL (as marked
in Fig. 4e), or shear front spacing, is measured to lie in the range of
5�10 mm. Furthermore, it can be easily found from the micro-
structure of as-received material (Fig. 4a) that, the characterize
grain size of the workpiece material is also in the range of
5�10 mm. Therefore, the lamellar width of the continuous chip
seems to be very close to the micro-defects of the workpiece
material, which is intrinsic and is largely independent of cutting
speed [14,22]. It is worth noting that, the well-known ‘card
model’ [29] describes the cutting process as a sequential sliding
of a ‘deck of cards’ (lamellae). According to this representation,
not all atomic planes are active shear planes but only those
associated with a structural defect (such as grain boundary). This
gives rise to a process that the sequential sliding of the ‘deck of
cards’ has a card thickness (lamellar width) that depends on
the spacing of imperfections (grain size) [30]. It seems like that,
the lamellar structure in the free surface of the continuous chip
Fig. 4. Microstructure of (a) the as-received material, (b, c) the chip obtained at a cutt

workpiece; (e, f) the free surface of chips obtained at cutting speed of 30.8 m/s and 67
gives a support to this viewpoint. However it needs more
systematic study.

For the saw-tooth segment, a fine shear front-lamellar struc-
ture is evident, as shown in Fig. 4f. The shear surfaces of each
adjacent lamella are obviously visible. The shear displacement Lf

(as marked in Fig. 4f) is about 20�30 mm, which is in accordance
with the segment tip spacing Lc (as marked in Fig. 4c). Further-
more, carefully observation shows that, the primary lamella
consists 2�4 distinct or obscure secondary lamellae, the width
of which is almost the same as that in the continuous chip (about
5�10 mm). The similarity between the free side of the continuous
and saw-tooth chips suggest that, the formation of both contin-
uous and saw-tooth chips can be attributed to shear deformation,
which is homogeneous for continuous chips and periodic loca-
lized for saw-tooth chips, respectively. Moreover, as is well
known, the dimple structure is typical of ductile fracture for the
AISI 1045 steel. However, the dimple structure is not found
on examination of the shear surface of the saw-tooth chips
(see Fig. 4f). And no evidence of unstable crack is observed
between the saw-teeth from the cross-section micrographs for
all saw-tooth chips (see Fig. 4c). It should be noticed that, the AISI
1045 steel used in this study has a good ductility, and according
to Autenrieth et al. [34] and Vaziri et al. [35], increasing strain
rate and increasing temperature (both are caused by high cutting
speed) act to enhance the fracture toughness of AISI 1045 steel.
Thus the crack initiation/propagation is limited and shear locali-
zation is developed at high cutting speed. Therefore, as for AISI
1045 steel, it more reasonable to believe that the saw-tooth chip
ing speed of 30.8 m/s and 67.3 m/s respectively; (d) the free surface of the uncut

.3 m/s respectively (The free surface is schematically illustrated in Fig. 2.).
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formation takes place due to the mechanism of catastrophic
thermoplastic shear rather than periodic fracture initiation in
the free surface of workpiece. It is also worth noting that, this fine
lamellar structure is similar to that obtained in machining bulk
metallic glasses (BMG), though the lamellar width in BMG is
much smaller due to its distinct structural characteristic [11,22].
The lamellar chips of BMG were also proposed to result from a
periodic shear-banding formation.

3.2. Workpiece surface integrity and chip micro-hardness

Fig. 5 shows the SEM microstructure of the machined surfaces
obtained at the cutting speed of 30.8 m/s and 67.3 m/s, respec-
tively. The surface produced by low cutting speed machining
shows heavy smearing and displays a great number of irregular
feed marks embedded in the smoothed area (Fig. 5a). The surface
produced at the velocity of 67.3 m/s presents a smoother surface
than the samples generated at the speed of 30.8 m/s, with less
smearing, and more regularity regarding feed marks. For most of
ductile materials, removal occurs at the ductile regime accompa-
nied by a large amount of plastic flow [36]. The plastic deformation
turns the finished surface to undesirables including worse rough-
ness and larger residual stress. Higher cutting speed results in a
shorter time for the plastic deformation to take place, thus, the
plastic flow becomes limited, which results in a high quality of
surface integrity [37]. Therefore, it can be concluded that, during
HSM, increasing the cutting speed could reduce the plastic flow,
and, hence, increase the smoothness of the machined surface.

We have also measured the micro-hardness of chips since it is
an indication of both strain and temperature history. Vichers
Hardness has been measured using a Tukon Micro-hardness tester
and a load of 10 gf. The average mirco-hardness measurement
results for the continuous chip and the two zones of the serrated
chip are given in Table 2. The two zones of the serrated chip
correspond to the region in the shear band subjected to high
strains (HS zone) and the region out of the shear band subjected to
low strains (LS zone). The measurement shows that, the mean
hardness of the continuous chip is 336 HV, which is higher than
that (178 HV) of the workpiece material. And for the serrated chip,
the mean hardness is 410 HV in the HS zone and 241 HV in the LS
zone. It is worth noting that, the chip formation process is some-
what similar to the equal channel angular extrusion, which has
been widely used as a severe plastic deformation (SPD) approach
Fig. 5. SEM microstructures of the finished surfaces at cutting speed of (a) 30.8 m/s

and (b) 67.3 m/s.

Table 2
The Vichers hardness measurement results.

Workpiece

material

Continuous chip

(30.8 m/s)

HS zone of serrated

chip (67.3 m/s)

LS zone of serrated

chip (67.3 m/s)

178 HV 336 HV 410 HV 241 HV
for achieving microstructure refinement in metals and alloys [38].
During HSM, the material undergoes severe plastic deformation in
the primary shear zone. After the large strain plastic deformation,
the microstructure refinement takes place. This reduces the grain
size and the dislocation substructures in the chips, and hence
increases the chip hardness [38,39]. Moreover, the differences in
hardness values between the HS and LS zones of serrated chip and
the continuous chip agree with the expectation that the hardness
should increase with plastic strain [38].

3.3. The influence of mass transfer of heat on the onset of saw-tooth

chip formation

As discussed above, the saw tooth chip formation could be
attributed to repeated adiabatic shear banding. Thus the thermo-
plastic instability would occur within the PSZ during the machining
of the present steel. In the following, we shall investigate the onset
of saw-tooth chip formation by examining the instability of the PSZ.

The PSZ can be modeled as a planar layer infinitely extended in
the shear direction x and, with a finite height h in the y direction
[8,21,22], as sketched in Fig. 2. The constitutive law of material
usually has the general form:

t¼ f ðg, _g,TÞ ð1Þ

where t is the shear stress, g shear strain, _g shear strain rate, and
T temperature.

The basic equations governing the thermo-mechanical defor-
mation of PSZ can be written as

@2t
@y2
¼ r @

2g
@t2

ð2Þ

@T

@t
¼

bt
rc

@g
@t
þ

K

rc

@2T

@y2
�V sinj @T

@y
ð3Þ

where (2) is the momentum equation, (3) temperature evolution
equation. In these equations, r is mass density, c thermal
capacity, K thermal conductivity, b the Taylor and Quinney
coefficient, V the cutting speed, and j is the primary shear angle.
Eq. (3) states that there are three different physical processes that
can alter the temperature in the PSZ: heat generation due to
plastic working (the first term), diffusion and mass transfer of
heat (the second and third terms, respectively). The temperature
can be redistributed by the diffusion until it is spatially uniform.
It is noted that the mass transfer of heat is due to the material
moving outwards the PSZ (see Fig. 4c), which should be important
in HSM process [21,22].

The shear banding formation is a result of instability of
homogeneous deformation within the PSZ. We therefore first
examine the homogeneous deformation that would provide some
clues for understanding the resultant shear instability process.
In the homogeneous case, the governing Eqs. (2) and (3) become

dg
@t
¼ 0 ð4Þ

dT

dt
¼

bt _g
rc
þ

4K

rc

T0�T

h2
�

T�T0

h=ðV sin jÞ ð5Þ

Here, the heat flow only occurs on the boundary surfaces of the
PSZ [21,22]. For the material behavior of the machined workpiece
(AISI 1045 steel), a Johnson–Cook model is usually adopted
[40,41]. Thus the Eq. (1) can be given as

t¼ 1ffiffiffi
3
p AþB

gffiffiffi
3
p

� �n� �
1þCln

_g
_g0

� �
1�

T�T0

Tmelt�T0

� �
ð6Þ

where _g0 is the reference strain rate, T the material temperature
in PSZ, T0 the room temperature, and Tmelt is the melting
temperature, A the initial yield stress, B the hardening modulus,
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n the work-hardening exponent, C the strain rate dependency
coefficient, and m is the thermal softening coefficient. The
Johnson–Cook parameter values and other mechanical properties
used to describe the behavior of AISI l045 workpiece are specified
in Table 3 [40].

According to Eq. (4), the shear strain g increases linearly with
time at the constant strain rate. In the present cutting case, the
constant strain rate is related to the cutting speed by

_g ¼ V

h cos j ð7Þ

where the width of PSZ h and the shear angle j are chose to be
10 mm and 351, respectively, in accordance with the experiment
results (see Fig. 4b and c).

Thus, for a given cutting speed, the shear stress and tempera-
ture can be obtained by numerically integrating Eqs. (5)–(7).
Based on this, the thermo-plastic deformation within the PSZ as
well as the effect of mass transfer of heat can be obtained.

In order to examine the influence of mass transfer of heat on
the thermo-plastic behavior within the PSZ, we purposely discuss
three typical cases: (i) Adiabatic deformation, where the mass
transfer of heat and diffusion terms in Eq. (5) vanish; (ii) Conven-
tional deformation, where the diffusion is considered and the mass
Table 3
Mechanical properties and parameters for AISI 1045 steel.

Properties and parameters Notation Value

Density r 7800 kg m�3

Thermal conductivity K 38 W m�1 K�1

Specific heat c 420 J kg�1 K�1

Tayor-Quinney coefficeient b 0.9

Initial yield stress A 553 MPa

Hardening modulus B 600 MPa

Strain rate dependency coefficient C 0.0134

Work-hardening exponent n 0.234

Thermal softening coefficient m 1

The reference stain rate _g0 1 s�1

Room temperature T0 300 K

Melting temperature Tmelt 1733 K

Fig. 6. The shear stress versus shear
transfer of heat term in Eq. (5) vanishes; (iii) Coupling deforma-
tion, during which the diffusion and mass transfer of heat are
considered simultaneously. Fig. 6 shows the shear stress versus
shear strain at different cutting speeds for these three typical
deformations. For the coupling deformation, the strain hardening
takes place over the whole deformation process when the cutting
speed is lower than 30 m/s. Once the cutting speed is up to 40 m/s,
the plastic yielding occurs. After the peak stress, there is a
continuing strain softening, resulting in shear banding [12,42],
and hence the saw-tooth chip forms. This agrees well with the
experimental result, where the chip formation changes from
continuous to saw-tooth-like at about 38.6 m/s (see Fig. 3).
As for the adiabatic and conventional deformation, the plastic
flow exhibits some different features. First, for a given cutting
speed, the plastic yielding occurs earlier, and the peak stress is
lower than the coupling one, implying the coupling activation
energy softening the material be greater than that in the adiabatic
or conventional case. It states clearly that the mass transfer of heat
makes the strain softening more difficultly to take place, which
leads to a stabilization of the PSZ. Second, the plastic yielding
could occur at any cutting speed for adiabatic condition, and the
strain softening vanishes only at the cutting speed lower than
10 m/s for conventional deformation. The plastic yielding takes
place at higher cutting speed for coupling deformation also
demonstrates that the mass transfer of heat retards the initiation
of instability.

Fig. 7 gives the temperature-shear strain curves for different
cutting speeds. For each cutting speed, the coupling deformation
temperature is lower than the adiabatic and conventional one.
This implies that the mass transfer of heat restricts the tempera-
ture rise, which weakens the thermal softening effect in the PSZ
and hence retards the occurrence of the plastic yielding. This is in
accordance with the tendency of the shear stress evolution.
Moreover, it also can be found from Fig. 7 that, for coupling
deformation, the temperature rise is promoted with increase in
cutting speed. Therefore, increasing the cutting speed enhances
the thermal softening, and hence facilitates the shear banding
formation. Consequently, when the cutting speed attains the
certain critical value, the thermal softening caused by plastic
strain for various cutting speeds.
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work overcomes the strain hardening of the material, thus the
plastic yielding occurs followed by a precipitous drop in stress,
and the shear band forms inside the PSZ.

In addition, it can be noticed from Figs. 6 and 7 that, the stress–
strain curve and temperature-stain curve of the conventional
deformation are far away from the curve of adiabatic deformation
but close to the coupling one at low cutting speed. So when the
cutting action is slow, the thermal diffusion effect is prominent.
Thus most of the heat generated in the PSZ is conducted into the
workpiece, making the finished surface much hotter. However,
with the cutting speed increasing, the curve of conventional
deformation changes to be close to the adiabatic one but far away
from the coupling one. This means that, increasing the cutting
speed weakens the thermal diffusion but enhances the mass
transfer, which carries the heat away with the chip flow. Fig.8
shows the variation of the fraction of the heat source conducted
into the workpiece material (Fwork) with the cutting speed. The heat
partitions were worked out from the temperature-shear strain
curves for a given shear strain. And the average shear strain was set
to be 2.13 according to Merchant [28]. It can be seen from Fig. 8
that, the calculated heat partitions are in good agreement with
Leone [43] and Loewen and Shaw [44], especially for higher cutting
speeds. This figure states clearly that the higher the cutting speed
the less the fraction of the heat source conducted into the work-
material. As the cutting speed increases, there is less time available
for the heat to conduct into the workpiece, and hence the
machined surface temperature decreases. Thus, it seems like that
the Salomon’s theory does hold if the ‘cutting temperature’ is
defined as the machined surface temperature [5,45,46]. On the
other hand, the faster the cutting action the more effectively the
heat carries away by the chip flow [43,44], and thus more heat
conducts into the cutter through the tool-chip contact surface.
Moreover, as mentioned in Section 3.1, increasing the cutting
speed intensifies the tool-chip friction, raising the local tempera-
ture at the tool-chip contact. Consequently, higher tool-chip inter-
face temperature is generated as the cutting speed increases. So,
when the ‘cutting temperature’ is defined as the tool-chip interface
temperature, the Salomon’s theory is seemingly unavailable, see
the work of Komanduri [5], Sutter and Ranc [25] and McGee [47].
Furthermore, the shear banding instability can be analyzed via
seeking an inhomogeneous deformation solution with respect to
small perturbations on the homogeneous solution [42,48,49].
We impose a perturbation ðt0, g0,T 0Þ on the homogeneous solution
(t0, g0, T0) of the problems (1)–(3), such that

t¼ t0þt0

g¼ g0þg0

T ¼ T0þT 0

9>=
>; ð8Þ

The perturbation has the following form:

t0 ¼ tneatþ iky

g0 ¼ gneatþ iky

T 0 ¼ Tneatþ iky

9>=
>; ð9Þ

where ðtn, gn,TnÞ are small constants that characterize the initial
magnitude of the perturbation, a the initial growth rate of the
perturbation, and k the wave number. If a has a positive real root,
it implies that instability is possible, and the saw-tooth chip
formation is formed.

Inserting Eqs. (8) and (9) into Eqs. (1)–(3) and only considering
the first order terms of the perturbations, we obtain the spectral
equation about the perturbation growth rate

r2ca3þrðb _g0P0þðKþcR0Þk
2
þrcVf kiÞa2

þðKR0k2
þrcQ0�bt0P0þrckR0Vf iÞk2aþKQ0k4

þrcQ0Vf k3i¼ 0

ð10Þ

where Q0 is the strain hardening of the material, R0 strain-rate
hardening, and P0 its thermal softening.

Rearranging, using the dimensionless variables

â¼ Ka
cQ0

, k̂
2
¼ K2

rc2Q0
k2, A¼ cR0

K , B¼ bt0P0

rcQ0
,

C ¼ bKP0 _g0

rc2Q0
, D¼ Vsinf

ffiffiffiffiffi
r

Q0

q
k̂i

9>=
>; ð11Þ

reduces the spectral equation to the form

â3
þðCþð1þAÞk̂

2
þDÞâ2

þðAk̂
2
þ1�BþADÞk̂

2
âþ k̂

4
þDk̂

2
¼ 0 ð12Þ



Fig. 8. The variation of the heat partition conducted into workmaterial

with cutting speed. The heat partition conducted into workmaterial was given

as Fwork ¼ 1=ð1:13ðt=tcÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rcVt=2Ksinj

p
Þ by Leone [43] and Fwork ¼ 1�1=ð1þ

1:328
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K=rcVtc

p
Þ by Loewen and Shaw [44], where tc is the chip thickness.

Fig. 9. The maximum of the real part of ~a plotted with the convection parameter

D for different B.
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Among these dimensionless variables marked in Eq. (11), B

characterizes the competition between the thermal softening and
strain hardening, D reflects the magnitude of mass transfer of
heat. It is clearly seen from Eq. (12) that if the effect of mass
transfer of heat is neglected, i.e. D¼0, the problem is reduced to
the conventional thermoplastic shearing investigated by Bai [48],
and the instability condition B41 is derived, which means that
when the thermal softening caused by plastic work overcomes
the work hardening of the material the instability occurs.

For each fixed dimensionless parameter D, the real parts of the
roots of Eq. (12) are functions of the wave number. If instability
occurs, it must occur at a special set of wave numbers for which
the corresponding real part of the growth rate (Re(a)) takes a peak
maximum value. To seek the dominant instability mode, the
maximum value of Reð ~aÞ ðMax:Reð ~aÞÞ should be determined by
drawing the Re â

� �
Vsk̂ curves. Thus the influence of mass transfer

of heat on the onset of adiabatic shear also can be obtained.
In Fig. 9, the ðMax:Reð ~aÞÞ are plotted as a function of the

dimensionless parameter D for various B, where A and C are chose
to be 10 and 10�4 for high-speed cutting, respectively. For a fixed D,
increasing B increases the Max:Reð ~aÞ, hence accelerates the instability
and promotes the formation of saw-tooth chip. This is consistent with
that in the simple shear case. Furthermore, for a fixed dimensionless
parameter B, the Max. Reð ~aÞ decreases with increasing D. The trend
shows that the mass transfer of heat retards the perturbation growth,
and thus hinders the formation of saw-tooth chip.

As shown in Figs. 6 and 7, increasing the cutting speed would
facilitate the shear instability. Consequently, when the cutting
speed attains a certain critical value, the thermo-mechanical
deformation of PSZ could meet the instability condition governed
by Eq. (12), hence the shear band forms in the PSZ. The initiation
and propagation of this shear band will decrease the shear stress
within the PSZ due to energy dissipation. At this time, the heat
production ceases, and the PSZ is cooled by diffusion and mass
transfer of heat. Soon, however, as the tool keeps on moving, new
uncut chip material passes through the PSZ for another buildup in
stress and temperature to occur. Thus the cutting cycle repeats
itself, and the reaped shear banding forms, which results in the
saw tooth chip formation (see Fig. 4c).
4. Conclusions

An experimental device, providing HSM at a cutting speed up to
200 m/s, was developed based on a light-gas gun. The HSM
experiments for an AISI 1045 steel were carried out with velocities
ranging from 30.8 m/s to 67.3 m/s. A transition from continuous to
saw-tooth chip formation was observed within the range of cutting
speeds employed. The microstructure observations indicate that
the repeated catastrophic thermoplastic shear-instability, rather
than the periodic cracking, results in the saw-tooth chip formation
process. The thermo-plastic instability behavior in the PSZ is
further investigated, which reveals that the mass transfer of heat
retards the instability and thus hinders the formation of saw-tooth
chip. In addition, the results also demonstrate that, increasing the
cutting speed weakens the thermal diffusion and enhances the
mass transfer. Therefore, increasing the cutting seed would lead to
a decrease of the finished surface temperature and an increase of
the tool-chip contact temperature.
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