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This study investigates the contributions of high-speed
cutting and a high rake angle to the improvement of
the cutting performance of natural rubber. Orthog-
onal cutting experiments were conducted at cutting
speeds ranging from 1.0 m/s to 141.1 m/s. The rake
angles examined were 0◦◦◦, 20◦◦◦ and 50◦◦◦. The following
results were obtained from the experiments. The cut-
ting ratio is almost 1.0 regardless of the cutting speed
and rake angle. The cutting force rises rapidly as the
cutting speed increases. High-speed cutting or a high
rake angle eliminates tear defects on the machined
surface and reduces chipping defects at the entry edge
of the workpiece. An uncut portion, however, always
remains at the exit edge. The cross-sectional shape of
the machined surface becomes concave. Besides, the
machined surface comes into broad contact with the
clearance face. These degradations in the shape ac-
curacy arise from the large elastic distortion that oc-
curs in the shear zone. Increasing the cutting speed
improves the flatness of the machined surface. Al-
though an analysis of the cutting mechanism reveals
that the apparent stiffness of the material in the shear
zone is enhanced with increasing the cutting speed, a
very high cutting speed worsens the shape accuracy
because of the development of shock waves. Depend-
ing on the rake angle, there is a critical cutting speed
that should not be exceeded to maximize the cutting
performance of natural rubber.

Keywords: high-speed cutting, natural rubber, viscous
drag, cutting force, shape accuracy

1. Introduction

Natural rubber, which is widely used in a variety of in-
dustrial parts, exhibits viscoelastic behavior. A part made
of natural rubber is typically manufactured using an in-
jection molding process with a metal mold. This process
is economical for mass production. The cost of this pro-
cess, however, tends to be high for small-scale production
because the machining cost for a metal mold is typically
high. In order to provide a solution to the problem of high
cost of small-scale production, this study investigates the
applicability of manufacturing a part made of natural rub-

ber by machining process.
Commercially available black Natural Rubber (NR)

contains several chemical substances, such as carbon
black, silica, and vulcanization accelerators, and is also
formed by mixing many small pieces of reclaimed rub-
ber. The physical and mechanical properties of NR de-
pend on the blending ratio of these substances [1–6]. The
typical material properties of NR are characterized as fol-
lows: the Young’s modulus of NR is much lower than that
of metals. The Poisson’s ratio of NR is close to 0.5, which
means that the volumetric strain is almost zero. Most of
the deformation in NR occurs elastically. Hence, the de-
formation that occurs during loading is recovered elasti-
cally soon after loading. In addition, the stress strain be-
havior of NR is highly dependent on time and the defor-
mation history [7]. In the cutting of NR, these properties
pose some problems, such as the propensity for tear de-
fects and chipping defects on the machined surface and
the degradation of the accuracy of the machined shape.
These problems become more noticeable in the machin-
ing of a part with a complex shape.

The use of a cutting tool with a high rake angle can
provide a solution to these problems because a high rake
angle decreases the degree of deformation in the shear
zone [8, 9]. A strategy for strengthening the stiffness
of the material has also been examined. Temperature is
one of the key factors in the characterization of the ma-
terial properties of viscoelastic materials. The stiffness
of a viscoelastic material increases rapidly when its tem-
perature is below its glass transition temperature. Cryo-
genic machining has been proposed as an effective ap-
proach to take advantage of this behavior in the machin-
ing of viscoelastic materials [10–12]. In conjunction with
cryogenic methods, a method for restricting the deforma-
tion of the free surface with a fixture has also been at-
tempted [13]. The applicability of cutting with a heated
tool has also been examined [14], as has been the feasibil-
ity of high-speed milling of rubber [15]. The latter study
focused on the effect of the increase in the apparent elastic
modulus with the loading frequency.

In order to analyze the cutting mechanism of viscoelas-
tic materials, it is very important to grasp the relevant
constitutive equation. Many mathematical models for the
stress-strain relations of viscoelastic materials have been
proposed [16]. These models principally consist of a de-
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scription of an elastic spring and a viscous dashpot. Be-
cause a viscous dashpot generates a drag that depends on
the rate of expansion and contraction rate, the apparent
stiffness is enhanced as the rate of expansion and contrac-
tion increases. If this concept is applied to the cutting pro-
cess, it is expected that high-speed cutting would improve
the machinability of NR at room temperature.

The maximum cutting speed examined in the stud-
ies cited above [10–15] was 12.6 m/s. It appears that
much higher cutting speeds have not yet been considered.
Hence, it is unknown whether a much higher cutting speed
provides a greater benefit. The authors have been studying
high-speed cutting of various metals using a high-speed
impact cutting device that they have developed [17–21].
This tester is an air gun-type device in which a small
cutting tool is installed in a lightweight projectile and is
accelerated with compressed gas. The maximum cutting
speed is 210 m/s.

The present study investigates the influences of high-
speed cutting and a high rake angle on the cutting char-
acteristics of NR. Orthogonal cutting experiments were
conducted with cutting speeds ranging from 1.0 m/s to
141.1 m/s. In the cutting tests, a shaping machine was
utilized for cutting speeds slower than 2 m/s, and a high-
speed impact cutting tester was used for cutting speeds
faster than 10 m/s. The rake angles examined were 0◦,
20◦ and 50◦. In the experiments, the changes in the chip
morphology, the shape of the machined surface, and the
cutting force with the cutting speed and the rake angle
were investigated. The stress field in the shear zone was
analyzed by employing a simple shear plane model. This
paper presents the results obtained and discusses the con-
tributions of high-speed cutting and a high rake angle to
the improvement of the cutting performance of NR.

2. Experimental Setup

2.1. Properties of Workpiece Material

The workpiece was a commercially available black
Natural Rubber (NR) sheet of 2 mm in thickness. The
Shore A hardness is one of the important material proper-
ties of NR. The value of the Young’s modulus can be cal-
culated using the Shore A hardness number [22]. From
the values of the Young’s modulus and the density, the
speed of the stress wave that travels in the material can be
estimated. The influence of the speed of the stress wave
on the cutting characteristics of the material is discussed
briefly later. The results of an experiment conducted to
measure the hardness of the material using a durometer
revealed that the Shore A hardness of the workpiece ma-
terial was A 69. In the experiment, both the change in
the hardness of the material over time at room temper-
ature and the change in the hardness with temperature
were investigated. Fig. 1(a) shows the change in Shore
A hardness number with the elapsed time after loading.
The hardness decreased by no more than 2% after 1 s had
elapsed. The time during which a material undergoes de-

(a) Effect of time (b) Effect of temperature

Fig. 1. Change in Shore A hardness of natural rubber.

(a) Panoramic view (b) Projectile with cutting tool

Fig. 2. High-speed impact cutting tester used in this study.

formation in the shear zone during cutting is very short
less than 10−4 s when the depth of cut is 0.2 mm and
the cutting speed is 1 m/s. Therefore, the effect of stress
relaxation can be ignored in the analysis of the cutting
mechanism. Fig. 1(b) shows the change in the Shore A
hardness with temperature. Each shore hardness number
plotted in this figure was measured after the temperature
of the material had stabilized. The hardness decreased by
approximately 15% when the temperature exceeded the
room temperature by 100 K, and then leveled off. The
thermal softening effect became weak when the tempera-
ture of the material exceeded 400 K.

2.2. Configuration for High-Speed Impact Cutting
Test

In this study, orthogonal cutting tests were conducted
at cutting speeds V ranging from 1 m/s to 140 m/s. The
depth of cut, t1, was 0.2 mm. Fig. 2 shows the appara-
tus used in the high-speed cutting experiment. Fig. 2(a)
shows a panoramic view of the high-speed impact cut-
ting tester used, which was developed in previous stud-
ies [17–21]. Fig. 2(b) shows a projectile with a small
built-in cutting tool. The detailed specifications of the
tester are described in the literature [17, 19]. The material
used in the small cutting tool was P20 tungsten carbide. In
this study, three rake angles γ of 0◦, 20◦ and 50◦ were ex-
amined, as shown in Figs. 3(a), (b) and (c), respectively.
The clearance angle α was fixed at 6◦. Both the rake and
the clearance faces were ground to form a shape cutting
edge with a #1200 diamond wheel before every experi-
ment. Fig. 3(d) shows a Scanning Electron Microscopy
(SEM) photograph of the cutting edge at a rake angle of
0◦. The edge radius was less than 1 μm. Because the
depth of cut was 0.2 mm, it was considered reasonable to
assume that the influence of the cutting edge radius on the
cutting mechanism could be ignored. Fig. 4(a) shows the
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(a) γ = 0◦ (b) γ = 20◦

(c) γ = 50◦ (d) Cutting edge (SEM)

Fig. 3. Small cutting tools used.

(a) Whole view (b) Cutting die

Fig. 4. Shape of workpiece.

shape of the workpiece used in the experiment. The shape
of the workpiece was formed by a die cutting process us-
ing the cutting die shown in Fig. 4(b). The surface to be
cut is shown in Fig. 4(a). The width of cut, b, was 2 mm,
and the cutting length l1 was 60 mm. In the cutting ex-
periments conducted with the shaping machine, all of the
cutting conditions except the cutting speed were the same
as those for the high-speed cutting tests.

2.3. Analysis of Measured Cutting Force
The cutting time is short in high-speed cutting. For ex-

ample, the cutting time is 428.6 μs when the cutting speed
is 140 m/s. Fig. 5(a) shows an example of the cutting
force measured. In this case, the rake angle was 0◦ and
the cutting speed was 141 m/s. Although the dynamome-
ter system can respond to frequencies of up to approxi-
mately 14 kHz [17], the force measured might not be the
true force. Therefore, in this study, the true force was esti-
mated using the measured force and the transfer function
of the dynamometer system by employing a Fast Fourier
Transform (FFT) analysis. The change in the true depth of
cut was determined by comparing the shapes of the work-
piece before and after cutting, as shown in Fig. 5(b). The
two sets of data were combined to calculate the specific
forces (uFP and uFT, the cutting force per cutting area) as
shown in Fig. 5(c). It should be noted that the shape of the
waveform of the specific force differed from that of the
measured force because the true depth of cut fluctuated.
The details of this analysis method have been described

(a) Force and speed measured (b) True depth of cut

(a) Specific force calculated (d) For V = 1.0 m/s

Fig. 5. Analysis of measured cutting force.

in the literature [19].
In this study, the cutting force, shown in Fig. 14, was

calculated by multiplying the mean value of the estimated
specific force with a constant value for the cutting area.
The constant value for the cutting area was 0.4 mm2 (A =
bt1). The mean value of the specific force is indicated by
the broken lines in Figs. 5(c) and (d). Fig. 5(d) shows
the specific force for a cutting speed of 1.0 m/s. Both the
principal force and the thrust force increases as the cutting
speed increases, as described later.

3. Results and Analysis

3.1. Experimental Results

Figure 6 shows the chip shapes formed under various
cutting conditions. A rake angle of 0◦ results in a curled
chip, whereas rake angles of 20◦ and 50◦ result in straight
chips. It is worth noting that the length of the chip is al-
most equal to the cutting length, regardless of the rake
angle and cutting speed. This means that the cutting ra-
tio rc is approximately 1.0 regardless of the rake angle
and cutting speed and that most of the shear deformation
in the shear zone occurs elastically. The cutting ratio be-
ing 1.0 regardless of the cutting speed suggests that the
shear angle φ can be determined by the rake angle alone,
regardless of the cutting speed, as expressed by Eq. (1).

φ = tan−1
(

rc cosγ
1− rc sinγ

)
≈ π

4
+

γ
2

. . . . (1)

Figure 7 illustrates how the shear angle, which was cal-
culated from the chip length l2 and the cutting length l1,
changes with the cutting speed. When the rake angle is
0◦, a shear angle of approximately 41◦ is obtained using
the least squares method, as indicated by the line in the
figure. Similarly, the shear angle is 54◦ for a rake angle of
20◦, and 68◦ for a rake angle of 50◦. These values nearly
agree with those indicated by Eq. (1). Therefore, Eq. (1)
was used in this study to analyze the cutting mechanism,
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Fig. 6. Photographs of chip and workpiece under various cutting conditions.

Fig. 7. Changes in shear angle with cutting speed.

as described in a later section.
Typical cutting equations for orthogonal metal cutting

indicate that the shear angle φ can be estimated using the
rake angle γ and the friction angle β [23]. The friction
angle β reflects the mean friction at the interface between
the rake face and the chip. If these cutting equations are
applicable to the cutting of NR, β depends only on γ .
Hence, in the cutting of NR, the friction angle β is largely
unaffected by the cutting speed.

Equation (1) shows that the cutting speed does not af-
fect the shear strain γs on the shear plane. The shear strain
γs depends only on the rake angle if the simple shear plane
model is applicable:

γs =
cosγ

sinφ cos(φ − γ)
≈ 2cosγ

1+ sinγ
. . . . (2)

Figure 8 shows the free surface and back surface of a
chip. For a rake angle of 0◦ and any cutting speed or a rake
angle of 20◦ at a cutting speed of 1 m/s, the width of the
chip shrinks slightly. However, in all cases, no significant
unevenness or lamella structure, which can be observed in
the cutting of metals, can be observed on the free surface
of the chip. On the back surface of the chip, both of the
side edges are slightly bent up.

Figure 9 shows the morphology of the portion of the
workpiece at the entry edge for various rake angles and
cutting speeds. At a cutting speed of 1 m/s, chipping de-
fects occurred at the entry edge of the workpiece at rake

angles of 0◦ and 20◦ but not at 50◦. The chipping defects
are attributable to crack initiation on the workpiece sur-
face behind the cutting edge as a result of the low mate-
rial stiffness. Increasing the cutting speed tends to reduce
the occurrence of chipping defects, even at a rake angle
of 0◦. Therefore, stress concentrations at the cutting edge
are intensified as the cutting speed increases.

Figure 10 shows the morphology of the portion at the
exit edge of the workpiece at various rake angles and cut-
ting speeds. Around the exit edge, there is a portion that
has not been cut at all, regardless of the rake angle and
cutting speed. The volume of the uncut portion does not
seem to decrease even if the rake angle and cutting speed
increase. Thus, neither high-speed cutting nor a high rake
angle has much effect on reducing the degradation of the
shape accuracy around the exit edge of the workpiece.

Figure 11 shows the morphology of the machined sur-
face at various rake angles and cutting speeds. When the
rake angle is 0◦, tear defects occur on the machined sur-
face at low cutting speeds. However, increasing the cut-
ting speed eliminates tear defects. When the rake angle
is 20◦ or 50◦, tear defects do not occur even at a cutting
speed of 1 m/s. Under these conditions, small pieces of
reclaimed rubber, which can be seen as shiny black spots,
were cut. This suggests that large cracks are not initiated
at the cutting edge. It is reasonable to assume that chips
are formed not by peeling but by viscoelastic shearing.
Therefore, a simple shear plane model was employed in
this study to analyze the cutting mechanism.

The shape of the machined surface along the width of
cut did not become planar in shape under all conditions.
This was especially true when the rake angle was 0◦ and
the cutting speed was 131 m/s: a portion near both of the
side edges remained without cutting.

Figure 12 shows the shape of the cross section of the
machined surface, which is perpendicular to the cutting
direction, under various cutting conditions. The cross sec-
tion was a concave in shape regardless of the rake angle
and cutting speed. The middle portion with respect to the

Int. J. of Automation Technology Vol.8 No.4, 2014 553



Takahashi, N. and Shinozuka, J.

(a) free surface (b) back surface

Fig. 8. Morphology of chip under various cutting conditions.

Fig. 9. Morphology of machined surface at the entry edge of the workpiece under various cutting conditions.

width of cut exhibited dents. The mechanism of the for-
mation of the concave shape can be explained as follows.
The material ahead of the cutting edge is distorted largely
to flow toward the free surface side, in the manner of the
formation of a side burr in metal cutting. However, the
degree of distortion or deflection for NR or viscoelastic
materials is much larger than that for metals. The mate-
rial near both the free surface sides is forced to move be-
low the cutting edge. Consequently, a portion of the ma-
terial near both the free surface sides is hardly removed.
After the cutting edge passes through, the distortion or
deflection is completely recovered elastically. This large

elastic recovery after loading is one of the typical prop-
erties of viscoelastic materials. Hence, cross section of
the machined surface becomes concave in shape. The dif-
ference between the peak and the valley of the concave
shape becomes small as the rake angle increases. When
the rake angle is 50◦ and the cutting speed is 1.2 m/s, the
machined surface is almost flat. Increasing cutting speed
also decreases the difference between the peak and the
valley of the concave shape. The shape accuracy, how-
ever, degrades when the cutting speed exceed a certain
speed. When the rake angle is 0◦, the difference between
the peak and the valley of the concave shape at a cutting
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Fig. 10. Morphology of machined surface at the exit edge of the workpiece under various cutting conditions.

Fig. 11. Morphology of machined surface at the middle over the cutting distance under various cutting conditions.

(a) γ = 0◦ (b) γ = 20◦ (c) γ = 50◦

Fig. 12. Cross-sectional shape of machined surface under various cutting conditions.
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Fig. 13. Appearance of rake face and clearance faces under various cutting conditions.

speed of 1.0 m/s is high and is 0.3 mm, which is 1.5 times
the depth of cut. The difference decreases to less than
one third when the cutting speed is approximately 30 m/s.
When the cutting speed increases further, the difference
widens again. Moreover, the surfaces near both of the
free surface sides remain uncut when the rake angle is 0◦
and the cutting speed exceeds 130 m/s.

Figure 13 shows the appearance of the rake and clear-
ance faces after cutting at various rake angles and cutting
speeds. The length of the cutting edge is 4 mm. The con-
tact area between the rake face and the chip expands as
the rake angle increases at a given cutting speed or as the
cutting speed increases at a given rake angle. It is worth
noting that the machined surface comes into broad contact
with the clearance face in high-speed cutting. For a given
cutting speed, the contact area between the clearance face
and the machined surface increases as the rake angle de-
creases, and when the rake angle is 0◦, the contact area
increases as the cutting speed increases. For the rake an-
gles of 20◦ and 50◦, the contact area at the clearance face
does not seem to change under high-speed cutting condi-
tions. The wide contact area between the clearance face
and the machined surface is caused by the large elastic
recovery, as explained before. The shape of the contact
region at the clearance face is strongly related to the con-
cave shape of the machined surface. Besides, the widths
of the contact areas for both the rake and the clearance
faces are wider than the width of the workpiece (2 mm).
These findings reveal that the material in the vicinity of
the cutting edge deforms substantially and flows toward
both the free surface sides. In additions, the appearance of
black substances adhered to the rake and clearance faces
implies that the stresses and temperature at the interface
between the clearance face and the machined surface is
almost the same as those at the interface between the rake
face and the chip.

(a) Principal force

(b) Thrust force

Fig. 14. Changes in cutting force with cutting speed.

Figure 14 shows the changes in the cutting force with
the cutting speed and rake angle. The circles indicate the
analyzed experimental data as mentioned in section 2.3.
The solid curves, representing cutting speed from 1 m/s
to 150 m/s, were drawn by interpolation by hand from
the discrete experimental data points. The shear stress in
the shear zone was calculated using the solid curve. Both
the principal force and the thrust force rise rapidly as the
cutting speed increases, regardless of the rake angle.

In metal cutting, due to thermal softening effect, the
cutting force decreases with cutting speed until the cut-
ting speed reaches a certain speed. However, this phe-
nomenon is not evident in NR cutting, because of the ma-
terial property of NR, as shown in Fig. 1(b). When the
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Fig. 15. Cutting model used for analysis.

cutting speed is 150 m/s, the principal force is approx-
imately six times higher than that at a cutting speed of
1 m/s, and the thrust force is approximately three times
higher than that at a cutting speed of 1 m/s, regardless of
the rake angle. At a rake angle of 50◦, the thrust force is
more likely to become negative when the cutting speed is
less than 30 m/s. Hence, when a higher rake angle is used,
it can be seen that the cutting speed should be increased
because the negative thrust force makes the cutting state
unstable.

3.2. Analysis of Cutting Mechanism
Characterizing the stress field in the shear zone is very

important to the analysis of the cutting mechanism and
the evaluating of the cutting performance. Various cutting
models have been proposed, including a model based on
an energy method [24] and a model based on slip-line field
theory [25]. The simple shear plane model is widely used
to characterize the nature of orthogonal cutting mecha-
nism. Although the cutting state of NR is not completely
orthogonal state as understood from Fig. 13, the simple
shear plane model was employed in this study. The prob-
lem associated with applying the model to the analysis of
the cutting mechanism of NR is that the machined sur-
face comes into broad contact with the clearance face, as
shown in Fig. 13. In order to analyze the cutting mech-
anism with the broad contact between the clearance face
and the machined surface, this study proposes a model as
shown in Fig. 15.

This model considers two forces Rr and Rc. Rr is the
resultant force acting on the rake face, while Rc is the re-
sultant force acting on the clearance face. The normal
stresses acting on the respective faces during cutting can
be expected to be high. It has been reported in the lit-
erature that the friction coefficient between rubber and
metal becomes constant at a high pressure of approxi-
mately 40 MPa [26]. Considering the severe stresses state
on the rake and clearance faces during cutting as shown
in Fig. 13, it can be assumed that the friction angle at the
interface between the rake face and the chip and the fric-
tion angle at the interface between the clearance face and
the machined surface are the same. On the basis of this

assumption, the following equation can be established:⎧⎨
⎩

Rr

Rc

⎫⎬
⎭ =

1
cos(2β − γ −α)

⎛
⎝ cos(β −α) − sin(β −α)

− sin(β − γ) cos(β − γ)

⎞
⎠

⎧⎨
⎩

FP

FT

⎫⎬
⎭

. . . . . . . . . . . . . . . . . . (3)

where FP and FT are the principal force and thrust force,
respectively, and β is the friction angle on both the faces.
This model is also based on the assumption that the force
Rc does not affect the stress field in the shear zone. Hence,
the shear stress of the material, τs, on the shear plane can
be calculated as follows:

τs =
Rr

bt1
cos(φ +β − γ)sinφ −ρV 2 cosγ sinφ

cos(φ − γ)
(4)

where ρ is the density of NR (ρ = 1556 kg/m3). The
second term on the right side of Eq. (4) represents the
effect of the inertia force that originates from the change
in momentum in the shear zone.

The value of β is a parameter in this model. As de-
scribed above, the friction angle can be expressed only
in terms of the rake angle. Some cutting equations have
been proposed to describe the interrelation of the shear
angle, the friction angle at the tool-chip interface, and
the friction angle at the shear plane. Among these equa-
tions, Merchant’s theory and Lee-Shaffer’s theory are
most commonly used in metal cutting. Noting Eq. (1), the
value of β becomes zero when Merchant’s theory [23] is
adopted:

φ =
π
4
− 1

2
(β − γ) ≡ π

4
+

γ
2

∴ β = 0 . . (5)

On the other hand, the value of β is calculated as half
of the value of the rake angle γ when Lee-Shaffer’s the-
ory [23] is adopted:

φ =
π
4
− (β − γ) ≡ π

4
+

γ
2

∴ β =
γ
2

. . . (6)

A general relation between (β − γ) and φ lies between
the relation described by Merchant’s theory and the rela-
tion described by Lee-Shaffer’s theory. Hence, there ex-
ists an appropriate range for β Therefore, in this study, the
stress field of the shear zone was evaluated by varying the
value of β from 0◦ to 20◦.

Figure 16 shows the changes in the resultant forces
Rr and Rc with changing cutting speed. To calculate the
changes in Rr and Rc continuously with respect to changes
in the cutting speed, the curves shown in Fig. 14 were
used. The solid lines indicate the resultant force Rr acting
on the rake face, whereas the broken lines indicate the re-
sultant force Rc acting on the clearance face. Both of these
forces increase rapidly with the cutting speed, regardless
of the friction angle. A high rake angle reduces Rr greatly.
In contrast, the magnitude of the resultant force Rc does
not seem to be affected by the rake angle.
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(a) γ = 0◦ (b) γ = 20◦ (c) γ = 50◦

Fig. 16. Changes in resultant cutting forces Rr and Rc with cutting speed.

(a) γ = 0◦ (b) γ = 20◦ (c) γ = 50◦

Fig. 17. Change in shear stress on the shear plane with cutting speed.

Figure 17 shows the change in the shear stress on the
shear plane τs as a function of the cutting speed using
Eq. (4). The shear stress rises sharply as the cutting speed
increases, regardless of the rake angle. Although the cal-
culations made in this study involve some assumptions,
the cause of the increase in the shear stress can be ex-
plained by the phenomenon of a high deformation rate
elevating the viscous drag of a material.

4. Discussion

Summarizing the experimental results, the cutting state
of NR can be illustrated as shown in Fig. 18. Chipping de-
fects occur at the entry edge of the workpiece, as shown
in Fig. 18(a), whereas an uncut portion remains at the exit
edge, as shown in Fig. 18(b). The use of a high rake an-
gle is able to eliminate the occurrence of chipping defects,
and high-speed cutting can also reduce the occurrence of
chipping defects. However, the uncut portion cannot be
removed. Tear defects occur when the cutting speed is
slow and the rake angle is small. As Fig. 18(c) shows,
the material near the cutting edge deforms largely toward
the free surface side. Because of the large deformation
with side flow, the material near both of the side edges is
hardly cut. After the cutting edge passes through, the de-
formation recovers elastically. During recovery, the mate-
rial comes into broad contact with the clearance face. As
a result, the cross section of the machined surface along
the width of the workpiece becomes concave in shape.
The principal reason for this degradation in the shape ac-
curacy is the large viscoelastic deformation that occurs in
the shear zone. Fig. 18(c) suggests that if the large side
flow of the material on the rake face can be restricted, the

degradation in the shape accuracy of the machined surface
can be reduced.

As described before, at a certain rake angle, the shear
strain γs on the shear plane is constant regardless of the
cutting speed. On the other hand, the shear stress τs on
the shear plane increases with the cutting speed. This
means that in the shear zone, the apparent stiffness of the
workpiece material is enhanced as the cutting speed in-
creases. Despite the increase in the stiffness caused by
high-speed cutting, cutting at higher speeds actually de-
teriorates the shape accuracy of the machined surface, as
shown in Figs. 11 and 12. One of the reasons for this
seems to be related to the propagation of a stress wave in
the shear zone. The speed of the stress wave, c, in the
workpiece can be estimated as follows:

c =

√
E
ρ

. . . . . . . . . . . . . . (7)

where E is the Young’s modulus, and ρ is the density. The
value of the Young’s modulus can be estimated from the
Shore A hardness number ShA using the following equa-
tion [22]:

E =
(1− v2)(F0 +KShA)

2Rd(100−ShA)
. . . . . . . (8)

where ν is the Poisson’s ratio. In this study, a value of 0.5
was assumed for the Poisson’s ratio, and the following
values were assumed for the other parameters in Eq. (8):
R = 0.395 mm, F0 = 0.549 N, K = 0.07512 N/ShA, and
d = 0.025 mm/ShA. These are the constants for the type A
durometer defined by ASTM D 2240. Substituting the
value of the Shore A hardness number of NR (ShA = 69)
into Eq. (8) yields a value of a 7.02 MPa for the Young’s
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(a) Development of chipping defect at the beginning of cutting

(b) Development of uncut at the end of cutting

(c) Whole view

Fig. 18. Schematic depiction of cutting state of NR.

modulus. Thus, from Eq. (7), the speed of the stress
wave is calculated to be 67.2 m/s. Considering the cutting
model illustrated in Fig. 15 and using Eq. (1), the shear
speed on the shear plane, Vs, can be calculated as follows:

Vs =
cosγ

cos(φ − γ)
V = 2V cos

(π
4

+
γ
2

)
. . . (9)

If the shear speed Vs exceeds the speed c of the stress
wave, shock waves will be developed. Therefore, the cut-
ting speed at which the shear speed corresponds to the
speed of the stress wave is defined in this study as a crit-
ical cutting speed Vcrt . The critical cutting speed can be
calculated as follows:

Vcrt =
1

2cos
(π

4
+

γ
2

)c . . . . . . . . (10)

Figure 19 shows the relation between the rake angle
and the critical cutting speed, calculated using Eq. (10).
A cutting speed of less than 40 m/s is below the critical
cutting speed for any rake angle. When the cutting speed
is 100 m/s, shock waves will be generated in the shear
zone regardless of the rake angle. Shock waves produce
high levels of hydrostatic stresses. To reduce the hydro-

Fig. 19. Change in critical cutting speed with rake angle.

static stresses generated in the shear zone, the material
deforms substantially to flow toward both sides. This re-
sults in the considerable side flow [17]. As Fig. 12 shows,
the accuracy of the cross section of the machined surface
at a cutting speed of 130 m/s is lower than that at a cutting
speed of 30 m/s. This experimental result supports the ex-
planation that shock waves degrade the shape accuracy of
the machined surface.

Increasing cutting speed is effective for NR cutting.
However, depending on the rake angle, there is a critical
cutting speed that should not be exceeded to increase the
shape accuracy of the machined surface and improve the
cutting performance of NR.

5. Conclusions

Orthogonal cutting experiments of NR were conducted
at cutting speeds ranging from 1.0 m/s to 141.1 m/s and
at rake angles of 0◦, 20◦ and 50◦. The obtained data were
used to examine the contributions of high-speed cutting
and a high rake angle to the cutting performance of NR.
The following conclusions were drawn from the results of
this study:

(1) A high rake angle such as 50◦ is favorable because
it produces a flat machined surface without tears.
However, a high rake angle will make the thrust force
negative at low cutting speeds, and it cannot elimi-
nate the presence of an uncut portion of the material
at the exit edge.

(2) For tools with rake angles of less than 50◦, high-
speed cutting is effective in eliminating of tear de-
fects on the machined surface and chipping defects
at the entry edge of the workpiece. When the cutting
speed is approximately 30 m/s, the shape accuracy of
the machined surface is improved significantly. This
is attributable to the phenomenon of high-speed cut-
ting enhancing the apparent stiffness of the material
in the shear zone by increasing the viscous drag.

(3) The speed of the stress wave for NR is estimated to
be 67.2 m/s. The cutting speed at which the shear
speed in the shear zone corresponds to the speed of
the stress wave is defined in this study as the critical
cutting speed. This critical cutting speed depends on
the rake angle. A cutting speed faster than the criti-
cal speed is undesirable because shock waves will be
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generated in the shear zone.

The results of this study suggest that restricting the
large side flow on the rake face would be more effective in
improving the performance of NR cutting than increasing
the cutting speed or rake angle.
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