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Abstract Chip formation behavior of micromachining is
governed by the tool edge radius effect as reflected by the
characteristic changes in plastic deformation at varying
combinations of tool edge radius, r, and undeformed chip
thickness, a. At high a/r above unity, concentrated plastic
deformation takes place at the primary and secondary
deformation zones akin to conventional macromachining.
Decreasing a/r below unity promotes localized deformation
ahead of the tool edge radius, with the expansion in fraction
of the primary deformation zone and the simultaneous
shrinkage in fraction of the secondary deformation zone
following the reductions in total tool–chip contact length.
Further decrease of a/r below a critical threshold brings
forth a total suppression of secondary deformation zone and
resulted in an ultimate localization of plastic deformation
ahead of the tool edge radius. This is perceived as a
transition in chip formation mechanism from concentrated
shearing to a thrust-oriented behavior.
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1 Introduction

Tool edge radius effect in micromachining arises when
undeformed chip thickness, a, is comparable to the size of
tool edge radius, r, at fine magnitudes of material removal.
Observations based on experimental and modeling studies
indicate the significance of such tool edge radius effect on
the behavior of chip formation.

Such an effect was first identified by Masuko [1] and
subsequently validated by Albrecht [2] in a separate
experimental study. Through the machining of aluminum
alloy and carbon steel, Masuko [1] discovered that the
cutting force consisted of the chip formation component
and the indentation component which arose by the tool
edge radius. Extrapolation of cutting force at a=0 μm
suggested the magnitude of the indenting action. Subse-
quently, Finnie [3] claimed that the indentation effect on
material removal was not significant for a of several
millimeters, but conceded that it could be significant in
grinding. These findings have thus pointed out the
importance of such effect in fine-scale machining.

In addition, Bitans and Brown [4] reported that plastic
deformation was governed by tool edge radius, r, and rake
angle, γ, where thicker plastic shear zone was induced by
larger r and γ. Nakayama and Tamura [5] encountered a
nonlinear increase in specific cutting and thrust forces at
reducing cutting depths in micron scale where these
machining phenomena were attributed to the tool edge
radius effect through the extension of shear zone. These
were recognized by Abdelmoneim and Scrutton [6] only
under a unique condition of a≤r (1 + sin γtool). On the other
hand, Basuray et al. [7] claimed non-uniform material
displacement at a critical a larger than r. Later, Komanduri
et al. [8] confirmed the significance of tool edge radius
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effect in nanometric cutting with molecular dynamics
simulation at fine undeformed chip thicknesses.

Through orthogonal fly cutting, Moriwaki and Okuda [9]
reported that the dominance of plastic deformation would
increase cutting resistance rather than sheared cutting.
According to Ikawa [10], a third deformation zone between
the machined surface and clearance face was driven by
elastic recovery at decreasing a/r due to the tool edge radius
effect. Lucca et al. [11] also pointed out that elastic
recovery would cause material plowing and flank face
rubbing that increased the specific cutting energy. These
experimental observations agree well with the finite
element analyses reported by Moriwaki et al. [12]. At a/r
< 1, Lucca et al. [13] encountered that the resultant force
was directed toward the thrust direction, which might
influence the behavior of chip formation. Under such a
condition, Inamura et al. [14] determined that chip
formation could be due to yield stress rather than shearing
through atomic-based simulations as concentrated shear
stress in the primary deformation zone (PDZ) was absent.
With this observation, Inamura et al. [15] claimed that the
deformation mechanism was a kind of buckling deforma-
tion when the area was highly compressed.

More recently, various experimental and computational
modeling studies revealed great influences of the tool edge
radius effect in ductile-mode machining of brittle materials.
Through ultra-precision cutting of single crystal silicon,
Fang and Zhang [16] reported that ductile-mode machining
could take place at an effective negative rake angle through
the control of varying r and a. Liu et al. [17] found that the
critical a for ductile–brittle transition in chip formation
increases linearly with the r used, while the values of the
critical a are close to the values of r. Moreover, Arefin et al.
[18] reported that r has to be greater than a, but the size of r
must not exceed an upper bound value of approximately
800 nm to yield a crack-free machined surface of single-
crystal silicon. This phenomenon is related to the distribu-
tions of tensile stress as elucidated by Li et al. [19] through
molecular dynamics simulation.

Careful examination of these prominent studies in the
past discloses that the subject of interest was previously
approaced from limited angles. In particular, the interrela-
tionship between chip formation behavior and tool–chip
tribological characteristic has never been evaluated to a
satisfactory extent. Although four regions of contact stress
on tool rake and clearance faces, along the tool edge radius,
and across the material deformation zone were reported by
Kim and Kim [20], the concept was not expanded for a
wider, practical range of a/r.

The importance of this aspect is reflected by the
changing contact behavior that affects the loading con-
ditions along the contact interfaces and thus the behavior of
chip formation. For instance, the establishment of second-

ary deformation zone (SDZ) is governed by the develop-
ment of tool–chip contact length on the rake face which
influences the intensity of plastic deformation during the
process. This is due to the transmission of major external
loading from the cutting tool along the contact interfaces.
Such a phenomenon will not be encountered if perfect edge
sharpness is assumed because the responses of tribological
and deformation activities would be linear, being solely
governed by the magnitudes of a and γ.

Thus, this study was intended to elucidate the tool edge
radius effect on the chip formation behavior through a
concurrent evaluation approach on both tribological and
plastic deformation characteristics. It was performed with
an advanced finite element (FE) modeling technique based
on the arbitrary Lagrangian–Eulerian (ALE) method in
which the tool edge radius effect was quantified as the
relative tool sharpness, a/r. It should be noted that the
experimental method is limited in fundamental study of this
sort due to the fine magnitudes of material removal
involved, which increase the difficulty and cost in extract-
ing fundamental data from such fine deformation zones.
With the availability of advanced computing technology,
the ALE-FE method appears to be a more viable and cost-
effective solution.

2 ALE-FE micromachining analysis

The effect of tool edge radius on chip formation behavior is
studied in its orthogonal configuration under plane strain
and explicit dynamic conditions. Material removal through
micromachining is achieved with free nodal motion to
avoid the incorporations of unrealistic chip separation
criteria. Mesh quality during severe deformation is main-
tained through independent nodal motion from the material
point. The building blocks of the model are illustrated in
Fig. 1.

2.1 Model configuration and boundary conditions

The model consisted of the steel workpiece and the WC-Co
cutter. Medium carbon steel (AISI 1045) is chosen as the
workpiece due to its superiority in machinability and
strength suitable for miniaturized components. The work-
piece is treated as a rectangular block (160×50 µm) in the
model, and the cutter is modeled with varying tool rake
angle, γ of −10°, 0°, and 10°, uniform clearance angle, α of
6°, and tool edge radius, r of 10 µm, based on actual
geometries. The length of the cutting edge is approxi-
mately 16 µm, close to that of the cutters for experimental
validation (Section 3). The workpiece and cutter are
meshed with four-node bilinear (1×0.5 µm) and three-
node linear (1.5 µm) coupled temperature-displacement
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elements, respectively. Configuration of the model is shown
in Fig. 2.

To initiate material removal, workpiece is fed horizon-
tally toward the rigid cutting tool at various cutting speed,
V. The boundary conditions are (1) oy, vx=V; (2) ox, vy=0;
(3) st, uy=0; (4) tu, ux=0; and (5) yz is unrestricted, where
vx, ux, vy, and uy are nodal velocities and displacements in
the x and y directions, respectively. Line yz is treated as the
chip-free boundary so that chip shape is not fixed
artificially. The range of undeformed chip thickness, a,
attempted range from 2 to 20 µm, which yields a/r from 0.2
to 2.0 with r of 10 µm. Table 1 summarizes material
properties, tribology, and operating conditions.

2.2 Description of motion

The ALE-FE framework consisted of three computational
domains which comprise reference coordinates χ, material
coordinates X, and spatial coordinates x, respectively [22],
as shown in Fig. 3. The domains are connected through
one-to-one transformation φ, Ф, and Ψ as interrelated by
Eq. 1:

8 ¼ 6 �<�1: ð1Þ
The motion of material particles is connected to the

spatial domain through φ as given in Eq. 2:

8 : RX � t0; tfinal ! Rx � t0; tfinal #; tð Þ7!ϕ #; tð Þ ¼ x; tð Þ½���
ð2Þ

and its gradient is represented by its matrix form in Eq. 3:

@8

@ X ; tð Þ ¼
@x
@X v
0T 1

� �
ð3Þ

where 0T is a null row vector, and the material velocity is
expressed in Eq. 4:

v X ; tð Þ ¼ @x

@t

����
x

: ð4Þ

Besides, the motion of the nodal points in the spatial
configurations is determined by Eq. 5 through the mapping
of the referential domain into the spatial domain:

6 : R# � t0; tfinal ! Rx � t0; tfinal #; tð Þ7!6 #; tð Þ ¼ x; tð Þ½ :
���

ð5Þ
The gradient form is shown in Eq. 6:

@6

@ #; tð Þ ¼
@x
@#

^u

0T 1

� �
ð6Þ

while the nodal velocity is written as Eq. 7:

^u #; tð Þ ¼ @x

@t

����
#

: ð7Þ

The reference coordinates are used to establish nodal
points in the domain. Material motion in the referential

Fig. 1 Illustration of the build-
ing elements and work flow of
the arbitrary Lagrangian–
Eulerian finite element model
for tool-based micromachining
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configuration is reflected from the mapping of which Ψ is
usually represented in its inverse manner given as Eq. 8:

Ψ�1 : RX � t0; tfinal ! R# � t0; tfinal X ; tð Þ7!Ψ�1 X ; tð Þ ¼ #; tð Þ����
ð8Þ

and the gradient is represented by Eq. 9:

@<�1

@ X ; tð Þ ¼
@#
@X w
0T 1

� �
ð9Þ

where the velocity is calculated by Eq. 10:

w ¼ @#

@t

����
X

ð10Þ

The velocities given in Eqs. 4, 7, and 10 could be related
by differentiating Eq. 2, which yields Eqs. 11 and 12:

v ¼ ^vþ @x

@#
� w ð11Þ

D ¼
@x
@#

^v

0T 1

� �
@#
@X w
0T 1

� �
ð12Þ

where D is the ALE gradient of deformation.
Conservations of mass, momentum, and energy are

constantly observed.

Fig. 3 Referential domain, Rχ, material domain, RX, and spatial
domain, Rx, in the ALE framework associated with reference
coordinates, χ, material particles, X, and spatial points, x, respective-
ly. Domains are connected through single mapping φ, Ф, and Ψ. [18]

Table 1 Operating conditions, tribological parameters, tool and
workpiece properties

Orthogonal cutting conditions

Cutting speed (m/min) 100, 250, 500

Tool rake angle (deg) +10, 0, −10
Tool clearance angle (deg) +6

Coefficient of friction (kinetic) 0.45

Frictional shear strength (MPa) 319.3

Tool edge radius, r (µm) 10

Undeformed chip thickness, a (µm) 2, 4, 6…20

Relative tool sharpness, a/r 0.2, 0.4, 0.6…2.0

AISI 1045 workpiece properties

Thermal expansion (µm/m°C) 11

Density (g/cm3) 7.8

Poisson ratio 0.3

Specific heat (J kg−1°C−1) 432.6

Thermal conductivity (W/m°C) 47.7

Young’s modulus (GPa) 200

AISI 1045J-C constants [21]

A (MPa) 553.1

B (MPa) 600.8

n 0.234

C 0.013

m 1.000

WC-Co cutting tool properties

Thermal expansion (µm/m°C) 4.7

Density (g/cm3) 15

Poisson ratio 0.2

Specific heat (J kg−1°C−1) 203

Thermal conductivity (W/m°C) 46

Young’s modulus (GPa) 800

Fig. 2 Configuration of compu-
tationally meshed cutter–work-
piece entities with predefined
boundary conditions in the ALE
domain. γ = +10°, 0°, −10°;
α=6°; and r = 10 µm (example
is shown for γ = +10°)
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2.3 States of deformation

During external loading, the most deformed material yields
plastically, while the rest responds elastically, usually a
significantly smaller portion. The nature of such deforma-
tion is characterized with rigid body rotation and principal
elongation according to the polar decomposition theorem
[23] as in Eq. 13:

D ¼ L� R ð13Þ

where L and R are the elongation and rotation tensors. The
elastic deformation component could thus be written as
Eq. 14:

Del
t ¼ Lel

t � Rel
t ð14Þ

The behavior of deformation in metallic materials with
sufficient ductility is of elastic–plastic nature. Total defor-
mation gradient consists of the plastic and elastic compo-
nents as represented by Eq. 15:

D ¼ Dpl
t � Del

t ð15Þ

while the gradients of elastic and plastic deformation
velocities are derived as Eqs. 16 and 17, respectively:

Sel ¼ �
Del � Del

� ��1 ð16Þ
Spl ¼ �

D pl � Dpl
� ��1 ð17Þ

Thus, the total gradient of deformation velocity is
expressed as Eq. 18:

S ¼ �
D� D�1 ¼ �

Del � Del
� ��1 þ Del � �

Del � Dpl
� ��1 � �

Del
� 	�1

ð18Þ
2.4 Plastic behavior

Plastic deformation of steel workpiece is modeled with the
Johnson–Cook (J-C) plasticity model [24] in the form of
equivalent stress as given in Eq. 19:

s ¼ Aþ Beneq

� 	
1þ C ln

�eeq�e0

� �
 �
1� T � Tr

Tm � Tr

� �m
 �

ð19Þ
where A, B, C, m, and n are strength coefficients referring
to yield strength, hardening modulus, strain rate sensitivity,

Fig. 4 Mean friction coeffi-
cient, µmean, of tool–workpiece
under dry condition

Fig. 5 Ultra-precision machine
tool for micromachining
experiments
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thermal softening coefficient, and hardening coefficient.
These constants are summarized in Table 1. Moreover,
εeq,_"eq, _"0, T, Tr, and Tm each represents equivalent plastic
strain, equivalent plastic strain rate, reference strain rate,
working, room and melting temperatures, respectively. The
flow stress is thus a function of strain, strain rates, and
temperature while homogeneous deformation is assumed.

2.5 Contact behavior

Chip flow motion is reflected from the stick–slide behavior
with the modified Coulomb’s friction model [25]. Sliding

happens when the shear contact stress, τf, is less than the
material shear flow stress, kf, while sticking is realized as τf
exceeds kf. Such frictional phenomenon is represented by
Eqs. 20 and 21:

t f ¼ kf for sticking when msn � kf ð20Þ

t f ¼ msn for sliding when msn < kf ð21Þ
where σn is contact pressure and τf is shear contact stress at
the contact interfaces.

As shown in Fig. 4, the mean friction coefficient, µmean,
was determined as 0.45 under dry condition. Contact

Fig. 6 Tool geometries and
microstructures of the WC-Co
cutters

Fig. 7 Illustration of the
complete experimental setup for
tool-based micromachining of
medium carbon steel with
cemented tungsten carbide
cutters
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fluctuation is recognized as the dynamic cyclical nature of
chip formation, and it is acceptable to apply mean values in
steady-state conditions [26]. Additionally, previous findings
have affirmed the constancy of µmean and kf during sliding
[27] and sticking [28], respectively.

3 Model validations

Experimental validation of the ALE-FE model was per-
formed on an ultra-precision machine tool, Toshiba ULG-
100C (H3), as shown in Fig. 5. It is equipped with aerostatic
bearing spindles and the guideways are supported with
aerostatic V-V rollers to maintain process stability. Process
accuracy is upheld at 1 nm through optical scales with
nanometric resolution.

The experimental setup consisted of the orthogonal
machining elements, the imaging, optical, and lighting
systems. The machining elements included carbide cutters
with 0.5-mm straight edges and thin wall steel structures of
0.3-mm thickness created on bulk cylinders. The cutters

were P20 carbide (Fig. 6) comprising 0.7-μm WC grains
and 10 wt.% Co with a tool edge radius, r, of 10 µm, a tool
rake angle, γ, and a clearance angle, α, of 10° and 6°,
respectively. The cutter was secured to a hardened steel tool
holder and then fixed on a triaxial component dynamometer
Kistler 9256C1 MiniDyn, while the steel workpiece was
mounted on the vacuum chuck.

A high-speed imaging system Photron Ultima APX was
used to capture the process. CMOS sensor of the camera
has more than one million pixels to increase light sensitivity
so that it could produce full-resolution images under low-
light and high-speed condition. To achieve submillimeter
field-of-view, an optical system with an image resolution of
300 lp/mm and an infinity-corrected objective lens were
coupled with the imaging system. For illumination, a short
arc metal halide lighting system with fiber light equipment,
Iwasaki MLDS250-2, was used to produce high-intensity
light source of minimal flicker. Another coaxial halogen
light source was used for fine focusing purposes.

The experimental setup is shown in Fig. 7, and it is
schematically illustrated in Fig. 8.

4 Experimental verification

The ALE-FE model for micromachining was validated
through the main aspects of chip formation mechanics,
namely the degree of plastic deformation as determined
from the deformed chip thickness, the contact behavior as
characterized with the tool–chip contact length, and the
overall process mechanics as quantified with the force

Fig. 8 Schematic diagram of the complete experimental setup which includes the orthogonal machining configuration, the imaging, optical, and
lighting systems

Table 2 Operating conditions for experimental verifications

Cutting speed, V (m/min) 100

Workpiece diameter, Dw (mm) 90.0

In-feed rate, f (µm/s) 11.8, 23.6, 35.4…118.0

Undeformed chip thickness, a (µm) 2.0, 4.0, 6.0…20.0

Tool edge radius, r (µm) 10.0

RTS, a/r 0.2, 0.4, 0.6…2.0
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components. Experimental verifications under ultra-
precision machining criterion were carried out for a wide
range of operating conditions as summarized in Table 2.
Figure 9a–c illustrates the distributions of simulated and

experimental contact length, Lc, deformed chip thickness,
tc, and machining forces, F, respectively.

In general, Lc increased linearly with a where the
magnitudes and distribution of simulated and experimental
Lc agreed well. The percentages of divergence %|Δ| were
uniformly maintained at single digit with an average of
8.03%. Similarly tc had a linear response with a from 4 to
20 µm. The %|Δ| remained at single digit at low a<6 µm
(a/r<0.6), while the increase of a widened %|Δ| to double
digits, 16.46 % being the highest at a=10 µm. The average
%|Δ| was determined as 7.61%.

On the other hand, cutting force, Fc, produced with the
ALE-FE model was lower than the experimental findings.
Such a trend was similar to the distribution of thrust force
Ft. The average %|Δ| for Fc and Ft were 5.56% and 6.75%,
respectively, where the divergence between experimental
and simulated findings increased with a. Both Fc and Ft

increased, with a but Fc corresponding greater to a than Ft,
and thus, it was observed that the differences between the
Fc and Ft became larger with increasing a. In other words,
the decrease of machining magnitude promotes the thrust
component but reduces the significance of the cutting
component. Comparisons between the trends and magni-
tudes of Fc and Ft as determined experimentally and
numerically showed satisfactory agreement.

5 Results and discussions

Sole emphasis on undeformed chip thickness (orthogonal
cutting) or feed rate (oblique cutting) is not practical when
the tool edge radius effect is significant. Through the
decrease of a/r, either by reducing a or increasing r, the
effect on the chip formation behavior is amplified.

Figures 10, 11, and 12 illustrate such characteristics in
the form of equivalent stress (von Mises) distributions
at different cutting speeds, Vof 100, 250, and 500 m/min,
respectively. For brevity, each case includes three levels
of tool rake angle, γtool of +10°, 0°, and −10°, at a
selected range of a/r from above unity (1.8) to below
unity (0.4).

5.1 Transitional plastic deformation characteristics

Deformation is imposed by tool edge radius and rake face
along the contact length in micromachining. Intense plastic
deformation takes place ahead of the edge curvature, which
results in material removal from the chip root region.

Under external loading and chip overhang, the deforma-
tion zone around the chip root region spreads toward the
chip-free boundary, associated with subsurface deforma-
tion. It is subjected to concentrated stress confined within a
pair of parallel-sided boundaries commonly known as the

Fig. 9 Comparisons between experimental and simulated results: a
contact length; b deformed chip thickness; and c machining forces
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PDZ. Additionally, another deformation zone is established
along the tool rake face which is seen to merge with PDZ at
the chip root region known as the SDZ. The presence of
SDZ is maintained by constant chip flow during the
process. These characteristics are encountered at a/r > 1.0
as illustrated by a1−a3 and b1−b3.

As a/r is decreased to 1.0, materials in the vicinity of the
rounded edge curvature undergo a gradual transition of
plastic deformation behavior. A relatively larger fraction of
PDZ is realized as SDZ shrinks following the reduction
of tool–chip contact length on the rake face. This is
perceived as an increase of localized plastic flow from that
of the cases at a/r > 1. Such a chip formation behavior at
a/r=1.0 is illustrated in c1–c3.

Further decrease of a/r below unity leads to an
increasingly more aggressive behavioral change. At a/r<
1.0, external load is preliminarily imposed by the tool edge
radius as the contact length is further reduced, leading to
the formations of a small SDZ and therefore a larger
fraction of PDZ. Chip growth takes place along the rounded
edge curvature instead of fragmentation. After stable
contact, interaction is achieved and PDZ appears larger
and thicker compared to that of the SDZ, akin to the merger

of both deformation zones. These are illustrated by d1–d3
(a/r=0.6) and e1–e3 (a/r=0.4).

The formation of SDZ at a/r from 2.0 to 0.4 takes place
because chip flow is extended onto the tool rake face under
steady-state machining condition when effective rake angle,
γeff, is formed. The true state of time-invariant stress
distributions could only be realized after SDZ is formed
provided stable contact lengths are achieved. These cases
where γeff=γtool occur extensively at a/r≥0.4.

5.2 Effective negative rake angle

When effective negative rake angle, −γeff, is formed at a/r=
0.2, more drastic changes in plastic deformation is
encountered. Chip growth ahead of the tool edge radius
but the chip could not extend on to the tool rake face even
after contact is reached. The magnitude of γeff changes
constantly at first and then becomes stable in a later stage.
Figure 13 depicts chip formation under −γeff at a/r=0.2 as
compared to that at a/r=0.4 under +γeff.

Under −γeff, the equivalent stress becomes highly
localized in front of the tool edge radius and results in the
sole establishment of PDZ. Stress localization promotes

Fig. 10 Transitions in plastic deformation behavior with decreasing a/r using different tool rake angles, γtool, of +10°, 0°, and −10° at the cutting
speed, V, of 100 m/min: a/r > 1.0 (a, b); a/r = 1.0 (c); a/r < 1.0 (d, e)
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severe plastic deformation associated with intense com-
pressive stress imposed by the rounded edge curvature.
Such deformation transforms chip formation from concen-
trated shearing at higher a/r to a thrust-oriented mechanism.
Such a mechanism transformation is unanimously encoun-
tered at a/r=0.2 as illustrated in Fig. 14 under different
operating conditions.

These findings clarify the tool edge radius effect on the
chip formation mechanism, also the prerequisite for the
formation of −γeff at a/r<1.0. Indeed, the purpose of using
large nominal positive and negative tool rake angles and a
wide range of a/r with constant interval were meant to
prove such a conjecture.

5.3 Deformation intensity of the primary deformation zone

The changes in chip formation behavior is driven by the
tool edge radius effect on the contact phenomenon where
the establishment of SDZ adjacent to the tool rake face is
affected by the contact length, while PDZ is expanded by
external loading transmitted from the contact interface.

With the dominance of tool edge radius effect at
decreasing a/r, the intensity of localized plastic deformation

increases correspondingly alongside the formation of
effective negative rake angle, −γeff. Such progressive
elevation of localized deformation on smaller volume of
work material leads to a form of intensity increment in
plastic deformation across PDZ.

Through the ALE-FE method, characterization of the
deformation behavior is attempted through the measure-
ment of PDZ from its (1) width, (2) thickness, and (3) depth
as illustrated in Fig. 15. The dimension of each aspect and/
or their respective combinations corresponds to the varia-
tions in machining condition which governs the mechanics
of the micromachining process.

5.3.1 Width of PDZ

The width of primary deformation zone, WPDZ, is measured
horizontally from the border of the flow stress region below
the cutting tool, across the area that constitutes the chip
root, to the opposite border of the flow stress region
adjacent to the turning point of the chip-free boundary.
Figure 16 illustrates the evolutions of WPDZ.

In general, WPDZ increases with a in a trend of linear
proportion. But the linear responses vary for different

Fig. 11 Transitions in plastic deformation behavior with decreasing a/r using different tool rake angles, γtool, of +10°, 0°, and −10° at the cutting
speed, V, of 250 m/min: a/r > 1.0 (a, b); a/r = 1.0 (c); a/r < 1.0 (d, e)
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combinations of process parameters as the nature of plastic
deformation differs from a particular combination of
parameters to the other. The response variable of the linear
model is WPDZ and the input variable is a. Each model is
associated with its underlying coefficient of determination,
R2, to indicate the goodness of the linear data fittings.

Through these linear relationships as summarized in
Table 3, the influences of each parameter on WPDZ and/or
their combinations would thus be reflected from the slopes
and constant interceptions of the straight lines.

At the first approximation, the tool rake angle, γ, has a
great effect on the slope magnitudes. Changing γ from

Fig. 12 Transitions in plastic deformation behavior with decreasing a/r using different tool rake angles, γtool of +10°, 0°, and −10° at the cutting
speed, V, of 500 m/min: a/r > 1.0 (a, b); a/r = 1.0 (c); a/r < 1.0 (d, e)

Fig. 13 Contour plots of von
Mises stress distributions under
different effective rake angles,
γeff. a Effective positive rake
angle, +γeff at a/r=0.4. b Effec-
tive negative rake angle, −γeff at
a/r = 0.2. A nominal tool rake
angle, γtool, of +10° is used in
both a and b
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positive to negative, the slope magnitudes vary from
approximately 3.0, 4.0, and 5.0 for γ=+10°, 0°, and −10°,
respectively. Such findings are unanimously observed for
different combinations of r and V. But the effect of cutting
speed is less significant as it was determined that the slope
magnitudes at different levels of cutting speed have slight
variations. On the other hand, the tool edge radius effect
has a constant and virtually dominating effect on WPDZ as
reflected from the magnitudes of line interception. At
various combinations of γ and V, the magnitudes of
interception range from 24.0 to 26.0.

5.3.2 Thickness of PDZ

The thickness of primary deformation zone, TPDZ, is
measured within a pair of parallel borders from an angle
between the horizontal axis that envelop the top and bottom
of the flow stress region. The angle between the borders of
PDZ and the horizontal axis is regarded as shear angle.
Figure 17 illustrates the evolutions of TPDZ at different V.
Similar to WPDZ, TPDZ increases linearly with a where the

Fig. 15 Characterization of primary deformation zone (PDZ) from its
width, thickness, and depth

Fig. 14 Highly localized plastic
deformation ahead of the tool
edge radius under effective nega-
tive rake angles, −γeff. Such phe-
nomenon is encountered for
different combinations of machin-
ing conditions at a/r=0.2. a–c V
of 500, 250, and 100 m/min. 1–3
γtool of +10°, 0°, and −10°
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characteristics of such relationship vary with different
process parameters as summarized in Table 4.

Under the influence of tool edge radius, the general trend
of TPDZ distribution as reflected from the slope magnitudes
is governed by the changes of γ from positive to negative.
At V of 100, 250, and 500 m/min, the slope magnitudes
vary from 1.09 to 1.87 (|Δ| = 0.78), 0.97 to 1.73 (|Δ| =
0.76), and 0.94 to 1.75 (|Δ| = 0.81), respectively. Such
variations due to the changes of γ are virtually constant. On
the other hand, the constant and dominating effect of tool
edge radius is reencountered in TPDZ. The magnitudes of
interception are within the range of 9.0–11.0. The constan-
cy of such an effect on TPDZ is reflected by the constant

magnitudes of interception under various combinations of
tool rake angle and cutting speed.

5.3.3 Depth of PDZ

The depth of primary deformation zone, DPDZ, is measured
from the lowest point of the subsurface flow stress region to
the newly generated machined surface. The evolutions of
DPDZ at cutting speeds, V, of 100, 250, and 500 m/min are
illustrated in Fig. 18.

Unlike the previous cases, the evolutions of DPDZ are
more complicated. Although the evolution of DPDZ does
exhibit smooth linear trends under some specific combina-

Fig. 16 Linear evolutions of WPDZ with undeformed chip thickness using different tool rake angles and cutting speeds

Table 3 Linear relationships between WPDZ and undeformed chip thickness, a

WPDZ

V (m/min)

γ (deg) 100 250 500

+10° WPDZ = 2.80a + 26.21 WPDZ = 2.93a + 25.04 WPDZ = 2.86a + 25.38

R2 = 0.9845 R2 = 0.9881 R2 = 0.9925

0 WPDZ = 3.66a + 25.36 WPDZ =3.83a + 24.40 WPDZ =3.69a + 24.01

R2 = 0.9936 R2 = 0.9856 R2 = 0.9925

−10 WPDZ =4.74a + 26.06 WPDZ=4.76a + 25.26 WPDZ=4.44a + 25.55

R2 = 0.9902 R2 = 0.9915 R2 = 0.9959
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tions of process parameters, the degree of such linearity is
adversely affected by V and γ. The linearity of DPDZ

evolutions is sufficiently maintained with reducing unde-
formed chip thickness, a from 20 to 4 µm (a/r=2.0–0.4).
But the magnitudes of DPDZ rebound at a of 2 µm (a/r=0.2)
as the localization of plastic deformation increases. This
deteriorates the linearity of DPDZ distributions (R2<0.8)
with reducing V of 500 to 100 m/min and increasingly
positive rake angles, −10° to +10° as summarized in
Table 5.

At lower V of 100 m/min, the evolutions of DPDZ do not
exhibit a strong sense of linearity as reflected from the
relatively low slope values of 0.05, 0.07, and 0.07 for γ of
+10°, 0°, and −10°, respectively. Nevertheless, higher

cutting speeds at 250 and 500 m/min improve the linear
behavior and elevate the slope values to 0.09, 0.11, and
0.15 and 0.14, 0.18, and 0.22 for γ of +10°, 0°, and −10°,
respectively. Besides that, the effect of tool edge radius is
also encountered in the case of DPDZ, similar to that of
WPDZ and TPDZ with a more consistent influence between
6.0 and 7.0. High cutting speed and negative tool rake play
a role in deepening the subsurface deformation.

5.4 Deformed chip thickness: a linear regression analysis

The previous discussion has revolved upon qualitative
(Section 5.1) and quantitative (Section 5.3) evaluation of
deformation characteristics under the influence of tool edge

Fig. 17 Linear evolutions of TPDZ with undeformed chip thickness using different tool rake angles and cutting speeds

Table 4 Linear relationships between TPDZ and undeformed chip thickness, a

TPDZ

V (m/min)

γ (deg) 100 250 500

+10 TPDZ = 1.09a+9.23 TPDZ =0.97a + 10.38 TPDZ=0.94a + 10.90

R2 = 0.9515 R2 = 0.9449 R2 = 0.9749

0 TPDZ = 1.35a + 9.23 TPDZ = 1.21a + 10.29 TPDZ = 1.18a + 10.68

R2 = 0.9833 R2 = 0.9694 R2 = 0.9734

−10 TPDZ = 1.87a + 10.51 TPDZ = 1.73a + 10.35 TPDZ = 1.75a + 9.75

R2 = 0.9767 R2 = 0.9924 R2 = 0.9959
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radius. The present discussion examines such influence on
deformed chip thickness, tc, which indicates the degree of
plastic deformation at different operating conditions. In
machining, the layer of work material with a predefined
undeformed chip thickness, a, undergoes plastic deforma-
tion in PDZ which elongates the deformed material-turned-
chip to a greater thickness.

Figure 19 depicts the evolutions of tc for the range of a
attempted, and the respective relationships are summarized
in Table 6. In general, tc fits linearly with a as reflected by

the magnitudes of coefficient of determination, R2 beyond
0.98 under various operating conditions. The slope magni-
tudes range from 1.70 to 4.06. The variations of slope
magnitudes increase from 0.08 and 0.44 to 0.45 (average =
0.323) as the cutting speed, V, is decreased from 500 to
250 m/min and then 100 m/min for rake angles, γ = +10°,
0°, and −10°, respectively.

Thus, the linear relationships between tc and a is
primarily governed by tool rake angle followed by cutting
speed under the influence of tool edge radius effect.

Fig. 18 Linear evolutions of DPDZ with undeformed chip thickness using different tool rake angles and cutting speeds

Table 5 Linear relationships between TPDZ and undeformed chip
thickness, a

DPDZ

V (m/min)

γ (deg) 100 250 500

+10 DPDZ°=0.05a+5.71 DPDZ=0.09a+5.83 DPDZ=0.14a+6.55

R2 = 0.7322 R2 = 0.8017 R2 = 0.8672

0 DPDZ = 0.07a+6.02 DPDZ=0.11a+5.97 DPDZ=0.18a+6.43

R2 = 0.5709 R2 = 0.7961 R2 = 0.9345

−10 DPDZ=0.07a+6.10 DPDZ=0.15a+5.83 DPDZ=0.22a+6.41

R2 = 0.9767 R2 = 0.8913 R2 = 0.9959 Fig. 19 Linear evolutions of deformed chip thickness with unde-
formed chip thickness
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Combinations of negative rake angle and low cutting speed
yield the highest slope magnitudes and thus the steepest
straight line. The reversal of both parameters to positive
rake angle and increasing cutting speeds produce a lower
range of slope magnitudes and therefore straight lines with
lesser steepness. These are reflected from the variations of
slope magnitudes increase from 1.90 to 2.09 and then 2.27
(average = 2.087) at V=500, 250, and 100 m/min,
respectively, as γ is reduced from +10° to 0° and then
−10°. Thus, the significant influences of negative rake
angle on the magnitudes of tc at low cutting speed and vice
versa are clearly expressed.

Nevertheless, slight tc rebounds at a of 2 µm (a/r=0.2)
perceived as a diversion from the regular linear distribution
which has been uniformly encountered under all conditions.
Such a finding is largely due to severe localized plastic
deformation following the transition of chip formation
behavior.

Indeed, the effect of tool edge radius on this aspect could
be further evaluated through the distributions of normalized
deformed chip thickness, tc/a with a/r as presented in
Fig. 20. With the increase of a/r from 1.0 to 2.0, the tc/a
distributions show a general saturating trend toward the
extreme end but at varying magnitudes of saturation for
different operating conditions. But for a/r < 1.0, elevations
in tc/a are generally observed, but more rapid increasing
rates are encountered with γ of 0° and +10°.

These findings are attributed to the amplification of tool
edge radius effect on plastic deformation with the decrease
of a/r below unity. Indeed, the “bounce back” phenomenon
in tc/a for γ of −10° within 0.6<a/r < 1.0 is also governed
by this factor. Such a phenomenon is exclusive for a γ of
−10° as chip formation is subjected to the complementary
influences of both tool edge radius and tool rake angle
within that particular range of a/r. This also explains the
drop of tc/a when a/r is further reduced below 0.6 when the
influence of negative tool rake angle becomes weaker.
Eventually, as a/r is reduced down to 0.2, chip formation is

performed entirely by the rounded edge curvature which
leads to intense localized deformation. Such plastic defor-
mation is effectively reflected from the respective high tc/a
magnitudes at a/r=0.2.

6 Conclusions

Based on the findings in this study, the following are
concluded:

– The decrease of a/r reduces tool–chip contact length
and elevates the degree of localized deformation which
brings about the shrinkage of secondary deformation
zone and a larger fraction of primary deformation zone.

– The changes in chip formation behavior is transi-
tional with varying a/r as reflected by the dimensions
of primary deformation zone from its width (WPDZ),
thickness (TPDZ), and depth (DPDZ).

– Chip formation transforms from concentrated shearing
to a thrust-oriented mechanism below the a/r threshold,
under effective negative rake angle where the formation
of secondary deformation zone is suppressed.

– Thrust-oriented chip formation mechanism involves
high-intensity plastic deformation as indicated by the
large magnitudes of deformed chip thicknesses, tc.
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Fig. 20 Evolutions of normalized undeformed chip thickness, tc/a, to
the ratio of undeformed chip thickness to tool edge radius, a/r, at
different tool rake angles, γ, and cutting speeds, V

Table 6 Linear relationships between deformed chip thickness, tc,
and undeformed chip thickness, a, at different cutting speeds and tool
rake angles

r =10μm
V (m/min)

γ (deg) 100 250 500

+10 tc = 1.79a+8.09 tc = 1.70a+7.04 tc = 1.71a+5.96

R2 = 0.9914 R2 = 0.9896 R2 = 0.9939

0 tc =3.05a+3.21 tc = 2.76a+3.09 tc = 2.61a+3.39

R2 = 0.9908 R2 = 0.9931 R2 = 0.9970

−10 tc =4.06a + 2.56 tc =3.79a + 1.46 tc =3.61a + 1.94

R2 = 0.9982 R2 = 0.9970 R2 = 0.9982
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