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Abstract: Predictive force models for oblique metal cutting incorporating tool flank wear was
carried out using a CNC lathe machine to turn mild carbon steel CS1030. The developed models
are based on the fundamental mechanics of orthogonal cutting process, in which inclination angle
is 0°. Workpieces were Cylindrical with wall thickness of 3mm and diameter of 100 mm. Cut
thickness levels were 0.1, 0.17, 0.24 and 0.31 mm; cutting speeds were 100, 150 and 200 m/min;
tool rake angle levels were −5, 0 and 5°. wearland sizes were selected as 0, 0.2, 0.4, 0.6 mm,
where wearland size “0 mm” represents sharp tool. Results of the study indicate that tool flank
wear has significant effect on oblique cutting forces. The oblique cutting forces were found to
increase linearly with tool flank wear due to rubbing or ploughing forces in the wearland. The
results also show that, the measured experimental oblique forces (power force, Fcm thrust force
Ftm and rubbing force Frm) agreed with the predicted (power force Fc thrust force Ft,and rubbing
force Fr) values under the corresponding cutting conditions. It is evident from the plots that the
models give an excellent prediction of the cutting forces during oblique cutting.
Keywords: oblique cutting; tool flank wear; machining; cutting force models

1.

INTRODUCTION

The need to understand and model the metal
cutting process is driven by a number of intimately
woven technological requirements. Chief among them
are the need to minimize vibration and to achieve the
required quality of the machined part. From the
machine tool designer’s standpoint, modelling of
cutting forces is required to ascertain the magnitude of
the loads in order to generate appropriate designs [1].
Cutting tools are insistently subject to pressure and
opposing stresses during cutting while machining
metallic and non-metallic materials. Cutting
performance parameters such as surface accuracy, tool
wear, tool breakage, cutting temperature, self-excited
and forced vibrations correlate strongly with cutting
forces [2]. Cutting forces influence the deformation of
the work piece machined, its dimensional accuracy
and chip formation. More clearly, the cutting force is
one of the principal factors that should be known in
the metal cutting operations [3].

On the basis of the angular relationship between
the cutting velocity vector and the cutting edge of the
tool, different machining processes can be classified
into two categories, namely: (i) the orthogonal cutting
process; and (ii) the oblique cutting process [4].
Although the idealized orthogonal process
(Figure 1) is a close approximation to many actual
machining operations, it is clear that chip-formation
process occurring at the cutting edges of most tools
could be modeled more accurately by an oblique
model in which the cutting edge is inclined to the
cutting velocity.

2.

OBLIQUE CUTTING ANALYSIS

In oblique cutting, an additional cutting variable
and inclination angle needs to be introduced. The
inclination angle plays a major role in controlling the
chip flow direction and the resultant cutting force.
From the force and deformation considerations and
allowing for the ‘collinearity conditions’, the
following equations have been developed [5]:
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Fig. 1. Model of chip formation in orthogonal cutting for
a ‘sharp’ tool

The shear angle and friction angle are respectively
given by:
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The co-linearity condition provides a means of
relating the forces and velocities in oblique cutting.
The condition assumes the friction force on the rake
face is collinear to the chip velocity direction and
shear force in the shear plane is collinear to the shear
velocity direction. When the co-linearity conditions
are satisfied the following equation must be met to
find the chip flow angle 1 [6-7]:
tan $ + -
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From the above equations, the cutting forces can
be predicted by the basic cutting quantities $
(degree), - (degree), 9 (N/mm2) and 1 (degree), for
the given cutting conditions, : (degree), b (mm), t
(mm) and ; (degree).
Great attention has been paid to oblique cutting by
a number of researchers all around the world, because
many practical machining processes are actually
examples of oblique cutting, and numerous research
papers have been published [8–10].
In practical cutting processes, tool wear is
a common phenomenon. A number of important
studies have been reported on developing the
relationship between tool wear and cutting forces and
power in milling operations using the ‘mechanistic’
approach [11-15].

In early studies by Kobayashi and Thomsen [16]
the friction on the worn flank of cutting tools has been
experimentally studied. They found that plastic flow
occurs in the work-piece beneath the tool flank. It was
also found that the deformation in the primary shear
zone and the friction condition on the rake face remain
largely unaffected by changes at the tool flank. Okashi
and Sata [17] have also studied the friction
phenomenon on the flank of a cutting tool. A linear
relationship of cutting force components with the
width of flank wear has been observed. Zorev, [18]
also noted this linear relationship. But there is no
further analysis on the phenomenon observed.
The cutting forces are decided by practical cutting
variables. If tool wears out at the flank, the friction
force will increase and affect the cutting force
components < = , > , ? @. An equation between tool
wear and cutting forces needs be developed to predict
the cutting force. A cutting force model needs to be
general and to suit different cutting conditions. The
present study addresses this gap. An investigation has
been performed to determine the effect of flank wear
on the cutting process.

3.

EXPERIMENTAL SETUP

The oblique machining tests were carried out using
a CNC lathe. The workpiece was mild carbon steel,
CS1030, with chemical composition of 0.3% C, 0.6%
Mn, 0.04% P and 0.05% S. The tensile strength of the
material is 463.7 MPa and hardness is 126 BHN.
Cylindrical workpieces were prepared with a wall
thickness of 3 mm and machined from one end. The
cutting tools used were grade TP20 carbide flat-top
inserts with 8 AB TiN coating.
Three levels of cut thickness (0.1, 0.17 and
0.24 mm) were tested at two levels of cutting speed
(100 and 200 m/min) and three levels of normal rake
angle (-5, 0, 5). In addition, three levels of wear land
size including ‘sharp’ tools were selected. These were
0.2, 0.4 and 0.6 mm. The wear land sizes were
selected according to ISO3685 [19] and some were
higher than the recommended value in order to study
the force pattern for tool condition monitoring in
future investigations. Thus a total of 144 tests with 4
specially made tool holders and 16 inserts were
conducted.
The wear land was artificially made on the cutting
tools by a lapping process using an abrasive grinder
and checked frequently under a shadowgraph projector
for its size. Care was taken to ensure that the final
artificial wear land was within a tolerance of ±3% of
its specified size. The specified sizes were used in the
qualitative analysis but the actual sizes were used in
the regression analysis for the basic cutting quantities
database.
The cutting and thrust force components were
measured using a three-component piezoelectric
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dynamometer which was mounted on the tool post
(magazine) with a specially made rest. The cutting tool
was held on the top of the dynamometer. The induced
cutting and thrust force signals were processed and
amplified by two charge amplifiers. The amplified
signals were then recorded for further processing by
a computer through an analog-to-digital (A/D)
converter card and data acquisition software. The final
results were taken from the average of 20 force
samples in the steady cutting stage.
For each combination of the cutting speeds, wear
land sizes and rake angles, a linear regression analysis
of the measured cutting and thrust force components
.B and
!B with respect to the cut thickness t was
carried out. The force intercept in the regression
analysis was determined as the “edge force”
component for “sharp” tools or the edge and wear land
force for tools with a wear land. In doing so, it was
assumed that the flank wear did not affect the forces
required for chip formation in the shear zone and at
the tool-chip interface. By comparing the intercept
with that of the respective sharp tool, the wear land
force component for each test (with a wear land) was
evaluated for further analysis. The friction angle - and
shear stress 9 for each cut were finally calculated using
equations (4) and (5) respectively, after the edge force
(or edge and wear land force) has been removed from
the measured forces.

4.

and 3 respectively. The predicted forces are plotted
with dotted lines while the experimental forces are
plotted with solid lines. The predicted forces are
evaluated using equations (7), (8) and (9), and the
experimentally determined basic cutting quantity
database in Table 1.
Mathematically, the overall cutting power ( .),
thrust force ( !) and rubbing force (Fr) models have
been experimentally found to be:
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4.1. Oblique cutting model with tool flank wear
The general trends of the predicted cutting forces
(power, thrust and rubbing) with respect to the cut
thickness and wearland size are shown in Figures 2

thickness in oblique cutting at v = 100 m/min,
; = 5°, : = 0°

Models for basic cutting parameters

Cutting parameter
Frictional angle, -

°

(9)

Fig. 2. Predicted and experimental forces versus cut

RESULTS AND DISCUSSION

Tab. 1.
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Modeled equation
- = 36.53 + 0.41: − 0.07V

Shear stress, 9 W/BBY

9 = 417.52 + 4.39: + 0.35V

Chip length ratio, \]

\] = 0.327 + 0.004:
E

Edge force coefficients
E F and E F (N/mm)

F

= 74.2

E F = 89.3
E

Wearland force coefficients
E _ and E _ W/BBY

_

= 180.6

E _ = 158.5
: ;# `ab\aa0, c ;# BB/B;#
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The oblique cutting models show excellent
correlation between predicted and measured values.

5.

CONCLUSIONS

Tool flank wear has significant effect on the
overall cutting force models for oblique cutting as
there is an increase in the cutting forces when tool
flank wear is present. The increase is as a result of
rubbing or ploughing forces in the wearland.

Acknowledgements

Fig. 3. Predicted and experimental forces versus wearland
in oblique cutting at v = 100 m/min, i = 5°,
yn = 5° and t = 0.1 mm

Figures 2 and 3 show that all the three predicted
force components Fc, Ft and Fr, and the three
experimentally measured force components Fcm, Ftm
and Frm are shown to increase linearly with cut
thickness t, as expected.
Qualitatively, the measured experimental forces
agreed with the predicted values very well under the
corresponding cutting conditions. It is evident from
the figures that the models give an excellent prediction
of the cutting forces in oblique cutting.
The graphs indicate that the modelled forces are in
good correlation with the experimental data. It has also
been found that cutting forces increase linearly with
wear land size. Plots of cutting forces versus other
variables under different conditions show that the
predicted trends of the cutting forces are consistent
with those reported in the literature and from the
mechanics of cutting analysis. Thus, the generality and
plausibility of the proposed cutting force models have
been amply demonstrated.
4.2. Model Validation
The proposed predictive force models for oblique
cutting with tool flank wear have been verified for
their plausibility and predictive capability. The models
verification is conducted by comparing both
qualitatively and quantitatively the predicted forces
with the corresponding experimental results. For
a quantitative assessment of the predictive capability
of the oblique cutting force models, the percentage
deviations of the model predicted values with respect
to the corresponding experimental data have been
analyzed. The analysis show that the model
predictions yield a maximum percentage deviation of
2.39% for power force, 0.25% for thrust force and
5.34% for radial force, while the corresponding
percentage standard deviations are 2.2%, 0.8% and
11.62% respectively.
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