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Abstract In finish turning, the applied feedrate and
depth of cut are generally very small. In some particular
cases, such as the finishing of hardened steels, the fee-
drate and depth of cut are much smaller than tool nose
radius. If a tool with a large tool nose radius and large
negative rake angle is used in finish turning, the
ploughing effect is pronounced and needs to be carefully
addressed. Unfortunately, the ploughing effect has not
yet been systematically considered in force modelling in
shallow cuts with large negative rake angle and large
nose radius tools in 3-D oblique cutting. In this study, in
order to model the forces in such shallow cuts, first the
chip formation forces are predicted by transforming the
3-D cutting geometry into an equivalent 2-D cutting
geometry, then the ploughing effect mechanistic model is
proposed to calculate the total 2-D cutting forces. Fi-
nally, the 3-D cutting forces are estimated by a geo-
metric transformation. The proposed approach is
verified in the turning of hardened 52100 steel, in which
cutting conditions are typified as shallow cuts with
negative rake angle and large nose radius tools. The
workpiece material property of hardened 52100 steel is
represented by the Johnson-Cook equation, which is
determined from machining tests. The comparison be-
tween the experimental results and the model predictions
is presented.

Nomenclature

A cutting Cutting cross section area

agy, a4y, a», a3 Constants of the ploughing effect coeffi-
cient K,

by, b1, b>, b3 Constants of the ploughing effect coeffi-
cient K,

Cy Side cutting edge angle

C: Equivalent side cutting edge angle

d Depth of cut

FiFy Tangential and thrust chip formation
forces

F,. F, Total cutting forces with the ploughing

effect considered
f Feedrate
i* Equivalent inclination angle

K., K, Ploughing effect coefficients
Py, Py, P3 Forces in cutting, axial and radial direc-
tions
Pims Prm,  Measured 3-D cutting forces
P3,m

P peasures Measured 2-D cutting forces

P t,measure

Py, Py, Predicted 3-D cutting forces
P3,p
Py predgiciion» ~ Predicted 2-D cutting forces
Pr,pred[crion
r Tool nose radius
t* Equivalent undeformed chip thickness
tmax Maximum undeformed chip thickness
along the tool nose
T Temperature
T, Melting point temperature
T, Reference temperature for measuring o
w* Equivalent width of cut
0y Cutting edge normal rake angle
o Equivalent cutting edge normal rake an-
gle
g Uniaxial (effective) strain
& Strain rate
n: Equivalent chip flow angle
a Flow stress
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1 Introduction

Force modelling in metal cutting is important for ther-
mal modelling, tool life estimation, chatter prediction,



and tool condition monitoring purposes. Numerous ef-
forts have been devoted to capture the force profiles in
metal cutting. Besides laborious experimental ap-
proaches, numerous numerical and analytical ap-
proaches have been proposed to model the chip
formation forces. Although some successes have been
achieved in modelling the chip formation forces in metal
cutting by the finite element method (FEM), it is not
readily applicable because it is laborious and not easy to
extend to practical 3-D turning cases [1,2]. Alternatively,
analytical models have been favoured as force models in
metal cutting because they are easier to implement and
can give much more insight about the physical behav-
iour in metal cutting. To model analytically the chip
formation forces in metal cutting, two fundamental ap-
proaches have been extensively researched: the minimum
energy principle [3,4] and slip line field theory [5].
Numerous researchers have applied or modified these
two approaches to model the forces in metal cutting on
these bases.

In finish turning, feedrate and depth of cut are gen-
erally very small. In some particular cases, such as fin-
ishing hardened steels, the feedrate and depth of cut are
much smaller than the tool nose radius and the
ploughing effect (rubbing effect) is rather pronounced.
Furthermore, when undeformed chip thickness is small
enough, the ploughing effect contributes to a greater
portion of the total cutting forces. Generally this critical
chip thickness is defined by the tool nose radius, ma-
chine tool system stiffness, and negative rake angle. The
ploughing effect needs to be carefully addressed under
these cutting configurations. The first study on the
ploughing effect in metal cutting was documented by
Albrecht [6] in an attempt to estimate the real value of
friction coefficient on the tool-chip interface and to ex-
plain the paradox of the variation of the friction coeffi-
cient with the variation of rake angle. After Albrecht’s
study, significant efforts have been devoted to model the
ploughing force in orthogonal cutting [7,8,9,10].
Unfortunately, no documented effort has been found to
deal with this ploughing effect in modelling forces in
such shallow cuts with a large negative rake angle and
large nose radius under a 3-D oblique cutting condition.

Finish hard turning is a typical turning process using
shallow cuts with negative rake angle CBN or ceramic
tools. The cutter usually has a large nose radius com-
pared with practical feedrate and depth of cut and has a
large negative rake angle. In these situations the
ploughing effect can prevail. Material side flow can also
be observed as the result of the ploughing effect in hard
turning [11]. In this paper, to model cutting forces in
such shallow cuts, first the chip formation forces are
predicted by transforming the 3-D cutting geometry into
an equivalent 2-D cutting geometry [5,12,13]. Then, a
ploughing effect mechanistic model is proposed to cal-
culate the total 2-D cutting forces. Finally, 3-D cutting
forces are estimated by a geometric transformation. The
proposed approach is verified in a machining test of
finishing hardened 52100 steel. Here, the workpiece
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Fig. 1 Cutting geometric model under shallow cuts with a large
nose radius tool (o’ is the tool nose centre of the previous
revolution)
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Fig. 2 The undeformed chip thickness around the tool cutting edge
AED for one cutting condition

material property is represented by the Johnson-Cook
equation, which is determined by independent machin-
ing tests.

2 Modelling the ploughing effect on cutting forces

Under the shallow cut condition, for a tool with large
tool nose radius, the shape of the undeformed chip cross
section is not ideally rectangular. By assuming zero rake
and inclination angles for the tool, the typical cutting
geometry in turning with shallow cuts is shown in Fig. 1.
Figure 2 displays the undeformed chip thickness versus
the distance of an arbitrary location from point A to
point D for a typical finish hard turning condition. The
undeformed chip thickness varies around the cutting
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edge (arc AED) from zero (location A) to ¢,,,. (location
E) then to zero (location D) again. The maximum chip
thickness t,,,. can be calculated by Eq. 1 based on cut-
ting geometry and tool geometry as shown in Fig. 1.

tmaX:r—\/r2+f2—2fV2rd—d2 (1)

The ploughing effect contributes to a significant
portion of the cutting forces where the undeformed chip
thickness is small enough in comparison with a value,
which is determined by the tool nose radius, machine
tool system stiffness, and tool rake angle. Until now,
there has been no available model to predict this value in
metal cutting. As seen from Fig. 1, some portions along
the cutting edge are small enough for the ploughing ef-
fect to be pronounced. Without needing to know that
value exactly, a mechanistic model is proposed herein to
model the overall effect of the ploughing phenomenon
on the total cutting forces. Suppose the tangential chip
formation force F and thrust chip formation force F;*
are the predicted chip formation forces, without con-
sidering the ploughing effect then the total cutting forces
in a shallow cut are mechanistically modelled to include
the ploughing effect as follows:

F.=K.F}, F,=KF 2)

The coefficients K. and K, in Eq. 2 are termed
ploughing effect coefficients. Experimental evidence has
shown that the dependence of the specific cutting energy
on the chip thickness can be well described by a power
law relationship [14,15]. Here a power law relation is
assumed between the ploughing effect coefficients and
tmax ON the basis that 7., is dependent on the unde-
formed chip thickness. Furthermore, a linear relation-
ship between the ploughing effect coefficients and ¢, 1S
included. Thus, K, and K, are defined as
— art®? K; = by — bitmax — bzlb3

K. = ay — aitmax max? max

(3)

The effect of rake angle is neglected for simplicity,
since the rake angle in this study is fixed. A different rake
angle value will change &’s and b’s. K, and K, are not
sensitive to tool material properties, but are dependent
on workpiece material properties.

3 Modelling forces in 3-D oblique cutting condition

3.1 Equivalent 2-D oblique cutting geometry
for 3-D oblique cutting condition

In typical finish turning, the orthogonal cutting condi-
tion no longer holds in the presence of a substantial tool
nose radius and a 3D oblique cutting configuration. By
considering the equivalent 2-D oblique cutting geometry
in finish turning, the force model for orthogonal cutting
[16] is extended to model the chip formation forces. The

equivalent cutting geometry, including the equivalent
cutting edge normal rake angle «, the equivalent incli-
nation angle /*, and the equivalent side cutting edge
angle C;, can be calculated from the 3-D oblique cutting
geometry transformation model as documented in
[5,12,13]. For cutting tools with a substantial tool nose
radius, Cy is calculated as the angle between the centre
line and tool nose tangential line, which is tangential to
the intersection point between half depth of cut and the
tool. The use of these equivalent cutting geometries for
the development of a 3-D force model is discussed
below.

3.2 Three-dimensional oblique force model

Based on Stabler’s flow rule [17], the equivalent chip
flow angle is:

e =1 (4)

In determining the turning forces, an orthogonal
cutting model can be applied by assuming that the
inclination angle is zero irrespective of its actual value
and the rake angle is taken as o [12]. The equivalent
undeformed chip thickness * and the equivalent width
of cut w* can be calculated by:

t"=fcosC;, w'=d/cosC: (5)

Based on transformed equivalent cutting conditions
t* and w*, and the transformed equivalent tool normal
rake angle o}, the tangential chip formation force F* and
the thrust chip formation force F* are calculated based
on the orthogonal cutting force model as documented in
[16]. With consideration of the ploughing effect on the
total cutting forces, the total cutting forces F. and F,
within the 2-D equivalent cutting geometry can be cal-
culated based on Eq. 2. As shown in Eq. 1, #.y is
determined by given process attributes, r, f, and d.

Referring to [12,13] with a single-point cutting tool,
the forces acting in the cutting, axial, and radial direc-
tions can be calculated respectively from

P =F., P,=F,cosC; +F.sinC., P;=F;sinC, — F,cosC;
(6)

F.(sini* —cosi*sino’ tany’) — Fycoso’ tany’*
where F.= e - ) & <

Sim: SlIlO(n tannc +Cos1

(7)

4 Experimental validation

All machining experiments discussed below are carried
out on a horizontal Hardinge lathe with a 7.5 KW
spindle, and the workpiece is hardened 52100 bearing
steel with a hardness of HRc 62. The forces are mea-
sured with a Kistler 9257B dynamometer.



4.1 Determination of the workpiece
material properties

The workpiece material property as a function of tem-
perature, strain, and strain rate in the primary and sec-
ondary shear zones is needed to model the chip
formation forces. Regarding the material property of
hardened 52100 bearing steel, several models were re-
searched [18,19], but these models lead to certain con-
tradictions. Poulachon et al. [18] neglected the effect of
strain rate for the constitutive relation, but Guo et al. [19]
considered strain rate as a dominant factor. The John-
son-Cook equation is used in this study to represent the
workpiece material constitutive property and its con-
stants (g, B, n, ¢, m) are determined based on machining
tests. The experimental data is collected by simulating
orthogonal cutting of hardened 52100 steel. A Kenna-
metal KD120 CBN grooving insert with 0° rake angle
and straight cutting edge is used. To satisfy the plain
strain condition, the depth of cut is chosen as 0.889 mm
(0.035 in). The experiment is designed based on changing
the feedrate from 0.0762 mm/rev to 0.1778 mm/rev at an
interval of 0.0254 mm for both cutting velocities of
2.032 m/s (400 sfm) and 3.048 m/s (600 sfm). Since the
orthogonal chip formation force model [16] is not ana-
Iytically differentiable to provide a set of normal equa-
tions, the conventional curve fitting method based on
least squares method cannot be used here. To overcome
this difficulty, the determination of the constants is
treated as an optimisation problem by using a genetic
algorithm [20]. Based on the experimental cutting force
results, the constants of the Johnson-Cook equation are
determined by minimizing the difference between mea-
sured cutting forces and predicted cutting forces as

mm{ \/Z [(Egmeaxure _F;:predicti(m)z +w (F;Jneasure _I:tApredicti(m)z] }
Both P, prediciion A0A Py pregiciion are determined by using
the orthogonal force model [16]. Since the thrust force is
relatively small compared with the tangential cutting
force, to compensate the error that may be generated in
optimisation, a weight w; is added to the thrust force
component. In this case, w; is specified as 1.2. In this
study, the cutting forces when feed rate is 0.1270 mm/rev
and 0.1778 mm/rev for both test velocities are used in
determining the unknown constants in the Johnson-
Cook equation. The resulting Johnson-Cook equation
for hardened 52100 bearing steel is

o = (774.78 4+ 134.46:"°71°) (1 4+ 0.0173 In &)

T _ 7\ 3710
1 - s M,
. ( (£=%) )
where T,,=1487°C (1760 K) and T,=25°C.
Based on the determined Johnson-Cook equation,
the cutting forces are predicted by using the orthogo-
nal cutting chip formation force model [16] and are

compared with the measured cutting forces in this
experiment, which are not used in calibrating the

(8)
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Cutting forces comparison for hard tuming hardened 52100 steel (2.032m/s)
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Fig. 3 Cutting forces comparison when turning hardened 52100
steel (velocity=2.032 m/s and depth of cut=0.889 mm)

Cutting forces comparison for hard tuming hardened 52100 steel (3.048m/s)
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Fig. 4 Cutting forces comparison when turning hardened 52100
steel (velocity =3.048 m/s and depth of cut=0.889 mm)

coefficients of Eq. 8. The comparisons are shown in
Figs. 3 and 4. In Figs 3 and 4, the data points for feed
rates of 0.1270 mm/rev and 0.1778 mm/rev are the
results of calibration and the others are for validation.
The deviation at a feedrate of 0.0762 mm/rev is be-
lieved to result from the cutting edge honing of the
grooving insert. Since the grooving inserts used have a
straight cutting edge, the undeformed chip thickness is
uniform along the cutting edge and is believed to be
large enough (except for feedrate of 0.0762 mm) that
the ploughing effect will not occur here. No ploughing
effect is considered for this grooving process. The
comparisons are within 15% when the feedrate is
large.
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4.2 Calibration of the ploughing effect

A Kennametal CBN tool insert (KDO050) is used for
turning hardened 52100 steel. The tool has a nose radius
of 0.8 mm, chamfer length of 0.1 mm, and chamfer
angle of —20°. The normal rake angle on the chamfered
face is —25°, the normal rake angle is —5° and the
inclination angle is —5°. The test conditions are selected
based on the tool manufacturer’s recommended range.
Two sets of cutting experiment are performed: (1)
Changing the feedrate from 0.0508 mm/rev to
0.1778 mm/rev at an interval of 0.0127 mm/rev by
specifying the depth of cut at 0.127 mm and cutting
velocity at 2.13 m/s and (2) Changing the depth of cut
from 0.1016 mm to 0.3048 mm at an interval of
0.0254 mm by specifying the feedrate at 0.0762 mm/rev
and cutting velocity at 2.13 m/s. Because of the difficulty
of generating the normal equations for the least squares
method, the determination of the constants of the
ploughing effect coefficients is treated as an optimisation
process. Six groups of experimental results (the 3-D
cutting forces when the depth of cut is specified at
0.127 mm and velocity at 21.3 m/s, and feedrate
is  0.0508 mm/rev, 0.0762 mm/rev, 0.1016 mm/rev,
0.1270 mm/rev, 0.1524 mm/rev, and 0.1778 mm/rev)
are used to determine the constants of the plough-
ing effect coefficients (a’s and b’s in Eq. 3) and are
solved by minimizing the difference between the
measured forces and the predicted forces as

min{ /2 [(Pua=P) + (oo + (P, )]

The cutting forces Py ,, P>, and P; , are predicted based
on Eq. 6. Again, a genetic algorithm is used in this
calibration. The ploughing effect coefficients of K. and
K, are determined as

K. = 3.0759 — 1.7424t55 — 6.1909¢:5%

max

K; = 5.7836 — 2.5969 1,y — 14.5324%:6246

and

©)

4.3 Model validation

As discussed in Section 4.2, six groups of experimental
results of the experimental design set one are used in
calibrating the ploughing effect coefficients. The
remaining data points of experimental design set one
(the 3-D cutting forces when the depth of cut is speci-
fied at 0.127 mm and velocity at 21.3 m/s, and feed-
rate is 0.0635 mm/rev, 0.0889 mm/rev, 0.1143 mm/rev,
0.1397 mm/rev, and 0.1651 mm/rev) are used for model
validation. These measured cutting forces are compared
with the model predictions. As shown in Fig. 5, the
comparisons are within 15%.

No experimental data points of experimental design
set two are used in the calibration in Section 4.2. To test
the feasibility of the proposed mechanistic modelling,
the determined ploughing effect mechanistic model

cutting conditions: w=0.127mm, v=2.13m/s
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Fig. 5 Cutting forces comparison as feedrate changes (veloc-
ity=2.13 m/s and depth of cut=0.127 mm)
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Fig. 6 Cutting forces comparison as depth of cut changes
(velocity=2.13 m/s and feedrate =0.0762 mm/rev)

(Eq. 9) is further used to predict the total cutting forces
for the conditions specified by experimental design set
two, where the depth of cut is changed. The predicted
forces match well with the experimental data as shown in
Fig. 6. The force comparisons are within 15%.

To appreciate the importance of the ploughing effect
coefficients, force predictions without considering the
ploughing effect are shown in Figs. 7 and 8 for both of
the two validation cases. It can be seen that there is a
large difference between force predictions and measure-
ments if the ploughing effect is ignored. The values of
the ploughing effect coefficients K. and K, with respect
to feedrate (when depth of cut=0.127 mm) and depth
of cut (when feedrate=0.0762 mm/rev) are shown
respectively in Figs. 9 and 10. As expected, K. and K,
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Fig. 7 Cutting forces comparison as feedrate changes without
considering the ploughing effect (velocity=2.13 m/s and depth of
cut=0.127 mm)
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Fig. 8 Cutting forces comparison as depth of cut changes
without considering the ploughing effect (velocity=2.13 m/s and
feedrate =0.0762 mm/rev)

decrease as the feedrate or depth of cut increases because
the ploughing effect is less significant when maximum
undeformed chip thickness increases. For shallow cuts,
the ploughing forces contribute to the dominant portion
of the total cutting forces and cannot be ignored as seen
from Figs. 9 and 10.

5 Conclusion

The ploughing effect is common in shallow cuts with
large negative rake angle and large nose radius tools,
such as used in finish hard turning. To model cutting
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Fig. 9 Ploughing effect coefficients vs. feedrate (depth of
cut=0.127 mm and tool nose radius=0.8 mm)
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Fig. 10 Ploughing effect coefficients vs. depth of cut (feedrate=
0.0762 mm/rev and tool nose radius=0.8 mm)

forces in such shallow cuts in this paper, first the chip
formation forces are predicted by transforming the 3-D
cutting geometry into the equivalent 2-D cutting geom-
etry, then a ploughing effect mechanistic model is pro-
posed to calculate the total 2-D cutting forces. Finally,
3-D cutting forces are estimated by geometric transfor-
mation. The proposed model is calibrated and validated
using experimental machining data for finish turning
hardened 52100 steel. The Johnson-Cook equation is
used to represent the workpiece material properties of
hardened 52100 steel. The total cutting forces match
measurements within 15%. The comparison also indi-
cates the validity of the ploughing effect mechanistic
model such as applied to a larger range cutting condi-
tions.
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