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Abstract Determination of the ploughing forces is necessary
for monitoring the wear of the cutting tool in micro cutting.
The aim of this research was to increase the accuracy of
determining the ploughing force and the determination of
the influence of the uncut chip thickness on the ploughing
force. A new method for determining the ploughing forces is
suggested in this article. It was found that the ploughing forces
determined by the new method were greater than those deter-
mined by the method comparing total forces at different flank
levels of wear. It was first established that the uncut chip
thickness influences the ploughing force.
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Cutting forces

1 Introduction and motivation

Albrecht [1] has stated that the forces acting on the front face
of a cutting element initiate the chip-forming process. Later,
Zorev [2] experimentally proved that the ploughing forces are
not part of this process; they are considered to be parasitic
forces, and they arise as a result of the elastic reaction of the
processed material on the rear surface of the tool (including a
radius). Zorev [2] also assumed that the forces on the front
face do not influence the ploughing forces.

In machining with small, uncut chip thicknesses, the
ploughing forces may be higher than those on the front face.
Chae et al. [3] and Jemielniak et al. [4] reported that in a
production environment, cutting with small, uncut chip

thicknesses occurs sufficiently often, for example, in finishing
and micro cutting or in high-speed finish turning of AlMgSi
alloy, such as what was presented by Samuel [5]. Dugin [6]
experimentally proved that the ploughing forces grow sub-
stantially with increasing wear of the cutting tool. In this
context, as presented by Hui et al. [7] and later Tasel et al.
[8] and Afazov et al. [9], it is reasonable to perform wear
monitoring of the cutting tool directly in the micro cutting
process, depending on the increase in ploughing forces.

Different methods for determining the ploughing forces are
known from literature, such as the extrapolation method on
zero uncut chip thickness, based on which the forces on the
front face do not influence the ploughing forces, as was first
proposed by Albrecht [1] and Zorev [2] and later used by Guo
et al. [10],Wyen et al. [11], andDugin et al. [12]. Furthermore,
the comparison method of total forces at different levels of
wear of the rear surface of the tool was also proposed by Zorev
[2] and used by Lipatov [13] and Popov et al. [14].

Popov [15] stated that the ploughing forces, determined by
the extrapolation method on zero uncut chip thickness, prove
to be substantially greater than those determined by the com-
parison method of total forces at different levels of wear of the
rear surface. In this context, it is important to increase the
accuracy of determining the ploughing force, to compare the
accuracy of different experimental measurement methods of
the ploughing forces and to explore the influence of the uncut
chip thickness on the ploughing forces.

2 A new method for determining the ploughing forces

2.1 A comparison method of the total forces for different
contact areas

To determine the ploughing forces, a special method of com-
parison is often used for the total forces at different levels of
wear of the rear surface. This method, which was first
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proposed by Zorev [2] and then by Colwell [16], is based on
the following idea.

If all cutting conditions are constant and only the wear of
the rear surface (flank wear) is increased (Fig. 1a), the chip
formation is usually not changed. Therefore, the force acting
on the front surface is also not changed. However, due to the
increase of the contact area between the rear surface of the tool
and the processed material, the ploughing force is augmented,
resulting in the total cutting force being increased as well.
Hence, this observed increase of total cutting force should be
considered as a result of the ploughing force increase.

The disadvantage of the comparison method of total forces
at different levels of wear of the rear surface of the tool is that
the wear of the rear surface is not the same as the real contact
area between the rear surface of the tool and the processed
material (Fig. 1). The reason for this phenomenon lies in the
elastic reaction of the processed material.

A new method for determining the ploughing forces was
suggested for increasing the accuracy of determining the
ploughing force. This new method was named «the compar-
ison method of the total forces for different contact areas».
Increasing the accuracy of determining the ploughing force is
based on measuring the real contact area between the rear
surface of the tool and the processed material.

2.2 Cutting test and materials

The measurement process was carried out during the orthog-
onal chipping. In the chipping process, the experiments were
performed on a milling machine. The cutter was fixed on a
vertical milling hand. The PRAMET TOOLS cutter CTCPN
2514 M16 with a cutting plate TPUN 160308 of hard alloy
ISO P30 was used. In cutting, the front and flank angles were
5° and 6°, respectively (Fig. 2). The cutting edge radius of the
cutting plates was 0.03 mm. For processing, the work pieces
with dimensions of 100 × 6 mm, aluminum alloys
(AlCu4PbMgMn (122 HB), AlCu4MgSi (113 HB)), structur-
al steels (16MnCr5 (138 HB), 50CrV4 (193 HB)), and stain-
less steels (X20Cr13 (230 HB), X5CrNiTi18-10 (259 HB))
were used (Fig. 2).

The work piece was fixed in the clamp, which in turn was
fixed on the three-component piezo-electric KISTLER dyna-
mometer, model 9265B-9441B, connected with a computer
with special MathLab software for the force measurements.
The measurement error of forces amounted to ±2 %.
Dynamometer and the software were previously calibrated,
using standard mechanical precision dynamometers in the
range of 10 to 6,000 N (Fig. 3).

Every measurement of the force (Fig. 4) was repeated five
times, and then, the average force value was determined. The
cutting rate, amounting to 0.45 m/min, was provided by
longitudinal travel of the milling machine table (Fig. 3).
Water was used as a coolant. The use of low cutting rates
and water cooling is conditioned by the need to eliminate the
influence of rate and temperature on the force values. The
uncut chip thickness was set manually and controlled by an
indicator at a scale of 0.002 mm.

2.3 Determination of the real contact between the rear surface
of the tool and the processed material

The following procedure was carried out to determine the real
contact between the rear surface of the tool and the processed
material. The rear surface of the tool was painted before
chipping. Figure 5 (left) shows a picture of the rear surface

Fig. 1 Theoretical (left) and real (right) contact of the rear surface of the
tool to the processed material; VB flank wear, RC real contact

Fig. 2 Chipping scheme

Fig. 3 Measurement scheme
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a)

b)

c)

Fig. 4 Measurement results of
two components of active force
Fa cutting different materials with
different flank levels of wear at
different uncut chip thicknesses: a
AlCU4PbMgMn with the uncut
chip thickness t=0.05 mm, the
flank level of wear VB=0.03 mm.
b 16MnCr5 with the uncut chip
thickness t=0.125 mm, the flank
level of wear VB=0.3 mm. c
X5CrNiTi18-10 with the uncut
chip thickness t=0.125 mm, the
flank level of wear VB=0.3 mm.
White line—feed force Ff; red
line—cutting force Fc
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of the tool before painting, and Fig. 5 (right) shows a picture of
the rear surface of the tool after chipping. The length of the
real contact between the rear surface of the tool and the
processed material was measured by a microscope with an
accuracy of 0.01 mm. Every measurement of the real contact
was repeated ten times, and then, the average force value was
determined.

Table 1 shows the differences between the flank wear
VB and the real contact RC in chipping of different
materials. The experiments were conducted at flank
levels of wear VB of 0.03, 0.3, and 0.5 mm for six
types of processed materials. The cutting edge radius of
the new cutting plates was 0.03 mm. New cutting plates
had a flank wear VB of 0.03 mm because they had a
cutting edge radius. Flank levels of wear VB were
ground by a diamond grinding wheel on the tool grinder
at 0.3 and 0.5 mm. The choice of these flank levels of
wear VB was explained by the fact that 0.3 and 0.5 mm
are the maximum limited flank wear in turning, accord-
ing to Axinte et al. [17], and milling, according to De
Chiffre [18].

It should be noted that in the chipping of different materials
with different flank levels of wear, the real contact areas were
different at the same cutting conditions, which was a conse-
quence of the different physical and mechanical properties
each of the materials. It was proven that the real contact area
between the rear surface of the tool and the processed material
is substantially greater than the flank wear.

2.4 Determination of the ploughing force

To determine the ploughing forces, the expansion scheme of
the total force on the flank surface Fa was used. The scheme is
presented in Fig. 6.

Figure 7 shows the results of determining the ploughing
forces in the chipping of the aluminum alloy AlCu4PbMgMn,
obtained by the extrapolation method on zero uncut chip
thickness, the comparison method of the total forces at differ-
ent flank levels of wear and the comparison method of the
total forces for different contact areas.

Figure 7а shows the results of determining the ploughing
forces by the extrapolation method on zero uncut chip thick-
ness. The experiments were carried out at uncut chip thick-
nesses of 0.05, 0.075, 0.1, and 0.125 mm. Therefore, by using
the plate with a flank wear of VB=0.3 mm, it was found that
the ploughing force component FPl,c amounts to 225 N in the
direction of cutting and to 293 N in the feed direction FPl,p. It
is important to notice that using the extrapolation method on
zero uncut chip thickness, ploughing force components (FPl,c,
FPl,p) are not dependent on the uncut chip thicknesses, and
they are equal (225 and 293 N) for uncut chip thicknesses
from 0.05 to 0.125 mm (Fig. 7a).

Figure 7b shows the results of determining the ploughing
forces using the comparison method of the total forces for
different flank levels of wear. It was found that at a flank wear
of VB=0.3 mm, the ploughing force component FPl,c equaled
126 N in the direction of cutting and 203 N in the feed
direction FPl,p.

Figure 7c shows the results of determining the ploughing
forces by applying the comparison method of total forces with
different contact areas. Therefore, when using the plate at a
flank wear of VB=0.3 mm, it was found that the real contact
RC was 0.48 mm and that the ploughing force component
FPl,c amounted to 153 N in the direction of cutting and to
259 N in the feed direction FPl,p.

2.5 Experimental results and analysis

It should be noted that the comparison of the ploughing forces
(Fig. 8) was carried out with the same flank level of wear VB=
0.3 mm, during the chipping of different materials with the
same cutting conditions.

VB VB

RC

Fig. 5 Picture of the rear surface of the tool before painting (left) and
picture of the rear surface of the tool after chipping (right)

Table 1 Flank wear VB and real
contact RC in the chipping of
different materials

Flank wear

VB, mm

Real contact RC, mm

AlCu4PbMgMn AlCu4MgSi 16MnCr5 50CrV4 X20Cr13 X5CrNiTi18-10

0.03 0.12 0.12 0.22 0.18 0.28 0.38

0.3 0.48 0.39 0.96 0.59 0.78 1.1

0.5 0.72 0.59 1.41 1 1.12 1.71
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Based on measurement results of the ploughing force
in the direction of cutting FPl,c and in the feed direction
FPl,p (Fig. 7), the ploughing forces FPl were determined
for six types of processed materials. Figure 8 shows the
differences between the ploughing forces FPl, obtained
by the extrapolation method on zero uncut thickness,
the comparison method of the total forces at different
flank levels of wear, and the comparison method of the
total forces for different contact areas between the rear
surface of the tool and the processed material in the
cutting of different materials. Ploughing forces, com-
pared in Fig. 8, were determined for each of the six
materials by three different methods at the same cutting
conditions (the flank level of wear VB=0.3 mm).

It was found that in processing AlCu4MgSi, the
ploughing force FPl determined by the comparison
method of total forces at different contact areas between
the rear surface of the tool and the processed material
was 38 % greater than the one determined by the
method comparing total forces at different flank levels
of wear (Fig. 8). In the processing of AlCu4PbMgMn,
the ploughing force FPl determined by the new method
was 26 % greater than the one determined by the
method comparing total forces at different flank levels
of wear (Fig. 8). In the processing of 50CrV4, this
difference amounted to a factor of 35 %; in processing
of X20Cr13, this difference amounted to a factor of
41 %; in the processing of 16MnCr5, this difference
showed a factor of 32 %; and in the processing of
X5CrNiTi18-10, this difference amounted to a factor
of 34 % (Fig. 8).

It was established that in the processing of
AlCu4MgSi, the ploughing force FPl determined by the
comparison method of the total forces for different
contact areas between the rear surface of the tool and
the processed material was 17 % lower than the one
determined by the extrapolation method on zero uncut

chip thickness (Fig. 8) . In the processing of
AlCu4PbMgMn, the ploughing force FPl determined by
the new method was 23 % lower than the one deter-
mined by the extrapolation method on zero uncut chip
thickness (Fig. 8). In the processing of 50CrV4, this
difference amounted to a factor of 59 %; in the

Fig. 6 Expansion of the active force Fa into the chip-forming force FCh
and ploughing force FPl and into the components in the feed and cutting
directions, according to Albrecht [1] and Wyen et al. [11]

Fig. 7 Determination of the ploughing force in chipping of an aluminum
alloy AlCU4PbMgMn by a the extrapolation method on zero uncut chip
thickness, b the comparison method of the total forces at different flank
levels of wear, and c the comparison method of the total forces for
different contact areas
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processing of X20Cr13, this difference amounted to a
factor of 104 %; in the processing of 16MnCr5, this
difference amounted to a factor of 21 %; and in the
processing of X5CrNiTi18-10, this difference amounted
to a factor of 61 % (Fig. 8).

3 Effect of the uncut chip thickness on the ploughing force

3.1 Experimental procedures

The comparison method of the total forces for different con-
tact areas was used for determining the ploughing forces in
chipping for six types of processed materials. The ploughing
forces were compared for uncut chip thicknesses of 0.05 mm
and of 0.125 mm. The experimental setup was described in
Sections 2.2–2.4 of this paper.

Table 2 shows the differences between the flank wear
VB and the real contact RC in the chipping of different
materials. The experiments were conducted at flank
levels of wear VB of 0.03, 0.3, and 0.5 mm for six
types of processed materials. It was found that the real
contact RC depends on the uncut chip thickness. For
example, it was found that in processing AlCu4MgSi,
the real contact RC=0.62 mm determined for the uncut
chip thickness t=0.125 mm was 59 % greater than the
real contact RC=0.39 mm determined for the uncut chip

thickness t=0.05 mm (Table 2) at the same flank wear
VB=0.3 mm. In this way, it was proven that the real
contact area between the rear surface of the tool and the
processed material determined for the uncut chip thick-
ness t=0.125 mm was substantially greater than the real
contact determined for the uncut chip thickness t=
0.05 mm (Table 2) at the same flank wear.

Figure 9 shows the results of determining the
ploughing forces (FPl,c, FPl,p) by applying the compari-
son method of total forces with different contact areas
for six types of processed materials using the flank wear
VB=0.3 mm for different contact areas at uncut chip
thickness t=0.05 mm and t=0.125 mm. The determina-
tion of the ploughing forces was carried out by the
comparison method of the total forces for different
contact areas, the same method applied in Fig. 7с.

It should be noted that for different materials at
different uncut chip thicknesses, the real contact areas
were different at the same cutting conditions, which was
a consequence of the different physical and mechanical
properties of each material.

3.2 Experimental results and analysis

Figure 10 shows the results of determining the
ploughing forces in the chipping of different materials,
obtained by the comparison method of the total forces
for different contact areas. It was found that in process-
ing AlCu4MgSi, the ploughing force FPl determined for
the uncut chip thickness t=0.125 mm was 52 % greater
than the one determined for the uncut chip thickness t=
0 . 0 5 mm (F i g . 1 0 ) . I n t h e p r o c e s s i n g o f
AlCu4PbMgMn, the ploughing force FPl determined
for the uncut chip thickness t=0.125 mm was 39 %
greater than the one determined for the uncut chip
thickness t=0.05 mm (Fig. 10). In processing of
16MnCr5, this difference amounted to a factor of
29 %; in processing of 50CrV4, this difference showed
a factor of 48 %; in processing of X20Cr13, this dif-
ference amounted to a factor of 38 %; and in processing

Fig. 8 Comparison of the ploughing forces FPl obtained by different
methods

Table 2 Flank wear VB and real contact RC on the uncut chip thickness t=0.05 mm and t=0.125 mm for six types of processed materials

Uncut chip thickness t, mm Real contact RC, mm

AlCu4MgSi AlCU4PbMgMn 50CrV4 16MnCr5 X20Cr13 X5CrNiTi18-10

0.05 0.125 0.05 0.125 0.05 0.125 0.05 0.125 0.05 0.125 0.05 0.125

Flank wear VB, mm 0.03 0.12 0.28 0.12 0.23 0.18 0.38 0.22 0.39 0.28 0.61 0.38 0.58

0.3 0.39 0.62 0.48 0.67 0.59 0.86 0.96 1.34 0.78 1.14 1.1 1.52

0.5 0.59 0.83 0.72 0.9 1 1.28 1.41 1.63 1.12 1.37 1.71 1.93
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of X5CrNiTi18-10, this difference amounted to a factor
of 36 % (Fig. 10).

This way, it was found that the uncut chip thickness influ-
ences the ploughing force: The greater the uncut chip thick-
ness, the greater the ploughing force. Based on this finding,
determination of the ploughing force by the extrapolation

method on zero uncut chip thickness cannot be used, because
this method was based on the false idea that the uncut chip
thickness does not influence the ploughing force (Fig. 7a).
The results obtained confirm the conclusion of Stevenson [19,
20] that the extrapolation method on zero uncut thickness
cannot be used to determine the ploughing forces.

Fig. 9 Determination of the ploughing force in the chipping of different processing materials by the comparison method of the total forces for different
contact areas at uncut chip thickness t=0.05 mm (circles) and t=0.125 mm (triangles) at flank wear VB=0.3 mm
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It should be noted that in the comparison carried out with
the same flank level of wear VB=0.3 mm, during the chipping
of different materials at different uncut chip thicknesses, the
real contact areas were different at the same cutting condi-
tions, which was a consequence of the different physical and
mechanical properties of each material.

The real contact area between the rear surface of the tool
and the processed material is influenced by the uncut chip
thickness. However, the flank level of wear is not influenced
by the uncut chip thickness. According to this fact, the new
comparison method of the total forces for different contact
areas, based on measuring the real contact area, is more
accurate than the method comparing total forces at different
flank levels of wear, based on the flank level of wear.

The results obtained can be explained as follows: In
chipping with the great uncut chip thickness (Fig. 11, right),
the stress field in front of the cutting element is higher than
that in cutting with the smaller uncut chip thickness (Fig. 11,
left). The high stress field has a stronger influence on the
machined surface, and plastic deformation (the LO line) starts
at a larger depth of the material (Fig. 11). Therefore, the
machined surface obtains a higher degree of deformation.
Thus, chipping with great uncut chip thickness influences

the rear surface of the tool and results in much more deformed
material—this explains the increase of the ploughing forces
and the increase of the real contact area between the rear
surface of the tool and the processed material (Fig. 11).

4 Conclusion

A new method for determining the ploughing forces was
suggested for increasing the accuracy when determining the
ploughing force. This new method was called the «compari-
son method of the total forces for different contact areas».
Increasing the accuracy of determination of the ploughing
force is based on the measurement of the real contact area
between the rear surface of the tool and the processedmaterial,
influenced by the uncut chip thickness. The real contact area
between the rear surface of the tool and the processed material
is influenced by the uncut chip thickness. However, the flank
level of wear is not influenced by the uncut chip thickness.
According to this fact, the new comparisonmethod of the total
forces for different contact areas, based on measuring the real
contact area, is more accurate than the method comparing total
forces at different flank levels of wear, based on the flank level
of wear.

It was found that the ploughing forces determined by
the new method were greater than those determined by
the method comparing total forces at different flank
levels of wear.

It was found for the first time that the uncut chip thickness
influences the ploughing force—the greater the uncut chip
thickness, the greater the ploughing force. The extrapolation
method on zero uncut chip thickness for determining the
ploughing forces cannot be used due to the fact that this
method is based on the false idea that the uncut chip thickness
does not influence the ploughing force.

Fig. 10 Comparison of the ploughing forces FPl obtained at different
uncut chip thicknesses (t=0.05 mm and t=0.125 mm) at flank level of
wear VB=0.3 mm

Fig. 11 The chip-forming
process in chipping with different
uncut chip thicknesses t=
0.05 mm (left) and t=0.125 mm
(right). LO beginning of plastic
deformation, MO ending of
plastic deformation, according to
Zorev [2]; VB flank wear, RC real
contact
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