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& This paper presents a methodology for practical estimation of cutting force and cutting power.
Based on a previously proposed definition, the power spent in metal cutting is the summation of
four components: the power spent on the plastic deformation of the layer being removed by both
major and minor cutting edges, the power spent on the tool-chip interface, the power spent on
the tool-workpiece interface, and the power spent in the formation of new surfaces (cohesive energy).
This paper provides a complete list of mathematical expressions needed for the calculation of each
energy mode and demonstrates their utility for turning operation of two work materials: AISI bearing steel E52100 and aerospace aluminum alloy 2024 T6. The calculated cutting forces were in
fairly good agreement with the experimental results. Energy partition in the cutting system and relative impact of the parameters of the machining regime are discussed. For the first time, a simple and
practical method is available for the calculation of the total cutting power and the evaluation of the
relative contributions of each individual component of the cutting system.
Keywords Energy partition, force, metal cutting, power

INTRODUCTION
Machining is one of the oldest processes for precise shaping of components in the manufacturing industry. It is estimated that 15% of the
value of all mechanical components manufactured worldwide is derived
from machining operations (Merchant, 1998). However, despite its obvious economic and technical importance, machining remains to be one
of the least understood manufacturing operations due to low predictive
capability of the existing machining models (Usui and Shirakashi, 1982;
Usui, 1988).
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One of the most important yet least understood operation parameters of
a machining operation is the cutting force. In general, this force is thought
of as a 3D vector that is represented by three components, namely, the
power component, the radial component and the axial component in the
tool coordinate system as shown in Figure 1a (Zorev, 1966). Of these three
components, the greatest normally is the power component, which is often
called the cutting force. This simplification will be used through the body of
this paper. As this force is of high importance, one might think that theoretical and experimental methods for its determination have been developed
and are thus available in the literature. Unfortunately, this is not the case.
When it comes to a possibility of theoretical determination, the foundation of the force and energy calculations in metal cutting is based upon
the oversimplified orthogonal force model known as Merchant’s force circle diagram or a condensed force diagram (Komanduri, 1993; Merchant,
2003) shown in Figure 1b. In this figure, the total cutting force R is resolved
into the tool face-chip friction force F and normal force N. The angle l
between F and N is thus the friction angle. The force R is also resolved
along the shear plane into the shear(ing) force, Fs which, in Merchant’s
opinion, is responsible for the work expended in shearing the metal, and
into normal force Fn , which exerts a compressive stress on the shear plane.
Force R is also resolved along the direction of tool motion into Fc , termed
by Merchant as the cutting force, and into FT , the thrust force.
The determination of the cutting force is based upon the calculation of
the shearing force, Fs . Ernst and Merchant in 1941 (Ernst and Merchant,
1941) proposed the following equation to calculate this force
Fs ¼

sy Ac
sin u

ð1Þ

FIGURE 1 The force system in cutting: (a) Turning, (b) Orthogonal force model proposed by Merchant.
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where sy is the shear strength of the work material, u is the shear angle, Ac
is the area of shearing (the uncut chip area equal to the product of the
uncut chip thickness and the uncut chip width).
According to Ernst and Merchant, the work material deforms when
the stress on the shear plane reaches the shear strength of the work
material. Later researchers published a great number of papers showing
that sy should be thought of as the shear flow stress, which is somehow
higher than the yield strength of the work material depending on particular cutting conditions. Until today, this stress remains as the only relevant characteristic of the work material in terms of its resistance to
cutting.
It follows from Figure 1b that
Fc ¼

Fs cosðl  cÞ
cosðu þ l  cÞ

ð2Þ

and combining Eqs. (1) and (2), one can obtain
Fc ¼

sy Ac cosðl  cÞ
sin u cosðu þ l  cÞ

ð3Þ

The cutting power Pc then is calculated as
Pc ¼ Fc n

ð4Þ

This power dictates the energy required for cutting, cutting temperatures, plastic deformation of the work material, machining residual stress
and other parameters.
However, everyday practice of machining shows that these considerations do not match the reality even to the first approximation. For example,
machining of medium carbon steel AISI 1045 (the ultimate tensile strength
rR ¼ 655 MPa, the tensile yield strength ry 0:2 ¼ 375 MPa) resulted in much
lower total cutting force (Figure 1.8 in (Astakhov, 2006)), greater tool life,
lower required power, cutting temperature, machining residual stresses
than those obtained in the machining of stainless steel AISI 316L
(rR ¼ 517 MPa; ry 0:2 ¼ 218 MPa) (Outeiro, 2003). The prime reason is that
any kind of strength of the work material in terms of its characteristic stresses cannot be considered alone without corresponding strains, which determine the energy spent in deformation of the work material (Astakhov,
1998=1999, 2004). Only when the stress and corresponding strain are
known, other parameters-outcomes of the metal cutting process can be
calculated (Astakhov, 2004).
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When it comes to experimental determination of the cutting force,
there are at least two problems:
. First and foremost is that the cutting force cannot be measured with
reasonable accuracy although this fact has never been honestly admitted
by the specialists in this field. To appreciate the issue, one should consider the results of the joint program conducted by College International
pour la Recherche en Productique – The International Academy for
Production Engineering, http://www.cirp.net (CIRP) – and National
Institute of Standards and Technology (NIST) to measure the cutting
force in the simplest case of orthogonal cutting (Ivester, 2004). The
experiments were carefully prepared (the same batches of the workpiece (steel AISI 1045), tools, etc.) under the supervision of National
Institute of Standards and Technology (NIST) and replicated at four
different most advanced metal cutting laboratories in the world. Interestingly, although extraordinary care was taken while performing these
experiments, there was significant variation (up to 50%) in the measured
cutting force across these four laboratories. If less care is taken and no
laboratory conditions are available then the accuracy of cutting force
measurement would be much worse.
. Second, many tool and cutting inserts manufacturers (not to mention
manufacturing companies) do not have adequate dynamometric
equipment to measure the cutting force. Many dynamometers used
in this field are not properly calibrated because the known literature
sources did not present proper experimental methodology for cutting
force measurements using piezoelectric dynamometers (Astakhov and
Shvets, 2001).
Therefore, to make practical calculations of the cutting force, another
approach has to be sought. The objective of this paper is to present such an
approach.

PROPOSED METHODOLOGY
The proposed methodology is based on the definition of the metal cutting process proposed by Astakhov (1998=1999) and the model of energy
partition in the metal cutting system based on this definition (Figure 2.1
in Astakhov, 2006). According to this model, the power balance in the
cutting system can be written as
Pc ¼ Fc n ¼ Ppd þ PfR þ PfF þ Pch þ Pmnce

ð5Þ
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FIGURE 2 Definition of the chip compression ratio.

from which the cutting force is calculated
Fc ¼

Ppd þ PfR þ PfF þ Pch þ Pmnce
n

ð6Þ

where Ppd is the power spent on the plastic deformation of the layer being
removed, PfR is the power spent on the tool-chip interface, PfF is the power
spent on the tool-workpiece interface, Pch is the power spent in the
formation of new surfaces, Pmnce is the energy spent due to the combined
influence of the minor cutting edge.
As the proposed methodology is based upon the determination of the
chip compression ratio, Figure 2 shows the definition of the chip compression ration as the ration of the chip thickness and uncut chip thickness
(Zorev, 1966). The simple methods for experimental determination of the
chip compression ratio are presented elsewhere (Astakhov and Shvets,
2004). Note that the chip compression ratio is reciprocal to the chip ratio
used in some literature sources (Merchant, 1945; Shaw, 1984).
Plastic Deformation
The power spent on the plastic deformation of the layer being
removed, Ppd , can be calculated from the chip compression ratio and
parameters of the deformation curve of the work material as follows
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(Astakhov, 2004, 2006)
Ppd ¼

K ð1:15 ln fÞnþ1
nAw
nþ1

ð7Þ

where K is the strength coefficient (N=m2) and n is the hardening exponent
of the work material, f is the chip compression ratio (Astakhov, 2004,
2006), Aw is uncut chip cross-sectional area (m2)
Aw ¼ dw f

ð8Þ

dw is the depth of cut (m), f is the cutting feed per revolution (m=rev).
The practical methods of experimental determination of the chip compression ratio f have been discussed for various machining operation by
Astakhov (2004, 2006).

Friction at the Tool-Chip Interface
The power spent due to friction at the tool-chip interface is calculated as
PfR ¼ sc lc b1T

n
f

ð9Þ

where sc ¼ 0:28rR is the average shear stress at the tool-chip contact
(N=m2) (Astakhov, 2006), rR is the ultimate tensile strength of the work
material (N=m2), lc is the tool-chip contact length (m), b1T is the true chip
width (m).
The tool-chip contact length is calculated as (Astakhov, 2006)
lc ¼ t1T f1:5

ð10Þ

where t1T is the true uncut chip thickness (m).
The true uncut chip thickness and the true chip width depend on the
configuration of the projection of the cutting edge into the main reference
plain. Formulae to calculate t1T and b1T for various configuration have
been presented by Astakhov (1998=1999, 2006). The most common case
of machining is when the cutting insert with the tool cutting edge angle
jr and the tool minor cutting edge angle jr 1 is made with a nose
radius rn and set so that the depth of cut dw is greater than the nose radius
Figure 3. If the following relationships are justified
dw  rn ð1  cos jr Þ;

f  2rn sin jr 1

ð11Þ
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FIGURE 3 Visualization of terms used in the considered case of machining: (a) general turning terms,
(b) tool geometry terms.

then the formulas for calculation of t1T and b1T are as follows
t1T ¼

f
c1
sin arctan
c1
½1  e1 ð1  cos jr Þ cot jr þ e1 ðsin jr þ g1 Þ

ð12Þ

and
b1T ¼

c 1 dw
c1
sin arctan ½1e1 ð1cos jr Þ cot
jr þe1 ðsin jr þg1 Þ

ð13Þ

where
g1 ¼

f
;
2rn

e1 ¼

rn
;
dw

c1 ¼ 1  e1 ð1 

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1  g1 Þ

ð14Þ

Friction at the Tool-Workpiece Interface
The power spent due to friction at the tool-workpiece interface is calculated as
PfF ¼ FfF n
where FfF is the friction force on the tool–workpiece interface
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Br
FfF ¼ 0:625sy qce lac
sin a

ð15Þ

ð16Þ
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where sy is the shear strength of the tool material (N =m 2 ), qce is the radius
of the cutting edge (m), a is the normal flank angle (deg), lac is the length
of the active part of the cutting edge (the length of the cutting edge
engaged in cutting) (m). In the considered case (Figure 3)

lac ¼ rn

rn þ cos jr
0:018jr þ
sin jr


ð17Þ

Br is the Briks similarity criterion (Astakhov, 1998=1999, 2006),
Br ¼

cos c
f  sin c

ð18Þ

where c is the normal rake angle (deg).
Formation of New Surfaces
The power spent in the formation of new surfaces Pch is calculated as
the product of energy required for the formation of one shear plane and
the number of shear planes formed per second, i.e.,
Pch ¼ Efr  fcf

ð19Þ

where fcf is the frequency of chip formation, i.e., the number of shear
planes formed per second, Efr is the energy of fracture per a shear one
shear plane.
The frequency of chip formation determines how many shear
planes form per second of machining time. This frequency depends
primarily on the work material and the cutting speed as discussed by
Astakhov (1998=1999). Figure 4 provides some data for common work
materials.
The work of fracture per a shear plane is
Efr ¼ Ech  Afr

ð20Þ

where Ech is the cohesive energy (J=m2) (Shet and Chandra, 2002), Afr is
the area of fracture (m2).
The area of fracture is the area of the shear plane determined as
Afr ¼ Lsh  b1T

ð21Þ
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FIGURE 4 Effect of the cutting speed on the frequency of chip formation.

where the length of the shear plane Lsh calculates as
Lsh ¼

t1T
sin arc tan Br

ð22Þ

Combined Influence of the Minor Cutting Edge
The influence of the minor cutting edge (Figure 3b) on the cutting
force and power consumption is seldom considered in the literature on
metal cutting. At best, the influence of the tool minor cutting edge angle
jr 1 is mentioned in the consideration of the theoretical roughness of the
machined surface or geometric component of roughness (Shaw, 1984;
Stephenson, 1996). In the authors’ opinion, probably the term ‘‘minor’’
misled many researchers in the field causing a common perception that this
cutting edge does not affect the cutting process to any noticeable degree.
Everyday practice of machining and even simple observation of the chip
formed in common machining operation show that the chip side formed
by the minor cutting edge is always more deformed and has a darker color
as clearly seen in Figure 5. Zorev (1966) provided a detailed analysis of the
chip formation by the minor cutting edge. Zorev studied the velocity hodograph, associated plastic deformation and flows in this region. Using the
results of this study, one can visualize the chip cross-sectional area cut by
the minor cutting edge with the help of Figure 6. Figure 6a shows a hypothetical single-point cutting tool having jr 1 ¼ 90 , i.e., practically no minor
cutting edge. Figure 6b show the cross-sectional area ABC of ‘‘a tooth’’ of
the surface profile left after this surface was machined by this tool. Real cutting tools have the minor cutting edge with jr 1 ¼ 90 so that the surface
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FIGURE 5 The chip side cut by the minor cutting edge is always more deformed and has darker color.

FIGURE 6 The cross-sectional area of the chip cut by the minor cutting edge: (a) hypothetic tool
having a 90 tool cutting edge angle of the minor cutting edge, (b) the cross-section of the chip cut
by the minor cutting edge when the tool minor cutting edge angle is 90, (c) geometrical model to calculate the cross-sectional area of the chip cut by the minor cutting edge when the tool minor cutting
edge angle is less than 90.
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profile left by the cutting tool is ADC as shown in Figure 6c and the height
hm of this surface profile calculates as
hm ¼

f
cot jr þ cot jr 1

ð23Þ

Then, the part ABC shown in Figure 6c is cut by the minor cutting edge.
According to Zorev (1966) the contribution of the cutting and deformation process on the minor cutting edge to the overall power spent in cutting depends on the tool minor cutting edge angle jr 1 and on the cutting

FIGURE 7 Cutting tool used in the tests and its typical wear: (a) tool used, (b) working part, (c) typical
crater wear observed at moderated feed rates, (d) nose wear observed at high feed rates.
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feed. When the feed becomes significant, the minor cutting edge takes the
role of the major cutting edge so that thread cutting is the case. In real cutting tools, the tool nose radius is always made to connect the major and
minor cutting edges. At moderated cutting feeds, the crater tool wear, commonly found in machining wide variety of steels occurs as shown in
Figure 7c, while when the feed rate becomes greater, wear of tool nose takes
place as shown in Figure 7d. This is because the energy spend due to cutting by the minor cutting edge becomes great so that the prime mode of
tool wear changes from crater to nose wear.
Analysis of the experimental results obtained by Zorev on the assessment of the cutting energy (Zorev, 1966) and the comparison of the experimentally obtained powers associated with the cutting tool having various
tool minor cutting edge angles suggest that when the tool minor cutting
edge angle 30  jr 1  45 then the total power should be increased by
14%, when 15  jr 1 < 30 – by 17%, when 10  jr 1 < 15 – by 20%,
and when jr 1 < 10 – by 23%.
COMPARISON WITH EXPERIMENTAL RESULTS
To compare the calculated and experimental results, a series of turning
test was carried out for two work materials: AISI bearing steel E52100 and
aerospace aluminum alloy 2024 T6.
Experimental
The system details are as follows:
1. Machine – a special EMAG 250 DUO vertical turning center equipped
with a SIMENS SINUMETRIC controller. The machine is equipped with
a motor-spindle prime drive of 35 kW so the power losses did not exceed
2–3%. The controller is capable to measure cutting power with not
worse than 3% accuracy. As such, a wide range of power data sampling
is available so that power variations can easily be visualized on the
controller’s monitor. Moreover, the frequency of chip formation can
be distinguished by adjusting the data sampling.
2. Work materials – Two work materials were tested:
. Standard (ASM SA-16) hot rolled bearing steel AISI E52100 (0.98–
1.1%C, 1.45%Cr, 0.35%Mn), Hardness HB 280, Tensile strength, ultimate rR ¼ 850 MPa, elongation at break ¼ 5%, Shear strength sY ¼
520 MPa, K ¼ 1.34 GPa, n ¼ 0.25. Cohesive energy Ech ¼ 42000 J=m2.
. Standard Aluminum 2024 T6 (90.7–94.7%Al, 3.8–4.8%Cu, 1.2–1.8%Mg,
0.3–0.9%Mn), Hardness HB 125, Tensile strength, ultimate rR ¼
185 MPa, Tensile strength, yield ¼ 86 MPa, elongation at break ¼ 5%,
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Shear strength sY ¼ 125 MPa, K ¼ 0.220 GPa, n ¼ 0.16. Cohesive energy
Ech ¼ 8000 J=m2 (Shet and Chandra, 2002). Test pieces were prepared
as rings having dimensions D  d  h ¼ 180  140  50.
3. Tool – standard inserts SNMG 432-MF2 TP2500 Materials Group 4
(SECO) installed into a tool holder 453–120141 R1-1 (Sandvik) (Figure 7a
and 7b). The tool-in-machine tool geometry parameters are: the tool
cutting edge angle jr ¼ 45 , tool minor cutting edge angle jr 1 ¼ 45 ,
nose radius rn ¼ 1 mm, cutting edge radius is shown in Tables 1 and 2,
normal flank angle a ¼ 7 , the normal rake angle c ¼ 7 . Each insert
used in the tests was examined using a digital vision system at a magnification of x25 for visual defects such as chipping and microcracks.
4. Cutting fluid (coolant) – a synthetic coolant having 12% concentration.
Tables 1 and 2 provide a summary of the input parameters and examples of
their values for the turning process of the two work materials.
Comparison
Tables 3 and 4 show the comparison of the calculated and experimental
results for the steel and aluminum used in the test. At least three tests were
performed for each combination of cutting conditions indicated in the
table using the guidelines for test preparation and evaluation of the
obtained results discussed by Astakhov (1997a). Fairly good agreement
between the calculated and the experimental results confirms the adequacy
of the proposed methodology. The major advantage of the proposed

TABLE 1 Values of Input Parameters for AISI Steel E52100
Variable
Depth of cut
Cutting feed per revolution
Strength coefficient
Hardening exponent
Chip compression ratio
Cutting speed
Ultimate tensile strength of the work material
Tool nose radius
Tool cutting edge angle
Normal rake angle
Radius of the cutting edge
Shear strength of the work material
Normal flank angle
Cohesive energy per unit fracture area
Frequency of chip formation

Symbol

Unit

dw
f
K
n
f
n
rR
rn
Kr
c
qce
sy
a
Ech
fcf

m
m=rev
N=m2

m=s
N=m2
mm
rad
rad
m
N=m2
rad
J=m2
Hz

Value
3.00E  03
4.00E  04
1.34E þ 09
2.50E  01
2.41E þ 00
1.50E þ 00
8.50E þ 08
1.00E  03
1.57E þ 00
 2.44E  01
5.00E  05
5.20E þ 08
2.44E  01
4.20E þ 04
1.60E þ 03
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TABLE 2 Values of Input Parameters for Al 2024 T6
Variable

Symbol

Unit

dw
f
K
n
f
n
rR
rn
Kr
c
qce
sy
a
Ech
fcf

m
m=rev
N=m2

Depth of cut
Cutting feed per revolution
Strength coefficient
Hardening exponent
Chip compression ratio
Cutting speed
Ultimate tensile strength of the work material
Tool nose radius
Tool cutting edge angle
Normal rake angle
Radius of the cutting edge
Shear strength of the work material
Normal flank angle
Cohesive energy per unit fracture area
Frequency of chip formation

m=s
N=m2
mm
rad
rad
m
N=m2
rad
J=m2
Hz

Value
4.00E  03
4.50E  04
2.20E þ 08
1.60E  01
4.96E þ 00
1.00E þ 00
1.85E þ 08
1.00E  03
0.00E þ 00
 2.44E  01
1.00E  04
1.25E þ 08
2.44E  01
8.00E þ 03
1.00E þ 03

TABLE 3 Comparison of the Experimental and Calculated Results for AISI steel E52100
Cutting force
Cutting force
calculated using
Cutting Speed
Feed
Depth of
Frequency
calculated through
the proposed
(m=s)
(mm=rev) cut (mm) CCR
(kHz)
the measured power (N) methodology (N)
1
2
3
4
5
6
7
8

1
1.5
3
4
1.5
1.5
1.5
1.5

0.20
0.20
0.20
0.20
0.30
0.40
0.20
0.20

3
3
3
3
3
3
2
5

3.12
2.54
2.03
1.67
2.08
1.76
2.64
2.52

1.0
1.6
3.2
4.7
1.6
1.6
1.6
1.6

1580
1348
1076
873
1562
1640
940
2202

1608
1389
1104
945
1606
1678
998
2256

TABLE 4 Comparison of the Experimental and Calculated Results for Aluminum 2024 T6

1
2
3
4
5
6
7
8

Cutting
Speed (m=s)

Feed
(mm=rev)

Depth of
cut (mm)

CCR

Frequency
(kHz)

Cutting force
calculated through
the measured
power (N)

1
3
5
7
3
3
3
3

0.45
0.45
0.45
0.45
0.75
0.50
0.50
0.30

4
4
4
4
4
3
2
4

4.96
3.84
2.65
1.92
2.82
3.75
3.82
3.94

1.0
2.6
4.2
5.8
2.6
2.6
2.6
2.6

1223
1038
794
601
1393
906
632
787

Cutting force
calculated using
the proposed
methodology (N)
1256
1076
854
625
1476
932
658
834
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methodology is that it allows not only calculating the total power and thus
the cutting force, but also provides a valuable possibility to analyze the
energy partition in the cutting system.
It should be noted that the results presented in Tables 3 and 4 are valid
for new tools (a fresh cutting edge of a cutting insert). Tool wear would significantly increase the cutting force. For steel E52100, VBB ¼ 0.45 mm
caused 2.0–2.5 times increase in the cutting force when no plastic lowering
of the cutting edge (Astakhov, 2004) occurred (for cutting speeds 1 and
1.5 m=s) and 3.0–3.5 times increase when plastic lowering was the case
(for cutting speeds 3 and 4 m=s).
COHESIVE ENERGY
The proposed methodology implies the total power supplied into the
cutting system may be thought of as consisting of four components,
namely: the power spent on the plastic deformation of the layer being
removed, Ppd , the power spent on the tool-chip interface, PfR , the power
spent on the tool-workpiece interface, PfF , and the power spent in the formation of new surfaces Pch .
Although it is conclusively proven that metal cutting is the purposeful
fracture of the layer being removed (Atkins and Mai, 1985; Astakhov,
1998=1999; Atkins, 2003), the notions and theory of traditional fracture
mechanics are not applicable in the metal cutting studies as this analysis
presupposes the existence of infinitely sharp crack leading to the singular
crack tip fields. In real materials, however, neither the sharpness of the
crack nor the stress levels near the crack tip region can be infinite. Further,
for cracks along material interfaces, the crack tip will no longer be embedded in a square-root singular stress field leading to a condition that stress
intensity may either be zero or infinity (Atkinson, 1979), As an alternative
approach to this singularity driven fracture approach, Barrenblatt (1962)
and Dugdale (1960) proposed the concept of the cohesive zone model.
This model has evolved as a preferred method to analyze fracture problems
in monolithic and composite materials, as discussed by Shet and Chandra
(2002). This is due to the fact that this method not only avoids the singularity but also can be easily implemented in analytical and numerical
methods of analysis.
Although a particular cohesive zone model for metal cutting is yet to be
selected and justified among many available models (Shet and Chandra,
2002), the simplest, practical way to account for the fracture (and thus
for the energy associated with the formation of new surfaces) in metal cutting is the use of the so-called cohesive energy, J (J=m2), which can be
determined experimentally for any work material using a relatively simple
test (Shet and Chandra, 2002). Then, this energy multiplied by the area
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of fracture in metal cutting, which is the area of the shear plane, defines
the mechanical work involved in the fracture and formation of new
surfaces. The problem then arises what to do with the result obtained,
i.e., how to incorporate this result in the metal cutting model to calculate
the cutting force, power and other characteristics of a practical machining
operation.
For many years, Atkins (1985, 2003) has been arguing that fracture
is the case in metal cutting even of ductile materials and the energy associated with this fracture is significant so it has to be accounted for in
metal cutting models and calculations. Atkins (2003) and Rosa et al.
(2007) proposed a method of experimental determination of the cohesive
energy and incorporation this energy in the metal cutting model to calculate the cutting force. In the authors’ opinion, however, this attempt to
combine the improper chip formation and thus force model (Astakhov,
2005) with the concept of cohesive energy does not account for the real discrete metal cutting process, i.e., for the number of shear planes formed per
unit time.
Although it is well known and depictured in any book on metal
cutting that the chip formation is discrete, i.e., at some point, a transition
from one shear plane to the next has to happen, this simple fact has
never been accounted for in the known models of chip formation, as discussed by Astakhov (2005). As the cohesive energy is associated with a single surface of fracture, the number of surface of fracture that occur per
unit time is essential to the determination of the power needed for such
fracture process.
To clarify the issue with the number of shear planes occurred per unit
time (discussed previously as the frequency of chip formation), a special
experiment was carried out (Astakhov et al., 1997b). Two specimens –
the first made of AISI steel 1045 (yield strength rY 0:2 ¼ 525 MPa, ultimate
strength rR ¼ 585 MPa, elongation at break d ¼ 10%), the second made of
much more ductile steel AISI 302 (rY 0:2 ¼ 250 MPa, rR ¼ 610 MPa,
d ¼ 67%) were machined using the same cutting regime (cutting speed ¼
90 m=min; feed ¼ 0.12 mm=rev; depth of cut ¼ 1.5 mm; no cutting fluid, a
P10 carbide cutter with rake angle ¼ 8). In the experiment, the chip
compression ratio, f was measured and the deformed structure of the produces chip was analyzed. For the first specimen, it was found that f1 ¼ 1:87,
while for the second f2 ¼ 5:22. As seen, the degree of plastic deformation
in machining of steel AISI 302 is much greater that that in machining of
AISI steel 1045. Moreover, it was also found in this test that the temperature
of the chip is almost 200% higher in machining of steel AISI 302.
Figure 8a and 8b show two models and two chip micrographs for
the obtained experimental results. Figure 8a shows the model for machining of a medium carbon steel 1045 and Figure 8b shows the model for
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FIGURE 8 Model showing that the number of shear planes increases with plastic deformation of
the layer being removed: (a) Chip compression ratio f ¼ 1:87, (b) Chip compression ratio f ¼ 5:22,
(c) Typical chip structure when f ¼ 1:87 (x200), (d) Typical chip structure when f ¼ 5:22 (x200).

machining of steel AISI 302. In both models, the right-hand coordinate
system is set as following:
. The x axis coincides with the direction of the sliding plane (approximation of the surface of the maximum combined stress) in the current
chip formation cycle.
. The y axis is perpendicular to the x axis, as shown in Figure 8(a) and (b).
. The axis (not shown) is perpendicular to the x and y axes.
Because it was found experimentally that in metal cutting the change in
the volume in the chip plastic deformation is negligibly small (Astakhov
1998=1999), the following expression for strains is valid
ex þ ey þ ez ¼ 0

ð24Þ

where ex ; ey and ez are the true strains along the corresponding coordinates.
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Referring to Figure 8a and 8b, consider a volume of the work material
located between two successive sliding planes (shown as hatched areas in
Figure 8a and 8b). The plastic deformation of this volume can be represented by corresponding strains as
ex ¼ ln

x1
;
x0

ey ¼ ln

y1
;
y0

ez ¼ ln

z1
z0

ð25Þ

where x0 ; y0 ; z0 and x1 ; y1 ; z1 are the dimensions of the discussed volume
along the corresponding coordinates before and after deformation,
respectively.
It is known (Astakhov, 1998=1999) that, when properly measured, the
chip width is practically equal to the width of cut, which yields z0 ¼ z1 thus
ez ¼ 0. Accounting for this result, substituting Eq. (24) into Eq. (25), one
can obtain
ln

x1
y1
þ ln ¼ 0
x0
y0

or

x1 y0
¼
x0 y1

ð26Þ

Because x0 and y0 do not change,
x1 y1 ¼ Const

ð27Þ

A very important conclusion immediately follows from Eq. (27):
increasing chip thickness x1 (that is, the chip compression ratio f) leads
to the directly proportional reduction of distance y1 between two successive
sliding planes, increasing the number of sliding planes per unit length of
the chip. To support this conclusion, Figure 8(c) and (d) show micrographs of the chip structure formed according to the discussed models.
As seen in Figure 8d, a great number of traces of the sliding planes, one
closely followed by another, can be observed with a very small distance
between two successive fragments. The very similar picture can be observed
in the micrograph of the quick-stop section through cupper chip presented
by Wright and Trent (2000, Fig. 4.27).
As the number of sliding planes per unit time increases, the power (the
work done per unit time) associated with fracture and formation of new
surfaces should increase. To account for this power properly, the cohesive
energy J (J=m2) should be multiplied by the area of fracture (m2) to obtain
the work done in fracture (J) on a single shear plane. Multiplying this work
(J) by the frequency of chip formation (1=s), one obtained the power
needed for the formation of new surfaces (W). This sequence is used in
equations (19) through (22).
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FIGURE 9 Relative impact of the cutting speed on the energy partition.

INFLUENCE OF THE CUTTING SPEED, DEPTH OF CUT
AND CUTTING FEED ON POWER PARTITION
The proposed methodology allows accessing the absolute and relative
impacts of various variables of a metal cutting operation on the power
required and thus on the cutting force. Figures 9 through 11 present some
results for steel E52100.
The relative impact of the cutting speed on the energy partition is
shown in Figure 9. As seen, the power required for the plastic deformation
of the layer being removed in its transformation into the chip is the greatest. However, the greater is the cutting speed, the greater powers on the
rake and flank faces of the cutting tool. When the cutting speed is 1 m=s,
the power of the plastic deformation, Ppd is 67% while the power spent

FIGURE 10 Relative impact of the depth of cut on the energy partition.
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FIGURE 11 Relative impact of the cutting feed on the energy partition.

on the tool-chip interface, PfR is 18% and the power spent on the toolworkpiece interface, PfF is 9%. When the cutting speed is 4 m=s then Ppd
is 45%, PfR is 25%, and PfF is 22%, i.e., the sum of powers spent on the
tool-chip and tool-workpiece interfaces (PfR and PfF ) is greater than the
power spent for the plastic deformation Ppd . This result signifies the role
of tribology in high-speed machining (Astakhov, 2006). The power spent
in the formation of new surfaces Pch is 6% in both considered cases,
although the frequency of chip formation is much greater when v ¼ 4 m=s.
The relative impacts of the depth of cut and the cutting feed are shown
in Figures 10 and 11. As seen in Figure 10, a 2.5-fold increase in the depth
of cut does not affect the energy partition. A 2-fold increase in the cutting
feed reduces Ppd from 62% to 54% while PfR increases from 20% to 27%.
Practically the same results were obtained for aluminum. When the cutting speed is 1 m=s, the power of the plastic deformation, Ppd is 67% while
the power spent on the tool-chip interface, PfR is 20% and the power spent
on the tool-workpiece interface, PfF is 6% and Pch is 7%. When the cutting
speed is 7 m=s then Ppd is 50%, PfR is 25, and PfF is 25%, and Pch is 6%.
CONCLUSIONS
A methodology to evaluate the cutting force and the required cutting
power is proposed. The proposed methodology uses the major parameters
of the cutting process and the chip compression ratio as the one of the
most important process output (in terms of process evaluation and optimization). The apparent simplicity of the proposed methodology is based
upon a great body of the theoretical and experimental studies on the
establishing the correlations among the parameters in metal cutting.
This simplicity allows the use of this methodology even on the shop floor
for practical evaluations and optimization of machining operations.
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The results of calculations indicate that the power required for the
deformation of the layer being removed is the greatest in the metal cutting
system within the practical cutting speed limits. When cutting speed
increases, the relative impact of this power decreases while the powers
spent at the tool-chip and tool-workpiece interfaces increase. At high
cutting speeds, the sum of the later powers may exceed that required
for the plastic deformation of the layer being removed. This result signifies
the role of metal cutting tribology at high cutting speed. The effects of
cutting feed and the depth of cut on the energy partition seem to be
insignificant.
Although an increasing attention is played to the role of the so-called
cohesive energy in metal cutting, the obtained results show that, when
accounted for properly, the relative impact of this factor is insignificant.
This can be readily explained by very small area of fracture in metal cutting.
NOMENCLATURE
Ac
Ach
Aw
b1T
Br
dw
Ech
Efr
f
fcf
FfF
Fc
Fs
hm
K
lc
lac
Lsh
n
Pc
Pch
PfF
PfR

area of shearing (the uncut chip area equal to the product of the
uncut chip thickness and the uncut chip width) (m2)
area of fracture (m2)
uncut chip cross-sectional area (m2)
true chip width (m)
Briks similarity criterion
depth of cut (m)
cohesive energy (J=m2)
energy of fracture per a shear one shear plane (J=m2)
cutting feed per revolution (m=rev)
frequency of chip formation (Hz)
friction force on the tool—workpiece interface (N)
cutting force in Eq. (2) (N)
shearing force in Eq. (1) (N)
height of this surface profile (m)
strength coefficient (N =m 2 )
tool-chip contact length (m)
length of the active part of the cutting edge (the length of the
cutting edge engaged in cutting) (m).
length of the shear plane (m)
hardening exponent of the work material
cutting power (W)
power spent in the formation of new surfaces (W)
power spent on the tool-workpiece interface (W)
power spent on the tool-chip interface (W)
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ce

Ppd
rn
t1T
v
VBB
a
a
c
ex ; ey ; ez
f
jr
jr 1
l
qce
rR
ry 0:2
sy
u

energy spent due to the combined influence of the minor cutting
edge (W)
power spent on the plastic deformation of the layer being
removed (W)
nose radius (m)
true uncut chip thickness (m)
cutting speed (m=min)
width of the flank wear land (m)
flank angle (deg)
normal flank angle (deg)
normal rake angle (deg)
the true strains along the corresponding coordinates
chip compression ratio
tool cutting edge angle (deg)
tool minor cutting edge angle (deg)
friction angle is Eqs. (1) and (2) (deg)
radius of the cutting edge (m)
ultimate tensile strength of the work material (MPa)
tensile yield strength of the work material (MPa)
shear strength of the work material (MPa)
shear angle (deg)
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