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Abstract – In this paper, an analytical approach is proposed to model chip formation in the case of turning
process. Numerical simulations of chip genesis are performed in order to ﬁt eﬃciently the proposed analytical model. In particular, cutting edge radius inﬂuence, temperature and internal stresses distribution are
studied using ﬁnite element modelling. Numerical model setting is made with experimental and literature
data using forces and chip thickness.
Key words: Numerical / analytical / cutting model / chip formation / cutting edge radius inﬂuence
Résumé – Utilisation des simulations numériques pour l’amélioration d’un nouveau modèle
analytique de coupe orthogonale. Dans cet article scientiﬁque est présentée une nouvelle approche de
modélisation de la formation de copeau en coupe orthogonale. La modélisation et la simulation numérique
par éléments-ﬁnis sont utilisées pour vériﬁer certaines hypothèses de la modélisation analytique et investiguer les contraintes et leur distribution dans les bandes de cisaillement. L’inﬂuence du rayon d’arête sur la
coupe est également prise en compte. Les extrapolations de certaines tendances numériques seront utilisées
en tant qu’équations dans le modèle analytique. Le calage du modèle numérique est fait avec les résultats
expérimentaux en termes d’épaisseur de copeau et eﬀorts de coupe.
Mots clés : Numérique / analytique / modélisation de la coupe / formation de copeau / rayon d’acuité
d’arête

1 Introduction
Turning and in general material removal processes are
widely used in diﬀerent industries to cut diﬀerent engineering parts. Usually the optimization of these processes
is often made by expensive experimental methods and
not able to be extrapolated to other machining conﬁgurations. To overcome these drawbacks numerical simulations have been carried out by many researchers but the
major inconvenience of those methods are the long computing time, the high cost of numerical software etc.
For all these reasons, in the manufacturing industry,
a high interest in analytical methods like that of Merchant and Lee and Schaﬀer [1–3] is usually researched because there are very practical and simple to use. Gilormini
and Felder [4], Oxley [5], Moufki et al. [6] and more
recently Molinari [7] have proposed the computation of
the temperatures and shear zones thicknesses but the
methodology to obtain those values is in general long
and complicated for the industrial community. In fact the
a
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diﬀerential equations present in those thermo-mechanical
models need time to be solved and also, in the same way,
some parameters are not easy to ﬁnd in bibliography.
For all these reasons, the aim of the present paper is to
present a methodology to calculate the major numbers of
variables of chip formation (forces, temperatures, contact
length, . . . ). Here the equations can be directly used by
engineers.
The proposed analytical modelling of the chip formation is performed using universal mechanical formulation and balance. It is improved by numerical simulations and veriﬁed with experimental data. Moreover the
cutting edge radius inﬂuence is taken into account in order to correctly analytically compute variables when the
cutting radius of the tool is used.
First the experimental tests, the machines, materials employed and the measured data like forces and chip
thickness are presented. Then, the new analytical modelling is presented. Numerical simulation using ABAQUS
Explicit is developed in order to identify more accurately
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Nomenclature
A, B, c, m, n, Tempmelt
b
d1
d2
hc
h
Fx
Fy
l1
lc
Q1
Q2g
Q2s
N1
N2
T1
T2
R
Temp0
Temp1
Temp10
Temp2g
Temp2s
ΔTemp2g
ΔTemp2s
Vg
Vt
V1
W1
W2g
W2s
Zone 1
Zone 2
δ1
δ2
δ2g
δ2s
Φ
γ
γ∗
•
γd0
γd1
•
γd1
γd2g
γd2s
•
γd2g
•
γd2s
μ
σn1
σn2
σn2 max
σn1 max
τ1
τ2g
τ2s

Johnson and Cook parameters.
Cutting depth [m]
Primary shear zone thickness [m]
Secondary shear zone thickness [m]
Chip thickness [m]
Uncut chip thickness [m.rev−1 ]
Cutting force [N]
Feed force [N]
Length of the primary shear zone [m]
Contact length between tool and chip [m]
Plastic energy converted into heat in the primary shear zone [J]
Plastic energy converted into heat in the secondary shear zone (sliding-sticky sub zone) [J]
Plastic energy converted into heat in the secondary shear zone (sticky zone) [J]
Normal force on the primary shear zone [N]
Normal force on the secondary shear zone [N]
Tangential force in the primary shear zone [N]
Tangential force in the secondary shear zone [N]
Tool cutting edge radius [m]
Room temperature [K]
Temperature in the primary shear zone [K]
Initial temperature in the workpiece [K]
Temperature in the secondary shear zone (sliding-sticky sub zone) [K]
Temperature in the secondary shear zone (sticky sub zone) [K]
Heat generated in the secondary shear zone (sliding-sticky sub zone) [K]
Heat generated in the secondary shear zone (sticky sub zone) [K]
Sliding speed in the tool-chip interface [m.s−1 ]
Chip evacuation speed [m.s−1 ]
Primary shear zone sliding speed [m.s−1 ]
Primary shear zone volume [m3 ]
Secondary shear zone volume (sliding-sticky sub zone) [m3 ]
Secondary shear zone volume (sticky sub zone) [m3 ]
Primary shear zone
Secondary shear zone
Heat partition coeﬃcient in the primary shear zone
Heat partition coeﬃcient in the secondary shear zone
Heat partition coeﬃcient in the secondary shear zone (sticky-sliding sub zone)
Heat partition coeﬃcient in the secondary shear zone (sticky sub zone)
Primary shear zone angle [◦ ]
Cutting angle [◦ ]
Equivalent cutting angle [◦ ]
Reference shear strain rate used in Johnson-Cook model [s−1 ]
Strain at primary shear zone
Strain rate at primary shear zone [s−1 ]
Strain at secondary shear zone (sliding-sticky sub zone)
Strain at secondary shear zone (sticky sub zone)
Strain rate at secondary shear zone (sliding-sticky sub zone) [s−1 ]
Strain rate at secondary shear zone (sticky sub zone) [s−1 ]
Friction coeﬃcient at the tool-chip interface
Primary shear zone normal stress [MPa]
Secondary shear zone normal stress [MPa]
Maximum normal stress at secondary shear zone [MPa]
Maximum normal stress at primary shear zone [MPa]
Primary shear zone tangential stress [MPa]
Secondary shear zone tangential stress (sliding-sticky sub zone) [MPa]
Secondary shear zone tangential stress (sticky sub zone) [MPa]
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Fig. 1. Experimental test procedure.

Table 1. Experimental values of horizontal (Fx ) and vertical
(Fy ) forces and the chip thickness hc in the case of machining
of AISI 4140, tool in carbide material (R = 30 μm), h =
0.15 mm, b = 3 mm, γ = 0◦ .
Vc [m.min−1 ]
42
126
378

Fx [N]
1118
1052
998

Fy [N]
563
495
412

hc [mm]
0.31
0.22
0.18

Φ [◦ ]
26
33
37

physical phenomena and obtain new equations to improve
the analytical model.

2 Experimental tests
In this section the experimental cutting tests are presented. In order to replicate orthogonal cutting conditions, the machining operation was done on a disc with
a diameter of 70 mm and a thickness (b) of 3 mm, which
presents in the same time the cutting depth (Fig. 1).
Vc is the cutting speed, hc the chip thickness, h the
uncut chip thickness, γ the cutting angle. Fx is the horizontal force, Fy the vertical one. The cutting tool is in a
carbide grade (ref. TPKN 16 03 PP R SM30) with cutting
edge radius R of 30 μm and the machined material is a
steel alloy AISI 4140.
The values of b and R were chosen to minimize ploughing eﬀects and elastic phenomena in order to have a real
cutting process [8]. Measures of forces in (x, y, z) are done
with dynamometer Kistler 9257 A with natural signal frequency 2000 Hz. Details of forces, chip thickness and primary shear angle are presented in the Table 1.
In this table it is possible to capture that Fx is conversely proportional to the cutting speed, what is typical
in the case of softening materials. Similarly, Fy has the
same trend but in this case there is also the contribution of
friction. In fact, for high cutting speed, μ at the tool chip
interface is lower as it is showed in Zemzemi works [9].
Both softening metal eﬀects and the reduction of the friction coeﬃcient can explain the trend of the primary shear
angle Φ, computed with Equation (1)
hc =

h(cos γ cos Φ − sin γ sin Φ)
sin Φ

(1)

3 Analytical model
Orthogonal cutting represented by a 2D model is considered in the present study. The regime is considered
stationary and the chip rigid. Deformations are supposed
to be uniform and concentrated in the primary and secondary shear zone. d1 and d2 are thickness of those zones.
In order to present a simple approach, it is supposed
that the cutting process is made with a virtual tool, having a cutting edge radius R = 0 μm (Figs. 2 and 3), and
an equivalent cutting angle γ ∗ (Figs. 2 and 3). This last
variable takes into account cutting edge radius eﬀects.
The latter angle is the summation of 2 contributions.
The ﬁrst one is the local cutting angle γR caused by the
cutting radius; its action is localized in the layer R (GO).
The second one is the contribution of the cutting angle
γ in the layer (h − R) (HG).
Based on geometric considerations the equivalent cutting angle γ ∗ is given by Equation (2).
 


 
R
h − R)
R
γ∗ = −
γR +
γ=−
h
h
h

√  

h − R)
R − 2R
+
× Arctan
γ (2)
R
h
where γR is the angle created between GO and the vertical. From Equation (2) it is noted that, when R tends to
0 or when h is very high, γ ∗ is close to γ. In the opposite
situation, if h = R the equivalent cutting angle is equal
to –45◦ .
Chip is considered rigid and N1 and Φ can be expressed when balances of forces applied to chip in static
mechanical are written (Eqs. (3) and (4)).
N1 sin(Φ) + T1 cos(Φ) = T2 sin(γ∗) + N2 cos(γ∗)
N1 cos(Φ) − T1 sin(Φ) = T2 cos(γ∗) − N2 sin(γ∗)

(3)
(4)

Contact length can be expressed with torque balances
around the tip of the tool, but it is necessary to know
stresses distributions in the primary and secondary shear
zones (Fig. 4), as it will be showed in the numerical section.
In this last ﬁgure l1 is the primary zone length, σn1 and
τ1 are respectively the normal and the tangential stresses
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Fig. 2. Representation of the material removal process.
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Fig. 3. Deﬁnition of the equivalent cutting angle γ ∗ .

in this zone. σn2 is the normal stress in the secondary
shear zone. Finally, lc is the contact length at the interface
tool-chip.
Having now a stress distribution applied to the chip,
it is possible to write the torque balance around the tip
of the tool O (Eq. (5)).


σn2 max h2
σn2 max lc cos(γ ∗ ) + 2h
0.6h
=
+
N1
b sin(Φ)
2 cos(γ ∗ )
2
3 cos(γ∗)


lc cos(γ ∗ ) − h
×
(5)
cos(γ∗)
In Equation (5) σn2 max is the maximal stress value in
the secondary shear zone. The triaxiality is high in the
region of the piece close to the tip of the tool. The normal stress value in the primary shear zone is close to the

normal stress value in the secondary one, which will be
demonstrated in the numerical section.
From those considerations, and according to the next
numerical study, it is possible to extract new simple Equations (6) where the maximum value of the normal stress
σn2 max is a function of the tangential one τ1 . Consequently the normal force N2 in the secondary shear zone
is a function of τ1 (Eq. (7)).
√
σn1 max = σn2 max = 3 τ1
(6)
√


lc
3
h
bτ1 lc +
N2 = b σn2 dl =
(7)
2
cos(γ∗)
0.

It is now necessary to compute T1 and T2 in order to ﬁnd
all the variables of the study. Concerning T1 it is supposed
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DE is the displacement (Fig. 2) caused by the force T1 ; Q1
is the plastic energy converted into heat in the primary
shear zone (Eq. (13)).

γ∗
CHIP

Q1 = 0.9 T1 DE

CHIP
T2

A

Tt22

WORKPIECE

σn2
N2

O

T1
τ
N1 1

h

0.2l1

Fig. 4. Stresses and forces distributions applied to the chip.

to be a simple shear in the primary zone (Eq. (8)).
T1 = τ1 l1 b = b

h
τ1
sin(Φ)

(8)

τ1 is computed with Johnson and Cook law [10] (Eq. (9)).
n
B γd1
A
τ1 = √ + √ n+1
3
3


1 + CLn




× 1−

•

γd1



•
γd0

Temp1 − Temp0
Tempmelt − Temp0

•

m 

γd2s
(9)

are Johnson and Cook pawhere A, B, n, C, m and
rameters [13]. Tempmelt and Temp0 are respectively the
melt temperature of the steel and the room temperature.
The unknown parameters in Equation (9) are only γd1 ,
•
and Temp1.
γd1
According to Figure 2, the strain in zone 1 is computed with Equation (10) and the strain rate with Equation (11).

•

γd1 =

V1
d1

1
DE
1
+
=
d1
tan(γ ∗ +π/2 − Φ) tan(Φ)
VC
with V1 =
cos(Φ) + sin(Φ) tan(γ∗)

(10)
(11)

Those last 2 equations are similar to Moufki’s ones [11,12]
but here the cutting angle takes into account the cutting
edge radius. V1 is the shearing speed along the primary
shear zone (Fig. 2).
In order to compute the temperature in the primary
shear zone, the unitary deformed volume W1 in this zone
is evaluated by Equation (8). It is supposed that the plastic deformation is concentrated in this volume. The plastic
strain is considered uniform in the thickness d1 .
W1 = ap l1 d1

h
cos(γ∗)d2
Vt
Vc sin(Φ)
=
=
d2
cos(Φ − γ∗)d2

γd2s =

•
γd10

γd1 =

Q1
0.9γd1 T1
= Temp10+(1−δ1 )
ρW1 Cp
ρl1 Cp
(14)
Temp10 is the initial temperature in the work piece and
δ1 is the partition heat coeﬃcient considered to be zero
in this paper. In fact for modern cutting technology
(Vc > 100 m.min−1 ) the adiabatic hypothesis in zone 1
can be adopted [14] as it will be possible to verify in the
numerical section.
The last variable to be computed to solve the system
is the friction force at the interface tool-chip T2 .
A sticky contact from the point F to O (Fig. 2) is supposed and a sticky-sliding contact from F to B. It is also
supposed that the thickness of the secondary shear zone
d2 is equal to d1 . Consequently, the strain and the strain
rate are given by the following equations, respectively:

Temp1 = Temp10+(1−δ1 )

Φ

σn1
l1

lc

(13)

In this last equation it is considered that only 90% of the
plastic energy is converted into heat [13].
Consequently the primary shear zone temperature
Temp1 is computed with Equation (14) using the deﬁnition
of speciﬁc heat.

TOOL

B

409

(12)

(15)
(16)

In the same way as was computed Temp1 , the heat
ΔTemp2s generated in the sticky zone in the secondary
shear zone is now suggested (Eq. (17)).
ΔTemp2s = (1 − δ2s )

Q2s
0.9γd2s τ2s
= (1 − δ2s )
ρW2s Cp
ρCp
= Temp2s − Temp1

(17)

δ2s is the heat partition coeﬃcient between the tool and
the work piece, supposed equal to zero in this study (adiabatic conditions). Temp2s is the temperature in this sub
zone and Temp1 is the initial temperature. In this case it is
the primary shear temperature, displaced in zone 2 during the chip evacuation. τ2s is the tangential sticky shear
stress in zone 2 computed with Johnson and Cook law
(Eq. (18)).
 • 
n
B γd2s
γd2s
A
1 + CLn
τ2s = √ + √ n+1
•
3
γd0
3


m 
Temp2s − Temp0
× 1−
(18)
Tempmelt − Temp0
In the BF zone (Fig. 2), a sticky-sliding contact is assumed. Here the strain and the strain rate are not constant as considered in the sticky zone. In fact it is supposed that close to the point F the contact is still sticky
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(Vg = 0) and in the point B totally sliding (Vg = Vt ).
In order to easily compute variables of this zone, an only
sticky contact is supposed in the half distance BC. In the
other half distance a totally sliding contact is considered
(μ = 0). Consequently:


1
h
γd2g =
lc −
(19)
2d2
cos(γ∗)
Vt
Vc sin(Φ)
•
γd2g =
=
(20)
d2
cos(Φ − γ∗)d2
The heat generated in the sticky-sliding sub zone ΔTemp2g
is presented in Equation (21).
ΔTemp2g = (1 − δ2g )

Q2g
0.9γd2g τ2g
= (1 − δ2g )
ρW2g Cp
ρCp
= Temp2g − Temp2s (21)

where, δ2g is considered zero in this study. Temp2g and
Temp2s are respectively the temperature in the stickysliding sub zone and its initial temperature. In this case
it is the secondary shear temperature (sticky sub zone),
displaced in the sliding-sticky sub zone during the chip
evacuation.
Shear stress τ2g can be written:
τ2g

n
B γd2g
A
= √ + √ n+1
3
3


1 + CLn




× 1−

•

γd2g



•

γd0

Temp2g − Temp0
Tempmelt − Temp0

m 
(22)

Consequently:
T2 = τ2s

τ2g
h
b+
cos(γ∗)
2


lc −

h
cos(γ∗)


b

(23)

Now it can be allowable to compute the friction coeﬃcient
in the interface between the tool and chip as the ratio
between T2 and N2 (Eq. (24)).
μ=

T2
N2

(24)

From this last equation it is possible to capture that it
is not necessary to have the friction coeﬃcient as a data
input in the proposed analytical model.
In Table 2 are resumed the most important variables
of the study using the presented analytical model.
The values of analytical forces and temperatures
presented in Table 2 are similar to experimental ones
(Tab. 1). Concerning the primary shear zone angle Φ, the
analytical calculation is accurate for cutting speeds over
126 m.min−1 . In particular Fy and lc seem to be close to
reality because the equivalent cutting angle γ ∗ was introduced in the presented analytical model. In the case of
R = 30 μm (equivalent to R = 0 μm) γ ∗ = −8.6◦ and
the vertical force value and contact length are higher than
Merchant formulation.

4 Numerical model
Numerical simulations based on ABAQUS/Explicit
were performed in order to both understand the physic
of cutting and improve the analytic method.
The work piece (Fig. 5a) is numerically modelled in
3 parts [15]. In the part “ﬁnal piece” only the behaviour
law of Johnson and Cook is deﬁned and for the “chip”
and “transition” part the Johnson and Cook damage
law [16] is also taken into consideration. Johnson and
Cook behaviour and damage value are taken from Barge’s
study [13]. During numerical simulations was also adopted
ALE formulation (Fig. 5b) in order to study more pertinently the cutting edge radius and vertical force Fy effects. In this last case only Johnson and Cook behaviour
law is used.
From a contact point of view, the Coulomb law was
adopted and in particular it is considered that μ = 0.39
for Vc = 42 m.min−1 , μ = 0.30 for Vc = 126 m.min−1 ,
μ = 0.25 for Vc = 378 m.min−1 according to the experimental results of Zemzemi [9]. Similar values are found
with Equation (24) when the analytical approach is applied.
4.1 Numerical setting
After a mesh sensitivity study, a 10 μm mesh size was
adopted. Using a 10 × 10 μm mesh dimension and the
previous friction coeﬃcient, it is then possible to perform
numerical simulations and compare results to experimental cutting forces (Fig. 6), primary shear zone angle Φ,
chip thickness ec (Tab. 3).
In the presented FE simulations the deformation is
supposed to be uniform. This assumption is justiﬁed by
the manner of the calculation of the primary shear angle
as a function of the feed rate divided by chip thickness.
For the diﬀerent outputs presented, the numerical results are in concordance with the experimental ones. It
is then considered that the present numerical model reproduces the real phenomena and will be use to calibrate
further analytical cutting modelling.
From Table 4 it is possible to note also that the primary shear temperature value degreases when cutting
speed grows up. This phenomenon is due to the close adiabatic conditions when the cutting speed is more than
126 m.min−1 .
4.2 Numerical validation of the equivalent
cutting angle of γ ∗
In order to verify the equivalent cutting angle approach presented in the analytical model it is now proposed to apply the methodology of the equivalent cutting
angle to the numerical problem (Fig. 7).
The real situation in terms of cutting edge radius and
cutting angle is modelled with ALE, the equivalent cutting tool (R = 0 and γ ∗ ) with a Lagrangian method.
Comparative study is presented in Table 4.
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Table 2. Analytical results in case of AISI 4140 steel, carbide tool, cutting edge radius 30 μm (equivalent to R = 0 μm and
γ ∗ = −8.6◦ ), h = 0.15 mm (in brackets Merchant values).
Vc [m.min−1 ]
42
126
378

Fx [N]
1029 (1447)
981 (826)
949 (699)

Φ [◦ ]
33 (26)
35 (33)
36 (34)

Fy [N]
591 (434)
512 (207)
474 (140)

lc /f
3.02 (2.12)
2.81 (1.7)
2.74 (1.57)

Temp1 [◦ C]
432
485
509

Temp2s [◦ C]
911
960
1006

Temp2g [◦ C]
1071
1130
1171

Cutting force Fx [N]

Fig. 5. Work piece modelling. Lagrangian and ALE formulation.

1200
1000
800

Vc=
=42m/
m min
Vc=42m/min
Vc=126
=
m//min
m
Vc=126m/min
Vc=378m/min

600
400
200
0
0

1
a)

2
Time [s]

0

0,1
b)

0,2 0,3
Time [ms]

0,4

Fig. 6. Measured forces (a) and computed one’s with FE Lagrangian formulation (b) versus time in the case of a mesh 10×10 μm
for diﬀerent cutting speeds, h = 0.15 mm and γ = 0◦ .

From this last table it is possible to capture that both
ALE and Lagrangian values are similar. This means than
the equivalent cutting angle approach is pertinent. Consequently Equation (2) can be considered realistic and can
be used in the proposed analytical model.
Concerning results in the case of R = 150 μm, it is important to consider that the elastic phenomena under the
tool are here important and the separation line between
chip and work piece must be modelled. This approach is
not presented in this paper [17].
4.3 N2 computation and stresses distributions
in zone 1 and 2
In order to show how Equations (6) and (7) were built
in the analytical section, a FE numerical calculation is

adopted and the stress distribution in the four chip sections (Fig. 8) is investigated. The primary shear zone is
delimited by Sections 1 and 3. Section 4 is the “interface”
between tool and chip.
In Figures 9 and 10, the normal and tangential stresses
distributions in the primary shear zone and the normal
distribution in the secondary one are presented in the case
of h = 0.15 mm, R = 0 μm, γ = 0◦ , μ = 0.
In Figure 9, σn1 distribution is similar in every chosen
section inside the primary shear zone, close to the tool. In
this zone the triaxiality is high. In the primary shear zone
region close to the free surface, it is possible to capture
the opposite situation; along section 1 the stress value is
bigger and along Section 3 it is close to zero. In fact, in this
last section, and close to the free surface, the chip is still
formed and the eﬀects of the compression in zone 2 are
far. Consequently it is considered that the plastic strain
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Table 3. Numerical outputs in the case of AISI 4140 machining, tool in carbide material, h = 0.15 mm and γ = 0◦ . In brackets
the ALE outputs (R = 30 μm).
Vc [m.min−1 ]
42
126
378

Fx [N]
1150 (1187)
1090 (1011)
1070 (982)

Fy [N]
(571)
(556)
(548)

Φ [◦ ]
25 (26)
31 (30)
33 (33)

lc /h
1.9 (2.1)
1.5 (1.6)
1.3 (1.5)

Temp1 [◦ C]
509
571
598

Fig. 7. Numerical validation of the equivalent cutting angle γ ∗ .
Table 4. Numerical results in case of AISI 4140 steel, carbide tool, Vc = 378 m.min−1 , h = 0.15 mm.
R [m.min−1 ]
30 (R = 0, γ = −8.6◦ )
70 (R = 0, γ = −20◦ )
150 (R = 0, γ = −45◦ )

Fx [N] ALE
821
912
1021

Fx [N] Lagrangian
836
919
1122

t2

n1

n2
FREE SURFACE

t1

SECTION 3

Fy [N] ALE
184
451
824

Fy [N] Lagrangian
195
463
891

Φ [◦ ] ALE
33
30
26

Φ [ ◦ ] Lagrangian
35
30
22

triangular. This is veriﬁed for three cutting speeds and,
for diﬀerent Johnson and Cook parameters, in the case
of Vc = 378 m.min−1 . Consequently, it is pertinent to
formalise Equations (6) and (7) and Figure 4.

SECTION 4

4.4 Partition heat coeﬃcient study
SECTION 1
SECTION 2

TIP OF THE
TOOL

Fig. 8. Diﬀerent sections employed in numerical simulations.

can be considered concentrated in the shear zones. This
last hypothesis was made in the analytical section.
In the same way, the tangential stress distribution in
the primary shear zone is quite similar in every chosen section close to the tool. In this case it is decided to formalize
the uniform distribution for the analytical modelling.
In Figure 10, the normal stress distribution in the
secondary shear zone is represented. For every condition
there is a uniform part from the tip of the tool to the
“h” value and, from h to lc , the distribution becomes

Now, in order to validate if the adiabatic assumption
in the primary and secondary shear zone was pertinent
(analytical section), a comparative study between conductive and adiabatic formulation is presented (Fig. 11).
In this last ﬁgure it is possible to see that angles Φ are
similar in the case of conduction and adiabatic conditions.
Only for Vc close to 42 m.min−1 the high heat conduction
in the chip and in the work piece let the temperature
in zone 1 decreases and the softening eﬀects are smaller.
For this reason hardening eﬀects are more important than
softening and Φ is smaller in “conduction” conditions. For
high cutting speeds or in the case of adiabatic calculation,
the radius of the curvature of the chip is smaller. The
chip material close to the interface is hot and “soft” and
consequently there is a local elongation in the Y direction.
The hardening eﬀects close to the tool tip are small and
Φ stays with a high value.
Consequently, in the case of steel cutting, it can be
pertinent to consider the coeﬃcient heat factors δ1 , δ2g ,
δ2s equal to zero.
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Fig. 9. Normal and tangential stress in the primary shear zone from the free surface (distance = 0) to the tool tip (distance =
0.27 mm) in the case Vc = 378 m.min−1 .
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Fig. 10. Normal stress σn2 in zone 2 (Sect. 4). (a) diﬀerent cutting speeds using the adopted behaviour law. (b) 2 diﬀerent
values of the m exponent in Johnson and Cook with Vc = 378 m.min−1 .
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Fig. 11. Numerical simulations of temperatures [◦ C] during the chip formation in case of AISI 4140 steel and carbide tool.
h = 0.15 mm, μ = 0 and γ = 0◦ . Adiabatic and conduction calculation.
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5 Discussion and conclusions
In this paper an analytical model of chip formation is
presented. It was ﬁtted with FEM simulations and veriﬁed
with experimental tests.
The chip is considered rigid and the static equilibrium
of the chip leads to the deﬁnition of three simple equations like Merchant. The thermo-mechanical assumption
was made in the shear zones 1 and 2 where the strain
is supposed to be concentrated, and the partition heat
factor is considered negligible after FE study. The stress
distribution is numerically studied and the outputs of this
investigation were acted in new formulations based on triaxiality and forces distributions applied to the chip.
The temperature calculation is made using the deﬁnition of the speciﬁc heat in the shear zones. In this paper
only the primary shear zone was investigated.
The cutting radius of the tool is modelled using an
equivalent cutting angle which is new compared to the
pre-cited works. The f /R ratio is important and deﬁnes
2 diﬀerent conditions. If it is high the cutting radius R
can be considered null, but if it is low, it is necessary to
model the radius R. It is the industrial case of damaged
tools.
The calculations of the variables of the model are only
function of the input parameters (process parameters and
thermo-mechanical data) and no experimental settings
like chip thickness measurements are required. In particular the friction coeﬃcient μ at the tool-chip interface is
calculated.
The analytical equations can be directly used for industrial application or for scientiﬁc purpose, in order to
have easier data to understand the removal material problem before a more intense research.
As outlooks it is suggested to model analytically residual stresses in the ﬁnal piece in order to have quickly some
indications. This approach can be completed with numerical or experimental study [18].
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