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Abstract The aim of the paper is the modeling of chip forma-
tion in metal cutting in order to describe the thermomechanical
interactions at the tool-chip interface (TCI). A particular atten-
tion is paid for the fully sticking case to complete previous
modelingworkswhichweremore focused on the sliding regime
or mixed sliding/sticking regime. The fully sticking contact is
dominating due to the combined effects of high magnitudes of
the normal stress, the average friction coefficient μ→1ð Þ and
the temperature. This case is also well adapted for cutting of
titanium alloy. In the present model, these local parameters are
macroscopically expressed through the average friction coeffi-
cient μ, and the velocity field on the secondary shear zone is
modeled using a new approach. The ratio between real area of
contact Ar and the apparent area An is taken into consideration.
The developed approach is also fully thermomechanically
coupled with heat transfer consideration. In this way, it was
possible to predict normal and shear stress according to the
variation of cutting velocities, feed and rake angle. The model
was supported by the experimental trends from Ti6Al4V alloy
cutting tests and worn tools analysis. It was shown that the
distribution of the ratio Ar/An may be considered as a good
indicator to describe the spreading of the adhesion marks on
the contact. The model also highlights how the influence of
the apparent friction coefficient, the rake angle, the feed and
the cutting speed acts on the tool-chip contact length.

Keywords Sticking contact . Adhered friction . Titanium
alloymachining

NomenclatureAbbreviations
PSZ Primary shear zone
SSZ Secondary shear zone
TCI Tool–chip interface
Material and tool parameters
σeq Von Mises equivalent stress (MPa)
ρ Workpiece material density (Kg/m3)
Cutting conditions
V Cutting speed (m/min)
t1 Uncut chip thickness (mm)
α Rake face angle (°)
αfl Flank face angle (°)
Chip characteristics
t2 Chip thickness (mm)
δ Proportion of the SSZ thickness
R Proportion of the sticking zone interface
ϕ Primary shear angle(°)
τ 0 Shear stress at the entry of the PSZ (MPa)
τPSZ Shear stress at the exit of the PSZ (MPa)
τst Shear stress along the sticking zone (MPa)
τ st Average of the shear stress along the sticking zone
σ 0 Normal stress at the tool edge (MPa)
ℎ Primary shear zone thickness (μm)
Vc Bulk chip velocity (m/s)
V Velocity of particle on chip (m/s)
Coefficients
p Decreasing normal stress coefficient
c Coefficient controlling the shear strain rate
ξ, ψ, ζ Coefficients of Marinov velocity field
Tool–chip interface parameters
Lc Contact length (mm)
Ls Length of the sticking zone (mm)
Lt Length of the transition zone (mm)
Ar Real contact area (mm2)
An Nominal or apparent contact area (mm2)
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s Stress acting on real contact area (MPa)

μ� ̅ The average friction coefficient given from the ratio of
the cutting forces acting at the TCI

μsl The sliding friction coefficient
Thermal parameters
kW,αW Conductivity and diffusivity of workpiece,

respectively (W/m°C)
kT,αT Conductivity and diffusivity of tool
C Heat capacity of workpiece material
QSSZ Heat flux on the SSZ
Qsl Heat flux generated by friction on the sliding zone
T0 Room temperature (°C)
TPSZ temperature at the exit of the PSZ (°C)
Tt Absolute temperature of tool (°C)
T Absolute temperature of particle on the chip (°C)
Rch Part of heat transmitted to the chip on the sliding

zone
ℎ1 Coefficient of heat convection, upper side of chip

(W/m2K)
hint Coefficient of conductance at the TCI (W/m2K)
Forces
Fp, Fq Cutting and feed forces, respectively (N)
FN , Ff Normal and tangent forces on the rake face,

respectively (N)
Fs Shear force on the PSZ (N)
MOA Momentum on tool tip with respect to Fs (N.m)
MOB Momentum on tool tip with respect to FN(N.m)

1 Introduction

Wear and friction remain two main intimately coupled mech-
anisms that have a direct impact on the quality of the ma-
chined workpiece, the cutting tool life duration and the con-
sumed power. The evaluation of boundary conditions at the
tool–chip interface (TCI) has become a domain of investiga-
tion among the most studied over the last few decades. From
an experimental point of view, the common techniques used to
analyze the stress distribution at the tool rake are the split tool
method [1–3] and photoelasticity [4–6]. For the temperature
distribution, several techniques have been used such as infra-
red or intensified CCD cameras [7, 8], inverse methods with
thermocouple placed into the tool [9] and metallographic anal-
ysis of chip and worn tools [10]. Based on the analyses of the
distribution of stresses and temperature, three contact regimes
are usually stated: a perfectly sliding contact [11, 12], an in-
termediate contact alternating sticking and sliding contact [13]
and a fully sticking contact [14]. Please note that these in situ
techniques still have an applicability limited to low or moder-
ate cutting speeds, and results cannot be representative for
high speed machining. Moreover, experimental data for cer-
tain classes of ductile or high strength materials, such as

titanium alloy, do not unfortunately exist. The main conclu-
sions given from the various experimental data are usually
referred to Zorev [15] or Trent and Wright [16, 17] analyses,
suggesting that the interfacial contact occurs along two dis-
tinctly regions: (1) a plastic region characterized by a stick-
ing friction with a plastic localization in the secondary shear
zone (SSZ) near the tool tip, where stresses reach a maxi-
mum level, and (2) an elastic region characterized by a slid-
ing friction and a linear proportionality between normal and
shear stresses. In addition, the experimental results show that
the friction boundary, i.e. contact length, thickness of plastic
deformation zone and the extension of the sticking and slid-
ing zones, is sensitive to the variation of the cutting condi-
tions, the tool and workpiece material properties, the atmo-
sphere and the presence of oxides at the TCI [18]. The
adhesion phenomenon may also be affected by the state of
magnetization of the tool–chip interface [19]. In other terms,
the variation of the energy state of the surfaces in contact
leads to modify the atomic bonding between asperities.
From a wear point of view, the different damage mecha-
nisms are triggered at each contact regime according to the
magnitude of sliding velocity, the pressure level and the
temperature rise. Modeling with an accurate depiction of
the TCI must be one of primary considerations when tool
wear and the surface integrity are major parameters to design
cutting tools. The development of numerical means has
opened the way for taking into account in friction modeling
complex variables such as the temperature effect, mechani-
cal material behavior and the variation of the chip velocity
field in the neighborhood of the TCI. In terms of friction, the
numerical means allow the modeling of the sticking-sliding
contact regime, according to experimental trends and the
Zorev’s approach [15]. This approach involves that, along
the sticking contact, the shear stress τint is given by the shear
flow stress of the chip. In the sliding part of contact, the
shear stress τint is linearly proportional to the normal load
σn via a sliding friction coefficient τint=μsl⋅σn Indeed, one of
the most important boundary conditions, used in numerical
models to define the interfacial contact, concerns the defini-
tion of the sliding friction coefficient μsl or the proportion of
the sticking part Ls/Lc. This approach implies that the repar-
tition of the contact regimes is directly defined by the two
input parameters μsl and/or τint. For example, considering μsl
as an input of the numerical model implies indirectly the
proportion of the sliding zone with respect to the whole
TCI length because it acts on the term of the heat flux
generated by friction in this same part of the contact [20].
For better accuracy, the combined effects of the distributions
of temperature, strains rates, strains and velocity must be the
main parameters controlling the chip flow and the stress
repartition on the rake face and, in turn, bring to such or
such contact regime, i.e. fully sliding contact, alternating
sticking-sliding contact or fully sticking contact.
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Today, many numerical simulations of cutting are per-
formed using commercial software. The latter does not always
allow the modelling of complex phenomena about the contact
as described before. It appears important to continue to devel-
op specific models such as hybrid approaches combining an-
alytical modeling and numerical resolution such as proposed
by Marinov [21, 22]. In this work, the concept of the sticking
and sliding zones is discussed in light of experimental and
modeling approaches during cutting of titanium alloy. The
presented model of the TCI is also based on hybrid approach,
mixing analytical and numerical means. The foundation of the
modelling was initiated by the work of Bahi et al. [23–25], but
with thorough changes in the manner of resolving the problem
about the switching from sticking and sliding regimes. Con-
trary to the previous model, the new approach enables the
model to approach the cases where high friction coefficients
are involved with fully sticking regime along the TCI. The
link with the scale of asperities can be now established with
the introduction of the notion of the real contact surface area.
A particular attention will be attributed to the boundary con-
ditions of the secondary shear zone and their effects on the
tribological conditions at the TCI. These boundary conditions
are:

& The shape and the velocity field within the secondary
shear zone,

& The heat transfer (conductance) at the TCI, and
& the average friction coefficient μ, representing the ratio of

cutting forces during machining. In macroscopic scale, μ
expresses the macroscopic contribution of cutting condi-
tions (cutting speed, feed, rake angle, flank angle). More-
over, this global factor allows the determination of the
local contributions of temperature, stresses, strain, strain
rates in microscopic scale without imposing μsl and/or τint.

& The real contact area Ar spreading with respect to the
whole or nominal contact area An.

& The workpiece and chip material behavior under effect of
shear, shear strain and temperature rise.

The modelling is applied for the case of orthogonal dry
machining of the aeronautic titanium alloy with coated and
uncoated tools.

2 Contact conditions at the TCI

Before introducing the model (Section 3), themain parameters
that control the physics at the tool–chip interface (TCI) are
presented including the ratio between the real and nominal
surface contact areas. From this analysis, the repartition be-
tween sliding and sticking contacts is depicted. A correlation
with the experimental observations is done then.

2.1 Contact area and interfacial stress

In cutting process, the high compressive loading at the TCI
induces a growth of the contact land with an increase of the
shear friction and the feed force. As explained by Bowden and
Tabor [26], the seizure contact occurs when the area of true
contact approaches the geometric area and this combination is
sufficient to cause a plastic flow in the SSZ. Awelding solid
phase between the primary atomic bonds of clean metallic
surfaces is formed, and the chip flow takes place in adjacent
layers with the shear velocity gradually increasing until the
bulk chip speed is reached. At the same point of view, Wright
and Trent [18] have reported this hypothesis specifying that
the degree of secondary shear is determined by the character
of such bonds and the mechanism by which these can be
broken to cause localized sliding in a micro-region. It has been
shown that the type of oxide found on the TCI is a major factor
in determining the strength of the interfacial bond under ex-
treme shearing. This also means that relative sliding can occur
in sticking region when bonds are broken. The seizure can be
then qualified as “stick–slip” contact regime.

In this study, a term of “sticking contact” is used for de-
scribing fully seizure contact near to the tool tip, with no
relative motion on the TCI. The concept of sticking contact
is an interpretation offered by Zorev [15] to describe the nor-
mal stress and shear stress repartition at the interface based on
split tool technique (Fig. 1a). The experiments lead by Childs
et al. [2], based on the same technique, demonstrate that on the
rake face, the friction stress is not everywhere proportional to
the normal stress, especially near to the tool tip. At high nor-
mal stress, the friction stress is independent of normal stress,
but at low normal stress levels (in the region farthest from the
cutting edge), the friction stress becomes proportional to nor-
mal stress and the Coulomb friction law can be applied. The
main conclusions given by the authors are:

– In the sticking zone, the normal stress σn is higher than
the shear flow stress acting on the primary shear zone
σn>τpsz. Consequently, the contact is in plastically
stressed part of the chip and is established between plastic
asperities of the tool and a plastic chip (SSZ). The ratio
between apparent area of contact Ar and the whole areaAn

is approaching the unity (see Fig. 1b).
– The friction stress τint capped on the sticking zone is al-

ways inferior to τpsz. This is due to the thermal softening
effect and presence of solid lubricant phase in workpiece
material. In the sliding zone, the shear stress is linearly
proportional to the normal stress. Experimental results
show that the sliding friction coefficient can be greater than
unity μsl=τint/σn≥1. The ratio of the sticking zone depends
on three main parameters: the normal load, temperature
and thermomechanical characteristics of antagonists
(bonds between the asperities). Under sticking friction, at
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speeds greater than tens of m/min for steels, local thermal
softening of chip results in a degree of self-lubrication.
However, at low cutting speeds, lubricants can penetrate
the low stressed contact region (sliding zone).

Figure 1 comes from an interpretation of Childs et al. [27]
related to the Zorev’s stress distributions at the tool–chip con-
tact. Due to the roughness, the contact may be happen only
over a smaller area Ar than the whole contact area An. This
reduced area transmits the contact forces. Equation (1) gives
the relationship between the friction force, the shear stress and
the real surface area:

F f ¼ Ars ð1Þ

The strength S of the real contact area Ar is an impor-
tant parameter which must be more investigated by study-
ing the contact mechanisms of rough surfaces. In addition,
friction models must integrate the variability of this
strength in the local contact and then enhance a better
correlation between wear and friction mechanisms. This
is the subject of a future investigation in order to improve
the friction model presented in the next section. Recent
investigations led by Gerth et al. [28] confirm this point
of view. It was shown that the tool surface topography
and chemistry on the adhesion phenomena in the SSZ
have a profound effect on the ratio of the sticking and
the sliding zones and consequently on the wear mode.
This topic will be discussed in the next section.

The interfacial friction stress is given by:

τ int ¼ F f

An
¼ Ar

An
⋅S ð2Þ

Childs [29] improved his friction contact model by an em-
pirical relation, proposed by Finnie and Shaw [30], relating
the Ar to An expressed as:

Ar ¼ An 1−e−Bσn
� � ð3Þ

Combining τint∞Arwith Eq. (2) and substituting τ int ¼ σeq

=
ffiffiffi
3

p
(shear flow stress of chip) when Ar=An and τint=μsl⋅σn

when Ar≪An (then 1−e−Bσnð Þ≈Bσn ) leads to Eq. (4), with μslffiffiffi
3

p
=σeq identified as B:

τ int ¼ σeqffiffiffi
3

p ⋅ 1−e−μsl⋅σn⋅
ffiffi
3

p
=σeq

� �
ð4Þ

Equation (4) expresses the local friction stress as function of

the local chip material flow stress σeq=
ffiffiffi
3

p
T ; γ; γ

�ð Þ and the
local normal stress. This implies thatμsl cannot be constant over
the whole of TCI. At low contact stresses, it reduces (Ar/An)=
B. σn⋅As a limit of this Eq. (4), Childs concludes to the need of
integrating a better formulation regarding the ratio Ar/An, its
dependency on the normal load σn and the plastic deformation
at the SSZ. Moreover, the sliding friction coefficient μsl must
express a sensibility to the SSZ and the parameter B,which can

Fig. 1 a Normal and shear stresses distribution along the TCI according
to Zorev approach [15] and from experimental interpretations [2, 3]. b
Degree of the contact Ar/An is a function of normal load at the TCI [2].

Interpretation of the different contact and wear regimes issued from
Childs descriptions of the TCI
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represent a term related to the adhesion rate in the sliding zone
and the strength s of the asperities on the contact.

2.2 Sticking and sliding contact

SSZ can play lubricant role when sticking dominant. Experi-
mental investigations show that at high speed machining,
around 50 m/s, the average friction coefficient μ ¼ F f =Fn

is decreasing dramatically due to the thermal softening effect
[31, 32]. For example, in the case of medium carbon steel, at
V=50 m/s, t1=0.5 mm, μ ¼ F f =Fn ¼ 0:2, the level of mean
friction coefficient, given from the experimental ratio of cut-
ting forces, is similar to those under zero charge loading. This
can be explained by the formation of a “transition flowing
zone” at the TCI, within the SSZ, having a behavior similar
to fluid lubricant layer. In the position where the shear strain
rate γ� of the chip reaches a maximum, the flow of the chip
operates at some distance from the real TCI. At high speed
machining conditions, the different tribological parameters
reach a maximum level, γ� ¼ 108s−1; T≈T f σn≥3GPa ,
and the fall of global friction coefficient is a consequence of
the formation of a transition flowing layer between tool–chip
junctions of the asperities and within the chip (similar to the
third body). To describe this zone, Qi and Mills [33] proposed
a realistic velocity distribution at the boundary of the tool–
chip interface, where the material has a complex mixed com-
position between tool and workpiece material with a transition
flowing zone. The hybrid model presented in this work inte-
grates a similar velocity profile.

The frictional boundary is expressed by an instantaneous
variation (over the start of engagement within the interfacial
contact) of an extent and geometry of sticking and sliding
interfaces due to variation of tribological parameters inside
the SSZ and the variation to the TCI bonding due to the wear
mechanisms. In the works ofM’Saoubi et al. [34], the coupled
analysis of temperature distribution and SEM-EDS element
mapping of tool rake surface enabled authors to distinguish
three different regions in contact: sticking contact followed by
a transition zone and, at the exit of contact, a region subject of
thicker adhesion marks defined by the authors as the sliding
zone. Recently, Wiklund et al. [35] have used different micro-
scopic techniques, such as transmission electron microscopy,
X-ray photoelectron spectroscopy and scanning electron mi-
croscopy to study the adhesion phenomena when cutting
stainless steel. The authors reported also three different zones
of the contact; the first one is the fractured region with adhered
contact between the chip and the tool. In the second region,
the tool–chip contact is intimate and a stagnant layer is likely
to be developed; this layer is only located at the areas free of
indents and could reveal the mechanism of adhesion. Finally,
in the third region, farthest from the tool edge, the contact is
made temporally between the chip and the tool, leaving

remnants of work material adhered. The authors noted that
the adhesion between this material and the chip is higher than
the cohesion in the chip at the time of such contact. In recent
research, Gerth et al. [28] have observed the contact area be-
tween chip and the rake face, and they suggested dividing this
area into three different regions based on differences in surface
appearance, material transfer and cutting conditions. This
classification is also suggested by Wiklund et al. [35]. The
first area adjacent to the cutting edge is characterized by high
normal stresses, the second region is an area about 300 μm
from the tool tip where temperature during cutting reaches a
maximum and finally and the third region is an area where the
chip separated from the rake face and plenty of oxygen is
present in contact during cutting.

2.3 Correlations with experimental results

In this study, orthogonal cutting tests have been used on the
Ti6A14V titanium alloy workpiece and a TiA1N-coated
cemented carbide tool. The machining conditions are given
in Table 1, and some results were already presented in
[23–25]. The resultant force in cutting (Fp) and feed direction
(Fq)were measured using a Kistler dynamometer.

Figure 2a represents a micrograph of the Ti6Al4V work-
piece structure before machining which has a duplex structure
α/α+β, with average grain size (for both α and β grains)
around 10 μm (range from 5 to 20 μm) and average micro-
hardness 320HV0.2. The substrate of the cutting tool is made
of tungsten carbide (WC) with 6 % cobalt (Co), and all inserts
had an applied single layer of TiA1N coating with average
thickness of 4 μm.

In Fig. 2b–d, the micrograph of the Ti6Al4V chip shows
two distinct zones; the first zone presents a transition flowing
zone with beta grains deformed in the direction parallel to the
rake face due to the high compressive load on the TCI (blue
lines). In the second zone, at some thickness from the TCI, the
orientation of the deformed grains is more different and tes-
tifies to a reduced influence of normal load. The velocity gra-
dient in the chip can be deduced from the orientation of de-
formed grains, with maximum strain rate near to the rake face

Table 1 Machining conditions used in the experiment

Machining setup Dry orthogonal cutting

Total cutting length L=12 mm interrupted every 4 mm

Tool material WC-Co and WC-Co coated TiAlN

Tool geometry Rake angle α: 5°, 15°, 20° and 30°

Flanck angle αfl: 7°

Feed f=0.12 mm and 0.2 mm

Cutting speed V=15,30 and 60 m/min
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and decreasing within the chip thickness, as suggested by the
modeled velocity fields presented in the next section.

Figures 3 and 4 show the evolution of the tool–chip contact
length and the different wearmechanisms observed on the tool
rake face. These mechanisms are principally adhesion of tita-
nium and abrasion, and for feed f=0.2mm the fracture of the
tool-tip. From the micrographs, it is easy to remark that the
contact area between chip and rake face shows two distinct
zones. The region close to the tool tip, noted (Z1) in Fig. 3, is
subjected to thin and disparate adhesion marks on the inter-
face, especially at low speed 15 m/min. However, these marks
become thicker and uniform in the region (Z2) and the rate of
titanium adhesion on the rake face grows considerably with
cutting speed. As shown in Fig. 3b, the rate of adhesion is
localized intensively on the irregularities of the rake face,

which means that contact is intermittent in this zone and then
favors the presence of oxygen and the formation of adhesion
deposit. The chip and the tool are in such frictional contact that
the ratio between the real and apparent areas of contact is less
than unity but sufficiently higher to lead to a plastic deforma-
tion within the chip. Under this condition, this region is con-
sidered typically characterized by stick–slip contact, i.e. a
combination of frictional and sticking contact with plastic de-
formation can exist.

With the increase of the cutting speed, a third zone
(Z3) appears at the end of the contact and presents
thicker and non-uniform adhesion marks. An interesting
similarity is observed between wear mode and the con-
centration of adhesion on this zone (Z3) and those ob-
served on the flank face (not presented in this paper),

Fig. 2 a Microstructure of
Ti6Al4Valloy before machining,
b microstructure of Ti6Al4V chip
with zoom on the SSZ, c
orientation of the deformed grains
in the SSZ thickness and close to
TCI. d Zoom of the transition
flowing zone thickness
considered as a part of SSZ
submitted to high compressive
load [23]

V  = 15 m/min, α = 20°, f= 0.12mm V  = 30 m/min, α = 20°, f= 0.12mm V  = 60 m/min, α = 20°, f= 0.12mm V  = 60 m/min, α = 20°, f= 0.12mm
Ti55531

0.237 m
m

Adhered work material

Z1

Z2

Z3

0.454 m
m

Thicker and regular adhesion marks

Irregular coa�ng delamina�on zone

Z1

Z2

Z3

0.432 m
m

Z1

Z2

Z3

Uniform and thin adhesion substrate

Start of coa�ng delamina�on

Z1

Z2

Z3Irregular coa�ng delamina�on zone

Fig. 3 Effect of the cutting speed V, analysis of wear modes on tool rake
face, estimation of the total contact length and identification of different
wear zones based on appearance of the adhered material deposit marks.
Z1: zone with thin and disparate adhesion marks, Z2: zone with thin or

moderate adhesion marks and start of coating delamination mode and Z3:
zone with thicker and regular adhesion marks located on the exit of the
chip. Cutting conditions from the left (Micrographs published on
[23–25])
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which is known as perfectly sliding area. The thickness
augmentation of the adhesion deposit is caused by the
abundance of the oxygen element at the TCI due to the
reduced ratio Ar/An (tends to 0). Inversely, in the first
region of tool–chip contact, the compressive stresses
prevent relative motion at the interface. Under the feed
force, a relative motion occurs within the chip and leads
to the thermoplastic shear localization in the called sec-
ondary shear zone (see Fig. 2b–d). The marks of adhe-
sion are very thin and uniform caused by the compres-
sive loading leading to a ratio Ar/An tending to the unity
(see Fig. 3).

At 60 m/min, slight and uniform adhesion marks are
observed in zone 1, suggesting to be a part of the tran-
sition flowing zone (see Fig. 3). When cutting the hard
material Ti 5553 at the same conditions, slight adhesion
marks are also observed in zone (Z1) with a fracture of
the coating material close to the cutting edge. The direc-
tion of the coating fracture shown by red arrows close to
the tool tip is opposite to the fracture direction in zones
(Z2) and (Z3). Here, the mechanism of abrasion domi-
nates due to the destruction of bonds between asperities
and the movement of new hard particles (third body).
The abrasive wear mode is accelerated when high cutting
temperatures, generally above 1000 °C, tend to modify
the properties of the coating material by weakening the
cobalt binder into the tool.

In Fig. 4, the undeformed chip thickness have been
increased (f=0.2 mm) which implies high stresses oper-
ating to remove the material on the cutting surface. The
main wear mechanism observed in the case of WC-Co
tool is the notching and fracture of the tool tip, which

reveals a combination of high temperature and stresses.
However, the adhesion wear is more important in the
case of TiAlN-coated tools, which can be explained by
the chemical affinity between the coating material and
workpiece. In addition, the reduced thermal conductivity
of the coating confers to the TiAlN a role of a thermal
barrier which preserves the strength of the cobalt binder
in the substrate of the tool and then reduces the fracture
mechanism and the temperature of the TCI.

The effect of the increase of the rake angle α reduces the
tool–chip contact length and the area affected by the damage
of the tool substrate (uncoated tool, Fig. 4a–c) and by coating
delamination (coated tool, Fig. 4e–d). However, the failure of
the tool edge is more important when rake angle increases due
to the decrease of the TCI temperature which limits the ther-
mal softening of the workpiece material and then maintains
high shear stresses in contact.

To conclude, four types of wear mechanisms are iden-
tified. In zone Z1, close to the tool tip, when the normal
load is in maximum, sticking tendencies with very small
adhesion rate are triggered when temperature is moderate
(800 °C for Ti6Al4V alloy). When temperature of TCI is
important, sticking tendencies with melt wear (thin adhe-
sion marks) are triggered in zone Z1. The combination of
high normal load and high temperature can lead to
plasticity-dominated wear. In zones Z2 and Z3, the de-

crease of the ratio Ar
An

with the normal load and the

growth of the temperature favorites the presence of oxy-
gen atoms in a vacuum presents in TCI and then leads to
an oxidation-dominated wear and thicker adhesion
marks. These tendencies will be confronted with numer-
ical results given by the following hybrid model.

Fig. 4 Effect of coating and rake face angle α. Analysis of wear modes.
notching and fracture of the tool tip and small adhesion on the exit region
of chip in the case of uncoated tools (a), (b) and (c). Important adhesion

and coating delamination wear in the case of TiAlN-coated tool, plastic
deformation of the tool and fracture of the tool-tip when α increases (e, f).
The cutting conditions V=60 m/min., f=0.2 mm
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3 Hybrid modeling of the contact of the tool–chip
interface

3.1 Velocities field and strain rates in the SSZ

In this proposed model, two velocity distributions can
be used. The first one is the more simplified model
inspired by the work of Oxley [14, 36], Fig. 5a). The
SSZ is assumed to be similar to a thin band, and the
shear strain rate is constant within the shear zone thick-
ness. However, this velocity field is overestimating and
does not permit to find the non-linear increasing of the
shear strain rate observed experimentally and depending
on position along the rake face [23].

The second velocity model, based on Marinov’s work
[21, 22], is more realistic and reproduces quite well the
experimental result of Bao and Stevenson [37] along the

length of the sticking zone Ls (see Fig. 5b). The bulk
chip velocity, Eq. (5), is obtained from the material con-
servation principle (V ⋅t1=Vc ⋅t2) and geometrical projection
(see Fig. 6):

Vc ¼ V ⋅
sinϕ

cos ϕ−αð Þ ð5Þ

with

t2 ¼ t1
sinϕ

cos ϕ−αð Þ ð6Þ

The distribution of the material particle velocity Vx in
the chip is inspired by work of Oxley [14] (model 1),
Eq. 7(a), Fig. 5a) and Marinov [21] (model 2),
Eq. 7(b)), Fig. 5b).

3.2 Boundary conditions of the primary shear zone

The details of the primary shear zone model are present-
ed in previous works and based on the approaches de-
veloped by Dudzinski and Molinari [38]. This zone is

assumed to be a thin band layer with a uniform thickness
h and to be oriented by an inclination angle ϕ to the
direction of the cutting speed (Fig. 6). The boundary
conditions of the PSZ are illustrated in Fig. 7. The mod-
ified Johnson-Cook’s law [24, 39] presented in Eq. (10)
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is used to describe the shear flow into the SSZ. This
formulation takes better into account the hardening

sensitivity at high shear strain rate (Eqs. (9A) and (9B))
through an identified critical strain rate γ� t:

τ st ¼

1ffiffiffi
3

p Aþ B
γffiffiffi
3

p
� �n	 


1þ m ln
γ
�

γ
�

0

� �	 

1−

T−Tr

Tm−Tr

� �ν	 

if γ

� ≤γ� t

1ffiffiffi
3

p Aþ B2
γffiffiffi
3

p
� �n	 


1þ ln
γ
�

γ
�

0

� �m*

γ
�

t

γ
�

0

� �m−m* !" #
1−

T−Tr

Tm−Tr

� �ν	 

if γ

�
> γ

�

t

8>>><
>>>: ð10Þ

A and B are workpiece material parameters, the coefficients
n, m and ν are the strain sensitivity coefficient, the strain rate
sensitivity and the thermal softening coefficients, respectively.
m* and B2 are the strain rate sensitivity coefficient and the pa-
rameter which controls the level of strain hardening at dynamic

domain, respectively. In the PSZ, the shear stress τPSZ, the abso-
lute temperature T and the shear strain rate γ� are obtained from
constitutive law and the integration of the equations of motion
and heat (assuming adiabatic conditions) and the development of
these distributions is detailed on [38] and [40]. The shear stress at
the exit of the primary shear zone is expressed by Eq. (11):

τPSZ ¼ ρ⋅ V ⋅sinϕð Þ2⋅γh þ τ0 ð11Þ

with γh ¼ cosα
sinϕcos ϕ−αð Þ the saturated strain at the exit of the PSZ

and τ0 the shear stress at the entry of the PSZ. The details of the
calculation of τ0 are explained in [24].

For the temperature of outflow of the PSZ we have:

TPSZ ¼ β
ρc

ρ⋅ V ⋅sinϕð Þ2⋅ γh
2

2
þ τ0⋅γh

� �
þ Tw ð12Þ

The shear force acting on the PSZ is given by:

Fs ¼ τpsz
w⋅t1
sinϕ

ð13Þ

3.3 Boundary conditions of the secondary shear zone
and the tool–chip interface

The geometrical shape of the chip and the secondary shear
zone, the thermal boundaries conditions and the distribution
of the velocity field along the TCI are illustrated in Fig. 8.

As explained previously, the contact ratio as proposed by
Childs et al. is proportional to the normal stress as follow:

Ar ¼ An: 1−e−B:σn
� � ð14Þ

To simplify the problem, the decreasing form relating Ar to
An with absolute position on the TCI is expressed as follow:

dAr ¼ 1−
x

Lc

� �p

dAn ð15Þ

with p∈ IR+ and An=w Lc.

Fig. 5 Velocity profiles in the plastic deformation zone, shape and
dimensions of the secondary shear zone. a After Bahi et al. [24] and
inspired by work of Oxley. b After Marinov [21]
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Then, as the normal force is the sum of the normal stresses
acting on asperities loaded (Ar), the normal force, decomposed
along the rake face, is expressed as follow:

Fn ¼ ∬
Ar

σr dAr ¼ ∬
An

σ0 1−
x

Lc

� �p

dAn with dAn ¼ dx⋅dz ð16Þ

Fn ¼ σ0⋅w
Z
0

Lc

1−
x

Lc

� �p

dx ¼ w⋅σ0⋅Lc
pþ 1ð Þ ð17Þ

From the momentum equilibrium MOA=MOB (Fig. 6),
using Eqs. (13) and (17), the normal stress acting on the tool
tip σ0 and the tool–chip contact length Lc are obtained:

σ0 ¼ 4:τpsz
pþ 1ð Þ
pþ 2ð Þ :

cos2λ
sin 2 ϕþ λ−αð Þð Þ ð18Þ

Lc: ¼ t1
2sinϕ

sin ϕþ λ−αð Þ
cosλ

: pþ 2ð Þ ð19Þ

The global friction coefficient is a macroscopic parameter,
representing the response of combined local effects of temper-
ature, stresses and strain rates;

μ ¼ Fp tg αþ Fq

Fp−Fq tg α
ð20Þ

Fig. 8 Boundary conditions of the chip and SSZFig. 7 Boundary conditions of the PSZ

Fig. 6 Geometrical
characteristics of the primary
shear zone PSZ and of the chip
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Taking into account the sticking contact regime, the forces
acting on the TCI can be decomposed as:

μ ¼ F f

FN
¼

w:

Z LsþLt

0
τ st dxþ w:μsl σ0

Z Lc

LsþLt

1− x
Lc

� �p
dx

w:σ0

Z Lc

0
1− x

Lc

� �p
dx

ð21Þ

The continuity relation of the shear stress at the TCI is
satisfied by neglecting the sliding friction along the transition
zone:

If x=Ls+Lt then

μsl:σ0 1−
Ls þ Lt
Lc

� �p

¼ τ LsþLt ;0ð Þ T ; γ; γ
̇

� �
ð22Þ

Combining Eqs. (18), (19), (21) and (22), the sliding fric-
tion coefficient is calculated:

μsl ¼ μ= 1−Rð Þp τ st
τ LsþLt ;0ð Þ

⋅R⋅ pþ 1ð Þ þ 1−Rð Þ
" #

ð23Þ

The ratio R ¼ LsþLt
Lc

is obtained when solving the non linear

thermomechanical problem of the chip and by verifying this
implicit relation:

μsl
σ0

τ LsþLt ;0ð Þ
1−

Ls þ Lt
Lc

� �p

−1 ¼ 0 ð24Þ

In the case of perfectly sliding contact R=0, the local fric-
tion μsl ¼ μ; Eq. (23) and τint=μsl.σn.

Note that the sliding friction coefficient μsl in Eq. (23) is a
function of the global or macroscopic coefficient μ, the length
of the sticking zone via the ratio R and the ratio τ st=τ LsþLt ;0ð Þ,
characterizing the plastic deformation in the SSZ. In interest-
ing dependency on the spreading of pressure and real contact
area, characterized by the coefficient p, is also present. In the
cases of perfectly sliding or sliding-sticking contact regimes,
R and μsl are calculated for a given coefficient p, considered as
an input parameter.

3.4 Case of fully sticking contact

In the case of fully sticking contact, for R= (Ls+Lt)/Lc=1, μsl
is finite and the global friction coefficient μ, Eq. (21), is
expressed as follow:

μ ¼ F f

FN
¼

w:

Z Lc

0
τ st:dx

w:σ0

Z Lc

0
1− x

Lc

� �p
:dx

ð25Þ

then

μ ¼ τ st
σ0

pþ 1ð Þ ð26Þ

Contrary to the case of contact regimes presented previous-
ly, the parameter p can be obtained by combining Eq. (18),
Eq. (19) and Eq. (25) and by solving this resulting implicit
equation:

pþ 2ð Þ− 4
sinλ⋅cos λ

sin 2 ϕþ λ−αð Þð Þ
τpsz

τ int T ; γ; γ
�ð Þ

¼ 0 ð27Þ

Remind that the parameter p controls two coupled pa-
rameters: (i) the decrease of the contact lands along the
TCI expressed by the ratio Ar/An and (ii) the decrease of
the normal stress along the TCI. The coefficient p is re-
lated to the macroscopic friction coefficient
μ ¼ tan−1 λð Þ, to the shear flow stress at the PSZ τpsz, to
the shear angle ϕ, to the rake face angle α and also to the
workpiece material flow via the shear stress τst.

Equation (25) shows an interesting construction of the
average friction coefficient μ, which in fact represents a
average of a non linear adhesion coefficient along the
interface:

μ ¼ 1

nþ 1

X i¼nþ1

i¼1
μadhi ¼

pþ 1ð Þ
nþ 1ð Þ:σ0

X i¼nþ1

i¼1
τ st xi; yi ¼ 0ð Þ: ð28Þ

n is a number of contacting points between asperities on the
interface.

Finally, when adhered friction dominates with sticking
contact regime on the whole of the TCI, the friction
stress is independent from the normal one, then the local
ratio μadh is non-linear (Eq. (28) and Fig. 9a). However,
when the sliding friction mode dominates, the ratio μsl

between local stresses becomes constant (Eq. (23),
Fig. 9b).

In the work of Lim and Ashby [41], the authors pointed
out that the increase of the number n of contacting points
is a result of the growth of the normal load, and not
inducing a growth of the average real contact area Ar of
an asperity (size) as proposed by others authors (e.g.
Bowden and Tabor [26]). The authors also explain that
when the load is light, the number n must be small (n≥
1). At the extreme load, when load approaches the seizure
load, the “unit” contacts overlap and the true number of
contacts again becomes small: In the limit of complete
seizure, it again goes to 1. In other terms, the contact is
constructed as a “single” asperity. In future work, a par-
ticular attention must be paid to determine n.
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3.5 Heat generation in the secondary shear zone
and on the tool–chip interface

At the TCI, the heat flux is a result of plastic deformation in
the SSZ along the sticking zone and by friction between as-
perities along the sliding zone. In this model, the heat flux
generated by friction along the transition zone is neglected
and only considered given by plastic deformation process.

In the sliding zone, the heat transmission coefficient Rch,
defining the percentage of the heat entering the chip, is choos-
ing according to the work of Grzesik and Nieslony [42].

Rch ¼ 1

1þ 3

2
kT=kW

� ffiffiffiffiffiffiffiffiffiffiffiffi
αW=αT Þ

p�� ð29Þ

Taking account the sticking and sliding contact regimes,
the heat flux generated on the TCI is given by:

Q x; yð Þ ¼
Qssz x≤Ls þ Lt; yð Þ ¼ σeq x; yð Þffiffiffi

3
p γ

�
x; yð Þ with γ

�
x; yð Þ ¼ dV x; yð Þ=dy

Qsl Ls þ Lt < x≤ Lc; 0ð Þ ¼ μsl⋅ Rch⋅ σ0 1−
x

Lc

� �p

⋅ VC

8>><
>>:

ð30Þ

The temperature distribution in the chip is obtained by
solving numerically the following 2D heat equation in the
steady state:

k Tð Þ⋅ΔT þ Qssz ¼ ρC Vx x; yð Þ ∂T
∂x

ð31Þ

with respect to the boundary conditions as shown in Fig. 8:

y!: k grad
����!

T
� �

¼ h1 T−T0ð Þ in ∂Ωconv

x!: k grad
����!

T
� �

¼ 0 in ∂ Ω1

− y!: k grad
����!

T
� �

¼ hint T−Ttð Þ þ Rch:Qsl in ∂Ωint

T x¼0 ; yð Þ ¼ TPSZ in ∂ΩPSZ

8>>>>><
>>>>>:

ð32Þ

The diagram in Fig. 10 summarizes the different steps per-
formed on this model.

Fig. 9 a The adhered friction
mode, constant. b The sliding
friction mode, constant

Fig. 10 Diagram of the proposed hybrid approach
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4 Results

In this section, the hybrid model is used to determine: (i)
global parameters such as cutting forces, contact length and
chip thickness and (ii) local parameters at the TCI such as the
ratio of the sticking–sliding zones, temperature, the normal
and shear stress distributions.

4.1 The simulations step for dry cutting Ti6Al4V alloy

4.1.1 Workpiece behavior and material parameters

The Johnson Cook parameters used for Eq. (10) are given in
Table 2. The material conductivity for workpiece depends on
the temperature and described using the following equation
[43]:

kW ¼ −0:23þ 1:46 10−2 T ð33Þ

The natural heat convection coefficient is chosen as h1=
17 W/m2K.

In the case of uncoated tool, the conductance at the TCI,
Eq. (32), is chosen hint=10

3 W/m2K. However, in the case of
TiAlN-coated tools, the presence of Ti element on the coating
substrate can be considered as a contributing factor of chem-
ical affinity which may increase the phenomenon of adhesion.
Therefore, the conductance may be chosen greater than un-
coated tools. In this work, the conductance, for the considered
coated tools, is chosen one hundred times greater than uncoat-
ed tools hint=10

5 W/m²K.

4.1.2 Geometrical parameters

The velocity field is modeled according to the approach of
Marinov described by Eq. 7(b), with the parameter c at 0.25.
According to the experimental observations in Section 2.3, the
secondary shear zone and the primary shear band thicknesses
are respectively estimated as δ=0.1t2 and h=25 µm.

The primary shear angle ϕ is given by Zvorykin's law [44]:

ϕ ¼ A1 þ A2 α− λ
� �

ð34Þ

with A1 ¼ 45�;A2 ¼ 1
2 ;

4.1.3 The model inputs parameters

The inputs parameters of the model are explicitly the
mean friction factor μ, the cutting velocity V, the cutting
feed f and the rake angle α . In a first step, the
thermomechanical problem is solved in the primary shear
zone (PSZ) where the normal stress at the tool tip and the
chip temperature at the entry of the PSZ are determined.
Then, the next step in the model is dedicated to predict
the contact regimes, the stress distribution and the temper-
ature among the TCI (see diagram in Fig. 10). The veloc-
ity field controls the shear strain rate γ� at the SSZ, and an
approximation of the ratio Ls/Lc are introduced to initial-
ize the solving of the thermal equation (Eq. (31)) and the
mechanical part of the problem (Eq. (24)). This enables to
know the state of the contact: perfectly sliding, sticking-
sliding or perfectly sticking. The last case suggests the
calculation of the coefficient p characterizing the contact
ratio dAr/dAn and controlling the normal shear distribution
(Eq. (27)). Table 3 summarizes the cutting conditions and
the experimental average friction coefficient μ obtained
from the ratio of the mean cutting forces Fp

exp and Fq
exp

(Eq. (20)).

Table 2 Material parameters of the modified Johnson-Cook law for the
Ti6Al4Valloy [24]

A(MPa) B(MPa) B2(MPa) m m* n v Tm
γ� t s−1ð Þ

862 331 314.38 0.012 0.1302 0.34 1 1658 3. 103

Table 3 Orthogonal machining conditions and numerical results for different cutting speeds V, uncut chip thicknesses t2 and tool rake face angles α.
The average friction coefficient μ represents the average of cutting forces acting on the tool-chip interface

μ
V f α Lc Ls

Lc

p t2 ϕ σ0 τ st
Tmax Fp

num Fq
num Fp

exp Fq
exp

TiAlN 0.82 15 0.12 20 0.262 1 0.34 0.20 35 897 565 686 881 309 750 260

0.8 30 0.12 20 0.266 1 0.37 0.20 35 908 552 803 890 300 750 250

1 60 0.12 20 0.364 1 0.74 0.21 32.5 872 500 964 933 435 600 280

0.86 60 0.2 5 0.884 1 1.44 0.4 27 1220 428 1061 1885 1354 – –

0.98 60 0.2 15 0.808 1 1.37 0.38 30 1051 435 1024 1749 986 – –

1 60 0.2 30 0.506 1 0.74 0.32 37.5 820 470 976 1299 348 – –

WC-Co 1 60 0.2 5 1.3 1 2.37 0.44 25 1203 356 1199 2005 1682 – –

1 60 0.2 15 0.9 1 1.68 0.38 30 1040 388 1153 1710 987 – –

1 60 0.2 30 0.576 1 1.13 0.32 37.5 878 433 1071 1362 365 – –
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5 Discussions

The numerical results include the tool-chip contact length Lc,
the ratio of the sticking zone, the chip thickness t2, the shear
angle ϕ, the maximum normal stress at the tool tip σ0, the
average shear stress τ st at the TCI, the maximum tool-chip
interface temperature Tmax and contact forces FN and Ff

(Eq. (21)).
Combining Eq. (20) and Eq. (25), the cutting force Fp

num

and the feed force Fq
num can be deduced:

Fnum
p ¼ 1þ μ⋅tanα

1þ tanα2

 !
Lc⋅τ st ⋅w

μ⋅cosα
ð35Þ

Fnum
q ¼ μ− tanα

1 þ tanα2

 !
Lc⋅τ st ⋅w

μ⋅cosα
ð36Þ

The tool–chip contact lengths and cutting forces reported
respectively, in Figs. 11 and 12, are in good agreement with
the experimental tendencies.

5.1 Thermal aspects of the contact

As shown Table 3, the high level of the average friction coef-
ficient μ≈1ð Þ can be considered as a good indicator of adhered
friction mode with fully sticking contact at the TCI (Ls/Lc=1).
Numerical results showing a sticking contact on overall the
TCI are in good agreement with experimental observations
presented in Fig. 4. An adhesive layer is clearly noticeable,
even at the end of the contact. These results differ from tradi-
tional approaches which are commonly referred to Zorev's
model [15], where the existence of a sliding contact at the
end of contact is assumed. The assumption of sliding is gen-
erally argued by the presence of low pressure in this region of
contact. However, for friction of titanium, it was already ob-
served that a sticking regime is possible under low pressure
such as in the work of Gras and Courtell [45]. In their exper-
iments, the normal load is varied from 0 to 500 N applied on
than apparent contact surface of 2.2 cm2, and the sliding ve-
locity is varied from 0 to 1.75 m/s. The authors have been
studied the effect of temperature on the friction of titanium

Fig. 11 Effect of the cutting
speed Vof the rake face angle and
the heat conductance on the tool–
chip contact length

Fig. 12 Effect of the cutting
speed Von the cutting force and
on the feed force
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and titanium alloy Ti6Al4V and have shown that around a
critical temperature of about 300 °C, the contact is character-
ized by high friction and evident surface wear due to the in-
terpenetration of the materials in contact by the combined
action of high temperature and stress which simultaneously
weaken the subsurface layers and favor adhesion. When tem-
perature is around 600 °C, fully seizure occurs with melt
bonds along the friction contact, shearing occurs within the
subsurface heaving the slightest strength. The average friction
coefficient grows from μ ¼ 1 at 300 °C to μ ¼ 4 at 700 °C.
Similar thermal conditions are also present at the TCI during
cutting of titanium, and the temperature appears to be the most
determining factor favoring a regime of sticking contact (see
Fig. 13). The heat conductance hint also influences the heat
partition on the tool–chip interface; an increase of this param-
eter implies a growth of the heat transfer towards the tool side.
As shown in Fig. 13, the increase of the heat conductance

increases the dissipation of the heat on the interface and re-
duces the thermal softening within the SSZ as shown in the
case of TiAlN-coated tool. However, in the case of theWC-Co
uncoated tool, the heat conductance is 100 less than in the
previous case. Consequently, the thermal softening is more
important due to reduced thermal dissipation effect on the
TCI. It leads also to the increase of the tool–chip contact
length and cutting forces. In Fig. 13a, the effect of the cutting
speed is illustrated in the case of the TiAlN-coated tool. The
increase of the cutting speeds increases the strain rate and
mainly the heat flux in the SSZ, Eq. (30)), and by consequence
the temperature.

5.2 Distribution of stresses at the TCI

As said before, a fully sticking contact is observed for all the
cases. However, the results of the simulations show that the

Fig. 13 a Effect of the cutting speed Von the temperature distribution. b
Effect of the rake face angle and the heat conductance on the temperature
distribution at the TCI

Fig. 14 a Effect of the cutting speed Von the shear stress distribution. b
Effect of the rake face angle and the heat conductance on the shear stress
distribution at the TCI
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Fig. 15 a Predicted normal loading at the TCI for TiAlN-coated tool and
f=0.12 mm. b Predicted normal loading at the TCI for different rake
angle, (V=60 m/min, f=0.2 mm). c Repartition of the ratio along the
TCI for TiAlN-coated tool and f=0.12 mm. d Repartition of the ratio

along the TCI for different rake angle (V=60 m/min, f=0.2 mm) and
suggested wear mechanisms correlated with numerical distributions of
temperature and stresses
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distribution of shear and normal stresses at the TCI may be
very different (see Figs. 14 and 15). Equations (15) and (16)
allow the model to establish a link between the distribution of
the normal stress and the ratio dAr/dAn with the parameter p.
This coefficient also controls the tool–chip contact length Lc as
highlighted in Eq. (19). Although the cutting speed V does not
seem to have a significant effect on the average of the shear
stress and on the maximum normal stress located at the tool
tip, (Figs. 14a and 15a), the increase of V leads to increase of
the coefficient p. For the high coefficients p, normal pressure is
more concentrated at the tool tip and then decreases rapidly
until the contact length. In this case, the major part of contact
have a ratio dAr/dAn <0.5 favoring the oxygen penetration, see
Fig. 15d for V=60 m/min and f=0.2mm, and also Fig. 4.
Moreover, at some distance from the tool-tip, the combined
effect of the high shear stress (τint≥400 MPa), of the moderate
normal stress (200 MPa ≤σn≤400 MPa) and of the high tem-
perature, favorite adhesion and abrasive wear as shown on
Fig. 3b–d. At the lower cutting speed, the coefficient p tends
to decrease, leading to a smaller contact length with a more
homogenous repartition of the normal load σn along the main
part of the contact, as shown by Figs. 14 and 15. Adhesion
marks are thin and disparate because the major part of the
contact has a ratio dAr/dAn close to the unity, thus limiting
the penetration of oxygen into the contact especially close to
the tool tip (see also Fig. 3). From a point of view of wear, this
can be considered as an indicator of the apparition of the built-
up layer mechanism, according to experimental tendencies
shown by Trent and Wright [17]. In addition to the effect of
high temperature, the level of the coefficient p can also inform
about adhesion rate on the TCI.

As said in the Section 1, the two common approaches to
measuring normal and frictional stress distributions on the tool
rake face are the split-tool and photo elastic method. Although
the first technique was criticized for not having adequate res-
olution in the vicinity of the cutting edge, a necessity to have a
split tool-material stronger then Ti6Al4Vand not appropriated
for smaller tool–chip contact length. The second technique is
not possible to use to characterize the stress distributions be-
cause the photoelastic materials, used as cutting tool, have a
limited strength and applied to very low cutting speed (mm/
min).

The rake angle has also an influence on the stress distribu-
tion. The increase of this angle leads to the increase of the
shear angle ϕ characterizing the inclination of the primary
shear zone, (see Zvorykin's law, Eq. (34)). This induces a
decrease of the saturated strain γh, the decrease of shear stress
on the PSZ and leads to a decrease of the normal stress at the
tool tip σ0 (see Eq. (11) and Eq. (18)). However, the increases
of the feed f and the rake angle α shift the major part of the
compressive stress σn toward the tool tip (see Fig. 13). This
trend is also confirmed by the micrographs in Fig. 4, where the
delamination and the notching of the tool substrate are more

concentrated close to the tool tip. This fact is due to the reduc-
tion of the coefficient p with the respect of the increase of the
rake face angle. Remind that the average friction coefficient μ
is quasi constant for different rake angle.

6 Conclusion

The modeling of the thermomecanical mechanisms at the tool
chip interface (TCI) was applied to investigate the friction
phenomenon at the secondary shear zone (SSZ). Based on a
hybrid model approach for metal cutting, new results and dis-
cussions were supported by (1) the application of a new ve-
locity field with a non linear profile to describe the material
flow at the SSZ and (2) the introduction of the evolution of the
ratio Ar/An between the real and apparent contact area along
the TCI. The model was employed to study the case of dry
machining of a Ti6Al4Valloy with coated and uncoated tools.
The model is able to predict different contacts regimes such as
the perfectly sliding contact (sliding mode), the sticking-
sliding contact (transition mode) and the fully sticking contact
(adhered friction mode). In the case of the Ti6Al4V, the last
(fully sticking) appears as the main regime occurred along the
TCI. The adhered friction describes the chip flow by shearing
within secondary shear zone and reproduces the non-sliding
velocity overall the TCI. In this case, the singularity of the
fully sticking contact allowed the model to completely solve
the problem of chip formation including not only the estima-
tion of the cutting forces and cutting temperature but also the
tool–chip contact length Lc, the repartition of the real area Ar,
which transmits the rake face forces, with regard to the appar-
ent area An and the evolution of the normal and shear stress
along the TCI. It was shown, that in the first part of contact,
the ratio between the real and apparent contact area Ar/An is
tending to 1, so limiting the formation of thicker adhesion
marks but favorites chipping, notching and failure of the tool
tip due to the influence of high stresses. At a certain distance
from the tool tip, when the ratio decreases (0.5≤Ar/An≤0.8),
the combined effect of the heating, due to the plastic deforma-
tion in the SSZ, and of the moderate stresses favorites three
wear mechanisms: (i) weakening and delamination of TiAlN
coating, (ii) moderate adhesion marks due to the presence of
oxygen on the TCI and (iii) diffusion wear and abrasion due to
the separated particles. Finally, at the end of contact, the tem-
perature reaches a maximum level, the stresses reach their
minimum levels and the ratio Ar/An tends to zero. These con-
ditions favor the presence of oxygen in the vacua between
asperities and then lead to a thicker adhesion layer. The effects
of the cutting speed and of the tool rake face angle are also
simulated to be confronted qualitatively with experimental
observations. The more is the cutting velocity important, the
higher is the contact length and inversely with the rake angle.
This repartition was correlated with the spread adhesionmarks
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printed on the worn tool rake faces and with the numerical
distributions of the temperature, shear and normal stresses.
According to the heat exchange at the TCI, the presence of
the titanium into the TiAlN coating is considered as favoring
the adhered friction and heat conductance. The increase of the
conductance tends to reduce the tool–chip contact length, to
decrease the thermal softening on the SSZ, to reduce the tem-
perature and leads to homogenize the repartition of the normal
stress at the TCI.
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