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The present study aims to establish through a series of friction tests the trends of the
dynamic factor according to sliding speed. A ballistic set-up using an air gun launch is used
to measure the friction coeﬃcient for the steel/carbide contact between 15 m/s and 80 m/s.
Since the experimental characterization of friction is a key factor in the development of high
speed process such as high speed machining, the experimental quantiﬁcation is introduced into
a cutting model by ﬁnite elements method. Modeling results are compared with cutting forces
measured on a similar experimental device, which can reproduce perfect orthogonal cutting
conditions.
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1. Introduction
The frictional phenomena at the tool-chip interface cause plastic deformations in a region of the chip adjacent to the tool rake face. In this area, called
secondary shear zone, the material is subjected to high shear producing an important rise in temperature due to friction and plastic work. Close to the cutting
edge, the pressure is very large (∼1 GPa) and the material speed is severely reduced. The friction stress has a value in the order of the ﬂow stress k in the
chip. The pressure progressively decreases by moving away the tool tip, and at
the end of the contact, the sliding speed tends to the chip velocity Vchip . In this
zone, the relationship between the normal stress σn and the tangential stress τn
is usually modeled using the friction Coulomb’s law:
(1.1)

τf = µσn ,

where µ is the friction coeﬃcient. The friction coeﬃcient µ is therefore representative of the sliding contact for pressures of several hundred MPa. In analytical
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and numerical models of metal cutting, the knowledge of the value of µ is very
important because it controls both the cutting force and the temperature rise
at the contact. To choose the suitable value of µ, experimental results such as
those found thanks to “split tool” method [1–3], should be used. Unfortunately,
these experiments are still infrequent and reserved for conventional machining
(low cutting speed). Moreover, experimental results based on the “split-tool”
show a high degree of incertitude in the determination of µ.
An alternative way to select the values of µ is to use other experiments that
can reproduce the tribological conditions that occurred in machining [4]. A wide
variety of experiences are then needed to fully characterize the involved phenomena by reproducing the conditions of local pressure and sliding speeds. These
conditions must be achieved with a simple geometry for which the measurement
of the contact parameters can be made easily. In this paper, experimental results concerning the values of µ are presented. For characterizing the friction
behaviour at the tool-chip interface, a mean normal pressure about 400 MPa
and high sliding velocity are imposed during the presented tests. The extreme
pressures (> 1 GPa) present near the tip-tool combined with low speed are
not considered in the experimental study. An application in the case of FEM
modelling of High Speed Machining is discussed.
2. Experimental devices
An original sensor for measuring forces generated during friction is developed to combine high sliding speed and high contact pressure. This load sensor
is integrated on a ballistic bench currently being tested at a maximum speed
of 120 m/s. The ballistic device, presented in Fig. 1, is made up of two coaxial
tubes. The ﬁrst one is the launch tube and the second is the receiving tube
leading to a shock absorber. This equipment was also developed for the study of
cutting process under extreme conditions [5] and reproduce perfectly orthogonal cutting conditions without drawback induced by industrial machining. The
quasi-instantaneous expansion of a compressed air propels a projectile at high
speed into the launch tube. A suﬃcient length of this tube, combined with

Fig. 1. Ballistic set-up dedicated to the cutting and the friction study.
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a mass of the projectile adjusted (diﬀerent geometries, diﬀerent materials), provides almost constant speed (less than 4% variation) to the projectile during
the process. A set of three sensors record precisely the velocity and acceleration
of the projectile.
The load sensor schematically shown in Fig. 2a, attached to the receiving
tube, supports a dynamometer ring that imposes a normal force (FN ) adjusted
by the dimensions of the diﬀerent part in contact. This force generates a normal
pressure between the cutting tool and the specimen (moving specimen). Setting
a)

b)

Fig. 2. a) Details of dynamical tribometer designed to able to reproduce the contact between
a cutting tool and a workpiece; b) signal recorded by the strain gauge located on the load
sensor at 40 m/s.
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the translation speed of the specimen is caused by the impact of the projectile.
The entire specimen is received in a shock absorber. The post-mortem analysis
of rubbed surfaces is then possible. The load sensor was designed to be easily
adapted to another propeller as a conventional dynamical hydraulic tensile machine. The hydraulic jack of the tensile machine takes the role of the projectile
and ensures the movement of the specimen.
Figure 2b presents a recorded signal used to calculate the tangential force
(FT ) and deduce the friction coeﬃcient (µ = FT /FN ). The ﬁltered signal is
deduced from the signal recorded by the stain gauges by applying a LPF (low
pass ﬁlter) of 10 kHz. The ﬁltered signal signiﬁcantly improves the visibility of
a mean value of the friction force.
Experimental and numerical calibrations are performed to convert the mean
signal value into force intensity. The load sensor and its implementation on the
dynamic bench have been ﬁrstly modeled by FEM in ABAQUS. In a second
part, it has been statically and dynamically calibrated, allowing the validation
of the FEM model. This dynamic calibration has been achieved thanks to direct
impacts of the projectile with diﬀerent weights and for speeds limited at 10 m/s.
3. Experimental evolution of the friction coefficient
Figure 3 illustrates the evolution of dry friction of a mid-hard steel C22 on
an uncoated carbide tool. The steel friction surfaces are obtained by grinding in
the same direction as the rubbing movement (Ra = 0.8 µm). It is important to
note that the tests replicated friction conditions only with a single pass between
two new surfaces (not running-in phase). It is observed that friction coeﬃcient
decreases with increasing sliding velocity according to previous works [6]. A similar trend has also been observed in [7, 8]. A minimum value of the coeﬃcient
seems to be reach and then with further increasing velocity an opposite tendency
is observed.

Fig. 3. Dry friction coeﬃcient for the sliding of steel C22 on an uncoated carbide tool.
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4. Application to HSM
4.1. Modeling
The metal cutting is modeled by the ﬁnite element method thanks to the
code ABAQUS/Explicit in version 6.8. The 2D model, with four nodes elements,
follows a Lagrangian scheme to study the evolution of chip formation from its
initial phase until the steady state. The tool is considered as an elastic rigid body
while the workpiece material follows a thermoviscoplastic behavior described by
the Johnson-Cook’s law [9, 10]:


 p 
m 
ε̇
T − Troom
p n
(4.1)
1−
σ = [A + B (ε ) ] 1 + C ln p
,
Tmelt − Troom
ε̇0
where σ is the eﬀective ﬂow stress of the material, εp the eﬀective plastic strain
p
and ε̇ the eﬀective strain rate, ε̇p0 the reference plastic strain-rate of 1/s, Troom
the room temperature and Tmelt (1520◦ C) the melting temperature. A, B, C
are the material constants, n the strain hardening exponent and m the thermal
softening exponent.
Because of the similarity of compositions between the studied C22 steel and
the CRS1018 steel, the other used parameters summarized in Table 1 are approximated by the results presented by [10, 11].
Table 1. Johnson-Cook parameters used for C22 steel.
A [MPa]

B [MPa]

N

C

m

D1

d2

d3

520

269

0.282

0.0476

0.533

0.24

1.1

1.5

A damage criterion is also applied to the workpiece elements allowing the
material separation [11, 12]. The failure of an element is eﬀective when the
critical the damage parameter D exceeds the value of 1:
(4.2)

D=

X ∆εp
εf

.

∆εp is the increment of plastic deformation during a cycle of integration and εf
the failure strain under the condition of triaxiality:
 σ 
m
(4.3)
εf = d1 + d2 exp d3
,
σ

where σm is the hydrostatic pressure and d1 , d2 and d3 are the damage failure
material constants reported in Table 1.
To calculate the friction stress, the following relationship is used:
(4.4)

τf = min(µp, τcrit ).
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At very high pressure, τf = τcrit where τcrit is a maximum value that τf
cannot exceed. For lower pressures, the friction Coulomb’s law is then eﬀective.
The value of τcrit is generally regarded as the shear ﬂow stress k in the material.
The choice of the parameters τcrit and µ is critical because τcrit and µp are also
criteria to allows a contact element to slide along the tool. Therefore, these
parameters control not only the values of the shear stress and the temperature
rise but also the morphology of the chip.

4.2. Results and discussion
To study the inﬂuence of friction in the numerical model, cutting tests are
carried in the same range of velocities. During these tests, the cutting force
normal to the rake face is measured and used to emphasize the consequence
of the friction parameter. Orthogonal cutting tests are performed on the same
ballistic device [5] used for the friction tests. The load sensor is changed to
support two symmetric carbide cutting tools. The workpiece is attached on the
projectile. An intensiﬁed CCD camera is used to record temperature ﬁeld during
the process [13]. To carry out the numerical simulations, diﬀerent approaches
are conducted. In the ﬁrst one, which is usually adopted, the value
of τcrit is
√
constant and equal to the shear yield stress (τcrit = k0 = σ0 / 3 with σ0 =
289 MPa) and µ is ﬁxed for all speeds. Two values of µ were ﬁrstly selected as 0.1
and 0.25. The range for µ was chosen from the experimental results illustrated
in Fig. 3. Figure 4 shows the evolution of cutting forces as a function of cutting
speed. Compared to the experimental results, the trends are conserved in spite
of a certain overestimate for the cutting forces.

Fig. 4. Experimental and Numerical Results (N.R.) of the normal cutting force as a function
of the cutting speed (C22).
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A second approach can be performed, with a mean value of µ ﬁxed to 0.15 and
the critical stress deﬁned as a function of the maximal contact temperature Tmax
by Eq. (4.1): τcrit = f (Tmax ). Tmax is deduced from the experimental temperature
ﬁeld measured in the chip during orthogonal cutting tests as shown in Fig. 5.
This second approach is interesting because the numerical results are improved
by trending to the experimental measurements. The cutting forces obtained in
the simulations decrease due to the drop of τcrit through the eﬀect of thermal
softening of the material. The last approach keeps τcrit as a function of the
temperature and adjusts the friction coeﬃcient with the experimental values
(µ = f (V )), cf. Fig. 3. A weak diﬀerence of the results emphasizes that the role
of µ is minimized in the friction stress modeling. Indeed, the combination of
τcrit = f (Tmax ) and µ = f (V ) leads to τf = τcrit ≤ µp over almost the entire
contact area.
Figure 5 illustrates a comparison between the experimental and numerical
results for the following cutting conditions: the rake angle α = 0◦ , the uncut chip
a)

b)

Fig. 5. Cutting forces and temperature maps obtained during orthogonal cutting test
– material C22: a) experimental; b) simulation.
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thickness t1 = 0.5 mm and the cutting speed VC = 42 m/s. A good correlation is
observed not only for the cutting forces but also for the temperature ﬁeld when
the contact parameters are optimized.
5. Conclusion
The combination of three experimental devices allowed deﬁning the friction
coeﬃcient for a large range of sliding velocities up to 80 m/s. The obtained values
are applied to the high speed cutting process to describe the friction stress at
the tool-chip interface. The equipment enables to reach the dry sliding friction
condition with pressure of 400 MPa. Complementary orthogonal high cutting
tests are also conducted in order to measure cutting forces and temperature
ﬁelds in the chip. All experimental data are employed to validate the friction
modeling in the ﬁnite element code ABAQUS. A good correlation is overall
obtained. However, the results highlighted limits in the friction model based on
Eq. (4.4) because the criterion restrict the eﬀect of the contact temperature and
the real friction coeﬃcient µ. Coulomb’s friction coeﬃcient could be formulated
according to the contact pressure, the temperature and the sliding velocity.
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