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Abstract
The friction model in the tool-chip interface has significant influences on predicting chip forms, cutting forces, and cutting
tool temperatures, when simulating the chip formation using the finite element method. In this paper, the friction behavior
in the tool-chip interface was investigated experimentally and numerically under cutting conditions. The friction tests were
performed with different workpiece materials (AISI 1045 and Direct Aged Inconel 718) in combination with uncoated and
coated cemented carbide cutting tools. Various process normal forces were applied to achieve different contact pressures. The
experimental results showed strong influences of relative speeds, contact pressures, and contact temperatures on apparent
friction coefficients. In addition, an advanced friction model was proposed and validated with 3D FE-simulations of the
friction test.
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1 Introduction

With the development of computational technology, model-
ing and simulation of cutting processes show the growing
importance and potential in industry. The material consti-
tutive law and the friction model at the tool-chip interface
are the key factors for precise cutting simulations using the
finite element method (FEM) [4]. According to Arrazola
and Özel, the friction model has a significant influence on
predicting cutting forces, chip forms, contact lengths, and
cutting temperatures for FEM cutting simulations [3, 25].
Arrazola also expressed that an insufficient friction model
could be a reason for the underestimation of the cutting
normal force [5]. Recent studies also show that the use
of a constant Coulomb friction model is not sufficient for
the cutting simulation. In cutting processes, high strains,
strain rates, and temperatures occur in primary and sec-
ondary shear zone [17, 24]. These extreme conditions make
the investigations of the friction behavior at the tool-chip
interface particularly important.
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Melkote et al. reviewed recent advances in the identi-
fication of friction behaviors for cutting simulations [20].
Different friction mechanisms and experimental methods
under cutting conditions have been discussed. According to
their work, developing experimental methods to separate the
adhesion and deformation components in friction behavior
is necessary for future researches. Furthermore, a compara-
tive assessment of the accuracy of existing friction models
is expected.

To describe the contact behavior at the tool-chip
interface, also known as the secondary deformation zone,
various friction models have been investigated. A constant
coefficient of friction according to the Coulomb law can be
calculated by Merchant analysis [21].

μ = Ff + Fc × tanγ

Fc − Ff × tanγ
(1)

This friction model is mainly used in engineering,
because the apparent friction coefficient can be easily
calculated with respect to the cutting force Fc, the feed
force Ff , and the rake angle γ (Eq. 1). Moreover, the
Merchant analysis assumes that the cutting tool edge is
ideally sharp. The influence of the ploughing effect is
therefore neglected in the Merchant analysis. Abrecht [1]
proposed a modified calculation of friction coefficients that
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took ploughing cutting force Pc and ploughing feed force
Pf into account (Eq. 2).

μ = (Ff − Pf ) + (Fc − Pc) × tanγ

(Fc − Pc) − (Ff − Pf ) × tanγ
(2)

An analytical investigation of friction shows that the
apparent friction coefficient consists of the adhesion μa and
deformation μm terms [15] (Eq.3). The adhesion term can
be derived in relation to the limited shear stress τf , which is
depending on the equivalent flow stress σ . The deformation
term of the rake face friction in orthogonal cutting can be
derived as a function of shear angle � and rake angle γ .

μ = μa + μm = τf

σ
+ arctan(

π

4
− � + γ ) (3)

Zhou [30] proposed an analytical friction model that
considers the sticking, transition, and sliding friction at
the tool-chip interface. The proposed model calculates the
global and local friction coefficient by inverse determina-
tion of the shear stress in the secondary shear zone based
on a thermo-mechanical analysis. The author validated the
model by comparing the experimental data and the data
from the literature. However, the proposed analytical model
was based on various assumptions such as the chip compres-
sion ratio, the shear angle, and the heat partition coefficient,
which also depend on cutting parameters. It is a general
disadvantage of analytical friction models.

Empirical models have also been investigated in recent
years. Moufki et al. [22] and Puls et al. [26] proposed
the temperature-dependent friction models at the tool-chip
interface based on the thermal softening theory (Eq. 4). This
friction model indicates that the apparent friction coefficient
stays a constant value of μ0 up to a temperature of Tr

and then decreases with the increasing of the temperature
due the thermal softening effect in relation to the melting
temperature Tm and the power mr . Moufki et al. determined
analytically the mean temperature and the apparent friction
coefficient at the tool-chip interface. Puls et al. measured
the temperature and the apparent friction coefficient on a
friction test bench under cutting conditions. It should be
noted that the temperature-dependent friction model was
proposed under the assumption that the effects of speeds
and pressures act only on contact temperatures. However,
the friction behavior under cutting conditions is more
complicated.

μ = μ0 ×
(

1 −
(

T − Tr

Tm − Tr

)mr
)

(4)

Zemzemi et al. [29] and Bonnet et al. [8] investigated
the apparent friction coefficients with a specific designed
tribometer based on a modified pin-on-ring system. They
investigated the friction behavior depending on the sliding
speed for the workpiece materials AISI 4142 and AISI
316L with different carbides under dry cutting conditions.

A friction model as a function of the sliding speed vs was
proposed, as shown in Eq. 5. The coefficients c1 and c2

were determined by means of experimental and numerical
investigations. The authors tried to separate the adhesion
and plastic friction when modeling the tool-chip interface.
Based on their studies, Rech et al. [27] investigated the
friction behavior for different workpiece materials under dry
and wet cutting conditions. A similar work was performed
by Smolenicki et al. [28] on an in-process tribometer in
orthogonal turning process. Based on empirical data, the
authors introduced also sliding speed-dependent friction
models for different workpiece materials and cutting tool
materials. However, the introduced friction models were
not implemented and validated in FEM simulations. In
addition, the influence of temperatures and pressures was
not investigated.

μ = c1 × (vs)
−c2 (5)

Furthermore, Brocail et al. [9] have experimentally and
numerically studied the influence of temperatures and pres-
sures on apparent friction coefficients. The authors con-
trolled the initial workpiece temperature, the workpiece
penetration, and the sliding speed to achieve different tem-
peratures and contact pressures under cutting conditions.
The contact pressure and temperature were determined by
an inverse numerical approach. A friction model was then
proposed as a function of the normal stress σ , sliding
speed vs , and contact temperature T (Eq. 6). The coeffi-
cients for the friction model c1, c2, and c3 were determined
experimentally and numerically. The friction model was not
implemented into the FE model and was therefore not val-
idated. A similar friction model was developed by Klocke
et al. [19] in sheet metal forming simulations. The proposed
friction model was implemented and validated in the FEM
forming simulation. It should be noted that the working con-
ditions in sheet forming were significant different from the
cutting conditions with respect to the contact pressure, the
temperature, and the sliding speed.

μ = c1 × (vs)
c2 × (T )c3 × (σ )c4 (6)

In this paper, the friction behavior of the workpiece
materials Direct Aged Inconel 718 (DA718) and AISI1045
with different cemented carbides was experimentally
investigated. Modified friction tests were performed on the
test bench presented by Puls et al. [26]. Different relative
speeds and process normal forces were applied to study
the influence of the normal stress on the friction behavior.
The investigated variables are shown by a cause-and-effect
diagram in Fig. 1. The friction model based on Eq. 6
was then determined as a function of the relative speed,
temperature and normal stress. In addition, the determined
friction model has been implemented into a 3D CEL-based
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Fig. 1 Cause-and-effect diagram for investigating the friction behavior
according to Ishikawa [16]

FE model for the friction tests and validated with respect to
the apparent friction coefficient.

2 Experimental investigation

2.1 Experimental setup

A friction test bench has been designed on a vertical
broaching machine tool RASX 8 × 2200 × 600 M/CNC
from Forst Technologie GmbH, as shown in Fig. 2. The
broaching machine has a stoke length of 2200 mm and
a maximum cutting speed of 150 m/min. For the cutting
speeds lower than 30 m/min, the maximum broaching force
is 80 kN. For the cutting speed from 30 to 150 m/min, the

Fig. 2 Experimental setup
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maximum broaching force is 20 kN. The basic setup of the
friction test is the same as the one developed by Puls et
al. [26]. Workpieces in sheet geometry were clamped by
a holder mounted on the linear machine tool drive. The
typical C-type turning insert was placed in a customized
tool holder. A customized tool holder was mounted on
the Kistler dynamometer Z21289 which can measure the
process forces Fz and Fy in friction tests.

Instead of studying the friction behavior between the
original rake face of turning insert tools and the workpiece
in orthogonal cutting, the setup enables the contact between
the original flank face and the workpiece with a linear
motion vr . The workpiece tool contact happens between
the workpiece and original flank face, which can also be
considered as a ploughing process with a large negative
rake angle. The friction behavior was investigated by this
analogy test bench and experimental design, in which the
chip formation is suppressed. Although there is no material
separation in the analogy friction tests, the friction behavior
was investigated with respect to the material loading
including high strains, strain rates, and high temperatures
under cutting conditions. The chip breaker on the rake
face will not affect the experimental results. The basic
geometry of the CNMG120408 insert tool is normed, which
is characterized by the corner radius rε = 0.8 μm and
the shape angle of 80◦. The 3D FEM friction simulation
was also established based on the two geometrical factors.
In addition, the contact interface can be characterized and
adjusted by the tool inclination angle α = 9◦ and the depth
of engagement t .

Apart from the process forces, the contact temperature
Tm was measured by a two-color-pyrometer fiber during
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friction tests. The measurement spot on the workpiece was
located 0.6 mm under the cutting insert. The use of the
pyrometer is independent of emissivity variations, and it
is suitable for transient processes due to its short response
time.

In comparison to the previous friction tests with a
constant depth of engagement, modified friction tests were
conducted in this study under various defined process
normal forces of Fy = 500, 2000, 4000, and 6000 N.
The defined process normal force was realized as shown
in Fig. 3. Before the workpiece moved linearly with a
relative speed vr , the C-type insert was penetrated into
the workpiece with quasi-static movement to achieve a
defined force Fy . The force was measured and controlled
by the Kistler dynamometer. After reaching the defined
force, the position of the insert was recorded and the insert
was moved out. Although the process normal forces in
friction tests were always slightly smaller than those in
quasi-static loading due to compensation of the friction
force, the research range of the normal force can be
controlled by using this method. In addition, controlling the
measurable process normal forces is better than controlling
the depth of engagement, since the depth of engagement
has an unmeasurable change due to the deformation of the
insert tool in friction tests. By means of this experimental
design, the influence of process normal forces and contact
pressures on the friction behavior can be studied. With
the following equations, the friction coefficient can be
calculated depending on the process force Fz, process
normal Fy , and the tool inclination angle α, as shown in
Fig. 2.

μ = FT

FN

= Fz × cosα − Fy × sinα

Fy × cosα + Fz × sinα
(7)
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Fig. 3 Experimental conditions controlled by the process normal force
(Fy )

Table 1 Characterization of workpiece materials

Material Heat treatment Density Yield stress Hardness

− − kg/m3 MPa −

AISI1045 Normalized 7821 476 HB 199

DA718 Direct aging 8190 1260 HV30 470

2.2 Cutting tools and workpiecematerials

From the point of view of friction mechanisms, the
friction behavior is a combination of the adhesion and
deformation in the contact zone. The deformation is usually
dependent on workpiece materials and process parameters.
The adhesion is related to the contact pair as well as the
contact pressure and temperature. Since the dominance of
the two mechanisms is still unclear in cutting processes, it
is worth investigating the effects of workpiece materials and
cutting tool materials on the friction behavior. In this study,
the normalized carbon steel AISI1045 and the direct aged
Inconel 718 (DA718) were used. The workpiece materials
were selected according to their thermal and mechanical
properties, as shown in Table 1. Figure 4 shows their
microstructures.The used workpiece had a thickness of b =
1.5 mm.

In comparison to AISI1045, DA718 belongs to the group
hard-to-cut materials due to its high-temperature resistance,
low thermal conductivity, and tendency to strain hardening,
which leads to extremely high mechanical and thermal
load on the cutting edge during machining. Various cutting
tools were used as listed in Table 2. Cutting tool materials
including the uncoated carbides WC-6Co (6 wt% Co)
and WC-15Co (15 wt% Co), and the coated carbide +
TiAlN (PVD) and the whisker-reinforced alumina ceramic
Al2O3+SiC-Whisker were used to investigate the influence
of cutting tool materials. Since the contact occurs only
one the original flank face, C-type cutting tool inserts with
different cutting tool materials were chosen although they
have different chip breakers, as shown in Table 2.

Material: DA 718

Rm ≥ 1450 MPa

100 μm

Material: AISI 1045

Rm = 680 MPa

100 μm

Fig. 4 Microstructure of investigated materials
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Table 2 Characterization of cutting tool inserts

Type Manufact. Material code Coating Hardness Corner radius

− − − − (HV30) rε / μm

CNMG120408-SM Sandvik H13A (WC-6Co) − 1600 0.8

CNMG120408 Extramet EMT815 (WC-15Co) − 1120 0.8

CNMG120408-23 Sandvik GC1005 (coated WC-Co) TiAlN (PVD) 1614 0.8

CNMG120708-T Greenleaf WG-300 (Al2O3+SiC-Whisker) − 2168 0.8

2.3 Experimental results

With the above experimental setup and design, friction tests
were performed under different process normal forces Fy ,
relative speeds vr , and material combinations, as shown in
Table 3. Figure 5 shows the signals of measured process
forces Fz, Fy , and temperature Tm on the workpiece surface.
Apparent friction coefficients μ were then calculated
according to the Eq. 7. The measured process normal force
Fy is slightly different from the force in static state due
to the contribution of the friction force and the dynamic
material behavior. For a process normal force Fy = 2000 N,
the apparent friction coefficient for vr = 20 m/min is higher
than for vr = 100 m/min (μ = 0.24 > 0.1). Many
researches indicated that the material thermal softening
effect is the main cause or the only reason for the reduction
of the friction coefficient induced by the higher relative
speed [22, 23, 26, 27]. However, if we compare the μ at
different process normal forces, it can be noticed that the
friction coefficient at Fy = 6000 N (μ = 0.16) is higher
than it at Fy = 2000 N (μ = 0.1), although the temperature
is also higher (T = 679 > 456 ◦C). This phenomenon
indicates that the temperature might not be the only physical
variable that affects the friction behavior.

Figure 6 shows a detailed and systematic analysis in
terms of contact tangential forces FT , contact normal forces
FN , and measured contact temperatures Tm in the steady
state. Process forces are reflections of the friction behavior.
On the one hand, the contact normal force decreased slightly
with the increase of the relative speed vr . On the other hand,
the contact tangential force decreased obviously with the vr

for all material combinations and process normal forces.

It is generally accepted that the apparent friction
coefficient in cutting processes depends on cutting speeds,
undeformed chip thicknesses, and contact pairs. The
apparent friction coefficient μ, calculated by the Eq. 7,
decreased gradually with the increase of the relative speed
in dry conditions, which has also been observed in other
researches [10, 13, 27]. For the material combination of
DA718 and WC-15Co, the apparent friction coefficient μ

decreased from 0.36 to 0.16 when vr increased from 20 to
100 m/min under a process normal force Fy = 6000 N.
It is also noted that μ is also influenced by Fy . For the
same material combination of DA718 and WC-15Co, μ

for Fy = 6000 N is generally 0.11 higher than for Fy =
2000 N. Furthermore, the contact temperature increased
with the relative speed. For the contact pair DA718 and
WC-15Co, the contact temperature increased from 552 to
679 ◦C when vr increased from 20 to 100 m/min. This
phenomenon can be explained by the increase of the total
dissipated process power due to the higher strain rate in
the contact zone. Earlier researches [22, 26, 27] explained
the decrease of friction coefficients using the thermal
softening theory. This theory assumes that relative speeds
and contact pressures affect only the contact temperature,
which influences the friction behavior by softening the
material strength indirectly, as discussed in Section 1.

By presenting the apparent friction coefficients μ as
a function of the measured contact temperature Tm,
interesting results can be observed. For all material
combinations, the decrease trend of the friction coefficient
(μ) with the increase of the contact temperature Tm was
observed under the same process normal force. However,
the same friction coefficient can be achieved when contact

Table 3 Experimental plan of the friction test

Workpiece material Cutting tool material Process normal force Relative speed Lubricant

− − Fy / N vr / m/min −

DA718 WC-15Co 500/2000/4000/6000 20/40/60/100 Dry

DA718 WC-Co + TiAlN 500/2000/4000/6000 Dry

DA718 Al2O3+SiC-Whisker 4000 Dry

DA718 WC-15Co 2000/4000 Castrol Variocut B9

AISI1045 WC-6Co 500/2000/4000/6000 Dry
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Fig. 5 Measurement of process
forces and temperatures in the
friction test
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temperatures and process normal forces increase together.
For examples, for the material combination of DA718 and
coated WC-Co, a similar friction coefficient μ = 0.24 −
0.26 can be observed at T = 236 ◦C/Fy = 500 N, T =
388 ◦C/Fy = 2000 N, T = 522 ◦C/Fy = 4000 N, and
T = 623 ◦C/Fy = 6000 N. For the workpiece made of
AISI 1045, the friction coefficient is generally higher than
DA718. In addition, the friction coefficient at Fy = 500 N is
significantly higher than at other process normal forces. The
explanation for these differences between AISI1045 and
DA718 is the change in friction mechanisms, in particular,
the deformation term due to workpiece material properties.

It can be concluded that the use of temperature as the
only physical parameter to describe the friction behavior is
not sufficient. The relative speed and the process normal
force can influence the friction behavior directly instead
of via the contact temperature. According to the principle
of dynamics, while increased temperature can enhance the
heat movement capacity of the moving objects, it also
increases the distance of molecule due to thermal expansion.
After the relaxation process of high polymer, its physical
properties such as visco-plasticity and thermodynamics
nature will also alter significantly. In general, when
environment temperature increases, the material’s surface
friction coefficient will undergo certain changes, changing
proportion however will vary from material to material.
Since contact temperatures in this investigation cannot be
separated from relative speeds and process normal forces,

N
005

N
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N
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F y
N

0006
=

vr = 100 m/min 20 m/min 100 m/min

DA718 / WC -15Co Coated WC-Co

1 mm 1 mm 1 mm

Fig. 7 Contact areas under different process normal forces and
material combinations

no direct conclusion can be drawn about the temperature.
These phenomena with respect to workpiece materials,
contact temperatures, relative speeds, and process normal
forces can be traced back to the friction mechanisms.

After friction tests, the contact surfaces of cutting tool
inserts captured by the digital microscope VHX-5000, as
shown in Fig. 7. Workpiece material adhering to the tool
material can be identified. With the increase of Fy , more
workpiece material was adhered to the tool material. This
phenomenon can be classified as the adhesion friction
mechanisms.

The friction behavior reacts differently in terms of the rel-
ative speed. In order to investigate the friction mechanism,
the element analysis was performed on the contact sur-
face by energy-dispersive X-ray spectroscopy (EDX), as
shown in Fig. 8. Adhering effect of the nickel-based alloy
DA718 can be identified by the element Ni. The coating
TiAlN was identified by the element Ti. The subtract of
the cemented carbide was identified by the element W. For
the material combination of DA718 and uncoated cemented
carbide, both adhesion and sliding exist at a higher speed
vr = 100 m/min, while adhesion dominated the friction
mechanisms at a lower speed vr = 20 m/min.

For the material combination of DA718 and coated
cemented carbide, the substrate can be identified on the
contact area because the coating was chipped off at both
speeds. Meanwhile, the material at the workpiece boundary
layer has reached the limited shear stress induced by the
material deformation. Due to the property of coating, the
boundary layer tends to separate rather than adhere. At
a lower speed, the trend towards separations with coated
carbide is more obvious.
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Fig. 8 Element distribution by EDX mapping on the contact area
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2.3.1 Influence of cutting tool materials and cutting fluid

Figure 9 shows the SEM and EDX analysis of the contact
surfaces for different cutting tool materials after friction
tests. Although the workpiece material appeared on each
material combination, they behaved differently. For the
uncoated cemented carbide, the adhered workpiece material
spreads over the contact area except the sliding part.
From the SEM analysis, the WC-Co, the coating layer
and the adhered material DA718 can be well observed in
the transition zone, where the coating together with the
adhesive material chipped off due to high pressure and
mechanical scratching by hard carbides such as TiC in
DA718. In the case of whisker-reinforced ceramics, the
adhesion distributed overall, except at the tool corner. Based
on the EDX and SEM analysis, the material adhering
to the ceramic is smoother and has a lower material
shear effect than coated/uncoated WC-Co, indicating less
material deformation in the contact zone. This phenomenon
correlates also with the wear mechanism when machining
nickel-based alloys with cemented carbides and whisker-
reinforced ceramics. The material shear effect at the

Fig. 9 SEM and EDX analysis
of the contact surface in test
tools at Fy = 4000 N and
vr = 100 m/min
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Fig. 10 Influence of cutting tool materials and cutting fluid on the
friction behavior with workpiece material DA 718

boundary layer reflects the friction coefficient. Figure 10
shows the influence of cutting tool materials on friction
coefficients under dry conditions. The friction coefficients
for uncoated and coated cemented carbides are almost
identical despite their different adhesion trends. The friction
coefficients for ceramic is however slightly lower than
carbides due to its less material deformation. It can be
concluded that the workpiece deformation is the main
friction mechanisms in comparison to the adhesion term.
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Furthermore, the influence of the cutting fluid was
investigated under Fy = 2000 N and 4000 N, as shown
in Fig. 10. Castrol Variocut B9 oil developed for high-
performance broaching in aerospace industry, was used as
the flood lubricant. In contrast to friction tests with CO2

and emulsion [27], the use of the cutting fluid showed only
a limited effect on the friction coefficient at lower process
normal force Fy = 2000 N, while the μ with cutting fluid is
generally 0.05 less than dry tests under Fy = 4000 N.

3 Identification and validation of a new
frictionmodel

According to the experimental investigation, the apparent
friction coefficient decreased with increasing the relative
speed vr and the contact temperature Tm. It must be noted
that the change of the contact temperature was induced by
different relative speeds (vr = 20−100 m/min) and process
normal forces (Fy = 500 − 6000 N). The experimental
results indicated that a pure temperature-dependent friction
model is not sufficient to describe the friction behavior
in cutting conditions. The relative speed and the process
normal force affect the friction behavior not only via the
induced temperature. However, the depth of engagement
is not a physical variable that cannot be applied to a
friction model for further FEM simulations. As discussed,
the workpiece deformation is one of the major friction
mechanisms which can be influenced by temperatures,
strains, and strain rates. From this point of view, the process
normal force and the relative speed might affect the friction
behavior by changing the workpiece deformation. Overall,
the friction behavior will be modeled as a function of speed,
temperature, and pressure in this section.

An inverse approach to determine the depth of engage-
ment t was performed by comparing the experimental and
simulative results, as shown in Fig. 11. Due to the defor-
mation of the insert tool in friction tests, the depth of
engagement t was deviating from the record and cannot
be predefined directly for the corresponding FE model of
each friction test. Since the contact area was difficult to
be measured due to the different friction mechanisms, as
shown in Fig. 7, the average contact pressure cannot be
derived from the experimental contact area and contact nor-
mal force. Determining the depth of engagement t was
becoming a necessary and challenging step to analyze the
apparent friction coefficient.

In this approach, a 3D FEM model with ABAQUS
explicit for the friction tests was established based on the
coupled Eulerian–Lagrangian (CEL) formulation [26]. The
workpiece was modeled as an Eulerian domain with the
3D element EC3D8RT and a minimum element size of
0.05 mm. The tool was defined as a Lagrangian rigid body

t / mm FT / N FN / N μ / - CF

Exp 0.22 576 3531 0.16 0

Sim_1 0.24 887 5856 0.15 0.80

Sim_2 0.21 797 5283 0.15 0.45

Sim_3 0.18 709 4683 0.15 0.19

Sim_4 0.15 618 4109 0.15 0.05

Sim_5 0.12 527 3550 0.15 0.01

Eulerian
Domain

Initial workpiece material

Cutting
Tool

/
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erutarep
m e

T
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1100

Example: vc = 100 m/min; Fy = 4000 N
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w
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 1
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 m
m

Fig. 11 A numerical approach to determine the depth of engagement
t as well as the friction model

with the element C3D8RT and a minimum element size
of 0.05 mm. In addition, a mass scaling factor of 1000
was implemented to achieve a stable time increment more
than 	t = 10−7 s, and thus to accelerate the simulation.
The depth of engagement t , the tool inclination angle α,
and the relative speed vr were defined corresponding to
the test conditions of the friction tests. The parameters of
the Johnson–Cook (JC) material model, as shown in Eq. 8,
and the other material properties for DA 718 and WC-15Co
were obtained from previous work [18]. The JC material
model describes empirical dependencies of the flow stress.
It consists of a strain ε term, a strain rate ε̇ term, and
a temperature T term. According to the JC constitutive
model, the equivalent flow stress (σJC) can be calculated
with the parameters A, B, n, C, and m. The parameters of
JC material model are listed in Table 4

σJC = (
A + B × εn

) ×
(

1 + C × ln
×ε

×ε0

)

×
(

1 −
(

T − T0

Tm − T0

)m)
(8)

The tool-workpiece contact interface between the
Lagrangian element (the tool) and the Eulerian element
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Table 4 Parameters for the Johnson–Cook material constitutive model
of DA718 [18]

A B n C m ε̇0 Tm T0

/MPa /MPa - - - /s−1 /◦C /◦C

1262 1354 0.5 0.006 1.08 0.001 1340 25

(the workpiece material) was defined by a contact interac-
tion, which consists of a constant friction coefficient and
a penalty contact formulation. The constant friction coef-
ficient μ(vr , Fy) was defined at a certain relative speed
and process normal force based on the experimental tests.
Furthermore, a constant heat contact conductance hc =
10, 000 mW/mm2K was utilized in order to achieve the
steady state of heat transfer between the workpiece and the
tool in a short time [11]. Starting from an initial depth of
engagement, the depth of engagement was changed in the
FEM model iteratively until the percentage square error CF
according to the loss function Eq. 9 satisfied, which takes
into account the contact normal force FN , the contact tan-
gential force FT , and the apparent friction coefficient μ.
Figure 11 also shows the inverse approach to determine
the depth of engagement t = 0.12 mm for the case vr =
100 m/min and Fy = 4000 N.

CF = (
μsim−μexp

μexp
)2 + (

FT,sim−FT,exp
FT,exp

)2

+(
FN,sim−FN,exp

FN,exp
)2 < 0.05

(9)

The numerical inverse approach was performed for each
relative speed and process normal force to determine
the depth of engagement. Figure 12 shows the apparent
friction coefficient μ, the contact temperature T , the contact
pressure p, and the tangential contact force FT as a function
of the relative speed vr and depth of engagement t from
the numerical approach and the corresponding experimental
results.

The inverse numerical approach has a good agreement
with the experimental results, as shown in Eq. 10.
The friction coefficient increased with increasing the
engagement depth and decreasing the relative speed. The
mean contact pressure was then calculated with respect to
the contact area and contact normal force which can be
obtained directly from the FEM simulation.

μsim = 2.0738 × t0.3266 × vr
− 0.4502

μexp = 1.9978 × t0.2618 × vr
− 0.4488 (10)

By means of the numerical approach, a friction model for
the workpiece material DA 718 and the uncoated cemented
carbide WC-15Co was derived as a function of the relative

= 2.0738 0.3266 −0.4502
; = 1.9978 0.2618 −0.4488
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Fig. 12 Apparent friction coefficient as a function of the depth of
engagement t and the relative speed vr

speed vr (m/min), the measured temperature Tm (◦C), and
the mean contact pressure pm (MPa) from the experimental
vr and Tm and numerical pm data, as shown in Eq. 11.

μ = 0.5085×
( vr

40

)− 0.546×
(

Tm

1340

)0.2204

×
( pm

1000

)− 0.5474

(11)

The coefficients of the proposed friction model were
calculated by solving a least square nonlinear equation
with the Levenverg–Marquardt optimization method. As
expected, the apparent friction coefficient decreased with
increasing the relative speed and the contact pressure. A
proportional relationship between the friction coefficient
and the temperature was identified by the proposed friction
model. As discussed in Section 1, the softening effect
was observed by many researchers at higher temperatures
induced by high speed and high engagement, which results
in a lower friction coefficient. However, this conclusion
was based on the assumption that the relative speed and
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Fig. 13 Validation and comparison of the new friction model with the temperature-dependent friction model

the contact pressure only affects the temperature. As we
know, the apparent friction coefficient can be estimated
by summing the adhesion and deformation terms. Higher
temperatures reduce the limited shear stress due to thermal
softening. However, the deformation term cannot be easily
determined by the temperature. The material movement
under the sticking contact surface can be assumed to be
liquid. The phenomena can be explained with respect to the
internal friction, which acts as the damping capacity [6].
According to the research by Fukuhara and Sanpei [14], the
internal friction of Inconel 718 increased with increasing
temperatures in elastic deformation. Although the limit
shear stress decreases with increasing the temperature, more
energy is required due to the deformation term. A similar
phenomenon was also identified by Brocail et al. [9] under
different controlled temperatures. In their study, a higher
temperature leads to a higher friction coefficient. Similar
results regarding to the friction coefficients were obtained
by Bobzin et al. [7]. According to their experimental
investigation, the friction of coefficient between uncoated

substrate AISI D2 and AISI 5115 increased at a higher
temperature. For better understanding the friction behavior
related to the temperature, it is necessary and worth to find
a way to study the influence of the temperature separately
under cutting conditions.

The proposed friction model was then implemented into
the FEM friction model under different relative speeds
and depth of engagements determined by the numerical
approach. Figure 13 shows the apparent friction coefficient
from the experiments and the simulations with the proposed
friction model as well as with the temperature-dependent
friction model from previous work [18]. The previous
friction model is not able to model the influence of
the depth of the engagement on the friction coefficient.
On the other hand, the proposed friction model has
successfully described the influence of the t and the vr .
The pyrometer could not access to the contact interface
during the process, because the tool-workpiece interface
was closed due to the high contact pressure. In the case
of placing a pyrometer or thermocouple in a drilling hole,

Fig. 14 The tool contact
pressure and the contact
temperature from the FEM
simulations
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the insertion leads to significant changes in the system
behavior, and hence, to deviations in the measurement [12].
In the case of application of infrared thermography to
measure the side face of the tool, the measured temperature
is usually lower than the actual contact temperature [2].
Due to the difference between the local and measured
contact temperature, the local contact temperature must be
calibrated and estimated. It is also valid for the contact
pressure, as the contact pressure was not uniformly distri-
buted on the contact interface, as shown in Fig. 14. Hence,
the mean contact pressure determined from the total process
forces deviated from the maximum contact pressure.

It led to a systematic deviation between the experimental
and numerical results with respect to the friction coefficient.
The FEM simulations verified also the trend in Fig. 12 that
the contact pressure decreased slightly with the rise of the
depth of engagement (t) and increased significantly with the
increase of the relative speed (vr ).

4 Conclusions

In this paper, the friction behavior between DA718,
AISI1045 and cemented carbide tools was investigated
under different relative speeds and process normal forces.
Furthermore, an advanced friction model was proposed
and validated according the experimental and numerical
investigation. The following conclusions can be made from
this research:

1. The apparent friction coefficients were dependent on
the relative speeds and the process normal forces. A
pure temperature- or speed-dependent friction model is
not sufficient to describe the friction behavior.

2. The friction mechanisms including adhesion and defor-
mation changed with the combination of workpiece and
cutting tool materials. The workpiece deformation is the
dominant friction mechanism that influences the fric-
tion coefficients for DA718 under cutting conditions.

3. A new friction model was proposed as a function of the
relative speed (vr ), the measured contact temperature
(Tm), and the mean contact pressure (pm). With the
proposed friction model, the FEM friction test is able to
replicate the influence of the engagement depth and the
relative speed on the friction coefficient.

4. The determined friction model showed that the friction
coefficient increased with increasing temperature. One
possible reason could be the increase of the internal
friction with the increase of the temperature. However,
more efforts should be made to study the influence of
the temperature separately under cutting conditions.

The proposed friction model will be calibrated and
implemented in FEM chip formation simulations in future

work. Besides, the test bench should be improved to study
the influence of the temperature on the friction behavior
separately.
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