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Abstract: Friction has a significant impact on chip formation, so modeling it accurately
is crucial in numerical cutting simulations. However, there is still controversy regarding
the application scope and effectiveness of various friction models. A two-dimensional
orthogonal cutting thermomechanical coupled finite element model is established. Critical
strain values, recrystallization temperature, and recrystallization flow stress are introduced,
and a power-law-modified softening coefficient is used to modify the standard Johnson—
Cook constitutive model to simulate material mechanical properties. Zorev’s friction
model, velocity-dependent friction model, and temperature-dependent friction model are
separately employed to describe the friction behavior between the tool and workpiece. The
contact and friction characteristics between the workpiece and tool, material damage, and
temperature field are evaluated. Predicted cutting forces are compared and analyzed with
experimental values. The friction coefficient can adjust the contact length between the tool
and chip, the high-temperature range on the tool surface, and the fluctuation of temperature
throughout the entire cutting process. The friction coefficient is more sensitive to sliding
velocity, and the temperature distribution is more sensitive to the friction model than to
different working conditions. Whether by modifying the friction coefficient or maximum
friction shear stress, and regardless of whether adding parameters affected by velocity or
temperature changes the fluctuation range, period, and local peaks of the cutting force
prediction curve, improving the accuracy of predictions within certain working condition
ranges to some extent. However, the overall trend of error fluctuations obtained from these
friction models is similar, and the accuracy of predictions from these friction models tends
to become more inaccurate with increasing cutting thickness.

Keywords: friction model; constitutive model; finite element method; tool-chip-workpiece
interface

1. Introduction

Titanium alloys possess a host of virtues [1-3], rendering them indispensable in
aerospace, chemical, medical, and various other domains. However, their intricate nature
renders them notoriously challenging to machine, leading to elevated production costs [4].
This difficulty stems from the chemical property at elevated temperatures [5] and many
other reasons related to their physical properties. In response, concerted efforts have been
undertaken to enhance the machinability of titanium alloys, driven by the imperative to
mitigate manufacturing expenses amid escalating demands for these alloys. Yet, elucidating
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the intricacies of machining processes, particularly with respect to phenomena like chip
removal and the cyclic nature of cutting forces, remains an arduous endeavor, particularly
in the context of challenging-to-machine materials such as titanium alloys. Conducting
experimental investigations into the characteristics and processes of high-speed titanium
alloy machining poses significant logistical and financial challenges, often necessitating
prolonged durations and substantial investments. Consequently, finite element simulations
of the cutting process have emerged as invaluable tools in the realm of titanium alloy cutting
theory and practice. By offering expedited insights while economizing both time and
resources, such simulations facilitate the anticipation of high-speed cutting performance,
foster deeper comprehension of metallic material deformation processes, and elucidate the
intricate interplay of forces at the tool-workpiece interface.

The friction at the tool—chip interface significantly impacts the cutting performance
of metals and is a major source of cutting heat. The heat generated by friction increases
the cutting temperature, which can lead to the degradation of the workpiece material
and accelerate tool wear. Friction affects chip formation and the quality of the machined
surface, and changes in friction conditions can result in unstable cutting forces, influencing
surface morphology. This is particularly true when cutting materials with low thermal
conductivity, such as titanium alloys, where friction exacerbates tool wear. Studying the
friction mechanism helps optimize cutting conditions, improving machining efficiency and
workpiece quality.

Numerous scholars have delved into the intricacies of tool-chip friction in metal
cutting, employing both theoretical frameworks and experimental methodologies. Mane
et al. [6] developed a pioneering friction test apparatus to measure key parameters. Their
research focused on the Ti-6Al-4V alloy and investigated how friction coefficients and heat
partition ratios varied across the tool surface. The study revealed distinct friction coefficient
values for sliding and adhesive interactions in titanium alloys. Additionally, finite element
models were created and validated using experimental data to predict adhesive friction
coefficients and heat partition. The results highlighted the complex relationship between
friction coefficients, heat partition ratios, and cutting speeds. Dixit et al. [7] compares
bare, textured, and TiN-coated WC—Co tools in dry turning of Ti-6Al-4V. Textured tools
performed better at higher depths of cut, while TiN-coated tools excelled at lower speeds.
The optimal parameters were Vc = 80 m/min and DoC = 0.25 mm, with flank wear under
300 um. The findings highlight the role of cutting depth and suggest textured tools offer
improved wear resistance and potential for future use. Afzal et al. [8] investigated a novel
tool combination for dry drilling of the Ti-6Al-4V alloy, using wiper inserts and stepped
inserts. Various wiper insert designs and feed rates were tested to assess tool wear, surface
roughness, and hole quality. The results showed that LM geometry with a feed rate of
0.10 mm/rev drilled up to 117 holes with surface roughness between 0.70 and 0.90 pm.
SEM analysis revealed scratches at lower feed rates and plastic deformation at higher rates.
The study recommends LM geometry for optimal tool life and hole quality. Du et al. [9]
have formulated a novel analytical expression linking the friction coefficient to key tool
parameters. They combined this formula with finite element simulations and experimental
validation, focusing on Ti-6Al-4V high-speed grooving. Their findings underscore the
significance of the friction coefficient’s correlation with the materials of both the workpiece
and the cutting tool, emphasizing its applicability to specific cutting tools tailored for
machining distinct workpiece materials. Ni et al. [10] introduced a refined Johnson—-Cook
constitutive model based on the Modified Slip Gradient (MSG) framework, along with a
revised friction model derived from the Slip-Creep Gradient (SCG) approach. They applied
these models to simulate turning processes involving Inconel 718. The outcomes revealed
that their proposed cascading correction model effectively optimized tool and process
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parameters, achieving desired cutting forces, temperatures, and chip morphology through
simulation-driven optimization. Liu et al. [11] developed an enhanced stick—slip friction
model that fully accounts for the thermo-mechanical coupling effects on the dynamic
evolution of cutting temperature during copper ultra-precision diamond cutting. Their
research showed that this improved model better described the coexistence of tool-chip
interactions and transitions between stick—slip friction states compared to conventional
Coulomb friction models. Joo et al. [12] found that the machining performance under
cryoMQL conditions is significantly improved compared to when cryogenic cooling or
MQL is applied separately.

In the realm of finite element modeling, the most straightforward approach often
involves employing a constant coefficient Coulomb friction model. This model, readily
available in various commercial software suites, offers ease of implementation and has
found widespread adoption among scholars. While refinements to this model, such as the
integration of velocity-dependent terms like the exponential Coulomb model, are possible,
the inherent variability of friction coefficients across different workpiece materials, tool
configurations, and attributes such as geometry and coatings poses a significant challenge.
Thus, the precise determination of friction coefficients tailored to specific materials and
tool types often necessitates extensive experimental exploration under carefully controlled
cutting conditions.

Mohammed et al. [13] found that the instantaneous heating effect before cutting has a
relatively minor influence on machining performance. Notably, the model pioneered by
Zorev et al. [14], which has garnered widespread adoption by researchers [15-19], delin-
eates the frictional domain into discrete segments comprising sliding and adhesive friction
regions. Herein, the sliding friction regime adheres to the Coulomb friction model, whereas
the adhesive friction realm relies on constant frictional shear stress. The identification
and differentiation between these adhesive and sliding friction domains typically entail
algorithmic implementations. Additionally, alternate friction models [20] exist that exhibit
dependencies on factors such as temperature or cutting speed. Phenomenological constitu-
tive models serve as vital tools in capturing the intricate macroscopic behaviors. Among
these models, the Johnson—-Cook (J-C) model [21] and the Khan Liu (KHL) model [22] stand
out as the most prevalent choices for simulating metal cutting operations. The J-C model,
characterized by its simplicity and inclusion of terms for strain, strain rate, and temperature,
offers a pragmatic approach appreciated for its ease of implementation and reasonably
accurate representation of metal cutting dynamics. In a recent development by Avevor
and colleagues [15], a novel model integrating the Arbitrary Lagrangian—Eulerian (ALE)
method with tool translation was proposed, extending the application of ALE techniques
to milling processes. In a complementary effort, Kumar et al. [23] undertook the task of
establishing a fracture energy-based damage evolution finite element model, utilizing the
J-C constitutive model within Abaqus/Explicit software (V6.14). Their meticulous valida-
tion through experimental validation highlighted the efficacy of adding TiAICrN coatings
in reducing tool friction and moderating temperatures. Aridhi et al. [24] compares the
application of CEL and ALE methods in the orthogonal cutting process, aiming to assess
the accuracy of predicting physical quantities (such as forces and chips), and to analyze
the time required for the simulation. The results show that the quantitative results from
both ALE and CEL methods are very similar and closely match experimental values. The
ALE method has a shorter computation time, while the CEL method is more convenient
and stable in simulation preparation. However, the ALE method requires multiple trials
to adjust the initial conditions. Overall, the CEL method is more reliable for automating
multiple simulations, making it the preferred choice. Dumani¢ et al. [25] used the Coupled
Eulerian-Lagrangian (CEL) method for finite element simulation, and explores the material
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and damage models. The results show that the optimal parameter combination significantly
reduced the cutting force and feed force errors and shortened simulation time. Additionally,
the CEL method successfully predicted the temperature in the cutting zone.

However, the standard J-C model struggles to capture the nuanced flow behavior
and softening effects of materials at high strain rates, thereby limiting its ability to un-
veil the intricacies of serrated chip formation mechanisms. This model relies on several
undetermined parameters linked to material properties, whose values exert significant
influence on computational outcomes. Consequently, researchers [26-28] often undertake
the meticulous task of selecting and testing parameters.

Hence, many scholars opt to complement the standard J-C model with relevant physi-
cal principles, striving for a comprehensive understanding of material flow behavior and
chip formation mechanisms, thus achieving precise characterization of the mechanical
response of workpiece materials during machining.

Liu et al. [29] improved the Johnson—Cook (J-C) constitutive model for high-speed
cutting simulations of the Ti-6Al-4V alloy by incorporating recrystallization effects. The
model parameters were fitted using flow stress—strain data from Split Hopkinson Pressure
Bar (SHPB) tests. Simulation results revealed that the improved model showed a 46.7%
stress drop when temperature increased from 950 °C to 1000 °C, compared to just a
10% decrease with the J-C model. The improved model more accurately predicts stress
variations under high-temperature and heavy-load conditions in high-speed milling. Zhu
et al. [30] developed a constitutive model combining plasticity and damage components.
The model outperformed the J-C model in predicting chip morphology and cutting forces,
revealing two distinct chip formation mechanisms in simulations and experiments. Lei
et al. [31] introduced an innovative approach to computational mechanics constitutive
modeling, incorporating the intricate interplay between dislocations and crystal defects.
Through mathematical modeling, they characterized the evolution of dislocation density
and grain size in polycrystalline metal materials under strain, subsequently analyzing their
distinct impacts on material strength. This meticulous analysis led to the derivation of
computational mechanics constitutive relations, which were effectively validated against
experimental stress—strain relationships for a range of alloys including Cu, Al-Mg, and Cu-
W. Lei et al. [31] developed a computational mechanics model incorporating dislocations
and crystal defects to analyze dislocation density and grain size evolution in polycrystalline
metals. The model, validated against experimental stress—strain data, accurately predicted
material strength for alloys.

Physics-based constitutive models, rooted in the intricate thermal activation mecha-
nisms of dislocations, delve deeply into the microscopic dynamics of material behavior.
Pioneering research by Johnson et al. [32] has shed light on the pivotal role played by
interstitial content in determining the yield stress of materials. In the realm of high-speed
machining, the profound interplay between thermal and mechanical forces can instigate a
profound evolution of microstructural features within the workpiece deformation zone.
This transformative process may lead to grain refinement, exerting a profound influence
not only on mechanical properties but also on the fatigue resistance and corrosion resilience
of machined surfaces. Titanium alloy Ti-6Al-4V presents a fascinating case, characterized
by two distinct crystal structures: the densely packed hexagonal o phase and the body-
centered cubic 3 phase. As the cutting process unfolds, the rising temperature prompts a
gradual transition of the « phase into the (3 phase, culminating in a critical temperature
indicative of complete & phase transformation. Ullah et al. [33] developed a finite element
model for high-speed milling of Ti-6Al-4V, incorporating Zener—-Holloman and Hall-Petch
equations to simulate dynamic recrystallization effects. The model predicted grain size and
microhardness changes, validated by experimental data, revealing insights into microstruc-
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tural evolution and mechanical performance during machining. Liu et al. [34] studied grain
refinement in shear bands of Ti-6Al-4V during machining, finding continuous dynamic
recrystallization (CDRX) instead of the typical discontinuous dynamic recrystallization
(DDRX). A CDRX model was proposed and validated through FE and CA simulations,
analyzing microstructure evolution.

In this study, a modified J-C model is used to more accurately simulate Ti-6Al-4V de-
formation, incorporating parameters like recrystallization flow stress and temperature. The
study evaluates the Zorev, velocity-dependent, and temperature-dependent friction models
through thermomechanically coupled simulations. By comparing results with experimen-
tal data, the study assesses the adaptability and precision of these models. The findings
enhance understanding of frictional dynamics, aiding in refining simulation processes and
determining optimal friction model applications for titanium alloy machining.

2. Modelling and Simulation
2.1. Orthogonal Cutting Model

Owing to the adoption of constitutive and friction models, along with the imperative
of ensuring computational precision, the mesh size has been reduced, albeit at the expense
of increased computational expense. To facilitate seamless computation, the workpiece has
been partitioned into three distinct regions [16]. The chip layer boasts a thickness of 100 pm
units, the damage layer 60 um units, and the base layer 340 um units. These parameters
remain invariant across various cutting thickness scenarios and are governed by the same
constitutive model. As per experimental findings [35], the tool possesses front and back
angles of 0°.

The specific cutting conditions employed for the simulation are outlined in Table 1. A
flowchart of the calculation is given in Figure 1. The geometric configurations of the model
are depicted in Figure 2. The choice of PCBN as the tool material entails treating it as a rigid
body during modeling. Notably, the mesh size of the tool plays a pivotal role in shaping the
formation of serrated chips [16], prompting the utilization of a meticulously refined mesh.
Employing CPE4RT four-node coupled thermal plane strain quadrilateral elements with
bilinear displacement and temperature, reduced integration, and hourglass control, mesh
division is meticulously executed. Near the workpiece, the mesh is densely populated
with a grid size of 5 units, while it transitions to a sparser arrangement, with a grid size of
10 units, further from the cutting area. This meticulous mesh refinement strategy yields
a total of 4047 elements and 4133 nodes. Ensuring a finely tuned mesh is imperative
to capture the intricate formation process of serrated chips; thus, the chip region of the
workpiece and the damage layer are endowed with a quadrilateral structure mesh, each
with a grid size of 5 units. Similarly, the base layer adopts this quadrilateral structure mesh
approach with a grid size of 5, enhancing both computational precision and convergence.
Extensive computational trials underscore the significance of refining the base layer mesh
to ensure computational convergence. Despite the computational overhead, maintaining
consistency with the workpiece’s mesh size aids in facilitating convergence. The workpiece,
meanwhile, is subjected to mesh partitioning utilizing CPE4RT four-node coupled thermal
plane strain quadrilateral elements with bilinear displacement and temperature, reduced
integration, and hourglass control, culminating in 30,000 elements and 30,401 nodes.
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Table 1. Cutting conditions of the experiments.

Cutting Speed  Cutting Depth

V./m/min a./mm Friction Model Constitutional Model
280 0.10
280 0.15 Modified velocity-dependent friction model
360 0.10 p = 0.627]p| 1>
360 0.15
280 0.10 Temperature-dependent friction model Modified J-C model
280 0.15 u = 0.41 —0.103(6 — 25) /1000 considering dynamic
360 0.10 Tmax = [0.497 4+ 0.507(p — 0.3)] x (955.3 — 0.9436) recrystallization and
360 0.15 T = min(}0y, Tmax) stress softening
280 0.10 Zorev's friction model
280 0.15 k
o — J WO, 1On <
360 0.10 f k, no > k
360 0.15
Input model parameters. | Calculate equivalent plastic

constitutional model parameters strain increment

Read material parameters, stress. Calculate real stress - Caleulate in.it.ial damage

strain. strai.n rate and temperatm'e strain

!

Trail elastic stress

!

Calculate hydrostatic pressure.
deviatoric stress. equivalent stress

‘

‘ Calculate cumulative failure
capability. calculate stiffness
decay factor. update stress

Calculate yield stress

Yes

Delete element

&

No Update internal energy and plastic
dissipation energy

!

End increment

Figure 1. Flowchart of calculation.

Figure 2. Orthogonal cutting model.
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2.2. Constitutive Model

The classical Johnson—Cook (J-C) model, used for simulating Ti-6Al-4V behavior,
considers strain, strain rate, and temperature but lacks the ability to account for recrys-
tallization during adiabatic shear. Microstructure evolution, influenced by dislocation
density, grain deformation, and nucleation, affects mechanical properties. This highlights
the need to refine the J-C model to better predict microstructural changes during high-strain
machining of titanium alloys. The J-C constitutive model is as follows:

-= (A—f—Bg”)[l—i—Cln(;)Hl—(TTm__I;fr)m] 1)

where A is the yield strength, B the equivalent plastic strain, € the equivalent plastic strain,
n the strain hardening exponent, C the strain hardening parameter, ¢ the equivalent plastic
strain rate, ¢ the reference strain rate, T the current temperature, T;, is the melting temper-
ature, T, is the room temperature and m the thermal softening coefficient. Some physical
properties of the Ti-6Al-4V material are shown in Table 2. The J-C model parameters are
listed in Table 3.

Table 2. Material properties of the workpiece.

Conductivity (W m~1K-1)

Density (kgm—3)  Elastic (GPa)  Expansion (K1) Specific Heat (J kg—1 K1)

6.8

4440 109 9.1 x 107° 611

Table 3. Material parameters of modified J-C model.

A (MPa) B (MPa)

C m a b d r s T, (°C) T, (°C)

923.2 673.5

0466 0.0167 1 2 5 1 2 0.05 1620 20

The conventional J-C model has limitations in high-speed cutting scenarios, affecting
chip formation, temperature, and cutting force predictions. Titanium alloys experience
significant plastic deformation at high temperatures and strain rates. Refining the J-C
model is crucial to accurately capture dynamic material behavior and predict cutting forces
and serration characteristics. The modified J-C constitutive model is as follows [16]:

0= (A+Be")[1+Cln(S)][1 - (=) 1 £ < 0.25 (a)

o= (A+ Be"

oxp(e)

1—[EZ§Z£]Fix(TlC)
)1+ Cln(E)]L - (F5)" {1~ () {1 - [(=]/franhe )]} e > 025 (b)

£
) c

(2)

where T is the recrystallization temperature, (Uf)bc is flow stress before recrystallization
and (o),
parameters are as shown in Table 3.

is flow stress after recrystallization. Fix() is the floor function. The model

2.3. Damage Model

In the deformation process induced by compression, the workpiece material undergoes
deformation, with a portion of it separating from the base material to form chips. Generally,
adopting physical criteria makes the simulated cutting scenario closer to reality, and the
results of physical quantities such as force and heat simulated are more accurate. The
parameters used to determine failure are specified as follows:

AgP!

WZZ‘,? 3)
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where &' is the increment of equivalent plastic strain, and /"' is the critical equivalent
plastic strain [36].

-pl

P z T-T,
" = (D1 + Dyexp(D3=))(1+ DyIn—) (1 + D5 -
= & Ty —T,

) (4)

Coefficients of the J-C damage model of Ti-6Al-4V are as shown in Table 4. Compo-
nents of Ti-6Al-4V are as shown in Table 5.

Table 4. Coefficients of the ]-C damage model of Ti-6Al-4V.

D1 D2 D3 D4 D5
—0.09 0.25 —-0.5 0.014 3.87

Table 5. Components of Ti-6Al-4V.

Components

Al

\'% Fe Si C N H (0) Ti

Mass fraction/%

5.5-6.75

3.5-45 0.3 0.1 0.1 0.05 0.015 0.2 other

The damage evolution [37] is expressed by the following equation:

gfpl ﬁfpl
Gf = / Loayodgpl = / Uyodﬂpl (5)
g 0

where 7! is the equivalent plastic displacement during the material failure process, ﬁfpl
stands for the equivalent plastic displacement at complete material failure, and Ly de-
notes the characteristic length of the element. The stiffness degradation is given by the
following equation:

o= (1-D)o (6)

D=1- exp(f./ gfdu) (7)
0

where 7 is the equivalent plastic displacement, ¢ is the stress matrix, and D is the stiffness factor.

2.4. Tool-Chip Friction Model
2.4.1. Contact Modelling

In the cutting simulation, the tool interacts with both chips and base material. To speed
up calculations, the tool’s travel distance is kept short, and no contact occurs between chips
and base material. A penalty contact approach is used, with automatic penalty stiffness
selection to minimize contact penetration. The tool is treated as a rigid body, with master and
slave surfaces designated for contact. Friction varies tangentially across different tool regions.

2.4.2. Zorev’s Friction Model

The Coulomb friction model represents a conceptual framework used to explain the
frictional interaction between surfaces in motion relative to each other. At its core, this
model posits that friction arises from the interplay of microscopic irregularities present on
these surfaces. According to Coulomb’s model, the frictional force between the surfaces
predominantly arises from the interaction of distinct types of forces. A pivotal aspect of the
Coulomb friction model is its assertion that frictional force varies directly with the normal
pressure, which refers to the vertical pressure exerted between the surfaces. This signifies
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that augmenting the normal pressure will escalate the frictional force, while diminishing
the normal pressure will reduce it. The standard Coulomb friction model assumes that no
relative motion occurs if the equivalent frictional stress is less than the critical stress, which
is proportional to the contact pressure. Coulomb’s friction law is formulated as follows:

Teq = V 712 + 12 )

Terit = UP (9)

The friction model built into Abaqus software (V6.14) is the Coulomb friction model,
and the software provides model parameters that can be adjusted.

It is important to recognize that the Coulomb friction model offers a simplified perspec-
tive, overlooking certain factors like surface chemistry and temperature that can influence
friction. Therefore, practical applications may necessitate more intricate models to accu-
rately capture friction phenomena. Tool wear during machining is significantly impacted by
friction at the tool-chip interface. The interplay between local stress, velocity, and tempera-
ture conditions determines the sliding—sticking zone at this interface. Friction between the
tool and workpiece is contingent upon the workpiece material type and various interrelated
factors. Past research underscores that friction during material removal is contingent upon
temperature and the interplay of surface properties, along with operational parameters
such as cutting speed, depth, and feed rate, lubrication, tool material composition, geome-
try, and workpiece material. Despite the complexity of these interconnected variables, a
thorough comprehension of the tribological behavior involved is paramount for machining
success [38—40]. The frictional stress is articulated as follows [41]:

_Juow, poy <k
Y= { k, now > k {10

2.4.3. Velocity-Dependent Friction Model

Afrasiabi et al. [20] introduced an innovative method to measure the leading edge
temperature in orthogonal metal cutting without disturbing chip flow, providing data
to validate thermal predictions in chip formation simulations with greater accuracy. By
applying inverse parameter identification techniques, they proposed new temperature-
and velocity-dependent friction coefficients for AISI 1045 and Ti-6Al-4V under cutting
conditions. Internal experimental measurements were used to determine flow stress and
friction parameters, ensuring a more consistent set of input parameters for SPH and FEM
simulations. The coefficients proposed by Afrasiabi are as follows:

u = 0.627|v| 01> (11)

These modified friction coefficients will be involved in the calculations of this paper to
represent the velocity-dependent friction model.

2.4.4. Temperature Dependent Friction Model

Zorev's framework reveals a nuanced friction mechanism in cutting, diverging from
conventional Coulomb friction. While widely utilized in cutting simulations, it overlooks
temperature effects and inter-parameter correlations. Many researchers simplify this
model during application. Firstly, there is an absence of a standardized limit shear stress
value; often, it is simplified to the material’s shear yield strength at room temperature,
disregarding its temperature-dependent nature during cutting. Secondly, assuming a
constant friction coefficient overlooks its variability with temperature, pressure, and sliding
speed. Lastly, the relationship between the limit shear stress and the friction coefficient
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remains unexplored. Fu et al. [42] rectified Zorev’s model through experiments, the model
is given as follows:

3 =041 — 0.103(6 — 25) /1000
Tmax = [0.497 4+ 0.507 (¢ — 0.3)] x (955.3 — 0.9436) (12)
T = min(}0y, Tmax)

These modified friction coefficients will be involved in the calculations of this paper to
represent the temperature-dependent friction model.

3. Experimental Orthogonal Cutting Tests

A flowchart of the calculation is given in Figure 1. The experimental parameters used
in this study are shown in Table 1. This experiment uses TNGA160404-3N-type PCBN
inserts produced by Beijing World Company (Beijing, China) and a tool holder of model
MTFNR2020X16. The material used for the orthogonal turning experiment is the Ti-6Al-
4V titanium alloy bar with a hardness of 338 HV0.025. This study primarily focuses on
the development and testing of the model. The forces in the X, y, and z directions were
measured using a KISTLER-9257b three-axis piezoelectric quartz dynamometer (Kistler,
Vienna, Austria). The sampling frequency was set to 10 kHz to record the cutting force
data, which were used for both qualitative and quantitative analysis of static and dynamic
cutting forces. The experiments were conducted by He [43].

A vertical milling machine is used as a substitute for a lathe. The workpiece is mounted
on the spindle, and the tool is fixed on the worktable using a specific tool holder. High-speed
orthogonal turning experiments on Ti-6Al-4V titanium alloy are conducted during the
cutting process to ensure the reliability of the experimental results. The parallel movement
along the Y-axis allows for the tool’s entry and exit actions, thereby enabling orthogonal
turning experiments on the milling machine. Measuring devices such as a force sensor are
installed on the worktable. Additionally, the tool holder can strictly control the cutting edge
inclination angle at 0° to meet the conditions of orthogonal cutting. Cutting experiments
on Ti-6Al-4V titanium alloy bars are carried out under different cutting parameters, and
cutting force data are recorded after each experiment. The tool wear is also observed,
and the tool is replaced promptly if wear or chipping occurs, to prevent the tool wear
from affecting the experimental results. For detailed information on the measurement
methods for cutting forces and temperatures, material hardness, microstructure properties,
surface treatment, cutting tool materials and geometries, the use of cutting fluids, and
environmental conditions (temperature, humidity), please refer to the reference [43].

4. Results and Discussion
4.1. Results

Figures 3-8 present detailed illustrations of the computed results obtained using
various friction models. Parameters related to friction contact include contact pressure,
shear stress, length of contact slip path and magnitude of contact slip rate. Parameters
associated with material characteristics include equivalent plastic strain, scalar stiffness
degradation, and temperature. These results serve to analyze the influence of different
friction models on the simulation of the cutting process. Additionally, they encompass
combinations of various cutting speeds and depths, facilitating an assessment of the
performance of friction models under different working conditions.
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a=0.1lmm a=0.1mm a=0.15mm 2=0.15mm
V=280m/min V=360m/min V=280m/min V=360m/min
(a) (b) (c) @
CPRESS
CPRESS
CPRESS CPRESS +3.902e+03 +7.893e+03
+5.420e+03 +6.744e+03 +5.164e+03 +6.907e+03
+4.743e+03 +5.901e+03 +4.427e+03 +5.920e+03
CPRESS +4.065e+03 +5.058e+0; +3.689e+03 i; gg;e+8§
3.388e+03 +4.215e+0: +2.951e+03 e+
13 +3.372e+03 122136403 +2.960e+03
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Figure 3. Friction—related results of temperature-dependent friction model with varied machining
conditions. (a-d): Contact pressure under various operating conditions, (e-h): Contact shear stress
under various operating conditions, (i-1): Frictional slip equivalent force under various operating

conditions, (m—p): Frictional slip ratio under various operating conditions.
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Figure 4. Simulation results of temperature-dependent friction model with varied machining conditions.
(a—d): Equivalent plastic strain under various operating conditions, (e-h): Scalar damage evolution
under various operating conditions, (i-1): Node temperature under various operating conditions.
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Figure 5. Friction—related results of velocity—dependent friction model with varied machining
conditions. (a-d): Contact pressure under various operating conditions, (e-h): Contact shear stress
under various operating conditions, (i-1): Frictional slip equivalent force under various operating
conditions, (m—p): Frictional slip ratio under various operating conditions.
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Figure 6. Simulation results of velocity—dependent friction model with varied machining conditions.
(a—d): Equivalent plastic strain under various operating conditions, (e-h): Scalar damage evolution
under various operating conditions, (i-1): Node temperature under various operating conditions.
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Figure 7. Friction—related results of Zorev’s friction model with varied machining conditions.
(a—d): Contact pressure under various operating conditions, (e-h): Contact shear stress under various
operating conditions, (i-1): Frictional slip equivalent force under various operating conditions,
(m-p): Frictional slip ratio under various operating conditions.
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Simulation results of Zorev’s friction model with varied machining conditions.

(a—d): Equivalent plastic strain under various operating conditions, (e-h): Scalar damage evolu-

tion under various operating conditions, (i-1): Node temperature under various operating conditions.
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Figure 9 illustrates the distribution of tool surface temperatures calculated using a
temperature-dependent friction model. The highest temperature occurs at the contact
position between the front rake face and the chip or near the tool nose radius. Since the back
rake face contacts the machined surface, there is a temperature rise on the back rake face.
This temperature distribution can also be observed in Figures 10 and 11. Figure 11 shows
the distribution of tool surface temperatures calculated using a velocity-dependent friction
model. Figures 12-18 display the predicted cutting force curves obtained using various
friction models. The cutting force prediction curves exhibit a trend of periodic oscillations,
and different friction models influence the shape of the cutting force prediction curves.
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Figure 9. Temperature on tool face of temperature-dependent friction model with varied machining conditions.
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Figure 10. Temperature on tool face of velocity-dependent friction model with varied machining conditions.
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Figure 11. Temperature on tool face of Zorev’s friction model with varied machining conditions.
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Figure 12. Cutting force when cutting depth is 0.1 mm and cutting speed is 280 m/min.
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Figure 14. Cutting force when cutting depth is 0.15 mm and cutting speed is 280 m/min.
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Figure 15. Cutting force when cutting depth is 0.15 mm and cutting speed is 360 m/min.
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Figure 16. Deviation of cutting force from experimental data with temperature—dependent friction model.
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Figure 17. Deviation of cutting force from experimental data with velocity —dependent friction model.
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Figure 18. Deviation of cutting force from experimental data with Zorev’s friction model.

4.2. Discussion

We examined the behavior of the temperature-dependent friction model under varying
cutting speeds and depths. As shown in Figure 4, Equation (12) indicates that the friction
coefficient decreases linearly with rising temperature. Moreover, the highest shear stress is
linked to both the friction coefficient and temperature. Across different cutting conditions,
the maximum contact pressure consistently occurs either at the tool’s worn edge or at
the point where the tool’s front face meets the chip. The prominence of maximum shear
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stress on the front face is due to the enhanced Zorev friction model, which is modified
by the temperature-dependent friction model. This model offers an expression for peak
shear stress, incorporating both adhesive and sliding friction regions on the tool surface.
Most of the sliding friction accumulates at the established chip locations. At the interface
between the tool’s blunt edge and the workpiece, only minimal sliding friction is observed,
whereas the rear face of the tool experiences primarily sliding friction during contact with
the material.

The highest sliding velocity is found at the leading cutting edge, gradually decreasing
as the chip moves away from it. Consequently, both the contact pressure and shear stress
decrease. As the chip moves toward the rounded end of the tool, the sliding velocity
continues to decrease. When the sliding velocity approaches zero, the frictional state
transitions from sliding to adhesive, resulting in a marked increase in normal contact
pressure in that region. Once a certain threshold is surpassed, the frictional stress stabilizes,
no longer limited by localized shear flow stresses. This behavior arises from the regulatory
mechanism in Equation (12), which prevents localized material from sliding backward. A
similar pattern was observed by Zhang et al. [44].

Looking at Figure 5, we can observe a noticeable reduction in stiffness where the chip
makes contact with the tool. Plastic deformation in the primary deformation zone is largely
governed by the material’s constitutive and damage models. The secondary deformation
zone mainly involves the interaction between the tool and the workpiece, while the ter-
tiary zone involves the contact between the tool’s flank face and the machined surface,
leading to residual plastic deformation that affects both surface quality and stress. In the
secondary deformation zone, where the tool’s edge extends laterally, an adhesive region
dominates with zero sliding velocity, experiencing high temperature and stress, which
leads to material plasticization. The friction model dictates that the friction coefficient in
this region is minimized, corresponding to the lowest maximum frictional shear stress. As
the cutting progresses, the plastic strain from this area remains in the chip, causing a thin
layer of stiffness degradation at the chip’s base. By applying material constitutive and
damage models based on continuum mechanics theory, finite element analysis discretizes
the material, accounting for local damage and progressive stiffness degradation until chip
separation occurs. Elements that undergo localized damage remain active in the cutting
process, staying in contact with the tool geometry. Additionally, when considering the
deformation of elements within the secondary deformation zone and their interaction
with the tool, the adhesive friction region is defined as an area where most surface nodes
exhibit zero relative sliding speed, while some exhibit non-zero speeds due to local plastic
deformation. The temperature-dependent friction model effectively captures these dynam-
ics, linking the friction coefficient with maximum frictional shear stress and temperature,
making the frictional region inherently non-smooth.

The results from the velocity-dependent friction model are presented in Figures 6
and 7. The original model linked the friction coefficient to cutting speed, but this study
extends the model further by incorporating the relationship between the friction coefficient
and interfacial sliding velocity. This modification addresses the limitation of the Zorev
model, where the friction coefficient remains fixed regardless of cutting conditions. Visually,
compared to Zorev’s friction model, the chips formed using the velocity-dependent and
temperature-dependent friction models appear softer. However, the velocity-dependent
model does not impose a limit on the maximum friction shear stress. Zorev’s model, on
the other hand, defines friction types based on the maximum friction shear stress, leading
to harder chips. The chips produced using the velocity-dependent friction model exhibit
the most sawtooth formations, while the number of saw teeth generated by the other two
models is similar.
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In the temperature-dependent friction model, the sliding velocity of chips is mainly
concentrated at the root of the chips in the second deformation zone and in the sliding
friction area formed by the contact between the machined surface and the tool’s back face.
Near the tool’s blunt edge, adhesive regions with zero sliding velocity are observed. In
contrast, the velocity-dependent friction model shows a higher likelihood of adhesive
and non-contact phenomena due to grid deformation, resulting in fewer sliding contact
elements and more scattered contact locations. The range of sliding friction areas created
by the contact between the machined surface and the tool’s back face is similar to that
seen in the temperature-dependent friction model. Additionally, chips generated by the
velocity-dependent friction model slide less on the front face, tend to bend more, and are
more likely to detach from the tool, resulting in a shorter contact length with the front face.

5. Conclusions

This study employed a refined Johnson—-Cook constitutive model, which accounts for
dynamic recrystallization processes and softening effects, to simulate the mechanical behav-
ior of materials. Subsequently, two-dimensional thermo-mechanical coupled finite element
models were developed to investigate the orthogonal cutting of titanium alloys. These
models incorporated different friction models, namely Zorev’s friction model, velocity-
dependent friction model, and temperature-dependent friction model. The objective was to
explore the performance of these friction models across varying cutting speeds and depths.
Here are the key findings:

1. Friction models exert direct influence on factors such as the relative sliding velocity at
the contact interface, cumulative sliding distance, contact pressure, and frictional shear
stress. These factors, in turn, modify the generation of frictional heat and subsequently
impact the temperature distribution. Additionally, diverse friction models play a role
in shaping the process of chip formation, leading to variations in chip morphology
and the frequency of sawtooth patterns. The plastic strain of the chip and its stiffness
degradation are primarily influenced by the material constitutive model and damage
model. The formation of sawtooth-shaped chips is also greatly affected by these
models. Compared to the constitutive model, friction models have a lesser impact on
the aforementioned parameters.

2. Friction models play a crucial role in shaping the temperature distribution across
the tool surface, with specific operating conditions also influencing this distribution.
Adjusting the friction coefficient enables the fine-tuning of parameters such as the
contact length between the tool and chip, the extent of high-temperature regions on
the tool surface, and the overall fluctuation of temperature during the cutting process.
Notably, the friction coefficient displays a heightened sensitivity to sliding speed,
while the temperature distribution exhibits a greater sensitivity to the choice of friction
model compared to variations in operating conditions.

3.  Irrespective of enhancements to parameters such as the friction coefficient or the
maximum friction shear stress, and irrespective of the incorporation of velocity or
temperature-dependent factors, these adjustments impact the fluctuation range, pe-
riodicity, and local peaks of the cutting force prediction curves. They contribute to
improving prediction accuracy within specific operational contexts to a certain extent.
However, it is noteworthy that despite these refinements, the general trend of error
fluctuations observed across these friction models remains consistent. Moreover, the
predictive accuracy of these models tends to diminish with increasing cutting depth.

4.  This study provides valuable contributions to both industry and academia by im-
proving the understanding of friction’s impact on titanium alloy machining. The
research enhances machining efficiency by optimizing cutting conditions through
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better understanding of friction’s influence on factors like chip formation, cutting
forces, and temperature distribution. This can lead to improved tool life, reduced
energy consumption, and better material processing. The study’s insights into friction
models can improve predictive capabilities for cutting forces, helping manufacturers
optimize machining strategies, reduce trial-and-error experiments, and lower op-
erational costs. Additionally, adjusting friction coefficients to minimize wear and
heating can lead to significant material cost reductions. The use of an advanced
Johnson-Cook model, which accounts for dynamic recrystallization and softening,
advances material behavior simulations, contributing to more accurate predictions in
machining. The comparison of different friction models (Zorev’s, velocity-dependent,
and temperature-dependent) deepens the academic understanding of friction’s role in
machining, providing a foundation for future research. Moreover, the study opens
avenues for further exploration into complex cutting phenomena, such as tool wear
and chip formation, helping to refine material models and simulation techniques for
more accurate predictions in real-world manufacturing. Overall, the study provides
practical solutions for industry optimization and theoretical advancements for future
research in machining processes.
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